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Metal nanoparticles decoration on magnetically active semiconductor materials is a common strategy to
improve the colloidal stability, catalyst harvesting, and reuse. In this study, a surfactant-free solvothermal
method followed by a heat treatment to prepare highly surface roughened a-Fe,O; (Hematite)/Pd micro-
spheres (MSPs) is reported. Amine-functionalized silicate sol-gel matrix is used as a stabilizing agent for
the solvothermal synthesis of Prussian blue (PB) MSPs using HCI at 80 °C for 20 h. It is observed that
modulating HCI concentration in a medium led to a high degree of improvement in surface roughness.
Employing heat treatment at 350 °C for 6 h, PB MSPs are transformed into a-Fe,O3;, Hematite phase.
Fabricated Hematite/Pd MSPs have shown high catalytic reduction activity over p-nitrophenol. Reduction
kinetics of nitroaromatics is monitored using UV-vis absorption spectroscopy and product formation is

confirmed by 'H and '*C NMR analyses.
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Introduction

For the industrial-scale synthesis of aromatic amines, such
as amino phenol, it is more important to reduce the energy
intake and chemical left-over in the chemical reactions are
continuous tasks, as environmental apprehensions are pro-
gressively fetched into emphasis.'> To fulfill an ever-
growing demand for manufacturing dyes, pharmaceuticals,
pesticides, explosives, fibers, production in a industrial
scale for everyday requirement, production capacity of
starting materials; aminophenol and other aromatic amines
need to further increase.*> Noble metal-based nanoparticles
(NPs) have been extensively studied as high-performance
catalysts in the fields ranging from chemical manufacture
and energy harvesting to environmental protection.®™
Among the noble metal NPs, palladium (Pd)-based cata-
lysts are very attractive because Pd is the central compo-
nent of many catalysts'®'? and electrocatalysts®'* applied
in industrial processes and devices due to their distinctive
catalytic properties. Usage of precious metal (Rh, Pt, Au,
Ru, Ir, Os, Ag, and Pd) NPs in the catalysis has been
restricted owing to its value, solemn aggregation problems,
and inadequate abundance. To overcome these issues of
precious metal NPs is to find appropriate solid-supports
which can advance the applicability of precious metal NPs.
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Nano- or micro-scaled metal oxide materials with perme-
able structures have attracted emergent consideration owing
to its distinctive structural possessions and potential tenders
in various fields, such as catalysis,”>'® energy
harvesting,w’20 and chemical sensors.?! In general,
template-assisted and hydrothermal methodologies are com-
mon for preparing the transition metal oxides and they are
often suffering from their limitations in handling hard (such
as silica or carbon) and soft (such as long-chain polymers
and surfactants) templates. Materials stability during an
etching process of a hard template and identifying a suit-
able precursor as a soft template are of prime concern.
Hence, identifying the alternative facile methodologies to
fabricate the transition metal oxides with the desired mor-
phologies are more preferred.

Herein, a general strategy for the surfactant-free
solvothermal synthesis of Prussian blue (PB) microspheres
(MSPs) with high surface roughness is reported, it was used
as a precursor to obtaining Pd NPs decorated Hematite
MSPs and catalytic activity of the resultant Hematite/Pd
MSPs was verified toward reduction of Nitroaromatics to
Aminoaromatics. At higher HCI concentration, the classical
structure-directing agent, Polyvinylpyrrolidone (PVP) led to
etched PB nanostructures (NSs) which is uncomplimentary
hence, frequently grief from firmness and regularity

Wiley Online Library 1


https://orcid.org/0000-0003-3528-6056
https://orcid.org/0000-0001-7751-717X
https://orcid.org/0000-0001-7454-8229
https://orcid.org/0000-0002-9252-0737
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbkcs.12284&domain=pdf&date_stamp=2021-04-26

Article
ISSN (Print) 0253-2964 | (Online) 1229-5949

BULLETIN oF THE
KOREAN CHEMICAL SOCIETY

problems. On contrary, in this report, the silicate sol-gel
matrix (SSG) offers highly surface roughened PB NSs
which possess high uniformity and stability. Also, a large
amount (for instance 3.75 g for 500 mL batch) of PVP is
required for a batch and it is quite hard to make a homoge-
nous reaction mixture due to its sticky nature and it is aller-
gic to skin and respiratory system too. Considering an
industrial-scale process, these obstacles need to be solved;
the SSG matrix is a low-cost material and simple hydrolysis
is enough to make it homogenous and offers mild reaction
conditions. Hence, SSG is the suitable alternative as a
structure-directing agent for PB NSs to the classical PVP.
Quantitative kinetic analysis is imperative to understand the
impact of the surface roughness on the catalytic activity of
the nanocomposites. Model reaction of p-nitrophenol (PNP)
with NaBH, to p-aminophenol (PAP) with NaBH, demon-
strates an interesting surface roughness-dependent catalytic
activity of the Hematite/Pd MSPs catalyst.

Experimental

Synthesis of PB MSPs and Cubes. In brief, 0.5 mL of
1 M silane precursor was introduced into 500 mL
of 0.01 M HCI or 500 mL of 0.1 M HCI solution and
stirred well for 1 h. During the stirring, silane precursor get
hydrolyzed into a silicate sol-gel matrix. Subsequently,
1.65 g of K;[Fe(CN)g] was introduced and stirred for an
another 30 min to get the homogenous solution. The reac-
tion vessel was well sealed using aluminum foil and kept in
an electric oven at 80 °C for 20 h. Afterward, reaction ves-
sel has been taken out and allowed to cool down by air.
Obtained precipitate was cautiously centrifuged with
deionized (DI) water and ethanol three times. Subsequently,
precipitate was dried at 80 °C. To acquire the PB Cubes,
375 g of PVP and 1.10 g of K4[Fe(CN)s] were added
instead of silane precursor and K;[Fe(CN)g], respectively,
in the presence of 0.1 M HCI. PB MSPs prepared using
0.0lM and 0.1 M of HCl have been denoted as
PB(smooth) MSPs and PB(rough) MSPs, respectively.
Synthesis of PB/PACN MSPs.  Purified 50 mg of
PB(smooth) MSPs (or) PB(rough) MSPs was disseminated
by sonication in 50 mL of DI water and stirred at 80 °C in
a water jacket container which is sealed with an aluminum
foil. Subsequently, 1.33 mM of Pd precursor (Na,PdCly,)
was introduced dropwise into the reaction mixture and the
heating was continued for an another 1 h under mild stir-
ring. A dark-green precipidate was carefully purified by
centrifugation with DI water and ethanol and dried. The
attained product is referred as PB(smooth)/PdCN MSPs or
PB(rough)/PdCN MSPs.

Conversion of PB MSPs into Hematite MSPs. Purified
PB MSPs (or) PB/PACN MSPs (nonmagnetic and blue)
was kept in a ceramic boat and annealed at 350 °C, 6 h in a
Muffle furnace to get Hematite MSPs or Hematite/
Pd MSPs.

Bull. Korean Chem. Soc. 2021

© 2021 Korean Chemical Society, Seoul & Wiley-VCH GmbH

Results and Discussion

Morphological Properties of PB and Hematite/Pd Com-
posites. The structural and surface roughness of PB pre-
cursors, Hematite, and Hematite/Pd nanocomposites were
investigated by the scanning electron microscopy (SEM)
analysis, as shown in Figure 1, Supporting Information -
Figures S1 and S2. One can see that the capping agent and
slight change in an experimental parameter had a substan-
tial consequence on the resultant morphology. In the pres-
ence of PVP as stabilizer; only PB Cubes were obtained.
On contrary, PB MSPs were obtained in the presence of
SSG. The 0.01 M HCI has brought the lower surface rough-
ness, although dispersed MSPs were still a major morphol-
ogy (Figure 1(b) and (bl)). With increasing concentration
of HCI from 0.01 M to 0.1 M, MSPs had become highly
surface roughened (Figure 1(c) and (c1)), and no dispersed
Cubes were observed. From the Figure 1(a), it can be
learned that PVP is responsible for the uniform shape and
sized PB Cubes growth, further revealing its vital role in
directing a cubic morphology. When a capping agent was
switched from PVP to SSG; —-NH and —-NH, groups of the
SSG will develop an adsorption layer over nucleated PB
particles, stabilize them and thereby having the control over
the growth. Thereby, large PB crystals growth and aggrega-
tion among the smaller particles have controlled by the
§SG 2223

We observed a preliminary nucleation speed of PB have
principally sluggish hence the growth of the PB particles is
slow. The concentration of Fe*" plays vital role in nucle-
ation degree which ensued from a two-step procedure: the
slow severance of [Fe(CN)6]37 jons into Fe’" jons,
followed by reduction of Fe*' ions into Fe*" ions in the
presence of SSG. The release of Fe?" will be resolute by a
first step since weak severance of [Fe(CN)g]®~ ions, which
fluctuates on the temperature and HCI concentration. In the

Figure 1. SEM images of (a) PB cubes, (b, bl) PB(smooth)
MSPs, (c, cl) PB(rough) MSPs, (d) Hematite cubes, (e, el)
Hematite(smooth) MSPs, and (f, f1) Hematite(rough) MSPs.
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presence of 0.01 M HCI, severance of [Fe(CN)¢]’~ ions
was sluggish, and the preliminary nuclei were scarce at
beginning. The sluggish rate of nucleation was promising
for consistent spherical morphology as predicted by the
classical theory of crystal growth.”**> When HCI concen-
tration is switched from 0.01 to 0.1 M, the nucleation rate
got enhanced, consequently smaller cubical particles were
attained. Owing to the inclination to diminish the entire sur-
face energy, the smaller cubical particulates were accumu-
lated in a methodical mode. Finally, even MSPs have
grown through by unifying small cubical particles in the
presence of SSG and this phenomenon led to a very high
surface roughness.

Both PB Cubes and MSPs with typical size of 1 pm and
unvarying size dispersal is noticed (Figure 1
and Supporting Information Figure S1), and Figure 1
(b) and (c) displays an instance of single MSP demonstrat-
ing variation in the surface roughness (higher magnifica-
tion; Figure 1(b1) and (c1)) between PB MSPs prepared in
the presence of two different concentrations of HCIL. Due to
the 6 h of annealing at 350 °C, PB Cubes and MSPs were
transformed into Hematite Cubes and MSPs, owing to an
oxidative thermal breakdown of the PB, and corresponding
SEM images were concise in Figure 1(d)—(f) and
Supporting Information Figure S1 along with their higher
magnified images; Figure 1(el) and (f1). When PB MSPs
were treated with Pd precursor (Na,PdCly), the color of a
suspension switched blue to dark green. Uniformity in
growth emergent on surface of PB MSPs (Supporting
Information Figure S2(a) and (b)). High magnification
SEM image (Supporting Information Figure S2(bl) and
(c1)) had revealed that evolutions are PACN gangs with
10-100 nm in size (particles grown on a surface). The
SEM images had also revealed few more PACN gangs, rep-
resenting that PACN would breed additional bigger musters
and might reach maximum of 150 nm. Supporting
Information Figure S2(c), (cl), (d), and (d1) is representing
the SEM images after a heat treatment. Thermal breakdown
brought porous Hematite MSPs and interestingly the
morphology had been retained after a heat treatment.
scaning electron microscopy-enenrgy dispersed x-ray ele-
mental mapping (Supporting Information Figure S2(a2),
(b2), (c2), and (d2)) of both PB/PACN MSPs and Hematite/
Pd MSPs confirms the consistent dispersal of the Pd NPs
over PB and Hematite MSPs. The x-ray difraction, ther-
mogravimetric analysis, and x-ray photoelectron spectros-
copy analyses were carried out and the discussion part is
given in Supporting Information Figures S3 and S4.

Furthermore, the structural morphology of the
Hematite(rough)/Pd MSPs were further confirmed by trans-
mission electron miscroscopy (TEM) images (Figure 2). An
enlarged TEM pictures (Figure 2(a)—(d)) are representative
of astonishing surface roughness, signifying an admirable
physical solidity of the composites. The magnified TEM
picture (Figure 2(b)) of single MSP validate its rock-hard
structure and porosity; besides, loaded Pd NPs is
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Figure 2. (a—d) TEM images, (¢) STEM-HAADF, and (f-i)
STEM-EDX elemental mapping analyses of Hematite(rough)/
Pd MSPs.

e

distinguishable from Hematite surface, due to its contrast
difference; the former is seeming as dark and late is seem-
ing as gray owing to difference in their electron densities
(Figure 2(d)). Pd NPs were perceived lone at the outsides
of the Hematite MSPs and remarkably, cavities awakened
from the damage of crystallization water and exclusion of
inorganic residues during a thermal decomposition was vis-
ible at the center (Figure 2(c)). Supporting Information -
Figure S5 reveals the STEM-EDX elemental composition
analysis of a Hematite(rough)/Pd MSPs, inductively
coupled plasma-mass spectrometry analysis reveals the
atomic contributions of Fe and Pd from the
Hematite(smooth)/Pd MSPs, and Hematite(rough)/Pd MSPs
were identified as 94.7%:5.3% and 96.1%:3.9%, respec-
tively and suggesting that Pd NPs are efficaciously encum-
bered over Hematite. The resultant scanning transmission
electron microscopy-high-angle annular dark-field imaging
(STEM-HAADF) image (Figure 2(e)) is representing the
crystalline characteristic of a catalyst and STEM-EDX
(Figure 2(f)-(i)) of a catalyst is demonstrating that
Hematite(rough)/Pd MSPs is composed of Fe, O, and Pd;
among them Figure 2(h) is a concrete evidence for the
effective confession of Pd NPs over Hematite and traces of
Pd NPs on Hematite MSPs is uniform throughout the
MSPs. Besides, an elemental mapping analysis is represen-
tative for catalyst is free from C and N elements aroused
from —CN group signifying that PB MSPs were entirely
converted into pure Hematite MSPs in annealing
progression.
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Catalytic Investigation. PNP is a serious intractable envi-
ronmental pollutant frequently existing in effluent of chemical
industries. On catalytic reduction, PNP will give a PAP and it
is 500 times less toxic than a PNP and suitable for many sub-
missions that comprise pain-relieving, corrosion inhibitors,
febrifuge drugs, vivid designers, and so on.?**’ The reaction
of PNP to PAP with NaBH, as a typical system for testing
the catalytic performance of Hematite/Pd MSPs
Nanocomposites. The progress of the reduction was observed
by UV-vis spectrophotometer. Comparison of standard elec-
trode potentials of PAP and NaBH, reveals that the values
are greater than zero (AE” = E%pnppap) — E ga3n03/mma) =
—0.76 — (—1.33) = 0.67 V)® hence, reduction of PAP by
NaBH, is thermodynamically feasible; however, it is kineti-
cally restricted and requires a catalyst to proceed. PNP
exhibit a distinct spectral peak at 317 nm, on adding
NaBH,, PNP is changed to p-nitrophenolate ion under basic
condition, and do exhibit a peak maximum at 400 nm
(Figure 3(a)). Figure 3(b) and (c) shows a UV-vis spectra
with time for Hematite(smooth)/Pd MSPs and
Hematite(rough)/Pd MSPs catalysts. Noble metal NPs alone
and supported onto the suitable solid-supports are the most
appropriate candidates for catalyzing a PNP by NaBH,. To
verify the impact of our solid support, controlled experi-
ments were first performed. As PB Cubes or PB MSPs or
Hematite MSPs were added into a reaction mixture, peak at
400 nm has gradually increased to some extent for the PB
Cubes and PB MSPs whereas a peak remained unaltered for
the Hematite MSPs concerning response, as presented in
Supporting Information Figure S6. Furthermore, a peak at
300 nm conforming to a reaction produce PAP is absent.
This specifies that both PB and Hematite alone do not have
catalytic activity toward PNP. Besides, the commercial Pt/C
displayed poor efficacy (k = 0.321 x 1072 s™') and it is
representative of sluggish electron transfer kinetics at Pt/C
(Supporting Information Figure S8(a) and (b)). Whereas the
commercial Pd/C displayed the better efficacy (k =
3.264 x 1072 s~') (Supporting Information Figure S8(c)
and (d)). On contrary, as the catalyst loaded Pd NPs,
the strength of the absorption peak at 400 nm
progressively diminished with growing reaction time for
Hematite(smooth)/Pd MSPs (Figure 3(b)) and
Hematite(rough)/Pd MSPs (Figure 3(c)). Simultaneously, a
new absorption peak confirming the formation of PAP had
seemed at 300 nm and progressively improved. Also, after
the addition of a catalyst, vanishing and eventual whitening
of yellow-green of p-nitrophenolate ions in a reaction was
observed, enlightening the reduction of PNP to form PAP.
Upon completion, a peak owed to a nitro composite is
completely quenched, representing that the reduction of
PNP had progressed positively. Besides, noticed isosbestic
point (Figure 3(b)) other than PAP. Also, to acquire rate
constant, an absorption intensity of the PNP at time ¢ is des-
ignated as “C;” and the early absorption intensity of PNP at
t = 0 is allocated as “Cy.” From the comparative intensity
owing to absorbance extinction “C/C,” values were
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Figure 3. (a) UV-vis spectra of PNP before and after addition of
NaBH,. (b, ¢) Reduction of PNP in aqueous solution recorded
every 30 s using (b) Hematite(smooth)/Pd MSPs and (c) Hematite
(rough)/Pd MSPs. (d) Relationship between In(C,/Cy) and reaction
time (r); (A) Hematite(rough) MSPs, (B) Hematite(smooth)/Pd
MSPs, and (C) Hematite(rough)/Pd MSPs. (e) The relationship
between the pseudo-first-order rate constant and the catalyst
amount; (f) The reusability of Hematite(rough)/Pd MSPs for the
reduction of PNP with NaBH, products obviously Hematite
(rough)/Pd  MSPs displays better performance than the
Hematite(smooth)/Pd MSPs. Because, Hematite MSPs alone is
inactive for PNP reduction (Supporting Information Figure S6), so
the active part of Hematite/Pd Nanocomposites is principally
aroused from Pd NPs. The catalyst’s surface morphology, more
the roughened surface seems more efficient in supporting the Pd
NPs for effective catalysis (Supporting Information Figure S2
(a) and (a2)). On contrary, at Hematite(rough)/Pd MSPs, Pd NPs
were less aggregated, smaller in size, and had uniformly distrib-
uted throughout the roughened surface hence exhibiting a higher
active surface area (Supporting Information Figure S2(d) and
(d2)). Rate constants “k” of Hematite/Pd Nanocomposites is rela-
tively higher than the previously reported substrate-supported
NPs, as given in Table 1. Better performance of the
Hematite(rough)/Pd MSPs could be attributed to a high surface
roughened spherical Hematite with the well-distributed smaller-
sized Pd NPs, permitting an operative interaction among the PNP
and Pd NPs.

consequential and plotted against time (Figure 3(d)) for the
Hematite(rough) MSPs, Hematite(smooth)/Pd MSPs, and
Hematite(rough)/Pd MSPs catalysts. A linear association
among In(C/C,) and time is representative of the catalytic
reaction that had succeeded through a first-order response
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Table 1. Comparison of catalytic activity of present hematite(rough)/Pd MSPs with relevant reported results.

Catalysts Cipnitrophenony (MM)*  Cpq (mM)®  Catalyst (mol%)  Cnapra (MM)° kypp (107° 57 )T References®
Hematite(rough)/Pd MSPs 0.1 1.33 13.3 0.02 5.850 Here
Hematite(smooth)/Pd MSPs 0.1 1.33 13.3 0.02 4.007 Here
Pt/C (20% Alfa Aesar) 0.1 - - 0.02 0.321 Here
Pd/C (20% Alfa Aesar) 0.1 - - 0.02 3.264 Here
Pd60 Nanospheres 0.085 0.079 0.929 0.015 2.700 29
M—Au—K10 NDs 0.002 0.025 12.5 12.5 2.98 30
12%Pd @Fe,05 0.1 0.015 0.15 - 4.90 31
rGS/Fe,03-Pd/NCS 2.39 - - 0.440 9.78 32
SPB-PS/Pd 0.1 0.000366 0.366 10.0 0.441 33
Al,O5/Pd 0.1 0.00848 8.48 0.000132 0.920 34

* C: concentration.

b Cpa: concentration of Palladium.

¢ Cnapaa4: concentration of sodium borohydride.
Glk.dpp: apparent rate constant.

®Data were given or calculated in the respective papers; some data were not obtained.

kinetics. The measured Kkinetic rate constant (k) and
time spent are 1.1153 x 107>, 4.4008 x 1072, and
5.8570 x 107 s™', and 0 (no reaction), 120, and 120,
respectively. As can be seen from the rate constants, Obvi-
ously, hematite(rough)/Pd MSPs is having higher catalytic
activity than the hematite(smooth)/Pd MSPs.

Figure 3(e) reviews the optimizing the catalyst dose; the
plot tells that the rate of reaction is improved though grow-
ing a catalyst dose and it is typical for pseudo-first-order
reactions. A catalyst dose of 1.5 mg is optimized and used
for the study. To investigate reusability, later finishing the
reaction, catalyst was magnetically separated and washed
and reused. As shown in Figure 3(f), catalysts can be effec-
tively reprocessed and reused for at least 10 cycles and
extends possibility for industrial usage. Catalyst harvesting
and reusability, possible mechanism for PNP reduction, and
device fabrication for purification of PNP contaminated
water are summarized in Supporting Information -
Figures S9-S11.

Laboratory Scale Reduction of Nitroaromatics. In gen-
eral, the catalytic reduction reaction of nitroaromatics into
aminoaromatics will be carried out in the presence of
unfavorable chemicals such as strong acids and metals like
lead (Pb) and tin (Sn). In an industrial-scale process, their
usage is strictly limited due to their impact on environ-
mental safety. Noble metals loaded on an environment-
friendly solid-support material are ideal candidates for
such scale-up processes and such catalysts are receiving
much attention in recent years due to their outstanding
catalytic activities. Magnetically separable, environment-
friendly, high resistance to corrosion and low-cost solid-
support such as Hematite loaded with Pd NPs are more
expedient for catalytic reduction reaction with the assis-
tance of NaBH,. Discriminative reduction reaction of nitro
functional-groups in the presence of other reducible
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functional groups is a tedious task for manufacturing
functionalized anilines as a precursor for obtaining a vari-
ety of value-added fine chemicals. In this regard, nitro
group reductions were accomplished in the presence of
amine and hydroxyl groups. Supporting Information -
Table S1 shows reduction of different nitro compounds
using a Hematite(rough)/Pd MSPs catalyst. Product con-
version was analyzed and confirmed by recording the 'H
NMR and '*C NMR spectra and are shown in Supporting
Information Figures S12-S21.

Conclusion

An environmentally benign catalyst and facile method for
a catalytic reduction of nitroaromatics to arylamines has
been demonstrated. Catalytic activity toward PNP reduc-
tion has been found to depend on a solid substrate’s high
surface roughness and uniform distribution of the loaded
Pd NPs on it. And this assorted catalyst has demonstrated
to be extremely effective, easily separable, and environ-
mental in a catalytic reduction reaction under aqueous con-
ditions. Significantly enhanced catalytic activity (120 s;
k = 58570 x 107* s ') of Hematite(rough)/Pd MSPs
was compared with a less surface roughened
Hematite(smooth)/Pd MSPs (120s; k& = 4.4008 x
1072 sfl), which can be attributed to the electron transmis-
sion from BH,;  to Pd NPs, electron augmentation on the
Pd NPs surface had facilitated the electron transmission
from BH,  to 4-nitrophenolate which is adsorbed neigh-
boring surface roughened Hematite. Hematite(rough)/Pd
MSPs exhibited excellent catalytic firmness and compe-
tence for cleansing PNP contaminated water. Given ease
in product parting and catalyst harvesting and trivial reac-
tion environments, as-prepared catalyst could find indus-
trial applications and degradation of environment polluting
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organic compounds. Furthermore, this simple, low-toxic,
and low-cost method of making highly surface roughened
Hematite MSPs with an innate three-dimensional structure
and improved uniformity can be anticipated to be used as
basic catalysts particularly making other ‘“magnetic
nanocatalysts” offering an opening to adventure new the
catalytic constituents for the practical application in the
more interesting reactions.
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