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Copper nanoparticle three-dimensional graphene
nanocomposite was prepared at room temperature by reduction
of copper sulfate using L-ascorbic acid as reducing agent. The
synthesized Cu NPs-3D G nanocatalyst exhibited excellent catalytic
activity in the synthesis of 1,2,3-triazoles.

on

Graphene is a two-dimensional sheet of sp? bonded carbon
atoms, which can be viewed as an extra-large polycyclic
aromatic molecule. It has been used as the support for metal
and metal oxides mainly because of its large surface area,
superior electrical and thermal conductivity, low price, high
chemical inertness, easy modification and robust interactions
(3D)
graphene, a framework of connecting graphene sheets, has

with metal clusters.! Recently, three-dimensional
attracted great interest in energy storage/conversion, as
absorbent of contaminations, in catalysis, in composites, and
chemical sensors due to its ultrahigh surface-to-volume ratio,
high porosity, strong mechanical strength, excellent electrical
conductivity and fast mass and electron transport kinetics.?
1,2,3-Triazoles have received considerable interest because
of their useful applications as agrochemicals, corrosion
inhibitors, dyes, optical brighteners as well as biologically
active agents.3 The well-established approach utilized thus far
for the synthesis of the 1,2,3-triazole ring system relies on the
thermal 1,3-dipolar Huisgen cycloaddition between alkynes
and azides. However, this non-catalyzed process exhibits
several disadvantages, including: (i) the requirement for high-
temperature conditions which may cause the decomposition
of labile products, (ii) low yields, (iii) poor regioselectivity
which leads to a mixture of 1,4- and 1,5-disubstituted
triazoles.* Thus to overcome these drawbacks, an improved
procedure involving Cu(l)-catalyzed azide—alkyne 1,3-dipolar
cycloaddition has been reported,® which affords high
regioselectivity at room temperature reaction. Because of
their thermodynamic instability and initiation of the undesired
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alkyne—alkyne coupling, the direct use of Cu(l) salt is restricted
while, in situ reduction of Cu(ll) to Cu(0), copper(ll)/copper(0)
comproportionation avoids such side reactions.5>®

Based on this introduction and also as part of our ongoing
studies on the synthesis of graphene-based nanocomposite
catalysts,” herein, we report a novel protocol for the Huisgen
1,3-dipolar cycloaddition by free-standing 3D graphene/Cu
nanocomposite which is prepared by reduction of copper
nitrate using L-ascorbic acid as reducing agent onto the 3D
graphene framework. Additionally, the effects of solvent
polarity, and temperature on the yield, and recycling potential
of the catalyst all have been assessed.

The first, graphene oxide (GO) was prepared from natural
graphite by modified Hummers method.8 The dispersed GO
was (EDA). The
resulting stable suspension was transferred into a Teflon-lined
autoclave and heated for 6 h at 120 °C for the synthesis of 3D
graphene hydrogel.® After freeze-drying, the 3D graphene
aerogel was produced. Then, decoration of Cu NPs was
performed on 3D graphene by the reduction of copper nitrate
using L-ascorbic acid as the reducing agent (Scheme 1).
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Scheme 1 Schematic illustration of the procedure of 3D graphene/Cu
nanocomposite
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The 3D graphene/Cu nanocomposite was characterized by
Raman, XRD, SEM and TEM measurements. Raman spectroscopy is
a very useful tool for investigating the electronic and phonon
structure of graphene-based materials.® The Raman spectra of the
prepared 3D graphene and the 3D graphene/Cu nanocomposite are
shown in Fig. 1. As can be seen in Fig. 1, after hydrothermal
synthesis of the GO with the EDA, the Ip/lc was 1.71 for the
resulting 3D graphene, while the Ip/lg of the GO was 1.50. The
higher value of Ip/lg observed in 3D graphene clearly demonstrates
the heteroatomic doping of nitrogen into the graphene frame and
the enhanced degree of disorder.1! The ratio Ip/lg increases to 1.85
for the 3D graphene/Cu. Such an enhancement has also been
observed for metal nanoparticle composites of Graphene,
indicating a probable chemical interaction or bond between the
metal nanoparticles and graphene.'?
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three diffraction peaks 20=36.2°, 42.0" and 61.2° can be assigned to
the (111), (200) and (220) lattice planes of Cu,0 (PDF No: 01-078—
2076). From these results, it is inferred that the copper
nanoparticles is oxidized. Additionally, The peaks at 26 = 44.1 and
64.4° correspond to stainless steel sample holder of powder
diffractometer.

[\ e Graphene Oxide
| \ s 310 Graphene
| \ s 3D Graphene/Cu

|I \,
z [ I\ \ N
{ IR R
= - ' \
gl— gl o)
E / \
2 / \
/ \
/J' N,
800 1000 1200 1400 1600 1500

Wavenumber (cmt)

Fig. 1 Raman spectra of graphene oxide, 3D graphene and 3D graphene/Cu
composites
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Fig. 2 XRD patterns of graphene oxide, 3D graphene, 3D graphene/Cu nanocomposite
and bare sample holder

X-ray Diffraction (XRD) patterns of graphene oxide, 3D graphene
and 3D graphene/Cu nanocomposite are displayed in Fig. 2. It can
be seen that the GO shows a strong diffraction peak centered at
26=10.9" corresponding to the (001) lattice plane with interlayer
spacing of 0.80 nm resulting from the insertion of hydroxyl and
epoxy groups between the graphite sheets as a result of the
oxidation process of graphite.* However, the peak at 26 = 10.9°
entirely collapses after hydrothermal reaction, and a broad
diffraction peak around 26 = 19-30° of the graphite plane (002) is
observed for the synthesized 3D graphene sample, indicating that
the framework of the reduced sample is composed of few-layer
stacked graphene sheets.!* Besides, the interlayer distance is
reduced from 0.80 nm of the GO to 0.35 nm of the 3D graphene,
which certifies the recovery of the m-conjugated system after the
reduction of the GO.15 In the XRD pattern of the Cu@Cu,0 NPs-RGO
the peaks at 26= 43.1°, 50.2°, 73.8° can be assigned to the (111),
(200), (220) lattice planes of Cu (0) that are consistent with the
presence of face-centred cubic copper (JCPDS No: 4-0836) and also

2 | J. Name., 2012, 00, 1-3

As shown in ESI, Fig. S3t, the Brunauer—Emmett-Teller (BET)
specific surface area is 17.68 m2g-L. This value is smaller than that of
3D graphene (68.59 m2gl), indicating the presence of Cu
nanoparticles decreases the surface area of the product.t® The pore
volume determined by the Barret—Joyner—Halenda (BJH) method is
0.03 cm3 gt for the product. This value is smaller than that of the
3D graphene (0.12 cm3 g1).

The XPS spectrum of Cu 2p core level region for 3D graphene/Cu
nanocomposite displays main peaks at 932.97 eV and 953.78 eV
which are attributed to the binding energy of Cu 2ps/, and Cu 2py,,
respectively (Fig. S4). The broad Cu 2ps; peak has been
deconvoluted into two peaks which are marked as peaks at 932.94
eV and 935.20 eV, and assigned to Cu,O/Cu (Cu®*/Cu% and
CuO/Cu(OH), (Cu?*), respectively. Actually, it is difficult to
differentiate Cu,0 (Cu*) and Cu® by the XPS feature of Cu 2ps/, as
the binding energies of Cu and Cu,0 are very close and different by
only 0.1-0.2 eV. One can distinguish them from the position of their
LMM auger transition in the XPS spectra which are 568 eV and 570
eV for Cu and Cu,0, respectively.” There is a peak at about 570.17
eV in the XPS spectra of the 3D graphene/Cu nanocomposite.
According to above mentioned fact, one can conclude that the peak
at 932.94 eV is related to Cu,0. Also, a shake-up satellite at 944.20
eV was observed in the XPS spectrum. This peak is typically
associated with copper in the bivalent oxidation state, which is
assigned to Cu?* in CuO (or probably Cu(OH), species). From these
results it is inferred that the surface of copper nanoparticles is
oxidized.

The 3D morphology of as-prepared 3D graphene is confirmed by
scanning electron microscopy (SEM) characterization (Fig. 3a). The
3D graphene/Cu exhibits a foam-like structure with interconnected
pores.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 SEM images of a) 3D graphene and b) 3D graphene/Cu composites

Transmission electron microscopy (TEM) observation reveals that
the surfaces of 3D graphene are covered with distributed Cu NPs
with an average size of 5-15 nm (Fig. 4a-b).

After careful investigation of the prepared 3D graphene/Cu
nanocomposite, it was tested for catalyzing 1,3-dipolar Huisgen
cycloaddition between terminal alkynes and aryl azides

To optimize the reaction conditions, ethynylbenzene, 1-azido-4-
nitrobenzene were tested as model substrates in the presence of
various solvents (Table 1). The results indicate that both reaction
temperature and solvent significantly influence the product yield. It
was also notable that, when this reaction was carried out with 3D
graphene, cycloaddition products were isolated without
regioselectivity (1,4 and 1,5 regioisomers) (scheme 2).
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Table 1. Screening of the reaction conditions®

Entry Solvent Temp. (°C) Yield® (%)
1 Ethanol 70 89
2 Water 70 82
3 Ethanol:Water (1:1) 70 99
4 Methanol Reflux 90
6 CHCl, Reflux 76
7 CHsCN Reflux 83
8 Ethanol:Water (1:1) 60 82
9 Ethanol:Water (1:1) 80 99

Ethynylbenzene (1 mmol), 1-azido-4-nitrobenzene (1 mmol), solvent (3 mL),
1h, 3D graphene/Cu nanocomposite (5 mol%); ® Isolated yield.

DOI: 10.1039/C5RA25317A
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reaction of benzyl chloride (Entry 5, Table 3).

Table 3. Multicomponent 1,3-dipolar cycloaddition catalyzed by 3D
graphene/Cu nanocomposite®

3D graphene/Cu (5 mol%)

NN
s N"N3 * TEOHH0 (15 ©/I§/ \\
70°C

NN N

o
o Z 3D-Graphene ©/\ =~ N
<
+ 4 NaNg ——————— > +
Yield=39% cal:l

Scheme 2. Multicomponent 1,3-dipolar cycloaddition catalyzed by 3D graphene

Entry R! X Yield®
1 Ph Br 97
2 4-Br-CsHa Br 94
3 4-NO2-CeHa Br 97
4° CoHio Br 84
5 Ph Cl 81

20rganic halide, (1.0 mmol), sodium azide (1.2 mmol), terminal alkyne (1.0
mmol), EtOH:H,0 (1:1, 3 mL), 3D graphene/Cu (5 mol% of Cu), 3 h* Isolated
yield. € reaction time =7 h.

Using the optimized reaction conditions, we attempted to
expand the scope of terminal alkynes and aryl azides in water at 70
°C, using 3D graphene/Cu nanocomposite (5 mol% of Cu) (Table 2).
Electron donating substituents like methyl (Entry 2, Table 2), and
electron withdrawing substituents such as trifluoromethyl at para
position of ethynylbenzene (Entry 3, Table 2) reacted well and gave
good yields.

N3 3D graphene/Cu (5 mol%) A N=
_Rz EtOH/H20(1 D % \O
Table 2. 1,3-dipolar cycloaddition of aryl azides and terminal alkynes
catalyzed by 3D graphene/Cu nanocomposite?

One of the main criteria for using heterogeneous catalysts from
an industrial perspective is the recovery and reusability of the
catalyst. To check the reusability of the catalyst, we performed the
1,3-dipolar Huisgen cycloaddition under optimized conditions on a 4
mmol scale of ethynylbenzene. After 1h, the catalyst was
centrifuged and washed with excess amount of ethyl acetate and
water. Finally, the recovered catalyst was dried at room
temperature. The catalyst was then reused in another ten catalytic
cycles under identical reaction conditions, and the results showed
good conversion with a slight decrease in the selectivities for the
cycloaddition products (Table 4); the Cu content of the reused
catalyst (after the tenth run) was 2.58 %, as obtained by ICP-OES.
This showed that leaching of Cu was very low, thus, the catalyst
could be reused without any significant changes in the products
yield.

Table 4. Reusability of the 3D graphene/Cu nanocomposite in 1,3-dipolar

Huisgen cycloaddition between of ethynylbenzene with 1-azido-4-
nitrobenzene?®

Entry R! R? Yield®
1 4-Cl H 95
2 4-Cl 4-CHs 93
3 4-Cl 4-CFs3 90
4 3-NO2 H 88
5 4-NO; H 99

Aryl azide, (1.0 mmol), terminal alkyne (1.0 mmol), EtOH:H;0 (1:1, 3 mL),
3D graphene/Cu (5 mol% of Cu) and 1 h. PIsolated yield.

Reaction o«

an 3rd 4th Sth 6th 7th 8th gth 1Oth
cycle

Yield® (%) 99 99 99 99 98 98 98 98 97 97

2Ethynylbenzene (4 mmol), 1-azido-4-nitrobenzene (4 mmol), EtOH:H,0 (1:1,
12 mL), 1h, 3D graphene/Cu nanocomposite (5 mol% of Cu), ®Isolated yield.

Inspired by the high activity and stability of the 3D graphene/Cu
nanocomposite, the multicomponent 1,3-dipolar cycloaddition of
terminal alkynes and organic azides (generated in situ from sodium
azide and different organic halides) were further employed as
another model reaction to test the high performance of the 3D
graphene/Cu nanocatalyst. Using the optimized reaction conditions,
we attempted to expand the scope of organic halides and terminal
alkynes in this reaction (Table 3). Different substituents like
bromide and nitro at para position of benzyl bromide (Entries 2 and
3, Table 3) were equally effective toward the nucleophilic
substitution of azide, followed by 1,3-dipolar cycloaddition.
However, in the case of non-activated alkyl halide like n-dodecyl
bromide, the reaction required longer reaction time and furnished
corresponding triazole in lower vyield (Entry 4, Table 3).
Unfortunately, the catalytic system was less effective for the

4| J. Name., 2012, 00, 1-3
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Fig. 5 TEM image of 3D graphene/Cu nanocomposite reused after ten cycles in
1,3—dg)polar Huisgen cycloaddition between of ethynylbenzene with 1-azido-4-
nitrobenzene

Moreover, no appreciable changes in textural properties after
ten reactions cycles were detected, as is clearly evidenced from the
TEM analysis of the recycled catalyst (Fig. 5). The TEM image also
indicates a few aggregation of Cu NPs in the recovered 3D
graphene/Cu nanocomposite after 10th reaction run.

Conclusions

A 3-D hybrid material has been developed by the Cu NP
immobilization on 3D graphene framework. The prepared 3D
graphene/Cu nanocomposite exhibits a high catalytic activity for the
1,3-dipolar cycloaddition of aryl azides and terminal alkynes and the
1,3-dipolar cycloaddition of alkyl/benzyl halides, sodium azide and
terminal alkynes in the aqueous medium. Moreover, the catalyst is
chemically stable and can be recycled for at least ten times in the
corresponding reaction without reduction in the catalytic activity.
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