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Abstract

We synthesized the reproducible heterogeneous catalyst of graphene oxide (GO)-
supported palladium nanoparticles (NPs) via a simple and green process. The
structure, morphology and physicochemical properties of the synthesized heteroge-
neous catalyst were characterized by the latest techniques such as high-resolution
transmission electron microscopy (TEM), scanning TEM, energy-dispersive X-ray
spectroscopy, X-ray diffraction analysis, and X-ray photoelectron spectroscopy. The
GO-supported Pd NPs (Pd/GO nanocatalyst) exhibited excellent catalytic activity
for the reduction of nitroaromatics to aminoaromatics in aqueous sodium borohy-
dride. The nitroaromatics were converted to corresponding aminoaromatics with
high yields (up to 99%) using Pd/GO nanocatalyst in aqueous solution. The hybrid
heterogeneous catalyst showed 83% of conversion after six cycles in the reduction of
nitrobenzene to aminobenzene. These features ensured the high catalytic activity of
the introduced graphene oxide supported Pd nanocatalysts.
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Introduction

Aromatic amines as essential raw materials for the production of pharmaceuticals,
textile dyes, pigments, plastics, and pesticides play a significant role in chemical
related industries [1-4]. Hydrogenation of the relatively toxic nitroaromatics to
the eco-friendly aminoaromatics is a promising green approach producing high
product yields with convenient operability. The current practical methods gener-
ally require hydrogen gas pressure and high temperature, which highly increase
the cost of aminoaromatics production [5-7]. In addition, these processes are
achieved predominantly by using toxic reductants, e.g. hydrazine, and organic
solvents, which are not environmentally compatible [8]. Nowadays, researchers
are focusing on the exploration of nanocatalysts with high catalytic activity, good
sustainability, and environmentally friendly characteristics [9—11]. Thus, diverse
nanocatalysts have been synthesized using a series of transition metals such as Pt,
Ru, and Rh, by wet chemical and high temperature synthesis [12—15]. However,
the development of effective, nontoxic, and handle-convenient procedure to pro-
duce active nanocatalysts for this transformation is still highly desirable [16].

Considering the eco-friendly concept, the exploration for the reduction of
nitroaromatics in a green approach with a high efficiency is still arduous [17].
Although several innovative methods have been introduced to circumvent these
issues, the environmental-friendly conversion of nitroaromatics to aminoaromat-
ics is still very challenging [18]. The use of catalysts is very necessary for this
conversion process, which can be simply classified as metal particle catalysts
[19], bimetal catalysts [20], solid-supported catalysts [21], and magnetic sup-
ported catalysts [22]. However, many of these catalysts are prepared via compli-
cated approaches hampering their proficiency and practicability [23].

Atomic layer graphene simply fabricated by using Scotch tape in 2004 [24] has
been highlighted due to good thermal conductance (5000 W mK™}), stable ben-
zene ring structures, outstanding mobility of charge carrier (200,000 cm? Vs™!),
exhibition of high theoretical specific surface area (2600 m?> g~!), and feasible
large-scale production [25]. Graphene is a desirable support material for stabiliz-
ing catalytic nanoparticles (NPs) such as Au, Pd, and Pt to synthesis supported
nanocatalysts with high activity, durability, and reusability. Such heterogeneous
catalysts have been applied for variable organic transformations [26—28]. How-
ever, synthesis of uniform and well-dispersed Pd NPs on graphene oxide (Pd/GO)
for the reduction of nitroaromatics to aminoaromatics by green and simple tech-
nique has been confined.

To pursue a facile method for the synthesis of supported nanocatalysts, we pre-
pared the heterogeneous Pd/GO nanocatalyst by the stabilizing the Pd NPs on
the surface of GO using Pluronic F127, which is a mild reductant and surfactant,
and a water soluble copolymer. Then, we verified the prepared catalyst efficiency
on catalytic activity, recyclability, and selectivity by reducing the nitroaromat-
ics to aminoaromatics with aqueous sodium borohydride (NaBH,) solution. The
nitroaromatics were totally converted to aminoaromatics in 10 min using a very
small amount of Pd NPs. The hybrid heterogeneous nanocatalyst showed 83% of
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conversion rate after six cycles reuse in the reduction of nitrobenzene to amin-
obenzene. Furthermore, various nitroaromatics possessing different functional
groups were selectively reduced into their corresponding aminoaromatics in
10 min, exclusively.

Experimental
Materials and characterizations

Water was deionized by a Nano Pure System (Barnsted). The organic reagents and
F127 used in this work were purchased at the highest possible grade from Samchun
Co., Ltd. and Daejung Co., Ltd. Potassium tetrachloropalladate (K,PdCl,) and NaBH,
were purchased from SigmaAldrich. X-ray photoelectron spectroscopy (XPS) was
performed using an Al Ka source (Sigma probe, VG Scientifics). The nanostructure
of the prepared Pd/GO was studied using a high resolution X-ray diffraction (XRD,
D8-Advance), a transmission electron microscope (TEM, JEOL JEM-3010) equipped
with an energy-dispersive X-ray spectroscopy (EDX) detector, a scanning TEM
(STEM, JEOL JEM-2100F), a thermal gravimetric analysis (TGA, simultaneous DTA/
TGA analyzer), and an infrared radiation (IR, Nicolet iS50). The loading amount of
Pd NPs on the graphene was measured through an inductively coupled plasma atomic
emission spectroscopy (ICP-AES, ICPS-8100). The ICP samples were prepared by
dissolving the dried Pd/GO samples in a 4 mL of aqua regia solution. Ultraviolet-
visible (UV—Vis) absorption spectra (V-770 JASCO) and gas chromatography—mass
spectrometry (GC-MS, Agilent 7890A Gas chromatograph and 5977A Mass selective
detector) were employed to monitor the reduction processes and the conversion rate of
the nitroaromatics to aminoaromatics, respectively.

Preparation of graphene oxide

Graphene oxide was synthesized from graphite using the modified Hummer’s approach
[29]. In a typical synthesis, commercial graphite powder (10 g) was added into 230 mL
concentrated H,SO, that had been cooled to below 20 °C with a circulator, and 300 g
potassium permanganate was added while stirring. Then, the temperature of the reac-
tion was adjusted to 40 °C and the mixture was stirred for 1 h. Water (500 mL) was
added to the mixture and the temperature was increased to 100 °C. After that, 2.5 mL
H,0, (30 wt%) was slowly added to the mixture. For purification, the suspension was
washed with HCI solution (200 mL) using a filter and a funnel. The suspension was
washed with water several times until the filtrate became neutral.

Preparation of Pd/GO nanocatalyst
Pd/GO nanocatalyst was simply synthesized via a mixing process at room tempera-

ture. In a typical synthesis, 30 mL of GO solution (5 mg mL™!) was added in a
beaker and stirred at room temperature, followed by the introduction of Pluronic
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F-127 aqueous solution (2 g). Finally, K,PdCl, (100 mg) was added into the solution
and stirred for 10 h at room temperature to produce Pd NPs supported on the GO.
The suspension was filtered and thoroughly washed with hot water and ethanol. The
prepared heterogeneous catalyst was finally redispersed in water. The total concen-
tration of the prepared Pd/GO solution was 30 mg mL ™",

Catalytic reduction of nitroaromatics

The reduction of nitrophenol to aminophenol with NaBH, was catalyzed using Pd/
GO nanostructured catalyst at room temperature. This reaction was thoroughly
achieved within 10 min. The hydrogenation process from nitrophenol to aminophe-
nol was monitored by measuring the UV—Vis absorption spectra of the reactants and
products. Similarly, the reduction of other nitroaromatics was performed in water
at room temperature. In a typical procedure, the Pd/Go nanocatalyst (20 pL) was
dispersed in 15 mL H,O. Then, a nitroaromatic (1 mmol), NaBH, (1.2 mmol) and
a small stirring bar were added into a glass flask. The reaction mixture was stirred
at room temperature for 10 min under air atmosphere. After completion of reaction,
the Pd/GO nanostructured catalyst was separated using a centrifuge. The yields of
the reduced products were determined by GC-MS.

Results and discussion

The overall synthetic procedure is illustrated in Fig. 1. Pd NPs were simply inlaid
on the surface of the GO sheets to produce highly catalytic active heterogeneous
Pd/GO nanostructured catalyst. The morphology of the GO and Pd/GO nanocata-
lyst were displayed by STEM (Fig. 2a, b). The small Pd NPs (~5 nm) could be
decorated on the surface of GO uniformly and discretely, which enhance their
exposed active sites and specific surface area of Pd/GO nanocatalyst. The EDX
mapping results (Fig. 2c—e) further demonstrated the well-distribution of Pd
NPs on the GO and we successfully made the reproducible Pd/GO nanostruc-
tured catalyst by a green and simple approach. TEM images (Fig. 3b, c) also con-
firmed a similar result of uniform Pd NPs decorated on GO. The density of Pd

F127 Pd precursor
in H,0 in H,0

. v

it ji{f!.j‘ Graphene oxide *-+

S, e @

Fig. 1 Procedure for the synthesis of Pd/GO nanocatalyst
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Fig.2 STEM micrographs of a GO and b Pd/GO nanocatalyst. EDX mapping images of ¢ C, d O, and e
Pd

NPs distribution is about 510 pm~'. The presence of Pd NPs on GO support does
not show any detachable damage and we can clearly see the existence of ripples
in GO sheets. In addition, the HRTEM image (Fig. 3d) shows fine crystalline Pd
NPs with ~5 nm of diameter. The small-size Pd NPs on the GO surface signifi-
cantly contribute to widening the specific surface area to enhance the contact with
nitroaromatics in the reduction process. TEM images also shows similar results
so that Pd NPs uniformly are loaded on the GO. The EDX spectrum distinctly
confirms the existence of carbon and Pd species in Pd/GO.

We employed XRD characterizations in order to further study the crystal struc-
ture of both GO and Pd/GO catalyst. The XRD result of GO shows a peak at
10.90° indicating a disorder stack of the GO layers (Fig. 4). However, the appear-
ance of major peaks at 20=40.02°, 46.59°, 68.08°, 82.90° in XRD patterns of
the Pd/GO corresponding to (111), (200), (220), (311) JCPDS 01-087-0641)
clearly demonstrates the successful decoration of Pd NPs loading on GO. The
surface stabilities of the GO and Pd/GO were confirmed by the FT-IR (Fig. 5).
A strong absorption band at 3450 cm™' (O-H stretching vibrations) in the case
of GO indicates a heavy residual of H,O than Pd/GO even after sufficient drying.
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Fig. 3 TEM images of a GO, and b and ¢ Pd/GO nanocatalyst. d HRTEM image of Pd/GO nanocatalyst

Fig.4 XRD patterns of GO and
Pd/GO nanocatalyst
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Fig.5 FT-IR spectra of GO and
Pd/GO nanocatalyst
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In addition, the characteristic absorption bands are at 1725 cm™! for the C=0
stretching vibrations, 1600 cm™! for the C=C (skeletal vibrations of graphene)
in GO. However, those two peaks decreased in Pd/GO denoting the reduction of
F127. The differences in FT-IR demonstrate the changes in the structures after
Pd loading, which is also captured in the TGA analysis for both GO and Pd/GO
(Fig. 6). The weight loss (~ 16%) in the GO is due to the loss of intercalated water
molecules, followed by the second rapid drop corresponding to the decomposi-
tion of functional groups at around 200 °C, whereas the weight loss of ~5% for
Pd/GO suggests the presence of a little moisture in the prepared nanostructured
catalyst. This demonstrates that the moisture and labile oxygen functional groups
were removed after the introduction of the mild F127. An abrupt increase in the
weight loss at ~400 °C for the Pd/GO can be ascribed by the remove of F127. We

Fig.6 TGA results of GO and
Pd/GO nanocatalyst 100

80

Weight (%)

20+

—GO
—PdGO

100 200 300 400 500 600 700
Temperature (°C)
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assumed the mechanism of the loading Pd NPs on the GO is due to the reduction
effect of F127 with OH functional groups, which is the reducing agent for the Pd
ions. After this process, the OH functional groups were transferred into carbonyl
groups.

The XPS analysis for the Pd/GO nanocatalyst is shown in Fig. 7. The XPS spec-
trum demonstrates the surface composition of the Pd/GO nanocatalyst, and the exist-
ence of Pd NPs on the GO. This also indicates a significant reduction of the oxygen
functional groups as a consequence of the reduction process with Pluronic F127.
The Pd ions in the solution interacted with the oxygen functional groups of the GO
due to the electrophilic property of Pd generating Pd—O linkage, which facilitate the
anchoring of Pd on the surface of GO. In addition, the existing functional defect
sites on the GO can reduce the mobility of Pd ions, which further avoids the aggre-
gation and facilitate the retaining of Pd NPs.

The catalytic reduction of the nitrophenol with NaBH, by Pd/GO was chosen as
a model reaction for the evaluation of catalytic activity. Figure 8 shows the UV—Vis
absorption spectra emerging the change in concentration of the nitrophenol. The
original adsorption peak of nitrophenol at 317 nm red shifted to 400 nm after the
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Fig.7 XPS analysis of a survey scan, and b Pd 34, ¢ C 1s, and d O Ls for the Pd/GO nanocatalyst
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Fig.8 UV-Visible spectra of

the catalytic reduction using Pd/ 4k

GO nanocatalysts. Nitrophenol

(1 mmol) was reduced in the
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addition of NaBH, solution accompanied with the color change from green yellow
to bright yellow (Fig. 8, insets), which is due to the formation of nitrophenolate ions.
NaBH, appears alkaline in aqueous, therefore, the H* from the hydroxyl of nitro-
phenol will be captured within a short time, causing the formation of nitropheno-
late [30-33]. After the injection of Pd/GO, the peak intensities at 400 nm suddenly
decreased due to the conversion and an absorption peak of aminophenol shown at
300 nm [34]. The complete reduction of nitrophenol to aminophenol took ~ 10 min.
This process was fulfilled very fast considering the use of a very small amount of Pd
NPs in water. This excellent catalytic activity can be explained by two main reasons.
First, the nano-sized Pd particles anchored on graphene without obvious aggrega-
tion enabled active sites sufficiently exposed in ambient air, which provided enough
electron transfer channels during hydrogenation. Second, the employment of the
nanocatalysts in the reduction processes reduced the barrier energy, and a decreased
barrier energy was provided by small-sized Pd nanocatalysts, which affords a rapid
electron transfer rate [35-39]. The reduction process of nitrophenol with NaBH, in
this study can be explained according to the previously proposed mechanism [40,
41].

We also investigated the reductive activity of Pd/GO nanocatalyst for the nitroaro-
matics with various substituents as shown in Table 1. Pd/GO nanocatalyst presented
a high catalytic activity for the reduction of diverse functionalized nitroaromatic
compounds in 10 min. The high hydrogenation activity of the Pd/GO nanocatalyst
can be ascribed to the ® bond between the nitroaromatics and graphene oxide and
the reactants accumulation on the surface of the supported Pd NPs, promoting the
contact of reactants and the nanocatalysts [42].

When we compared the catalytic activity of the Pd/GO nanocatalyst with the pre-
viously published nanocatalysts in the reduction of nitrophenol, a very competitive
yield of aminophenol was obtained (Table 2). The Pd/GO nanocatalyst also pre-
sented higher catalytic activity than the commercially available Pd/C catalyst. The
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Table 1 Heterogeneous reduction of nitroaromatics by Pd/GO nanocatalyst

NO, NH,

|

AN
N

T - D
(J = [

Entry Substrate Product Yield (%)

1 : _NO, : NH, 99

2 : NO, : _NH, 99
HoN HoN

3 : :NOZ : :NHZ 97

NH, NH,

4 @/NOZ @/NHZ 94
Br Br

5 : NO, : _NH, 99
Cl Cl

6 : NO, : NH, 85

7 : NO, : NH, 83

Reaction conditions: substituted nitroarenes (1 mmol), NaBH, (1.2 mmol), Pd/GO nanocatalyst (20 pL),
H,0 (15 mL), room temperature, 10 min. The yields were determined by GC-MS
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Table 2 Catalytic comparison studies of known heterogeneous catalysts in the reduction of nitrophenol

using NaBH,
NO, NH,
N * B &
| =l * /(T
HO a no~
Entry Catalyst Amount (mg) Time(min) References
1 Ni@Pd/KCC-1 0.4 5 [44]
2 Pd@black tea 2 1.3 [45]
3 Pd loaded TiO, nanotube 1 7 [46]
4 Aluminium hydroxide supported 25 6 [47]
Pd NPs

5 CeO,/Pd 10 1 [48]
6 Pd/GO 5 10 This work

commercial catalyst provided a much lower yield (39%) when it was used in the
reduction of nitrobenzene with NaBH, under the identical reaction conditions.
Recycling and reusing the precious nanocatalysts are very important criteria for
their practical applications [43]. The reusability of the Pd/GO nanocatalyst was con-
ducted for the reduction of nitrobenzene. We repeated the same reduction process
for six runs. The Pd/GO nanocatalyst were collected using a centrifuge and washed
with deionized water several times. Subsequently, the Pd/GO nanocatalyst was dried
in an oven and applied for the next catalytic processes. The yields showed a gradu-
ally decrease in conversion rate so that 83% of conversion ratio was observed after
six runs (Fig. 9). The centrifugation assisted to achieve an almost thoroughly separa-
tion of Pd/GO nanocatalyst from the aqueous, by which resulting in the loss of Pd/

Fig.9 The conversion of
nitrobenzene to aminobenzene. 100
Nitrobenzene (1 mmol) was
reduced in the presence of

NaBH, (1.2 mmol) by Pd/GO 80
nanocatalyst (20 pL) in 10 min

40 +

Efficiency (%)

20+

1 2 3 4 5 6
Recycles numbers
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GO nanocatalyst due to the adhesion on the centrifuge tube. This inevitable loss
reduced the conversion of nitroaromatics to aminoaromatics.

Conclusions

In this study, we prepared the graphene oxide supported Pd nanoparticles (Pd/GO
nanocatalyst) by employing the cost-efficient pluronic F127 via a simple and green
one-step preparation. A remarkable high catalytic activity was shown for the selec-
tive reduction of nitroaromatics to aminoaromatics. Of particular note of this proce-
dure is that the Pd/GO nanocatalyst could be reused for six consecutive cycles in the
reduction of nitrobenzene. The excellent catalytic activity of Pd/GO nanocatalyst for
the nitroaromatic reductions can be ascribed to the uniform dispersion and high sur-
face area/volume ratio of Pd nanoparticles on GO. This work provided a modifying
concept for hydrogenation of nitroaromatics that may stimulate further exploration
of nanocatalysts with low-cost and high-efficiency for nitroaromatics reduction.
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