Applied Surface Science 436 (2018) 791-802

journal homepage: www.elsevier.com/locate/apsusc

=
Applied
Sll:ll?fa(;e Science

Contents lists available at ScienceDirect

Applied Surface Science

Full Length Article

Hydrophobic and hydrophilic nanosheet catalysts with high catalytic 4,
activity and recycling stability through control of the outermost ligand

Check for
updates

Younji Ko ', Donghee Kim !, Cheong Hoon Kwon, Jinhan Cho*

Department of Chemical & Biological Engineering, Korea University, 145 Anam-ro, Seongbuk-gu, Seoul, 02841, Republic of Korea

ARTICLE INFO

Article history:

Received 16 August 2017

Received in revised form

23 November 2017

Accepted 6 December 2017
Available online 13 December 2017

Keywords:

Hydrophobic/hydrophilic graphene oxide
nanosheet

Palladium nanoparticle

Ligand replacement reaction

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


https://doi.org/10.1016/j.apsusc.2017.12.037
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.12.037&domain=pdf
mailto:jinhan71@korea.ac.kr
https://doi.org/10.1016/j.apsusc.2017.12.037

792 Y. Ko et al. / Applied Surface Science 436 (2018) 791-802

eSS NN NN NN EN NN NN ER RNy,
.

.

'0

eSUUEEEEIEEEEEEENERERERRRR RN,

‘ﬁ’ OA-Fe;0, NP
\&ﬂ TOABr-Pd NP

@ PEI
BB

TMB
(Colorless)

“_.----------------...

0
*

Aryl halide

Phenylboronic

’Detached
Ny

TMB Oxidation Reaction

.

Suzuki Coupling Reaction
(in Toluene)

g‘.

B iphenyl product

®tssssssssssnssnsnnnsnnnnnannnnnnns®

.
.

sssssssssssssEEssssssssssssssssssssssmmsmnas®®

LT T TN
.
3

0

(in Water)
H,0, 1/2 &g'& + H*
harge-transfer complex
3 (Blue color) :

.
.

. .
NN NN NN NN NN NN NN NN NN NS EEEEEEEEEEEEEEEEEEREEEEEEEns®

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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fast separation from the reaction mixture by virtue of their densely
packed Fe304 NPs, which imparted high recycling stability. The
importance of our approach is the ability to impart hydropho-
bic/hydrophilic and high catalytic properties to GONs through
ligand control and large surface area of GONs. Given that this
strategy can be easily applied to other functional metal or metal
oxide NPs, our approach can provide a tool for developing novel
functional nanocomposites as well as high-performance recyclable
catalysts for use in various reaction media.

2. Experimental
2.1. Materials

All the materials used in our study were purchased from Sigma-
Aldrich and Alfa Aesar and used without additional purification.

2.2. Preparations

2.2.1. Synthesis of graphene oxide nanosheets

Graphene oxide nanosheets (GONs) were synthesized from nat-
ural graphite by the Hummers method [34]. First, preoxidized
graphite powder (0.5 g) and NaNOs (0.5 g) were placed in concen-
trated HySO4 (23 mL) at 0 °C. KMnO4 (3 g) was added to the reaction
mixture, while the temperature was maintained below 20°C. The
mixture was then stirred at 37°C for 1h followed by adding hot
deionized (DI) water (40 mL) at 90°C. After 30 min, 34.5% H,0,
(3mL) and 100 mL of DI water were added to quench the reaction.
Next, the graphite oxide was suspended in DI water to give a brown
dispersion, which was dialyzed to completely remove salts and
acids. The resulting purified graphite oxide powder was collected
by centrifugation and dried under vacuum. The obtained graphite
oxide was dispersed in water via sonication to affording graphene
oxide.

2.2.2. Synthesis of Carboxylic acid-fuctionalized MWCNTs
(MW(CNT-COOH)

MWCNT-COOH were prepared following the literature [35].
Pristine MWCNTs were oxidized by a mixture of H,SO4/HNO3 at
70°C for 3 h to prepare MWCNT-COOH. The resulting suspensions
were then dialyzed for 3 days to remove all the salts and acids,
and the purified MWCNT-COOH powder was collected by filtration
and dried under vacuum. The MWCNT-COOH was redispersed in
ethanol via sonication.

2.2.3. Synthesis of OA-Fe304 NPs

OA-Fe304 NPs were prepared following the literature [36].
For the synthesis of OA-stabilized Fe304 NPs, Fe(acac)s (2 mmol),
1,2-hexadecanediol (10 mmol), oleic acid (5mmol), oleylamine
(6 mmol), and benzyl ether (20mL) were mixed and magneti-
cally stirred under a flow of nitrogen. The reaction mixture was
heated to 200°C for 2 h and then refluxed (~300°C) for 1 h under
a blanket of nitrogen. After heating, the black-colored mixture
was allowed to cool to room temperature. Ethanol (40 mL) was
added to the mixture under ambient conditions, inducing pre-
cipitation of a black material that was subsequently separated
via centrifugation. The black product was dissolved in a toluene
solution containing OA (0.05 mL) and oleylamine (0.05 mL). Undis-
persed residue was removed via centrifugation (6000 rpm, 10 min),
affording. OA-Fe304 NPs were synthesized with a diameter of 7.33-
nm and characterized by Fourier transform infrared spectroscopy
(FTIR) in the attenuated total reflection mode (ATR) (Figs. S1 and
S2 in the Supplementary data).

2.2.4. Synthesis of anionic-Fe304 NPs

For the preparation of anionic Fe3O4 NP dispersions, the
OA-Fe304 NPs (10mgmL-') were transferred from toluene to
aqueous media using water-dispersible polyhedral silsesquioxane
(PSS) hydrate octakis(tetramethylammonium) (10 mmol) [37]. The
resulting octakis-Fe304 NP solution was isolated using a separatory
funnel.

2.2.5. Synthesis of TOABr-Pd NPs

TOABr-Pd NPs were prepared as reported previously [32]. For
the synthesis of TOABr-stabilized Pd NPs with a diameter of 2.61-
nm, an aqueous solution of 30 mM aqueous K,PdCl, (30 mL) was
first added to 25 mM TOABTr in toluene (80 mL). Transfer of the
K, PdCl, from the aqueous phase to the toluene phase was observed
within 1 min. A solution of 0.4 M NaBH,4 (25 mL) was added to the
reaction mixture. After 30 min, the separated aqueous phase was
removed and the toluene solution containing the reduced TOABr-
Pd NPs was subsequently washed sequentially with 0.1 M H,SOy,
0.1 M NaOH, and H, 0. TOABr-Pd NPs were synthesized with a diam-
eter of 2.61-nm and characterized by ATR-FTIR (Figs. S1 and S2 in
the Supplementary data).

2.2.6. Synthesis of cationic-Pd NPs

Cationic Pd NPs were prepared as reported previously [32]. For
the synthesis of cationic Pd NPs, an aqueous solution of 0.1 M
4-dimethylaminopyridine (DMAP) (80 mL) was added to the as-
prepared TOABr-Pd NP toluene solution (80 mL). In this case, the Pd
NPs were directly phase-transferred from toluene to the aqueous
phase within 3 h and the toluene phase was subsequently removed.
The resulting Pd NPs were stabilized by cationic DMAP ligands in
water (i.e., DMAP-Pd NPs).

2.2.7. Synthesis of OA-TiO» NPs

For the preparation of OA-stabilized TiO, NPs [38], tert-
butylamine (0.1 mL) was dissolved in DI water (10mL), and 0.15g
of titanium(IV) n-propoxide (0.5 mmol) and 1.0 mL of OA were dis-
solved in 10mL of toluene. The solution was transferred to an
autoclave, sealed, and maintained at 180°C for 12 h, followed by
washing with methanol. The OA-TiO, NPs were isolated by cen-
trifugation and dispersed in toluene.

2.2.8. Synthesis of OA-Ag NPs

For the preparation of OA-stabilized Ag NPs [39], silver trifluo-
roacetate (0.4 g), OA (3.5 mL) and isoamyl ether (30 mL) were mixed
in a 250 mL three-neck flask under argon. The mixture was heated
at 160 °C for 30 min, and cooled to room temperature. The purifica-
tion process was performed four times using excess polar solvent
(ethanol) and centrifugation. The precipitated OA-Ag NPs were dis-
persed in toluene.

2.2.9. Synthesis of OA-Pt NPs

For the preparation of OA-stabilized Pt NPs [40], Pt(acac),
(0.2g), OA (2mL), oleylamine (2mL), and 1-octadecene (20 mL)
were mixed in a 250 mL three-neck flask under argon. The flask was
heated to 120°C and maintained at this temperature for 30 min. A
solution of Fe(CO)s in hexane (0.1 mL, prepared by adding Fe(CO)s
in 1 mL of hexane) was rapidly injected into the flask. The mixture
was then heated at 200°C for 1 h. After the completion of the reac-
tion, excess isopropanol was added to the reaction mixture and
centrifuged. This process was performed five times using excess
isopropanol and centrifugation. The precipitated OA-Pt NPs were
dispersed in toluene.

2.2.10. GON/NP nanosheets using ligand-replacement reaction
For consecutive ligand-replacement adsorption of PEI and
hydrophobic NPs onto GONs, 1mL of a concentrated disper-
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sion (0.1wt%) of negatively charged GONs was centrifuged at
12,000 rpm for 20 min. After centrifugation, the supernatant was
removed and a PEI solution of 5mgmL-! was added to the GON
sediment, followed by ultrasonication for 30 min. Excess PEI was
removed via two centrifugation (12,000 rpm, 20 min)/wash cycles.
In this case, the deposition of PEI onto GONs were confirmed by
ATR-FTIR and Raman spectroscopy (Fig. S3).

To deposit hydrophobic NPs onto the PEl-coated GON, a
hydrophobic NP solution (i.e., TOABr-Pd or OA-Fe3O4 NPs in
toluene) with a concentration of 10mgmL-! was again added to
the PEI-coated GONs. The adsorption and washing cycles of the
hydrophobic NPs were exactly identical to those used for PEI.

2.2.11. GON/NP nanosheets using electrostatic adsorption

For the electrostatic adsorption assembly of the GON/NP
nanosheets (charged polyelectrolyte/oppositely charged NP), 1 mL
of a concentrated dispersion (0.1 wt%) of the negatively charged
GONs was centrifuged at 12,000rpm for 20min. After cen-
trifugation, the supernatant was removed and a PEI solution
of 5mgmL-! was added to the GON sediment, followed by
ultrasonication. Excess PEI was removed via two centrifugation
(12,000 rpm, 20 min)/wash cycles. For the electrostatic adsorp-
tion of anionic (PSS hydrate octakis(tetramethylammonium)
stabilized)-Fe304 NPs [37] onto the cationic PEI-coated GONs
(i.e., GON/PEI/Octakis-Fe304 NP), an aqueous Octakis-Fe304 NP
solution with a concentration of 10mgmL-! was added to the
PEI-coated GONs. To deposit cationic (4-dimethylaminopyridine
(DMAP) stabilized)-Pd NPs [32] onto the anionic poly(styrene sul-
fonate) (PSS)/PEI-coated GONs (i.e., GON/PEI/PSS/DMAP-Pd NP), an
anionic PSS solution with a concentration of 10 mg mL~! was added
to the cationic PEI-coated GONSs. After adsorption of anionic PSS, a
cationic DMAP-Pd NP solution with a concentration of 10 mgmL-!
was added to the PSS/PEI-coated GONs. In addtion, to prepare
GON/PEI/Octakis-Fe304 NP/PEI/PSS/DMAP-Pd NP nanosheets, all
the adsorption and washing cycles of PEI, Octakis-Fe304 NP, PSS,
and DMAP-Pd NP were identical to the adsorption procedures pre-
viously described.

2.2.12. GON/NP nanosheets using direct metal ion reduction

For the direct metal ion reduction assembly of Pd NPs onto PEI-
coated GON (i.e., GON/PEI/OA-Fe304 NP/PEI), the nanosheets were
prepared as previously reported by other research groups, with a
slight modification [41]. A tetrachloropalladate solution (H,PdCly)
was prepared using PdCl, and HCl in DI water. This solution was
stirred at 60°C and then cooled to room temperature. HyPdCly
(10mM, 20 mM) and NaBHy4 (1 M) solutions were added dropwise
to a stirring suspension of GONs. Excess NaBH4 was removed via
two centrifugation (12,000 rpm, 20 min)/wash cycles with water
and ethanol.

2.2.13. Preparation of NP-supported MWCNTs

For the ligand-replacement assembly of PEI and hydrophobic
NPs onto MWCNTSs, 1 mL of a concentrated dispersion (0.1 wt%)
of negatively charged MWCNTs was centrifuged at 12,000 rpm for
20 min. After centrifugation, the supernatant was removed. The
adsorption processes of PEI and hydrophobic NPs onto MWCNTSs
were exactly identical to those performed for GONs.

2.3. Characterizations

The crystallinity and structure of the NPs (i.e., TOABr-Pd and
OA-Fe304 NPs), catalytic NP-coated GONs and catalytic NP-coated
MWCNTs were investigated by high-resolution transmission elec-
tron microscopy (HR-TEM, model: Tecnai G2, F30ST).

Vibrational spectra were measured by Fourier transform
infrared spectroscopy (FTIR, model: iS10 FT-IR, Thermo Fisher) in

the attenuated total reflection (ATR) mode and advance grazing
angle specular reflectance (AGA) mode. The sample chamber was
purged with nitrogen gas for 2 h to eliminate water and CO, prior
to the FTIR measurements. ATR-FTIR and AGA-FTIR spectra for the
PEI/hydrophobic NP/PEI film deposited onto the Au-coated sub-
strate were obtained from 256 scans with an incident angle of
80°. The acquired raw data were plotted after baseline correction,
and the spectra were smoothed using spectrum-analysis software
(OMNIC, Nicolet).

Raman spectra were measured using a Horiba Jobin Yvon
LabRam Aramis with an Ar-ion laser beam at an exciting radiation
wavelength of 514.5 nm.

The zeta potentials of GON/PEI/OA-Fe304 NP/PEI/TOABr-Pd
NP/PEI nanosheets were measured using an electrophoretic
light-scattering spectrophotometer (Zeta-potential & Particle size
Analyzer ELSZ, OTSUKA ELECTRONICS CO. LTD.) at 633 nm, with a
scattering angle of 165°. All the experiments were conducted at
20°C.

The amounts of Pd embedded within catalytic GON/PEI/OA-
Fe304 NP/PEI/TOABr-Pd NP nanosheets and the Pd leached into the
supernatant solution (i.e., the reaction solution following removal
of catalytic nanosheets after the cycling test) were determined
by inductively coupled plasma mass spectrometry (ICP-MS, model
Elan DRC II, PerkinElmer).

The magnetic properties of nanosheets (i.e., GON/PEI/Octakis-
Fe304 NP and GON/PEI/OA-Fe304 NP) were characterized by a
superconducting quantum interference device-vibrating sample
magnetometer (SQUID-VSM, model MPMS-XL).

The crystal structures of the inorganic NPs (i.e., OA-Fe304 NPs
and TOABr-Pd NPs) that were coated onto the GONs were character-
ized by X-ray diffraction (XRD, model D/MAX-2500V/PC, Rigaku).
Data collection was performed in the 26 range 5-90° using Cu Ko
radiation (A =1.54A).

The products of Suzuki—-Miyaura coupling reaction were charac-
terized by nuclear magnetic resonance spectroscopy (NMR, model
500 MHz, Varian NMR Systems). Detailed information regarding the
THNMR (500 MHz) and 3*C NMR (125 MHz) NMR data are provided
in the Supplementary data. The NMR spectra were referenced to
TMS as an internal standard and are reported as follows: chemical
shift multiplicity (s =singlet, d =doublet, t=triplet, m = multiplet),
coupling constant in Hz, and integration.

2.3.1. Suzuki-Miyaura reaction

Pd-containing catalytic GONs (3mg) were added to 3mL
of solvent containing aryl halide (1 mmol), phenylboronic acid
(2mmol), base (4mmol), and tetrabutylammonium bromide
(TBAB) (2 mmol). The reaction mixture was magnetically stirred at
boiling temperature under Ar. The reaction mixture was cooled to
room temperature, and the crude products were purified by column
chromatography on 230-400 mesh silica gel using ethyl acetate
and hexane (1:10 v/v) as the eluant. The isolated compounds were
analyzed by 'H NMR (500 MHz) and '3C NMR (125 MHz), with
the chemical shifts reported relative to residual CDCl3 solvent
peaks ('H NMR: 0ppm, 13C NMR: 77.01 ppm) and tetramethylsi-
lane (TMS) as an internal standard. Detailed information for the
samples is given in the Supplementary data.

2.3.2. TMB oxidation reaction

Oxidation of 3,3',5,5-tetramethylbenzidine (TMB) was per-
formed in a 0.1 M NaOAc buffer solution (50mL, pH 4.0) with
0.3mM TMB and 100mM H,0, at 40°C. The total amount of
GON/PEI/OA-Fe304 NP/PEI/TOABr-Pd NP/PEI nanosheets used for
the TMB oxidation was fixed at 0.05 mg. At given time intervals,
3mL aliquots were collected from the solution. After the exper-
iment, the catalytic GONs were removed by centrifugation or
using a hand-held magnet, and the degree of TMB oxidation was
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analyzed by measuring the absorbance peak intensity of TMB at
653 nm via UV-vis spectroscopy (Lambda 35 UV-vis spectrometer,
PerkinElmer).

2.3.3. Recycling tests

The reusability of the magnetically responsive GON catalysts
(i.e, GON/PEI/OA-Fe30, NP/PEI/TOABr-Pd NP and GON/PEI/OA-
Fe304 NP/PEI/TOABr-Pd NP/PEI nanosheets) was examined in both
nonpolar media (corresponding to the Suzuki-Miyaura coupling
reaction by Pd NPs) and aqueous media (corresponding to TMB
oxidation by Pd NPs and Fe304 NPs). The catalytic activities were
measured after the addition of the recyclable catalytic GONs in each
cycle; the nanocomposites were then magnetically separated by a
hand-held magnet. The separated GON catalysts were rinsed sev-
eral times and used in the next cycle. Recycling measurements for
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the Suzuki-Miyaura reaction and TMB oxidation were carried out
in a manner identical to the aforementioned procedure.

3. Results and discussion

For the preparation of hydrophobic and hydrophilic GON
catalysts, we first synthesized magnetically retrievable 7.3-nm OA-
Fe304 NPs and catalytically active 2.6-nm TOABr-Pd NPs (see the
Supplementary data, Fig. S1). The carboxylic acid-functionalized OA
ligands (for OA-Fe304 NPs) and ammonium-functionalized TOABr
ligands (for TOABr-Pd NPs) on the surface of the NPs were eas-
ily replaced by the amine groups of PEI during assembly because
of the higher affinity of the amine groups with the surface of
the metal (or metal oxide) NPs. The ligand-replacement reac-
tion was confirmed using Fourier-transform infrared spectroscopy
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Fig.1. (a) AGA-FTIR spectra of Au-coated substrate/(PEI/OA-Fe3; 04 NP); Joutermost PEl and (b) Au-coated substrate/(PEI/TOABr-Pd NP), Joutermost PEI; spectra were collected
before and after the deposition of the outermost PEI layer. TEM images of (c) GON-1 and (d) GON-2. (e) Photographic images of GON-1 in nonpolar media and GON-1-PEl in
hydrophilic media. Photographic images of (f) GON-2 in nonpolar media and GON-2-PEI in hydrophilic media.
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(FTIR) (Figs. 1a, b, and S2 in the Supplementary data). In the case the PEI layer was further adsorbed onto the OA-Fe304 NP-coated
of Au-coated substrate/(PEI/OA-Fe304 NP);, noticeable absorption film (i.e., Au-coated substrate/(PEI/OA-Fe304 NP); /outermost PEI),
peaks derived from C-N stretching (at 1311 cm~!) of PEI and COO~ the absorption peak intensity of the COO~ stretching mode in
stretching (at 1525-1406 cm~!) of OA ligands bound to the surface the range 1525-1406cm™! significantly decreased, and on the
of Fe304 NPs were observed as shown in Fig. 1a. However, when other hand the C—N stretching peak intensity increased. Similarly,

Fig. 2. TEM images of (a) GON/PEI/OA-TiO, NPs, (b) GON/PEI/OA-Ag NPs, and (c) GON/PEI/OA-Pt NPs. TEM images show the spacing of the lattice fringes of the TiO, NPs
(3.5A), the Ag NPs (2.3 A) and the Pt NPs (2.1 A), which correspond to the TiO, (101), Ag (111) and Pt (111) crystalline planes, respectively.
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when PEI as an outermost layer was deposited onto the Au-coated
substrate/(PEI/TOABr-Pd NP);, the intensity of the C—H stretching
peak (at 2960 cm~1) originating from the long aliphatic chains of
TOABTr decreased notably, whereas the intensity of the N—H bend-
ing peaks in the range 1550-1560cm~! and C—N stretching peaks
at 1311 cm~! originating from the amine groups of PEI increased
(Fig. 1b). In addition, the hydrophobic NPs were densely but uni-
formly adsorbed onto the PEI-coated GONs because there was
no electrostatic repulsion among the neighboring NPs in organic
media (Fig. 1c and d). More specifically, after the deposition of
OA-Fe304 or TOABr-Pd NPs, the formed GONs were converted into
hydrophobic GON hybrids (i.e., GON/PEI/OA-Fe304 NP, designated
as GON-1, and GON/PEI/TOABr-Pd NP, designated as GON-2) that
could be dispersed in nonpolar media (Fig. 1e and f). Although it was
reported that pristine GONs have amphiphilic properties due to the
presence of the hydrophilic edges (COOH groups) and hydrophobic
basal plane [42], these GONSs in our system were easily aggreagted
in organic media (Fig. S4).

However, when the outermost ligand on the NPs was changed
from OA (or TOABr) to PEI, the GON hybrids (i.e., GON/PEI/OA-Fe304
NP/PEI (GON-1-PEI); GON/PEI/TOABr-Pd NP/PEI (GON-2-PEI)) were
well-dispersed in alcohol and aqueous media. The neutral amine
groups of the outermost PEI ligands bound to the NP-coated GONs
in alcohol were converted into protonated amine groups in water

(a)

(the pK; of PEI~10), generating highly dispersible GON hybrids with
a zeta potential value of 42.7 +1.1 mV in water. Similar phenom-
ena were applied to other hydrophobic NPs, including OA-TiO,
[43], OA-Ag [44], or OA-Pt NPs [40] (Figs. 2 and S5). As a result,
the replacement of the ligands bound to the outermost NPs plays
a significant role in preparing highly dispersible GON catalysts in
organic and aqueous media by preventing strong - stacking
interactions between the adjacent GONSs.

In contrast, it should be noted that traditional preparation meth-
ods for catalytic NP-coated GONs do not effectively exploit the
advantages of 2D-nanosheet supports with large surface area. For
example, the deposition of catalytic NPs onto PEI-coated GONs
by the electrostatic adsorption or the direct metal ion reduction
method [41] in aqueous solution limits the packing density of the
NPs to only decoration level because the electrostatic repulsion
between NPs with the same charge or is restricted to the use of
dilute metal ion concentrations, respectively (Fig. 3). In particular,
the metal ion reduction method in aqueous media has much dif-
ficulty in controlling the loading amount and size of catalytic NPs
on the solid support. Although the use of a metal precursor solu-
tion with relatively high concentration can increase the loading
amount of catalytic NPs onto GONS, it also accelerates the forma-
tion of aggregated NPs, exhibiting poor activity. Furthermore, these
GON catalysts can not be dispersed in organic media.

@

Fig. 3. TEM images of the electrostatic adsorption-assembled nanosheets (a) anionic Fe304 NP-coated GONs (i.e., GON/PEI/Octakis-Fe304 NP) and (b) cationic Pd NP-coated
GONs (i.e., GON/PEI/PSS/DMAP-Pd NP), and Pd NPs on PEI-coated GONs prepared by direct metal ion reduction in aqueous solutions containing (c) 10mM and (d) 20 mM

H,PdCly.
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Fig. 4. (a) TEM images of GON-3 (i.e., GON/PEI/OA-Fe304 NP/PEI/TOABr-Pd NP). (b) Photographic images demonstrating the magnetic responsive properties of GON-3
in toluene. Time-dependent photographic images of (c) GON-3 (i.e., GON/PEI/OA-Fe;04 NP/PEI/TOABr-Pd NP) in toluene and (d) electrostatic adsorption nanosheets (i.e.,
GON/PEI/Octakis-Fe304 NP/ PEI/PSS/DMAP-Pd NP) with magnetic responsive properties in water.

To overcome these problems, magnetically retrievable and
hydrophobic/hydrophilic GON catalysts composed of OA-Fe304
and TOABr-Pd NPs were prepared by consecutive ligand-
replacement reactions. First, the high packing density, uniform
composition, and typical crystalline state of the NPs (i.e.,
Fe304 and Pd NPs) within the GON hybrids (i.e., GON/PEI/OA-
Fe304/PEI/TOABr-Pd, shortly GON-3) were confirmed by HR-TEM,
energy-dispersive X-ray spectroscopy (EDX), XRD analysis, and
superconducting quantum interference device (SQUID) magne-
tometry (Figs. 4a, S6 and S7). Additionally, a quantitative analysis by
inductively coupled plasma mass spectrometer (ICP-MS) showed
that GON-3 was composed of 23.1 wt% Fe304 and 22.1 wt% Pd NPs.
The formation of densely but uniformly distributed TOABr-Pd NPs
enabled GON-3 to be highly dispersed in nonpolar media. A high
loading amount of superparamagnetic Fe304 NPs within GON-3

induced fast separation of GON-3 from the reaction medium using
an external magnet (Fig. 4b and c). These results are in striking con-
trast to the traditional electrostatic assembly-induced GONs that
exhibit arelatively slow magnetic response and low saturated mag-
netization value (Figs. 4d and S8). Furthermore, the fast magnetic
separation of the catalyst can enhance its recycling stability and
efficiency.

Based on these results, we investigated the catalytic activity
and feasibility of GON-3 in Suzuki-Miyaura cross-coupling reac-
tion between organic boron compounds and organic halides in
nonpolar media. Eight different aryl halides were reacted with
phenylboronic acid in the presence of TBAB in toluene at 110°C
for 24h as shown in Table 1. Botella et al. reported that TBAB
could enhance the coupling reaction rate by the formation of a
boronate complex [45]. When GON-3 was added to the reaction
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Fig. 5. (a) Recycling stability of the GON-3 catalyst in a Suzuki-Miyaura reaction. (b) TEM images of GON-3 after a Suzuki-Miyaura reaction.
Table 1
Suzuki-Miyaura cross-coupling reaction of aryl iodide and phenylboronic acid using the hydrophobic GON-3 catalyst in toluene.
Entry? Aryl halide Solvent® Product Yield (%)
la
1 I NO, Toluene NO; 99
1b
2 I@ Toluene 99
lc
3 l COCHJ foluene COCH; »
1d
4 1 CN Toluene CN 70
le
5 1 F Toluene F 66
la
6 Br NO, Toluene NO; 85
b
7 Br@ Toluene 99
lc
8 Br COCH, Toluene COCH; 78

@ Reaction conditions: Ar-X (1 mmol), phenylboronic acid (2 mmol), tetrabutylammonium bromide (TBAB) (2 mmol), NaCO3; (4 mmol) and toluene (3 mL) at boiling

temperature under argon gas for 24 h.

b Represents the nonpolar solvent, catalyst: GON-3 (i.e., GON/PEI/OA-Fe304 NP/PEI/TOABr-Pd NP) (Pd amount: 0.6 mol%).
¢ Isolated yield and products were determined by 'H NMR and '3C NMR spectroscopy. (NMR spectra for products 1a-1e are seen in the Supplementary data).

mixture, the product yields based on the reactant components were
in the range 66-99% (Table 1), outperforming the yield achieved
using metal ion reduction-induced GON catalysts in toluene (Entry
2 in Table 2). This high product yield using GON-3 was further
confirmed by the comparison with previous reports (Table S1).
When the outermost ligand of GON-3 was changed from TOABr
to hydrophilic PEI, the resulting GON-3-PEI also exhibited high cat-
alytic activity (99% yield) in aqueous and/or alcohol solvent (Table
S2). However, hydrophilic GON-3-PEI exhibited low catalytic activ-
ity (18% yield) for the Suzuki-Miyaura reaction in toluene because
of their aggregation (see Entry 1 in Table S2). These results imply
that the catalytic performance of GON catalysts shown in our sys-

tem strongly depends on the hydrophobicity and hydrophilicity of
outermost ligands (or the dispersion stability of GON catalysts).
Although MWCNTSs have also been widely used as solid supports
for catalystic NPs, the specific surface area of GONs is larger than
those of MWCNTs (220 m2 g—1) [46]. Therefore, the catalytic activ-
ity of GON-3 is reasonably predicted to exceed those of MWCNT
catalysts under the same experimental conditions. To quantita-
tively confirm this assertion, the (PEI/OA-Fe304 NP/PEI/TOABr-Pd
NP) multilayers were sequentially deposited onto carboxylic acid-
functionalized MWCNTs (i.e., MWCNT-1) (Fig. S9), and the catalytic
activity in Suzuki-Miayaura reactions was then evaluated using the
same total mass as previously used for the GON-3 catalyst (see Entry
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Table 2

Suzuki-Miyaura cross-coupling reaction of aryl iodide and phenylboronic acid using GON-3, Metal ion reduction-induced GON and MWCNT-1 catalysts in toluene.
Entry? Aryl halide Catalyst® Product Yield (%)°
! IONOZ coN3 "Noz %
2 IONOZ Metal ion reduction-induced GON HNOZ 35
’ I@NOZ MWENT H e 8

2 Reaction conditions: Ar-X (1 mmol), phenylboronic acid (2 mmol), tetrabutylammonium bromide (TBAB) (2 mmol), NaCO3 (4 mmol) and toluene (3 mL) at boiling
temperature under argon gas for 24 h.
b Represents the catalyst: GON-3 (i.e., GON/PEI/OA-Fe;04 NP/PEI/TOABr-Pd NP), Metal ion reduction-induced GON (i.e., GON/PEI/OA-Fe304 NP/PEI/Pd NP), MWCNT-1 (i.e.,
MWCNT/PEI/OA-Fe;04 NP/PEI/TOABr-Pd NP) (3 mg).
¢ Isolated yield and products were determined by 'H NMR and '3C NMR spectroscopy. (NMR spectra for products is seen in the Supplementary data).
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Fig. 6. (a) Schematic for oxidation of TMB catalyzed by GON catalysts. (b) UV-vis spectra of aqueous solutions after TMB oxidation by bare GONs, GON-1-PEl, MWCNT-1-PEI,
and GON-3-PEI. The TMB oxidations were performed at 40 °C for 10 min. (c) Photographic images of the TMB oxidation solutions characterized in (b). (d) Time-dependent
absorbance changes (at 653 nm) of the TMB oxidation solutions catalyzed by MWCNT-1-PEI and GON-3-PEL (e) Photographic images of aqueous solutions containing
MW(CNT-1-PEI and GON-3-PEI with increasing reaction time from 20 to 60 min. (f) Recycling catalytic stability of GON-3-PEL
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3 in Table 2). In this case, the product yield obtained from GON-3
(including 22.1 wt% Pd NPs) was approximately 12 times higher
than that from MWCNT-1 (including 4.56 wt% Pd NPs), which was
primarily caused by a large amount of Pd NPs being adsorbed onto
2D-GONSs.

We also investigated the extent of leaching of the Pd NPs fol-
lowing the Suzuki-Miyaura reaction in toluene by ICP-MS analysis.
After the 10threaction run, the amount of leached Pd was measured
to be 0.85 ppm. This extremely low leaching amount of the Pd NPs
is attributed to the formation of stable covalent bonds between the
Pd NPs and PEI [47] as well as the strong magnetic response of
GON-3 that prevent the partial loss of catalyst in the recovery pro-
cess. As a result, GON-3 maintained a high catalytic activity of 93%
even in 10th recycling tests, thereby demonstrating the stability of
Pd and Fe304 NPs coating on the GONs (Fig. 5). Although the high
loading of Pd NPs on the GONs could result in aggregation at high
reaction temperature, the aggregation of NPs was not observed in
the reaction system performed at 110°C.

In addition to their ability to catalyze C—C coupling reactions,
Pd NPs possess the peroxidaze-like ability to catalyze the H,0,-
mediated oxidation of organic substrates such as TMB to decrease
their toxicity and/or activate a color change, and thus can be used
in the treatment of waste water or as a detection tool [48-50].
The TMB oxidation pathway by GON catalysts is shown in Fig. 6a.
That is, the hydroxyl radicals (OH) formed by Pd NP-supported
GON catalysts are reacted with TMB, producing the charge trans-
fer complex (oxidized TMB). To further demonstrate the superior
performance and versatility of the GON catalysts prepared from
a ligand-replacement reaction in organic media, the oxidation of
TMB by GON-3-PEI was investigated in aqueous media. Fig. 6b dis-
played the UV-vis spectra of four different buffer solutions of the
bare GONs, GON-1-PEI, MWCNT-1-PEI, and GON-3-PEI containing
0.1M NaOAc, 0.3 mM TMB, and 100mM H,0; at pH 4.0 [51,52].
The concentrations of the bare GONs and MWCNTs in the four dif-
ferent solution samples were adjusted to 0.5 wt%. The deposition
of the outermost PEI ligand onto the hydrophobic Pd NP-coated
GONs or MWCNTs enabled the resulting nanocomposites to be
well dispersed in aqueous media as already mentioned. In this
case, the bare GON solutions without TOABr-Pd and/or OA-Fe30y4
NPs exhibited no absorbance peaks in the measured wavelength
range. In contrast, when the GON-3-PEI and MWCNT-1-PEI were
added to the TMB solution with H,0,, the UV-vis spectra of the
solutions displayed evident absorbance peaks (at 370 and 653 nm)
corresponding to a visible blue color, implying the formation of
the oxidized TMB. The intensity of the absorbance peak at 653 nm
in the spectrum of the GON-3-PEI solution remarkably enhanced
compared to that of the corresponding peak in the spectrum of
the MWCNT-1-PEI solution, indicating that GON-3-PEI possessed
more catalytic sites (as a result of its larger specific surface area)
than MWCNT-1-PEI. These phenomena were easily detected by
the naked eyes (Fig. 6¢). Because the absorption bands from TMB
oxidation are attributed to the charge-transfer complexes that
originate from the one-electron oxidation of TMB and that cor-
respond to a blue color with the characteristic absorbance peaks
at 370 and 653 nm [49,51], these results demonstrate that the Pd
NP-supported MWCNT and GONs decompose H,0, into hydroxyl
radicals (OH) that then oxidize the TMB substrate [50].

The GON-1-PEI catalyst without TOABr-Pd NPs also induced
TMB oxidation (Fig. 6b). Recently, Fe304 NPs were reported to
possess intrinsic peroxidase-like activity due to the presence of
Fe2* jons within OA-Fe304 NPs; this activity enabled GON-1-PEI
to catalyze the oxidation of TMB in the presence of H,0,, gener-
ating a blue color [51-53]. However, given that the intensity of
the absorbance peak at 653 nm was significantly lower (one-tenth)
for GON-1-PEI than for GON-3-PEI, our results clearly indicate that
GON-3-PEI accelerates the catalytic oxidation of TMB with an aid

of TOABr-Pd NPs. Additionally, the oxidation of TMB by GON-3-PEI
continued for approximately 60 min, as evidenced by a continuous
change in the color of the TMB solution from light to dark blue, after
which the reaction reached a plateau (Fig. 6d and e).

Furthermore, the recycling stability of GON-3-PEI was exam-
ined during repeated catalytic reactions (Fig. 6f). Similar to the
recycling process in the Suzuki-Miyaura reaction, GON-3-PEI was
magnetically separated from the reaction medium after the first
TMB oxidation, washed with DI water, and redispersed for reuse.
In this case, the catalytic activity in the 6th reaction and the leaching
amount of Pd NPs after the 6th reaction exhibited 98% of the initial
catalytic activity and were measured to be ~0.618 ppm, respec-
tively. This high performance (i.e., high catalytic activity and low
level of leaching during recycling) of the hydrophobic/hydrophilic
GON catalyst was entirely caused by the high loading amount and
the stable immobilization of Pd and Fe304 NPs via covalent coor-
dination to GONs, and furthermore by the facile control of the
outermost ligand to establish hydrophobic and hydrophilic prop-
erties.

4. Conclusions

The GON catalysts prepared by consecutive ligand-replacement
reaction exhibited remarkable catalytic performance and good
recycling stability, allowing hydrophobic and hydrophilic disper-
sion in nonpolar and aqueous media, respectively. The high product
yield obtained from the GON catalysts in Suzuki-Miyaura reac-
tion in toluene outperformed previous results in the same solvent.
When the outermost ligands on the GON catalysts were changed
from hydrophobic TOABr to hydrophilic PEI, they also exhibited
high catalytic activity in Suzuki-Miyaura reactions and TMB oxida-
tion performed in hydrophilic media including water and alcohol.
These results were primarily attributed to the facile control of
the hydrophobicity and hydrophilicity of the outermost ligands as
well as the densely packed catalytic NP arrays deposited onto the
GONs. Furthermore, we believe that our ligand control approach
can provide an important basis for resolving critical weaknesses
of 2D-nanosheet catalysts, and designing high-performance cata-
lysts with high activities and recycling stability for use in various
reaction media.
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