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CuO-rGO nanocomposite exhibits excellent and stable catalytic activity towards

reduction of 4-nitrophenol to 4-aminophenol with high rate constant value of 13.951

min.
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2.1 Synthesis of copper oxide/reduced graphene oxide nanocomposite and its

enhanced catalytic activity towards reduction of 4-nitrophenol

2.1.1 Introduction

Graphene has attracted tremendous interest in recent years in many fields of
science and engineering since it was first reported in 2004 [1, 2]. This interest can be
attributed to the extraordinary electrical, optical, thermal, mechanical and chemical
properties of graphene and its related carbon nanostructures [3-6]. In addition, it
possesses high thermal conductivity, excellent mobility of charge carriers, large specific
surface area, good mechanical stability, good biocompatibility and high adsorption
capacity [7-11]. To date, various synthetic strategies have been developed for producing
graphene such as micromechanical exfoliation, oxidation/reduction protocols, epitaxial
growth, and chemical vapour deposition [12, 13.] Graphene and its derivatives have been
used over a wide range of applications, including electrocatalysis [14], catalytic
oxidation reaction [15], photocatalysis [16], memory devices [17], energy storage [18],
solar cells [19], sensing platforms [20], raman enhancement [21] and even in drug
delivery [22]. GO does the common choice over pristine graphene owe to its facile
synthetic nature in a controlled, scalable, and reproducible manner. Also, its abundant
oxygen-containing functional groups such as epoxide, alcohol, and carboxylic acids
provide GO with excellent aqueous dispersity and offer anchors for further chemical
modifications [23]. In catalysis, graphene-based materials are used as catalytic supports
due to their high electrical, thermal conductivity, great mechanical strength, huge
specific surface area and good adsorption capacities. GO nanosheets are also emerging as
promising supports for the creation of hybrid nanomaterials and, in particular, in
catalytic applications.

A variety of metal, metal oxide, semiconducting, and magnetic nanoparticles
including Pd [24], Pt [25], Au [26], TiO, [27] and Fe3O,4 [28] have been hosted on the
surface of GO. Nanoparticles can act as spacers between GO nanosheets to minimize the
agglomeration of them and can also prevent the aggregation of these active nanoblocks

with high surface energy. The nanocomposites often exhibit enhanced properties and

This part of the thesis is published in
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improved functionalities due to the synergetic effects between GO nanosheets and the
nanoparticles [29, 30]. Most of these hybrid nanocomposites find applications as
electrocatalysts. However, a few papers have reported on their catalytic activity for
organic transformation [24]. For example, Choi and co-workers have reported the
catalytic activity of Au nanoparticles supported on GO for catalytic reduction of
nitroarenes [31]. Compared with the expensive noble metal or metal oxide nanoparticles
CuO is a cheap alternative with broad potential applications. It has been widely used in
active anode materials, superconductors, sensors and heterogeneous catalysts due to its
abundant resources, environmental compatibility, cost effectiveness and favorable
pseudocapacitive characteristics [32, 33]. Integrating nanoparticles into graphene
currently has been an active research field. Zhao et al. [34] has synthesized CuO-
graphene nanostructure by a hydrothermal method in presence of ammonia solution for
use in supercapacitors. CuO-graphene nanocomposites are also exhibited high capacity
and capacity retention as anode materials in lithium ion batteries [34, 35]. To the best of
our knowledge, there is no research studying their catalytic application.

Herein, we present a simple and facile approach for integrating CuO onto the
surface of rGO by hydrothermal method. During the hydrothermal treatment, GO was
successfully reduced to rGO and CuCl was oxidized to CuO due to the redox reaction.
This method eliminates the use of toxic reducing agents and offers the necessary stability
of the resulting nanocomposite for catalytic transformation. Furthermore, the resulting
CuO-rGO nanocomposites exhibit excellent catalytic activity toward the reduction of 4-
NP in presence of NaBH, The catalytic activities of the nanocomposites were also
studied by changing the ratio of GO and Cu. The reaction was completed in only 20 s at
room temperature and the catalyst can be easily regenerated and reused with good
recyclability up to five catalytic cycles. Considering the wide-ranging potential
applications of rGO as a host material for a variety of nanoparticles, the approach
developed here may lead to new possibilities for the fabrication of rGO by nanomaterials

endowed with multiple functionalities.

2.1.2 Experimental Section
2.1.2.1 Chemicals
Graphite power (<20 micron, Aldrich) was used as received. Sodium nitrate

(NaNQO3), potassium permanganate (KMnQ,), hydrogen peroxide (50% v/v), cuprous
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chloride (CuCl), 4-nitrophenol, sodium borohydride (NaBH,), concentrated sulfuric acid

(98%), hydrochloric acid were procured from Merck.

2.1.2.2 Preparation of GO and CuO-rGO nanocomposites

GO was synthesized from natural graphite powder using modified Hummers
method [36]. CuO-rGO nanocomposites was synthesized by hydrothermal method from
mixture of GO and CuCl. In this process, 10.0 mg of GO was dispersed in 10.0 mL of
distilled water and 9.89mg of CuCl (0.01 mol CuCl in 1000 mg GO, labelled as CuOg -
rGO) was dispersed with 20mL distilled water by ultrasonication to form a homogeneous
dispersion. Then, the GO dispersion was gradually added to the CuCl solution. The
solution mixture was stirred magnetically at 25 °C for 120 min and transferred into an
autoclave with a volume of 50 mL. Hydrothermal treatment of the mixed solution was
done at 150 °C for 4 h, and the solid product was washed with distilled water by
centrifugation several times. Then, the composites were dried at 100 °C to obtain the
desired CuO-rGO nanocomposites. In addition, for optimization, 0.05 mol CuCl in 1000
mg (CuOgs-rGO) and 0.1 mol CuCl in 1000 mg (CuQg-rGO) was also synthesized

following the same procedure.

2.1.2.3 Characterization

The infrared spectra were recorded with samples on KBr pellets over a frequency
range of 4000-500 cm™ in a Nicolet model impact 410 FT-IR Spectrophotometer. The X-
ray diffraction (XRD) study was carried out at room temperature (ca. 298 K) using a
Rigaku X-ray diffractometer with Cu-Ka radiation (A= 0.15418nm) at 30 kV and 15 mA
using a scanning rate of 0.05 é/sec in the range of 26 = (10°-70°). The morphology of
CuO-rGO nanocomposites was characterized with scanning electron microscope (SEM).
The SEM analysis was conducted on JSM-6390LV (Jeol, Japan) Scanning Electron
Micrograph attached with energy dispersive X-ray detector. Scanning was done at
micrometer range; images were taken at an accelerating voltage of 15-20kV with
magnification of x15,000 and x20,000 and data were obtained by using INCA software.

2.1.2.4 Catalytic Reduction of p-nitrophenol (4-NP) by CuO-rGO nanocomposite
In a typical reaction, freshly prepared aqueous solution of NaBH4 (0.1 mL, 0.3
M) was added in 10.0 mL of 4-NP aqueous solution (1x10™* M). This was leading to a
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color change from light yellow to yellow green. To that solution, 1.0 mg catalyst was
added and the reaction solution was allowed to stir until the solution became colorless.
The green yellow color of the solution gradually vanished, indicating the reduction of 4-
NP. The reaction progress was checked by assessing a small portion of the reaction
mixture at a given time interval. The concentration of 4-NP was recorded in the UV—vis
spectrophotometer at a wavelength of 400 nm.

To study the recycling ability of the catalyst, the catalyst was separated from the
solution by centrifugation and washed with distilled water several times. Then the
catalyst was added into another freshly prepared mixed solution of 4-NP and NaBH, to
start the next round of reaction. The recyclability test was carried out for five catalytic

cycles.
2.1.3 Results and discussion

2.1.3.1 Characterization of CuO-rGO nanocomposite
2.1.3.1.1 FTIR study

Fig.2.1.1 shows the FTIR spectra of GO, CuCl and CuO-rGO nanocomposite. In
the FTIR spectrum of GO (Fig.2.1.1a), the peaks obtained at 1264 cm*, 1067 cm * and
1721 cm* are attributed to the C—O epoxy stretching, C-O alkoxy stretching and C=0
carbonyl stretching vibrations, respectively. The absorption band at 1623 cm* and 3421
cm ! corresponds to the aromatic C=C stretching vibration and O-H stretching vibration
respectively. Normally, CuCl vibrations are observed at wavenumbers less than 500 cm’
'[37]. In the FTIR spectrum of CuCl (Fig.2.1.1b), peak at 442 cm™ corresponds to Cu-Cl
stretching vibration. Bands at 3408 cm™ and 3342 cm™ may be attributed to the Cu-OH
groups. Peaks between 500 cm™ to 1500 cm™ is made for the observation of hydroxyl
deformation modes. In the FTIR spectrum of CuO-rGO nanocomposite (Fig.2.1.1c), the
peak intensity of C=0, C-OH, and C-O groups decreases significantly, indicating
reduction of GO. Again, some new peaks appeared at 576 cm™, 505 cm™ and 453 cm™
corresponding to Cu-O stretching vibrations. These results implied simultaneous

reduction of GO along with formation of CuO by hydrothermal treatment.
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Fig.2.1.1 FTIR spectrum of (a) GO, (b) CuCl and (c) CuO-rGO nanocomposite

2.1.3.1.2 XRD analysis

Fig.2.1.2 shows XRD patterns of GO, CuCl and CuO-rGO nanocomposite. GO
exhibited the strong diffraction peak at 20 = 11.45° (Fig.2.1.2a), attributed to the (001)
plane due to oxygen containing functional groups on carbon sheets. In the XRD pattern
of CuCl and CuO-rGO, the positions of diffraction peaks matched well with standard
CuCl, CuO and rGO. The peaks at 26 values of 28.45° (111), 47.35° (220), 56.2° (311)
and 68.5° (400) were consistent with the standard XRD data for the CuCl cubic phase of
face centered crystal lattice (JCPDS Card no. 82-2114, Fig.2.1.2b). The XRD spectra of
CuC-GO exhibits peaks at 20 values of 32.55° (110), 39.95° (111), 50.25° (112), 53.85°
(020), 58.5° (202) and 63.6° (113) which were consistent with the standard XRD data for
the CuO monoclinic phase of end-centered crystal lattice (JCPDS Card no. 89-2530,
Fig.2.1.2c). Again, the spectrum shows small additional peaks at 25.2° and 44.9° which
could be attributed to rGO. These results demonstrated that GO was successfully reduced
to rGO and CuCl was oxidized to CuO during the redox reaction.
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Fig.2.1.2 XRD patterns of (a) GO, (b) CuCl and (c) CuO-rGO nanocomposite

2.1.3.1.3 SEM and EDX analysis
A difference in surface morphology between CuCl and CuO-rGO nanocomposite

is observed (Fig.2.1.3). The SEM image of CuO-rGO revealed that the copper
nanoparticles are homogeneously distributed over crumpled, paper-like surface of GO
confirming that the incorporation of Cu nanoparticle into GO (Fig.2.1.3b). Again, the
EDX spectrum of CuO-rGO (Fig.2.1.4) exhibited the presence of C, O, and Cu elements,

further confirming the formation of CuO-rGO nanocomposite.
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Fig.2.1.3 SEM images of (a) CuCl and (b) CuO-rGO nanocomposite
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Fig.2.1.4 EDX spectrum of CuO-rGO nanocomposite

2.1.3.2 Catalytic properties of CuO-rGO nanocomposite

The catalytic properties of the CuO-rGO nanocomposite were quantitatively
evaluated with the reduction 4-NP into of 4-aminophenol (4-AP) by NaBH, as a model
system. As shown in fig.5, this reaction could be easily monitored by the time-dependent
UV-vis absorption spectra. In the absence of the catalysts, the mixture of 4-NP and
NaBH, show a strong peak at 400 nm due to the formation of 4-NP ions under alkaline
condition. After the catalysts were added into the system, the absorption peak of 4-NP at
400 nm decreases rapidly with a concomitant increase in the peak at 300 nm, which is
attributed to the reduced product, 4-AP. As the initial concentration of NaBH, is large
excess in comparison to 4-NP, the pseudo-first-order reaction kinetics was applied for
the evaluation of the catalytic rate. Therefore, the kinetic equation can be written as:

In(C/Cy) = -kt
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where Co is the initial concentration of 4-NP in absence of catalyst; C is the
concentration of 4-NP at any time, t after catalyst was added; and ‘k’ is the rate constant,
which can be obtained from the decrease in the peak intensity at 400 nm with time.

Fig.2.1.5 shows the UV-vis absorption spectra of the reduction of 4-NP by
NaBH, and fig.6 shows the corresponding plots of In(C/Cy) of 4-NP versus reaction time
in the presence of (a) CuOg; -rGO (b) CuOg g5 -rGO (c) CuOq; —rGO. From the linear
relations of In(C/Cy), shown in Fig.2.1.6, the maximum value of rate constant, k, for this
reaction is 13.951 min™, which is very high compared to those reported previously
(Table 2.1.2). The results are summarized in table 2.1.1 Good linear correlations (R* >
0.996) of In(C/Cy) vs. t are observed for all nanocomposites, confirming the pseudo-first-

order kinetics (Table 2.1.1)
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Fig.2.1.5 UV-vis absorption spectra of the reduction of 4-NP by NaBHy, in the presence
of (@) CuOg01 -rGO (b) CuOg,5 -rGO (c) CuOo1-rGO.
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Fig.2.1.6 Plots of In(C/Cy) of 4-NP versus reaction time in the presence of (a) CuOo; -
rGO (b) CuOg s -rGO (c) CuOq1-rGO.

Table 2.1.1 Catalytic rate constants of reduction of 4-NP in the presence of CuO4-rGO

nanocomposites and the R? values for the In(C/Cy) vs t plots
Entry Catalyst 4-NP (M) NaBH4(M) Rate Constant (min

1  CuOgo —rGO  1x10™* 0.3 0.1237 0.9259
2 CuOgos GO 1x10™ 0.3 13.9 0.9999
3 CuQg; —rGO 1x10™ 0.3 1.12 0.9996

It should be noted that the CuQOg¢s—rGO shows the highest catalytic activity with
only 20 s to finish the reaction (Fig.2.1.5b), whereas CuQg;—rGO shows the lowest
catalytic activity and can't achieve the full reduction of 4-NP even with a reaction time of
18 min (Fig.2.1.5a). On the other hand, CuQOy;—rGO required 3 min to finish the
reaction. The higher catalytic activity for the CuO-rGO catalysts is may be ascribed to
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the two dimensional structure of rGO, which has a high affinity for the adsorption of 4-
NP due to n—n stacking interactions. This increases the concentration of 4-NP near CuO.
The high catalytic activity occurs from the synergistic effect of: (1) the high adsorption
ability of rGO towards 4-NP, providing a high concentration of 4-NP near to the CuO
which accelerates the reaction; and (2) electron transfer from rGO to CuO, facilitating
the uptake of electrons by 4-NP molecules. Thus, the catalytic activity of the CuO-rGO
catalyst depends on both CuO and rGO. With increase in the amount of CuO the
catalytic activity increase and after a certain amount the activity decreases. This may be
due to the decrease in the available active surface of rGO for adsorption of 4-NP.

The representative sample of CuOgs-rGOwas also tested for reusability in the
reduction of 4-NP by NaBH,. The catalyst was separated by centrifugation and reused to
carry out the reduction process for an additional four times. After the completion of five
cycles, the values of k for each round of catalytic reaction were obtained from the plots
of In(C/Cy) vs t (Fig.2.1.7a). The k values for the successive five cycles was shown in
Fig.2.1.7b, there is only a slight decrease in the k value with the increasing cycle. The
main reason for the decrease in the catalytic activity is loss of catalyst during the

separation process.
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Fig.2.1.7 (a) Plots of In(C/Co) of 4-NP versus reaction time for successive 5 cycles (b)

Value of k for each cycle with CuO-rGOg o5 Nanocomposite as catalyst.

2.1.4 Comparison with other catalysts
For the comparison of the present work with some of the earlier reports, different
catalysts employed for the catalytic reduction of 4-NP are highlighted in Table 2.1.2. It is
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evident from Table 2.1.2 that the value of k of present work is much larger than Cu
nanocatalyst [38] and pristine GO [37]. The catalytic activity of the synthesized catalyst
is superior compared to all other metal nanocatalysts as well as noble metal/GR based
catalysts reported earlier [38, 31].

Table 2.1.2 Comparison of values of rate constant for 4-NP reduction to 4-AP catalyzed

by various catalysts.
Entry Catalyst 4-NP (M) NaBH, (M)

1 CuQq05-rGO 1x10™ 0.3 13.9 Present
work
2 Cu 1.2x10™ 0.02 0.095 38
nanoparticle
3 Au nanocages  1.4x10™ 0.042 5.58 (at 43° C) 39
Au nanoboxes  1.4x10™ 0.042 3.25 (at 43° C)
Au 1.4x10™* 0.042 0.95
nanoparticles
4 Au-GR 1x10° 0.1 0.19 40
hydrogel
5 Au-rGO 7.5x10™ 2.22 6.478 31
Au 0.069
GO 0.038
6 Au-Ag/GO  1.54x107 0.88 8.56 41
Au/GO 0.368
Ag/GO 0.208

2.1.5 Conclusion

In summary, a facile and novel method to prepare rGO-supported CuO
nanoparticles was successfully developed. The prepared nanocomposite is successfully
employed in the catalytic reduction of 4-NP with excellent catalytic activities and
stabilities by the synergistic catalytic effect of CuO nanoparticle and rGO, further
highlighting the importance of hybrid CuO-rGO nanocomposites. Considering the wide

applications of rGO as a host material for a variety of nanoparticles, the present approach
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may lead to new possibilities for integrating active nanoparticles with rGO for advanced

electronic, energy, and catalytic applications.
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2.2 Copper oxide/reduced graphene oxide as an electrocatalyst for methanol

electro-oxidation

2.2.1 Introduction

The cornerstone of the world’s increasing prosperity and economic growth
demands for a clean, affordable and reliable energy source [1]. With the increase energy
demand along with the exhaustion of conventional fossil fuels and the rapidly rising
environmental problems, the direct methanol fuel cell (DMFC) can be used as an
alternate green and sustainable power source [2]. DMFC possesses several significant
benefits compared to hydrogen based fuel cells such as high solubility in aqueous
electrolyte, high energy density and raw materials can be easily stored and distributed
[3]. However, there are two major difficulties preventing DMFCs from successful
commercialization which are high manufacturing costs and slow kinetics of the electro-
oxidation of methanol at anode [4]. In the last few years, a great number of researches
have been carried out to achieve high power density as well as low manufacturing cost of
the DMFCs [5]. Till date, Pt catalysts have been recognized to be the efficient single-
metal catalyst for DMFCs [6, 7]. Unfortunately, its scarcity, high cost, low power density
and poor CO-poisoning tolerance significantly hinder its commercialization and practical
use [8]. Metal oxide based catalysts were also used for DMFCs that can provide
hydroxyl sources at lower potentials and efficiently undergo a bi-functional mechanism
[9-11]. Due to low specific surface area these catalysts suffer from poor electron
conductivity. Their catalytic activity can be enhanced by incorporating them on different
supporting materials. Carbon nanomaterials have attracted immense and persistent
attention as catalytic support because of their extraordinary physical and chemical
properties. Reduced graphene oxide (rGO) has a wide variety of applications since its
discovery in various fields including fuel cells and other energy storage devices [12-14].
It plays an important role as a support in the fabrication of advanced composite electro-
catalysts for high performance DMFCs because of its unique physiochemical properties
such as high specific surface area, superior electronic conductivity and excellent stability
[15-18].

Metal oxide supported on graphene based nanocomposites have gain tremendous

attention because of their low-cost, facile synthesis, high electrocatalytic activity and
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durability in DMFC applications [19-21]. Copper oxide (CuO), a well-known p-type
semiconductor material has potential in various applications such as gas sensor [22], CO
oxidation catalysts [23], solar energy conversion [24], lithium-ion battery anode
materials [25], magnetic phase transmitters [26], heterogeneous catalyst [27], optical
switches [28], nanofluids [29] and field emitters [30] because of their high catalytic
activity as well as their nontoxic nature and affordable cost [31]. Incorporation of CuO
nanoparticles onto graphene surface can improve the electrochemical performance of the
nanocomposite in comparison with the pure nanoparticles. Mai et. al [32] has
synthesized CuO-graphene composite from CuO and graphene oxide (GO) and used as
anode material for lithum-ion batteries. The synergetic effect of CuO and GO is
beneficial for the improved electrochemical performances of CuO-graphene based
composites. As far our knowledge, there is no reported work in literature regarding
electrocatalytic application of CuO-rGO towards DMFC. However, several Pt/metal
oxide/graphene composites have been reported for DMFCs [Pt/CeO,/graphene,
Pt/MnO,/graphene, Pt/TiO,/graphene] where metal oxide acts as a co-catalyst [33-35].
Therefore, the main objective of this work is to synthesize a low cost Pt free electro-
catalyst for effective oxidation of methanol.

In this work, CuO-rGO is calcined at 400 °C and used as electrocatalyst towards
DMFCs. Interestingly, the calcined nanocomposites showed high electrocatalytic activity
towards methanol electro-oxidation in alkaline medium. Having the unique advantage of
integrating the facile electron transporting ability of conducting CuO nanoparticles with
the supreme electron collecting efficiency of rGO, CuO-rGOcycineg  provided high
durability and low onset potential for methanol oxidation in alkaline medium showing
their great potential in DMFCs.

2.2.2 Experimental Section

2.2.2.1 Chemicals

Graphite power, (<20 micron) was purchased from Aldrich. KMnO4, NaNO3, H,0,,
(30%), CuCl, sodium hydroxide (NaOH), conc. H,SO4 HCI and methanol were procured

from Merck. Nafion solution was purchased from Sigma-Aldrich.
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2.2.2.2 Preparation of GO and CuO-rGO nanocomposites

GO was synthesized from natural graphite power using modified Hummers
method [36] followed by exfoliation. CuO-rGO nanocomposite was synthesized by
hydrothermal method [37] from mixture of GO and CuCl as mentioned in Chapter 2A
with slight modification. Where the product was calcined at 400 °C for 30 min (labeled
as CuO-rGOcaicined) and used for electrochemical applications. For comparison, CuO
nanoparticles were synthesized via direct thermal decomposition method with little
modification [38].

2.2.2.3 Characterization

The synthesized samples were characterized by using FTIR, XRD, SEM and
EDX analyses. The particle size distribution was studied using Micritrac Flex Software
by Dynamic light scattering (DLS) method. The electrochemical analyses were carried
out by cyclic voltammetry (CV) using Bio Logic Science Instrument, SP-150 and Power:
110-240 Vac voltammeter.

2.2.2.4 Electrochemical measurements

The electrochemical analyses of the prepared samples were studied using a
standard one compartment three electrodes cell where Pt and Ag/AgCl electrodes were
used as counter and reference electrodes respectively. The working electrode was a
glassy carbon electrode (6 mm diameter) above which the catalyst paste was applied
which was prepared by dispersing 12.5 mg of electrocatalyst in 0.5ml of ethanol by
ultrasonication for 30 min. Then 0.025mL of 5 wt% Nafion was added onto the paste and
air dried for 24h. To measure the methanol electro-oxidation, CV was performed
between -0.2 V to 0.9 V at a scan rate of 50 mVs™ in 0.1 M NaOH containing 1 M
methanol. To measure the stability of the electrocatalyst the chronoamperometry study
was performed for 600 s at a fixed potential of 0.4 V. The durability of the catalyst was
further investigated for 100 continuous cycles at scan rate of 50 mVs™.
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2.2.3 Results and discussion
2.2.3.1 FTIR study

Fig. 2.2.1 shows the FTIR spectra of GO, CuO, CuO-rGO and CuO-rGOcgcined
nanocomposite. The main characteristic peaks of GO (Fig. 2.2.1a) at 1262 cm*, 1065
cm * and 1720 cm ™ are attributed to the C—O epoxy C—O alkoxy and C=O stretching
vibrations, respectively. Peaks at 1621 cm* and 3416 cm* correspond to the aromatic
C=C stretching vibration and O—H stretching vibration, respectively. The FTIR spectrum
of CuO nanoparticles show characteristic infrared absorption peaks in the range of 500-
700 cm* due to Cu—O stretching vibration (Fig. 2.2.1b). In the FTIR spectrum of CuO-
rGO nanocompites (Fig. 2.2.1c), the peak intensity of C—0O, C=0, and O—H groups
decreases significantly and some new peaks appeared in the range of of 500-700 cm *(at
689 cm™, 580 cm™ and 505 cm™) corresponding to Cu—O stretching vibrations confirms
formation of CuO-rGO nanocompites. After calcination, the stretching frequencies
corresponds to Cu—O stretching vibration is shifted from 689 cm™to 700 Cm'l, 580 cm™
to 573 cm™ and 505 cm™ to 481 cm™ in the FTIR spectrum of CuO-rGOcacined
nanocomposite (Fig. 2.2.1d).
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Fig.2.2.1 FTIR spectrum of (a) GO, (b) CuO, (c) CuO-rGO and (d) CuO-rGOcacined

nanocomposites
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2.2.3.2 XRD analysis

Fig. 2.2.2 shows XRD pattern of GO, CuO, CuO-rGO and CuO-rGOcycined
nanocomposite. GO exhibited a strong diffraction peak at 20 = 11.53° (Fig. 2.2.2a),
attributed to the (001) plane due to oxygen containing functional groups on carbon
sheets. In the XRD pattern of CuO, CuO, CuO-rGO and CuO-rGOcqycineg the positions of
diffraction peaks matched well with standard CuO and rGO. In the XRD spectrum of
CuO, the major peaks located at 26 = 35.62 ° and 38.9 ° indexed as (111) and (200)
planes, respectively, are characteristics for the pure monoclinic end-centered CuO crystal
lattice (Fig. 2.2.2b). The XRD spectrum of CuO-rGO exhibits peaks at 20 values of
32.49° (110), 39.76° (200), 50.32° (112), 53.6° (020), and 61.59° (113) which are
consistent with the standard XDR data for the CuO monoclinic phase of the end-centered
crystal lattice (Fig. 2.2.2¢). Again, the spectrum shows small additional peaks at 25.2°
and 44.85° which could be attributed to rGO (Fig. 2.2.2c). After calcinations, in the XRD
spectrum of CuO-rGOcicined the peak intensities of the observed peaks hence crystallinity
of the composite increases without any peak shifting (Fig. 2.2.2d). Therefore, CuO-
rGOcarcined DECOMES notably crystalline after calcinations.
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Fig.2.2.2 XRD spectrum of (a) GO, (b) CuO, (c) CuO-rGO and (d) CuO-rGOcaicined

nanocomposites
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2.2.3.3 Raman analysis

Raman spectroscopy is often employed to characterize graphitic materials since it a
useful technique for studying disorderness and defects in crystal structure. The intensity
ratio between the disorder induced D band and the Raman allowed G band (Ip/lg) is the
measure the measure of disorderness in graphite. The Raman spectra for GO, CuO-rGO
and CuO-rGOcaicines are shown in Fig.2.2.3 The G bands are seen at 1608 cm™ , 1599 cm’
! and 1594 cm™, and the D bands are at 1361 cm™, 1363 cm™, and 1351 cm™ for GO,
CuO-rGO and CuO-rGOcicined, respectively. The G band corresponds to an E;q mode of
graphite, is related to the vibration of the sp>-bonded carbon atoms in a two-dimensional
hexagonal lattice, while the D band is related to the edges, structural defects that
corresponds to the conversion of a sp?-hybridized carbon to a sp®-hybridized carbon. The
intensity ratio is found to be 0.82 for GO which indicates a high level of disorderness of
the GO layers due to the oxidation of graphite. The intensity ratio of CuO-rGO (1.01)
and CuO-rGOcqcined (1.0) is higher than that for GO, indicating that more defects have
been doped into the CuO-rGO. At the same time the change in intensity ratio for the
nanocomposite as compared with GO suggests partial reduction of the GO. In addition to
the G and D band in the Raman spectrum of

In addition to the G and D band in the Raman spectrum of CuO-rGO and CuO-
rGOccined there were three extra weak peaks at 282, 338 and 599 cm™, which
corresponded to Ag and 2By CuO phonon peaks [39]. The indicated Aq and 2By peaks
shifted slightly to higher wave numbers and became stronger and sharper after
calcination. These results once again demonstrated the existence of both rGO and CuO in

the as-prepared nanocomposites.
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Fig.2.2.3 Raman spectra of (a) GO, (b) CuO-rGO and (c) CuO-rGOcjjcined

nanocomposites

2.2.3.4 SEM and EDX analysis

The morphological changes that occurred on the surface of GO due to
incorporation of CuO nanoparticle was examined by scanning electron microscopy. Fig.
2.24 shows the SEM images of GO, CuO, CuO-rGO and CuO-rGOccined
nanocomposite. The surface of GO shows a leaf like crumpled structure (Fig. 2.2.4a)
while CuO shows spherical structure (Fig. 2.2.4b). A difference in surface morphology
between CuO and CuO-rGO nanocomposite is observed. The CuO nanoparticles are
uniformly distributed over crumpled, paper-like surface of GO confirming that the
incorporation of CuO nanoparticle into GO (Fig. 2.2.4c). It is evident that the surface
morphology is improved through calcination. Highly uniform nano-spherical CuO could

be observed for the CuO-rGOcicined NAaNocomposite (Fig. 2.2.4d).
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Fig.2.2.4 SEM images of (a) GO, (b) CuO, (c) CuO-rGO and (d) CuO-rGOcacined

nanocomposite

In addition, the EDX spectrum of CuO-rGOcqcines NAaNocomposite (Fig. 2.2.5)
exhibited the presence of C, O, and Cu elements, further confirming the formation of

CuO-rGO composite.
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Fig.2.2.5 EDX spectrum of CuO-rGOgcines NANOCOMpOSites
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2.2.3.5 Particle size distribution

The particle size distribution of CuO-rGOcacineg NANOCOMPpOSite is shown in Fig.
2.2.6. The diameter of the nanocomposite ranged from 0.00096 to 0.00122 micron and
the mean diameter is 0.001 micron.
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Fig.2.2.6 Particle size distribution of CuO-rGOcgjcines NANOCOMPpOSite

2.2.3.6 Electrocatalytic oxidation of methanol

In order to evaluate the electrocatalytic performance of CuO, CuO-rGO and
CUO-rGOcacined Was studied via CV in alkaline media. Fig. 2.2.7 illustrates the CV of the
CuO, CuO-rGO and CuO-rGOcgcined recorded in 1.0 M methanol solution containing 0.1
M NaOH. CuO-rGOcgineg and CuO show distinct anodic peak towards forward scan,
however, there is no characteristic peak for CuO-rGO. This indicates that after
calcinations, CuO-rGO nanocomposites shows catalytic activity towards methanol
electro-oxidation. The CuO-rGOcarcines NANOCOMPpoOSite provided superior electrocatalytic
activity for the electro-oxidation of methanol in alkaline medium. During the forward
scan, CuO-rGOcaicined €Xhibits a characteristic peak at ca. 0.72 V for the oxidation of
methanol, which is lower than that of CuO (0.75 V). A single oxidation peak is
generated, revealed the irreversible methanol oxidation. In alkaline medium, the onset
potential for the oxidation of methanol at the CuO-rGOcaicined 1S Ca. 0.44 V, which is
lower than that of the CuO (ca. 0.46 V), Cu NW@rGO-GCE (ca. 0. 48 V), Cu NW-GCE
(ca. 0. 6 V) poly-crystalline Cu-GCE (ca. 0.5 V), and Ni-Cu-GCE (ca. 0.5 V) [40].
Moreover, the peak current density for the oxidation of methanol at the CuO-rGOcacined
(0.89 mA pg™) is 2.4 times higher than that of CuO (0.37 mA pg™), suggesting the

superior electrocatalytic activity of the composite. Relative to CuO nanoparticle, the
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onset potential and peak potential shifted towards less positive potential at the CuO-
rGOcarcined, revealing the decrease of overpotential for methanol oxidation decreased. In
other words, methanol oxidation is occurred more rapidly at CuO-rGOcacined SUrface. The
high catalytic activity can be ascribed to the unique quantum effects between rGO and
nanoscale CuO structures [41]; improved conductivity and enhanced surface area of rGO
sheets that favoured the improved anchoring of CuO nanoparticles [42]. In addition, the
rough surface morphology and the uniform distribution of nano CuO increased the
catalytically active sites.
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Fig. 2.2.7 CVs of the (a) CuO-rGO, (b) CuO and (c) CuO-rGOcgcined in 1.0 M methanol
solution containing 0.1 M NaOH. Scan rate: 50 mV s™.

The mechanism for the electro-oxidation of methanol in alkaline solutions
occurred through a mediated electron transfer mechanism. Cu'' species that were
generated during the anodic sweep, react with intermediates such as CO and OH-like
species and complete the oxidation process.

CU” < Culll +e
cu + (CH30H)a¢s — intermediate + Cu"
Cu" + intermediate — product + Cu"

The durability of CuO-rGOcqcineg and CuO was evaluated by chronoamperometry

(Fig.2.2.8) for 600s. During the first 200s, a slight decay in the current density was
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observed at the CuO-rGOcaicined, Which is attributed to the intermediate products of
methanol oxidation that were adsorbed on the surfaces of the catalysts [43]. After that,
the current density reached a steady state and remained stable throughout the entire
testing period. The current density of the CuO-rGO, electrode was found to be higher
than that of the CuO electrode, revealing the superior durability, good tolerance against
the oxidized intermediates and the promising catalytic activity of the composite for the
electro-oxidation of methanol. The stability of the CuO-rGOcqcined €lectrode was further
investigated for 100 continuous cycles. The voltammetric response decreased slowly
with the increasing cycles (Fig. 2.2.9).
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Fig.2.2.8 Chronoamperograms of (a) CuO and (b) CuO-rGOcqcineg for methanol
oxidation in methanol solution (1.0 M) containing 0.1 M NaOH
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Fig. 2.2.9 CVs of the CuO-rGOgy in 1.0 M methanol solution containing 0.1 M NaOH at

scan rate: 50 mV s for 100 cycles.

2.2.4 Conclusion

A facile hydrothermal approach was employed for the synthesis of CuO
nanoparticles supported on rGO. Under alkaline condition, the electrocatalytic activity
of the nanocomposite was higher than that of CuO nanoparticles. The catalyst shows
irreversible methanol oxidation at the CuO-rGOcacined SUrface. The oxidation occurs
more rapidly with superior durability, good tolerance against the oxidized intermediates.
The proposed facile, synthetic approach opens up new avenues for the fabrication of

low-cost catalysts for fuel cell applications.
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