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ABSTRACT

This paper reports the development of novel supports for highly active Pd nanoparticles for room temper-
ature Suzuki cross coupling reactions. The partial functionalization of the reduced graphene oxide sup-
port by the N-containing p-phenylenediamine and benzidine molecules results in the dispersion of
small Pd nanoparticles in the solid catalysts Pd/(RGO-PPD) and Pd/(RGO-BZD) which demonstrate excel-
lent catalytic activity for Suzuki coupling under ligand-free ambient conditions with unusual catalytic
activity that matches that of the best homogeneous Pd catalysts. They offer remarkable turnover frequen-
cies (400,000 h~1) observed in the microwave-assisted Suzuki cross coupling reaction with easy removal
from the reaction mixture, recyclability with no loss of activity, and significantly better performance than
most of the reported heterogeneous Pd catalysts. The findings illustrate the exciting opportunities pre-
sented by the chemically partially functionalized reduced graphene oxide support for a variety of metallic
and bimetallic catalysts for carbon-carbon bond forming reactions.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

It is well accepted, although not always understood, that the
catalytic performance of metal nanoparticle catalysts can be
strongly influenced by interaction with the support material. For
example, the relatively weak interaction between metal nanoparti-
cles and the carbon-based support materials could allow for tailor-
ing the catalysts’ properties by modification of the chemical and
physical characteristics of the carbon materials [1-3]. In addition
to providing a high surface area for the dispersion of the catalyst,
the carbon support can also influence the catalytic reaction since
it could interact differently with certain reactants or products.

The palladium-catalyzed Suzuki (or the Suzuki-Miyaura) cross-
coupling reaction provides a good case study for the influence of
the carbon-based support on the catalytic activity and efficient
recycling of the catalyst [4-7]. A variety of carbon-based supports
have been utilized for mobilizing Pd nanoparticles for cross-
coupling reactions including activated carbon, carbon nanotubes,
graphene oxide, reduced and partially reduced graphene oxides
(RGO and PRGO, respectively) [8-18].
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In addition to the unique properties of RGO and PRGO, struc-
tural defects can provide nucleation sites for the formation and
anchoring of the metal nanoparticles on the surface of the RGO
or PRGO nanosheets [9-11,13-15,19,20]. The presence of struc-
tural defects and remaining oxygen functional groups on the RGO
or PRGO nanosheets can also influence the dispersion of the sup-
ported metal nanoparticles, modify the intrinsic reactivity and play
a critical role in stabilizing the metal nanoparticles [1-3,13-15,19-
26]. Chemical functionalization of the RGO support can also influ-
ence catalyst-support interaction and consequently, the activity of
the supported catalysts. For example, covalent functionalization of
GO by aromatic amines can result in reducing or partially reducing
GO thus restoring or partially restoring the sp?> domains responsi-
ble for conductivity [27-29]. It can also enhance the strong electro-
static adsorption (SEA) of the cationic Pd precursors through
complexation with the amine or the amide groups of the function-
alized support which could improve the dispersion of the Pd
nanoparticles formed after the reduction of the Pd ions [30-32].

Herein, we report that partial functionalization of the RGO sup-
port by the covalent attachment of the aromatic amines
p-phenylenediamine (PPD) or benzidine (BZD) results in a signifi-
cant enhancement of the activity of the Pd nanoparticles in the
solid Pd/(RGO-PPD) or Pd/(RGO-BZD) catalysts for the Suzuki cou-
pling reactions with unprecedented catalytic activity that matches
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that of the best homogeneous Pd catalysts. We demonstrate that
the partial functionalization of GO with PPD or BZD molecules
leaves many oxygen-bearing groups such as alcohol, and car-
boxylic groups intact leading to only partial reduction of the GO
nanosheets. The presence of the oxygen and nitrogen groups on
the surface of the partially reduced and partially functionalized
GO with the aromatic amines leads to SEA of the cationic palladium
precursor on the chemically modified GO support [30-32]. This
strategy leads to the formation of well-dispersed Pd nanoparticles
anchored on the surface of the chemically modified GO support.
This concept is introduced and verified in the present paper which
demonstrates that partially functionalized RGO sheets with the
aromatic amines PPD or BZD are superior supports to the RGO
sheets alone for the dispersion of small Pd nanoparticles that exhi-
bit a remarkable and unprecedented enhancement of the catalytic
activity of Suzuki coupling reactions.

2. Experimental section
2.1. Chemicals

All listed chemicals were purchased and used without further
purification. Hydrazine hydrate was acquired from Acros Organic.
Bromobenzene and graphite powder (99.999%) was supplied by
Alfa Aesar. Benzidine, 30% hydrogen peroxide (H,0,), phenyl-
boronic acid, p-phenylenediamine, potassium carbonate (K,COs),
potassium permanganate (KMnO,4), sodium nitrate, and tetra-
amine palladium nitrate (Pd(NO3),(NH3),) were purchased from
Sigma-Aldrich.

2.2. Synthesis of functionalized graphene oxide

In the experiments, GO was prepared by the oxidation of high
purity graphite powder (99.999%, 200 mesh, Alfa Aesar) according
to the method of Hummers and Offeman [33]. 115 ml of H,SO4 was
chilled to 0 °C in an ice bath with stirring and 2.5 g of crushed
NaNOs was added. After 20 min, 5 g of graphite powder was added
followed by the slow addition of 15 g of KMnO,. After 20 min, the
ice bath was removed and the mixture was maintained at 32-38 °C
for 3 h with vigorous stirring. Afterwards, 230 ml of warm DI water
was added and the temperature of 80 °C was maintained for
30 min as the solution turned brown. 700 ml of DI water was
added followed by 8 ml of 30% H,0, and the solution color turned
to light gold. The synthesized GO was washed with 5 1 of hot DI
water and dried over three days at 60 °C. To prepare the function-
alized GO support, 100 mg of GO was dispersed in 60 ml of DI H,O
with either 0.025-6.0 mmol (3-600 mg) of p-phenylenediamine
(GO-PPD) or 0.025-0.5 mmol (4-85 mg) of benzidine (GO-BZD).
The mixture was sealed in a 100 ml capacity autoclave reactor
and heated at 95 °C over the course of 24 h. The recovered support
was centrifuged, washed with DI water and dried overnight at
80 °C. The support materials used are denoted as GO, GO-PPD
(0.025-6.0 mmol), and GO-BZD (0.025-0.5 mmol).

2.3. Catalyst preparation

20 mg of the support GO, GO-PPD (0.025-6.0 mmol) or GO-BZD
(0.025-0.5 mmol) was dispersed in 15 ml of DI H,O and sonicated
to ensure dispersion. After measurement of the initial pH of the
solution, 0.05 mM NH4OH was added to increase the pH of support
solution to 10.0. [Pd(NH3)4]** solution was added to each support
to achieve a target of 3 wt% Pd, followed by microwave irradiation
(MWI 2.45 MHz, 300 W, 5 min) in the presence of 33 pl of hydra-
zine hydrate. The supported catalysts were centrifuged twice with

water and twice with ethanol at 10,000 rpm followed by overnight
drying at 80 °C.

2.4. Characterization techniques

Powder X-ray diffraction patterns were measured using the
PANalytical MPD X'Pert PRO diffractometer with voltage 45 kV
and current 40 mA via the Ni-filtered Cu ko; radiation with a scan
speed of 2.5° 20/min. FTIR spectra were collected with a Thermo
Scientific Nicolet iS50 FT-IR using KBr pellets. X-ray photoelectron
spectroscopy (XPS) spectra of the samples were obtained using the
ThermoFisher Scientific ESCALAB 250 with a microfocused
monochromated AlKo X-ray source (15 kV) and a double-
focusing full 180° spherical sector electron analyzer. TEM images
were obtained using the Jeol JEM-1230 Transmission Electron
Microscope with the Gatan Orius SC1000 side mount CCD camera
at 120 kV. The palladium contents (wt.%) of the supported catalysts
were measured using the Varian Vista-MPX Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES) with an Ar* ion
plasma gas equipped with a charged-couple detector (CCD) for
simultaneous detection. The reaction products were analyzed
using an Agilent A 6890 N GC equipped with an HP-5MS column
and a flame ionization detector used to separate and quantify the
conversion of reactants into products.

2.5. Suzuki cross coupling reaction

4.1 mg of the catalyst was dispersed in 5 ml of 50% ethanol-wa-
ter mixture. 0.32 mmol bromobenzene (34 ul) and 0.38 mmol
phenylboronic acid (47 ul) were added to the solution and briefly
sonicated to ensure good dispersion of reactants. 133 mg of
K,CO3; was then dissolved and the solution was stirred at room
temperature at 500 rpm. For the 0.03 or the 0.007 Pd mol% reac-
tions, 590 pl or 140 pl of this solution, respectively was diluted
to 4 ml of 50% ethanol-water mixture and placed in the microwave
reaction tube. The reaction was run at 80 °C for 1, 2 or 5 min in a
sealed 10 ml tube under microwave irradiation (CEM Discover
Microwave, 300 W, 2.45 MHz). The CEM Discover Microwave Reac-
tor allows highly accurate IR temperature control for up to 300 °C.
The reaction time can be controlled in intervals from 10 s up to
10 min. The reaction progress was monitored by GC-MS and the
biphenyl product was extracted with ethyl acetate via centrifuga-
tion and characterized. The catalysts were also evaluated at room
temperature under similar conditions. For the room temperature
reactions, small aliquots of the solution were drawn at predeter-
mined intervals and analyzed by GC-FID to determine the conver-
sion percentage of reactants into the biphenyl product.

3. Results
3.1. Characterization of the supported catalysts

The reactions between the amino groups of PPD (or BZD) and
the epoxy and carboxylic groups of GO result in the formation of
C-NH-C and CO-NH bonds due to the chemical grafting of PPD
(or BZD) to the GO surface via nucleophilic substitution and con-
densation reactions, respectively [26-29]. Since both PPD and
BZD are aromatic electron donors, they can also act as reducing
agents for GO [26-29]. These aromatic amines are typically added
in excess to ensure full reduction of GO since the complete removal
of surface oxygen groups is desirable for electrochemical applica-
tions [26-29]. In the present work, partial functionalization of
GO by PPD and BZD is required since our hypothesis is that the
presence of both N- and O- containing functional groups will
enhance the strong electrostatic adsorption of the Pd cations and
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consequently, the dispersion of the Pd nanoparticle catalysts on
the partially functionalized RGO-PPD and RGO-BZD supports as it
will be demonstrated below.

Fig. 1 displays the FTIR spectra of GO, GO-0.1 PPD (0.1 mmol
PPD) and GO-0.1 BZD (0.1 mmol BZD). The spectrum of GO shows
the characteristic stretching vibrations of the COOH groups (C=0),
the O—H deformations of the C—OH groups and C—0O—C stretching
vibrations at 1736 cm™!, 1383 cm™! and 1052 cm !, respectively,
in addition to a weak band due to the epoxide group at
1220 cm~! [10,34]. After functionalization by either PPD or BZD,
the carbonyl and alkoxy bands are retained but slightly reduced
in intensity, whereas the epoxy bands at 1052 cm™! and
1220 cm™! and deformation of the O—H bond of CO—H at
1383 cm™! disappear indicating partial reduction of GO by the aro-
matic amine groups of PPD or BZD. The peak at 1573-1578 cm ™! is
assigned to the stretching vibration of N-H in —C—NH, groups
which is a direct consequence of the attachment of new
nitrogen-containing groups into GO [26]. Additionally, the peak
at 1184 cm™ is assigned to the stretching vibration of the C—N—C
mode in the functionalized GO by BZD [27]. Also, the small peaks at
818 cm ! and 953 cm ™! in the spectrum of GO-BZD are assigned to
the bending vibration of the C-NH group and the wagging modes of
-NH group in the C-NH chemical bond consistent with previous
findings [26-28]. Figs. S1A and S1B (Supplementary Materials) dis-
play the FTIR spectra of GO-PPD and GO-BZD for different concen-
trations of PPD or BZD used in the functionalization of GO. In both
cases, the peaks associated with the N-containing functional
groups at 1184 cm™! and 813-818 cm™! greatly increase in inten-
sity by increasing the concentration of PPD or BZD indicating that
the degree of functionalization of GO increases by increasing the
contents of PPD or BZD in the reaction mixture.

The strong electrostatic adsorption (SEA) technique was
employed for the adsorption of cationic [(Pd(NH;5)4]?* salt to the
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Fig. 1. FTIR spectra of GO, GO-0.1 mmol PPD and GO-0.1 mmol BZD.

negatively charged surface of GO [31,32]. SEA theory implies that
an aqueous solution will induce a partial positive or a partial neg-
ative charge on the surface of any dispersed oxygen-laden mate-
rial, such as graphene oxide, according to the material’s point of
zero charge (PZC) corresponding to the pH at which the surface
charge of the dispersed material is at equilibrium with the solution
[35,36]. If the pH of the aqueous solution is adjusted to pH 10 and
supersedes the PZC of GO (GO PZC = pH 3.3-3.8) [37], the aqueous
solution acts as a base relative to the surface of GO and more
hydroxide interactions than proton interactions occur on the sur-
face, leading to an abundance of O™ groups on GO [38]. The partial
negative charge on the surface of GO assists towards the adsorp-
tion or uptake of cationic salts prior to reduction.

The XPS spectra of the C1s and Pd3d electrons in the Pd/(RGO),
Pd/(RGO-0.1 PPD) and Pd/(RGO-0.1 BZD) catalysts are displayed in
Fig. 2. It is evident from the survey scan, shown in Fig. 2(A), that the
peak for the nitrogen 1 s electron at approximately 399 eV is
clearly present in the spectra of the Pd/(RGO-0.1 PPD) and Pd/
(RGO-0.1 BZD) catalysts but not in the spectrum of the Pd/(RGO)
catalyst. The atomic % of oxygen decreases from 41.2% in the Pd/
(RGO) catalyst to 32.0% and 32.8% in the Pd/(RGO-0.1 PPD) and
Pd/(RGO-0.1 BZD) catalysts, respectively consistent with the
reduction of GO after the functionalization with PPD and BZD
resulting in 7.8% and 5.1% N contents, respectively.

Fig. 2 (B) displays the C1s spectra for the Pd/(RGO-0.1 PPD), Pd/
(RGO-0.1 BZD) and Pd/(RGO) catalysts which clearly indicate the
presence of the sp? hybridized C=C bonds at (284.6 eV), C—O
bonds (286.2 eV), and C=0 bonds (288.8 eV) [9,10,40]. After func-
tionalization with PPD and BZD, the 286.2 eV C—0 and O—C=0
peaks are severely diminished and a new shoulder at 285.1 eV cor-
responding to C-N bonding becomes prominent in the spectra of
the Pd/(RGO-0.1 PPD) and Pd/(RGO-0.1 BZD) catalysts [27]. This
offers further evidence of the substitution of surface-bound oxygen
groups with the amine moieties.

Fig. 2 (C) displays the XPS spectra of the Pd-3d electron in the
Pd/(RGO-0.1 PPD), Pd/(RGO-0.1 BZD) and Pd/(RGO) catalysts. The
binding energy values of 335.5 and 340.8 eV corresponding to
the 3ds); and 3d3, of metallic palladium, respectively are observed
at higher energy values by 0.3-0.5 eV in the Pd/(RGO-0.1 PPD) and
Pd/(RGO-0.1 BZD) catalysts suggesting electron transfer from pal-
ladium to the functionalized supports RGO-PPD and RGO-BZD
[15]. The data show that the Pd(0)% increases from 27% to 31%
and 37%, in the Pd/(RGO-0.1 PPD), Pd/(RGO-0.1 BZD) and Pd/
(RGO) catalysts, respectively). It is known that the oxidation state
of palladium cycles between Pd(Il) and Pd(0) in the palladium-
catalyzed Suzuki cross coupling reaction between the oxidative
addition of a halide-bearing aryl group and the reductive elimina-
tion [41], and that Pd(0) is required to initiate oxidative addition
step [42,43]. It is also established that a higher ratio of Pd(0) in
the supported catalysts would usually result in higher conversion
kinetics [44]. This point will be further discussed below.

Fig. 3 displays the XRD patterns of GO and the partially func-
tionalized RGO-PPD and RGO-BZD supports with different degrees
of functionalization. The GO peak at 26 = 11.3° corresponds to a d-
spacing of 7.8 A resulting from the insertion of hydroxyl and epoxy
groups between the oxidized graphene sheets [9,34]. With the
inclusion of a small amount (0.025 mmol) of p-phenylene
diamine (Fig. 3A) or benzidine (Fig. 3B), a small upshift in the
XRD peak of GO (from 20 = 11.3° to 13.1° or 13.3°) is observed. This
could be attributed to restacking of the GO sheets due to partial
loss of non-carboxylic acid groups [45], and also due to the partial
reduction and partial functionalization of GO resulting in non-
uniform d-spacing [28]. A decrease in the d-spacing from
0.78 nm to 0.66 nm implies the removal of oxygen group spacers
without sufficient aromatic amines molecules to act as replace-
ment scaffolding groups, which could result in partial restacking
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Fig. 2. (A) XPS survey, (B) high-resolution XPS spectra of C1s and (C) high-resolution spectra of Pd3d for the Pd/RGO, Pd/RGO-0.1 PPD and Pd/RGO-0.1BZD catalysts.
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Fig. 3. XRD patterns of GO and RGO-PPD and RGO-BZD functionalized with different amounts of (A) p-phenylenediamine (PPD) and (B) benzidine (BZD).

of the graphitic layers. However, Fig. 3(A) and (B) show that the
doo1 peak of GO shifts to smaller 20 values with the increased
incorporation of PPD and BZD as previously reported when GO is
fully reduced by the aromatic amines [26]. For example, the dgo;
peak shifts to 7.3° (d-spacing = 1.2 nm) or to 6.2° (d-spacing = 1.
4 nm) as the amount of PPD or BZD is increased to 0.6 mmol or
0.5 mmol, respectively.

Fig. 4 displays TEM images of the supported catalysts Pd/RGO,
Pd/(RGO-0.025 BZD), Pd/(RGO-0.025PPD), Pd/(RGO-0.1BZD), Pd/
(RGO-0.1PPD), and Pd/(RGO-0.5 BZD). The size distributions of
the Pd nanoparticles determined from the TEM micrographs are
shown in Fig. S2 (Supplementary Materials). At low concentrations

of the PPD and BZD functional groups (0.025 mmol), the palladium
size distributions are 2.9 + 0.7 nm for the RGO- 0.025 PPD catalyst
and 2.2 £ 1.1 nm for the RGO-0.025 BZD catalyst. For the RGO-BZD
support, the Pd nanoparticle size starts to drastically increase as a
function of the higher BZD content. As the BZD content increases
from 0.025 to 0.1 to 0.5 mmol, the Pd particle size increases from
22+1.1t06.6+5.6t011.9+19.9, respectively. It is also clear from
Fig. 4 that the aggregation of Pd nanoparticles on the RGO-0.5 BZD
support becomes highly evident.

The TEM results clearly establish that partial covalent function-
alization of GO with PPD or BZD leads to significantly smaller (~3
nm) and more dispersed Pd nanoparticles as compared to the
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Fig. 4. TEM images of the Pd/RGO, Pd/RGO-0.025PPD, Pd/RGO-0.1PPD, Pd/RGO-
0.025BZD, Pd/RGO-0.1BZD, and Pd/RGO-0.5BZD catalysts. The Pd loadings (wt%) in
these catalysts, as determined by ICP-MS, are 3.5, 2.3, 3.0, 3.3, 3.0, and 2.2,
respectively.

RGO support without functionalization (~7 nm). However, increas-
ing the degree of functionalization of GO with PPD or BZD results in
the formation of larger and less dispersed Pd nanoparticles on the
surface of the functionalized GO support.

3.2. Suzuki coupling reaction

The catalytic activity of the prepared Pd catalysts (with Pd con-
tents of 2.2 — 3.5 wt% as determined by ICP-MS) was investigated
using the Suzuki cross coupling reaction of bromobenzene
(0.32 mmol) and phenylboronic acid (0.38 mmol) with a 0.3 mol
% Pd catalyst in a mixture of H,0:CoHsOH (1:1) at room tempera-
ture (r.t.) according to Scheme 1.

Fig. 5 illustrates the % conversion of the room temperature reac-
tion in Scheme 1 for different Pd catalysts supported on RGO and
partially functionalized RGO with different contents of PPD

O e O
* K,CO; 3 eq.
r.t.

H,O:EtOH (1:1)

Scheme 1.

(Fig. 5-A) and BZD (Fig. 5-B). Fig. 5(A) clearly shows significantly
higher conversions to the biphenyl product on the Pd/RGO-0.025
PPD and the Pd/RGO-0.05 PPD catalysts in reactions containing
0.22 and 0.24 mol% Pd, respectively than on the Pd/RGO catalyst
in a reaction with 0.33 mol% Pd. The same trend is observed in
Fig. 5(B) where the Pd/RGO-0.025 BZD, Pd/RGO-0.05 BZD and Pd/
RGO-0.1 BZD catalysts in reactions involving 0.31, 0.33 and
0.28 mol% Pd, respectively have higher activity than the Pd/RGO
catalyst in the same reaction containing 0.33 mol% Pd. These
results are very significant since they demonstrate that the Suzuki
reaction can be carried out within 15 min at room temperature
yielding 94-95% of the biphenyl product using 0.2-0.3 mol% Pd
of the Pd/RGO-0.025 PPD and the Pd/RGO-0.025 BZD catalysts,
respectively.

The results in Fig. 5 also show that the Pd/RG0O-0.1 BZD catalyst
has higher activity than the Pd/RGO-0.1 PPD catalyst in the reac-
tion that utilizes a similar Pd concentration of 0.28 mol%. For
example, the Pd/RGO-0.1 BZD and the Pd/RGO-0.1 PPD catalysts
exhibit 84% and 18% conversion, respectively after 15 min reaction
time. Within 30 min, the GO-0.1 BZD catalyst effectively has
attained nearly full (96%) conversion in comparison with the 65%
conversion of the GO-0.1 PPD catalyst as shown in Fig. 5. It is also
clear that the catalytic activity sharply decreases as the BZD or PPD
content in the RGO support increases. For example, the Pd/RGO-
0.025 BZD, Pd/RGO-0.05 BZD, Pd/RGO-0.1 BZD, Pd/RGO-0.2 BZD,
and Pd/RGO-0.5 BZD catalysts utilizing Pd concentrations of 0.31,
0.33, 0.28, 0.26, and 0.21 mol%, respectively show product conver-
sion ratios (within 15 min reaction time) of 93%, 95%, 82%, 22%, and
2%, respectively. It appears that the catalytic activity correlates
with both the structure of the support and the Pd particle’s size.
Table 1 compares the 26 value of the XRD dgo; peak of the support,
the d-spacing of the support, the Pd particle size, the Pd wt% in the
catalyst determined by ICP-MS, the Pd mol% used in the reaction,
and the turnover frequency (TOF) values calculated after 15 min
reaction time at room temperature.

In addition to the room temperature reactions, the catalysts
were also evaluated for the reactions conducted under microwave
irradiation (MWI) at 80 °C, and the results are shown in Table 2. At
a lower catalyst concentration of 0.03 Pd mol%, the Pd/RG0O-0.025
PPD and Pd/RGO-0.025 BZD catalysts yield the biphenyl product
with conversions of 78% and 80%, respectively only after one min-
ute reaction time as shown in Table 2. The two catalysts show
almost a complete conversion (97-99%) to the biphenyl product
while the Pd/RGO catalyst shows only 23% conversion after two-
minute reaction time. Increasing the PPD or BZD content in the
RGO support results in decreasing the catalytic activity consistent
with the trend observed in the room temperature reactions. This is
shown in the Pd/RGO-0.1 PPD and Pd/RGO-0.1 BZD catalysts,
which exhibit 57% and 92% conversions, respectively after two-
minute reaction time as compared to the nearly complete conver-
sion to the biphenyl product displayed by the Pd/RGO-0.025 PPD
and Pd/RG0-0.025 BZD catalysts using the same Pd concentration
of 0.03 mol%. Again, the Pd/RGO-0.1 BZD catalyst shows higher
activity than the Pd/RGO-0.1 PPD catalyst under similiar reaction
conditions. Further reduction in the catalyst’s concentration pro-
vided some insight into the reactivity of these two catalysts. Fol-
lowing the reaction under the same conditions (MWI, 80 °C) with
the lowest Pd concentration of 0.007 mol%, the Pd/RGO-0.025
PPD and Pd/RG0-0.025 BZD catalysts led to conversions of 47.6%
and 43.6%, respectively after one-minute reaction time. These
results demonstrate the remarkable catalytic activity of the Pd/
RGO-0.025 PPD and Pd/RGO-0.025 BZD catalysts with TOF values
of 408,000 h™! and 373,700 h~', respectively. To our knowledge,
these are the highest TOFs observed in a microwave-assisted
Suzuki cross coupling reaction by supported Pd nanoparticle cata-
lysts [18].
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Fig. 5. % Conversion of the Suzuki cross-coupling reaction of (A) Pd/RGO and Pd/RGO- (0.025-0.1 mmol) PPD catalysts and (B) Pd/RGO and Pd/RGO-(0.025-0.5 mmol) BZD
catalysts. Reaction conditions: 0.32 mmol bromobenzene, 0.38 mmol phenylboronic acid, 1 mmol K>COs, and stirring speed of 450 rpm at room temperature with the Pd mol
% of 0.33, 0.22, 0.24, 0.28, 0.31, 0.33, 0.28, 0.26, and 0.21 for the catalysts Pd/RGO, Pd/RGO-0.025 PPD, Pd/RGO-0.05 PPD, Pd/RGO-0.1 PPD, Pd/RG0-0.025 BZD, Pd/RGO-0.05

BZD, Pd/RGO-0.1 BZD, Pd/RGO-0.2 BZD, and Pd/RGO-0.5 BZD, respectively.

Table 1

Summary of Catalysts’ Characterization and Performance. The 26 value of the XRD dgo; peak of the support, the d-spacing of the support (nm), the Pd particle size (nm), the Pd wt
% determined by ICP-MS in the catalyst, the Pd concentration used in the reaction (mol%), and the TOF values (h~!) calculated after 15 min reaction time at room temperature.

Catalyst 20 d-Spacing Pd Loading Pd Particle Size Pd Concentration TOF (h™")
(©) (nm) (wt%) (nm) (mol%)
Pd/RGO 11.3 0.78 35 715 0.33 180
Pd/(RGO-0.025 PPD) 13.1 0.68 23 29+0.7 0.22 1,740
Pd/(RGO-0.1 PPD) 7.3 1.21 3.0 2.7 £0.6 0.28 250
Pd/(RGO-0.025 BZD) 13.7 0.65 33 22+1.1 0.31 1,230
Pd/(RGO-0.05 BZD) 133 0.66 35 43+20 0.33 1,160
Pd/(RGO-0.1 BZD) 12.9 0.69 3.0 6.6 £5.6 0.28 870
Pd/(RGO-0.2 BZD) 11.3,7.8 0.78,1.13 2.8 75+3.2 0.26 340
Pd/(RGO-0.5 BZD) 6.3 1.41 2.2 119 +19.9 0.21 45
Table 2
Conversion to the biphenyl product under MWI at 80 °C.
Catalyst Pd mol% Reaction Time Conversion TOF (h™ ')
(min) (%)
Pd/RGO 0.03 2 23.0 23,000
Pd/(RGO-0.025 PPD) 0.03 1 78.0 156,000
Pd/(RGO-0.025 PPD) 0.03 2 96.7 96,700
Pd/(RGO-0.025 BZD) 0.03 2 99.3 99,300
Pd/(RGO-0.1 PPD) 0.03 2 57.2 57,200
Pd/(RGO-0.1 BZD) 0.03 2 924 92,400
Pd/RGO 0.007 1 8.4 72,000
Pd/RGO 0.007 2 9.0 38,000
Pd/(RGO-0.025 PPD) 0.007 1 47.6 408,000
Pd/(RGO-0.025 PPD) 0.007 2 48.0 205,700
Pd/(RGO-0.025 BZD) 0.007 1 43.6 373,700
Pd/(RG0-0.025 BZD) 0.007 2 45.0 192,900

The results shown in Table 2 indicate that with the lowest cat-
alyst concentration used of 0.007 Pd mol%, no change in the con-
version % is observed within the one and two minute reaction
times under the MW reaction conditions. This could be due to
blocking of the catalyst active sites, as the amounts of the reactants
are much more than the Pd active sites. This also indicates that the
amount of the support plays an important role in the catalytic
activity as it influences the surface area exposed to the reaction.

To generalize the above results, the range of catalytic utility in
the Suzuki cross- coupling reactions for the preparation of other
biphenyl products containing a broader range of functionality
was investigated using the Pd/RGO-0.025 PPD catalyst. As

illustrated in Table 3, the reactions were carried out in the pres-
ence of 0.03 Pd mol% under microwave heating at 80 °C for 2
min. As shown in Table 3, a broad range of aryl bromide containing
electron donating (methyl and methoxy), and electron withdraw-
ing groups (nitrile and aldehyde) can be effectively incorporated
in the coupling products.

3.3. Recycling of the catalysts
A significant practical application of heterogeneous catalysis is

in the ability to easily remove the catalyst from the reaction
mixture and reuse it for subsequent reactions until the catalyst is
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Table 3

Evaluation of derivatives for the Suzuki cross-coupling reaction. Aryl bromide or
iodide (0.32 mmol, 1 equiv), arylboronic acid (0.38 mmol, 1.2 equiv), potassium
carbonate (1 mmol, 3 equiv), in 4 ml (1:1 H,0—EtOH) was heated at 80 °C (MWI) for 2
min with 0.03 Pd mol% of the Pd/RGO-0.025 PPD catalyst. Conversion (%) was
determined by GC—MS analysis.

Aryl bromide Aryl boronic acid Product Conversion %
or iodide

DIk Z 97.7%

o 95.6%

g 100%

T ! 77.6%

100 %

sufficiently deactivated. Thus, the ability to recycle the Pd/RGO-0.1
BZD catalyst was studied for the reaction of bromobenzene with
phenylboronic acid utilizing 0.3 Pd mol% for 5 min reaction time
using MWI at 80 °C. After the completion of the reaction, the mix-
ture was diluted with 10 ml of EtOH and centrifuged and the sol-
vent above the Pd catalyst was completely decanted. The EtOH
washing followed by centrifugation was repeated two additional
times to assure the removal of all the products from the catalyst
surface. The catalyst was then directly transferred to another
microwave tube along with fresh reagents for the next run. This
procedure was repeated for every run and the percent conversion
of product was determined by GC-MS as shown in Table 4. The
Pd contents (wt%) in the spent catalysts after the first, second
and sixth runs were also determined by ICP-MS as shown in
Table 4.

As shown in Table 4, the Pd/RGO-0.1 BZD catalyst demonstrates
nearly 100% conversion to the biphenyl product within the first

Table 4

Recycling and ICP analysis of the Pd/RGO-0.1BZD catalyst containing 3 wt% Pd.
Conditions: 0.3 mol% Pd, 0.32 mmol bromobenzene, 0.38 mmol phenylboronic acid,
1 mmol K,COs. Microwave Irradiation: 300 W, 80 °C, 5 min reaction time.

Reaction Cycle Conversion (%) Pd (wt%) ICP

1 100 293
2 99 2.53
3 99 -
4 97 -
5 86 -
6 82 231

four runs despite the decrease in the Pd content of the catalyst
from 3 wt% to 2.93 wt% and 2.53 wt% after the first and second
runs, respectively. The loss of Pd is most likely due to the dissolu-
tion of the very small Pd nanoparticles during the extensive wash-
ing and centrifuging of the catalyst in order to remove the reaction
products from the surface of the catalyst after each reaction run.
This is also confirmed by the ICP-MS analysis of the reaction solu-
tion after the removal of the catalyst, which shows that the palla-
dium content in the solution is only 200-250 ppb. Such a small
amount of leached palladium support the heterogeneity of the cat-
alytic system in this reaction. Further evidence on the heteroge-
neous nature of the catalytic mechanism is the failure to observe
reactivity in the room temperature reaction after the removal of
the Pd/RGO-0.1 BZD catalyst by hot filtration from the reaction
medium after 10 min of the reaction where 45% conversion to
the biphenyl product had already been achieved.

4. Discussion

The extent of the enhanced catalytic activity of the supported
Pd nanoparticles as described above depends on the degree of
loading of the aromatic molecules into the RGO support. At very
low loadings of PPD and BZD (0.025 mmol) as in the Pd/(RGO-
0.025 PPD) and Pd/(RG0-0.025 BZD) catalysts, the interlayer spac-
ing between the RGO sheets did not change much from the 0.8 nm
of GO resulting in an XRD peak at 26 = 11.0° [34,46]. However, at
higher loadings of PPD (0.6 mmol) and BZD (0.5 mmol), d spacing
of 1.2 nm and 1.4 nm were observed, respectively as shown in
Fig. 3, and a significant decrease in the catalyst activity of these
catalysts was observed.

The low loading of PPD and BZD results in a partial functional-
ization of the GO support which is critical for the strong electro-
static adsorption of the cationic Pd precursor. Partial
functionalization entails a greater abundance of oxygen groups,
whereas full reduction of GO eliminates the oxygen groups on
the surface of GO [10]. A higher degree of intact oxygen groups
on the GO surface allows SEA uptake of cationic palladium salts,
leading to smaller Pd particle’s size because such functional groups
act as nucleation sites, and a higher content of oxygen groups leads
to a higher nucleation rate [36-39]. However, complete functional-
ization of GO with the aromatic amines results in nearly total
reduction of GO, which eliminates most of the oxygen groups pre-
sent on the surface needed for the strong electrostatic adsorption
of the Pd cations. This leads to less effective nucleation sites on
the surface and enhances the growth and aggregation of the Pd
nanoparticles.

Fig. 6 illustrates the concept of partial and full functionalization
of GO by PPD. Oxygen-containing groups on the surface of gra-
phene oxide are directly responsible for the spacing of GO layers
as shown in Fig. 6A. Their removal by reductive functionalization
agents such as PPD results in the inevitable restacking of graphitic
layers, and a decrease in the d-spacing is expected [46,47]. When
GO is only partially reduced/functionalized by such aromatic ami-
nes, the GO layers collapse due to the removal of oxygen groups, as
illustrated in Fig. 6B. In this case, there is an insufficient quantity of
bulky aromatic amine spacers to act as scaffolding to replace the
reduced oxygen groups, leading to non-uniform spacing as
observed in the XRD patterns obtained by the low loading of PPD
or BZD. This phenomenon has previously been attributed to irreg-
ular interlayer spacing due to disorderly bonding [27,28]. However,
at a higher loading of PPD, a d-spacing of 1.2 nm can be achieved
for the RGO-PPD composite as illustrated in Fig. 6C. It has been
reported that a molecular density of intercalant agent needs to
be at least 25 wt% to achieve exfoliation of d-spacing to 1.4 nm
[28,29].
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Fig. 6. Illustration of GO (A) followed by subsequent reduction/functionalization with a high concentration of p-phenylenediamine yielding increased spacing (B) or low

concentration of p-pheneylenediamine yielding irregular spacing (C).

As shown in Table 1, a decrease in the actual Pd% loading on the
support is observed when a higher BZD concentration is used
resulting in complete substitution of the oxygen groups by the
amine moieties. For example, the Pd wt% in the Pd/(RGO-0.025
BZD), Pd/(RGO-0.1 BZD), Pd/(RGO-0.2 BZD), and Pd/(RGO-0.5
BZD) catalysts are determined to be 3.3, 3.0, 2.8, and 2.2 wt%,
respectively. A higher BZD loading in the RGO support leads to
lower oxygen availability in the support, which results in fewer
palladium cations electrostatically adsorbed onto the GO via strong
attraction to the oxygen functional groups. Therefore, less nucle-
ation events and more particle’s growth are favoured at higher
concentrations of the aromatic amine functionalization. The TEM
images of the supported Pd catalysts provide strong evidence for
the effect of partial functionalization and reduction of the GO sup-
port by the aromatic amines on the size distribution of the Pd
nanoparticles. As shown in Fig. 4, the average size of the Pd
nanoparticles increases from 2.2 £+ 1.1 t0 6.6 £ 5.6 to 11.9 £ 19.9 n
m as the BZD content in the RGO support increases from 0.025 to
0.1 to 0.5 mmol. Table 1 shows that the drop in the catalytic activ-
ity is directly correlated with increasing the size and size distribu-
tion of the Pd nanoparticles. As the oxygen content on the RGO
support is displaced by the nucleophilic substitution of the bulky
aromatic amine groups, there is less oxygen for the strong electro-
static adsorption of the cationic Pd precursors, leading to fewer
seeds and more aggregation of nanoparticles on the support.
Table 1 also shows a decrease in the actual Pd% loading as a higher
BZD concentration is incorporated into the RGO support where the
oxygen groups are completely substituted by amine moieties.
These results are consistent with the generally accepted trend that
the introduction of oxygenated surface groups on a carbon-based
support, particularly carboxylic groups, results in catalysts with
higher metal loadings and dispersions [48-50].

In addition to coordinating the cationic palladium precursors,
the presence of amines is believed to assist in the reduction of pal-
ladium ions. The XPS results (Fig. 2C) show higher % Pd(0) for the
Pd/RGO-0.1 BZD catalyst (37%) compared to the Pd/RGO-0.1 PPD
(31%) and the Pd/RGO (27%) catalysts. Therefore, it appears that
the degree of the aromatic amine functionalization of GO could
tune both the Pd particle size and the % of Pd(0) on the functional-
ized support, which would in turn affect the catalytic activity of the
supported catalyst. The extraordinary catalytic activity of the Pd/
(RGO- 0.025 PPD) and (Pd/RGO-0.025 BZD) catalysts could be
attributed to enhancing the strong electrostatic adsorption of the
cationic Pd precursors through complexation with the oxygen

and amine functional groups of the partially functionalized support
which could improve the dispersion of the Pd nanoparticles formed
after the reduction of the Pd ions. The assisted reduction of GO by
the aromatic amines is also expected to restore or partially restore
the sp? domains which could lead to extending the electron conju-
gation between the sp? domains of RGO and the aromatic amines
thus facilitating the charge flow mechanism in cross-coupling reac-
tions [15,20]. The extended m-system and high m-electron density
of the covalently functionalized RGO support with PPD and BZD
could assist electron flow between the Pd nanoparticles and the
support. In fact, previous work has shown that covalent functional-
ization of GO with PPD results in nearly 9 orders of magnitude
higher electrical conductivity than that of GO [26]. The excellent
electrochemical features of the RGO-PPD composite including the
very high specific capacitance have been attributed to rapid charge
transport and low charge transfer resistance across the composite
[28]. Therefore, the covalent attachment of the electron-rich aro-
matic amines to the surface of RGO can alter the donor character-
istics of the support, facilitate the charge exchange and reduce the
sintering of the Pd nanoparticles.

5. Conclusions

In conclusion, highly active palladium nanoparticle catalysts
supported on partially functionalized reduced graphene oxide with
aromatic amines have been developed for Suzuki coupling reac-
tions. The partial functionalization of the reduced graphene oxide
support with p-phenylenediamine or benzidine allows the reten-
tion of oxygen groups along with nitrogen-containing groups on
the support which results in strong electrostatic adsorption and
coordination of the of the cationic palladium precursor and
assisted reduction leading to well-dispersed small Pd nanoparti-
cles. The highest catalytic is observed for catalysts supported on
reduced graphene oxide with minimal amounts of aromatic amine
functionalization. These catalysts exhibit unprecedented catalytic
activity that surpasses the performance of Pd catalysts supported
on other carbon-based supports and matches that of the best
homogeneous Pd catalysts for the Suzuki cross-coupling reactions.
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