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ABSTRACT

In this study, we introduce hydrophobic and hydrophilic graphene oxide nanosheet (GON) catalysts
prepared by consecutive ligand replacement of hydrophobically stabilized magnetic and catalytic
nanoparticles (NPs); it exhibits high catalytic activity, fast magnetic response, and good dispersion in
both nonpolar and aqueous media, allowing high loading amount of magnetic and catalytic NPs onto
GON sheets. More specifically, these GON catalysts showed a high product yield of 66-99% and notable
recyclability (93% of the initial product yield after 10 reaction cycles) in a Suzuki-Miyaura reaction in
nonpolar media, outperforming the performance of the conventional hydrophilic GON catalysts. Addi-
tional coating of a hydrophilic layer onto GON catalysts also showed the notable performance (product
yield ~99%) in catalytic reactions performed in aqueous media. Given that ligand-controlled catalytic
NPs adsorbed onto 2D nanosheets can be used as hydrophobic and hydrophilic stabilizers as well as cat-
alysts, our approach can provide a tool for developing and designing 2D-nanosheet catalysts with high

TMB oxidation
Suzuki-Miyaura coupling reaction

performance in nonpolar and polar media.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Metal nanoparticle (NP)-based catalysts have been widely used
in a number of chemical reaction-related processes such as photo-
catalysts or the synthesis of fine chemicals (including intermediates
or pharmaceutical products), and electrochemical applications
owing to their high surface-to-volume ratio and unusual active sites
for better catalytic performance [1-6]. Important parameters for
the preparation of high-performance NP catalysts are uniform and
stable immobilization of well-defined active NPs on solid substrates
with a large surface area and high dispersion of the formed catalyst-
supported substrates in desired reaction media. More specifically,
because the catalytic reaction of noble metals such as palladium
(Pd) in the heterogeneous or semi-heterogeneous catalysis for
carbon-carbon (C—C) coupling reactions occurs almost entirely on
the particle surface [7-10], a high dispersion of catalytic NPs in the
reaction media is required to enhance the catalytic activity. How-
ever, NPs without appropriate ligands easily aggregate in aqueous
or organic reaction media, reducing their catalytic activity [11,12].

As an alternative, a number of approaches have been developed
for the preparation of catalytic NPs with stable immobiliza-
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tion on various solid supports, including carbon-based materials
[13-25]. In particular, graphene oxide nanosheets (GONs) have
drawn considerable attention owing to their enormous surface
area (2630m?2 g~1) [23-25]. For example, most hydrophilic Pd NP-
supported GONSs (prepared by the direct reduction of Pd ions or by
electrostatic assembly) exhibit high catalytic activity in hydrophilic
reaction media (i.e., water and/or water/alcohol mixture) but not
in nonpolar media because of their poor dispersion stability and
stacking phenomenon [26,27]. Pd NP-supported GONs showed high
catalytic activity (product yield ~99%) for Suzuki-Miyaura reaction
in water or methanol/water mixture [28,29]. However, the prod-
uct yield in nonpolar media was in the range ~5-69%. Although
highly dispersible GON sheets can be prepared in nonpolar media
by introducing organic moieties with long alkyl chains onto the
surface of the GON sheet [30,31], the resulting GON sheets had no
interaction with the surface of the hydrophilic or hydrophobic cat-
alytic NPs. Thus, the 2D-sheet catalysts, such as GON sheet/catalytic
nanocomposites have mainly been prepared via metal ion reduc-
tion or electrostatic assembly that can induce uniform dispersion in
only aqueous or water/alcohol mixture media rather than organic
media. In this case, the packing density (or loading amount) of cat-
alytic NPs on hydrophilic GONs is limited to the level where the NPs
decorate the surface. As a result, a substantial portion of the large
surface area remains inactive or bare. Therefore, interface control
of catalytic NPs and GONs is strongly required for the development
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Scheme 1. Schematic for the preparation of hydrophobic and hydrophilic GON catalysts containing OA-Fe304 NPs and TOABr-Pd NPs.

of high-performance 2D-nanosheet catalysts that are highly active,
stable and dispersible in both nonpolar and polar media.

Herein, we introduce for the first time hydrophobic and
hydrophilic GON catalysts with high catalytic activity, good
reusability, and high dispersion in both nonpolar and aqueous
reaction media. Particularly, we highlight that these hydropho-
bic and hydrophilic 2D-nanosheet catalysts can be prepared
by an aid of the outermost ligand-controllable NPs. Another
remarkable features are that our approach can maximize the effec-
tiveness of 2D-nanosheets with large specific surface area, and
furthermore significantly enhance the recyclability as a result
of densely packed magnetic NPs as well as covalent bonding
between 2D-nanosheet and catalytic NPs. As model systems for
demonstrating these uniquenesses, Suzuki-Miyaura reaction in
polar/nonpolar media and 3,3',5,5-tetramethylbenzidine (TMB)
oxidation in aqueous media were performed using hydrophobic

and hydrophilic GON catalysts. First, the GON catalysts composed
of poly(ethylene imine) (PEI), tetra(octylammonium bromide)-
stabilized Pd (TOABr-Pd NPs) [32], and oleic acid-stabilized Fe304
NPs (OA-Fe304 NPs) [33] were prepared using ligand-replacement
reaction assembly (Scheme ). When the hydrophobic TOABr-Pd NPs
were deposited onto GONSs, the yield of various aryl iodides and
phenylboronic acids in toluene using these hydrophobic catalysts
increased up to 99%. Their catalytic activity was 2.8 and 12 times
higher than those of conventional GON catalysts and other multi-
wall carbon nanotube (MWCNT)-type catalysts in nonpolar media,
respectively. In addition, when the outermost ligand on the Pd
NPs was changed from hydrophobic TOABr to hydrophilic PEI, the
catalyst again exhibited high catalytic performance (product yield
~99%) for the Suzuki-Miyaura coupling reactions in water or alco-
hol media and for the oxidation of 3,3,5,5'-tetramethylbenzidine
(TMB) in aqueous media. Furthermore, the GON catalysts displayed
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