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Abstract

A simple and efficient method using infrared (IR) irradiation is presented to decorate multi-wall carbon nanotubes (MWCNTs)
with bismuth oxide nanocrystals (Bi,O; NCs) using ammonium bismuth citrate (ABC) as Bi precursor. The present meth-
odology comprises 4 steps: purification, functionalization, impregnation and calcination. Various techniques (XPS, TEM,
PXRD, EDX, Raman and TGA) are used to characterize the resulting materials. The treatment with sodium hydroxide leads
to the purification of MWCNTs (p-MWCNTs) which is confirmed by the absence of alumina. The chemical functionaliza-
tion of p-MWCNTs with monocarboxylic aryl diazonium salts generated in-situ (p-MWCNTs-D1) followed by impregna-
tion in the presence of IR radiation is the crucial step in homogeneously impregnating functionalized MWCNTs with ABC
(p-MWCNTs-D1/ABC). Calcining p-MWCNTs-D1/ABC at optimum temperature results in a controlled decoration of Bi,O;
NCs in their pure phase. A bimodal distribution of Bi,O; NCs on MWCNTs with a Gaussian mean diameter of ~1.1 and
~11.21 nm is evidenced. The originality of this work is the decoration of CNTs for the first time with Bi,O; nanocrystals.
Metastable -Bi,05 (tetragonal) crystal phase is noticed on the surface of CNTs. Electrical conductivity of the samples was
assessed on bucky papers elaborated from the various modified MWCNTs. The present methodology is applicable to large-
scale preparation which opens interesting perspectives for nanotechnology applications.

Keywords Multi-wall carbon nanotubes solubility - Diazonium chemistry - Nanocomposites - Semiconductor
nanoparticles - Photochemistry

1 Introduction (Bi,05) has appealing properties like high refractive index,
photoluminescence and high dielectric permittivity, which
make it one of the most explored materials in fundamental
research and technologies. It has led to applications such as
in fuel cells, superconductors, sensors, catalysis, in the bio-
medical field, etc. [2—4]. Bi,0; displays five different phases:
a (monoclinic), f (tetragonal), y (body-centered cubic), &
(face-centered cubic) and ¢ (triclinic) [5]. a-Bi,0Oj5 is stable
at room temperature and can be transformed into & phase by
heating at 729 °C, while the p-, y- and e-phases are metasta-
ble. The metastable $-Bi,0; shows excellent photocatalytic
activity compared to the stable a-Bi,O5 [6].

Since their discovery by lijima [7], carbon nanotubes

Bismuth is very interesting among nanosized materials
because it can switch from a semimetal to a semiconductor
[1]. With a wide band gap (2.4-3.96 eV), bismuth oxide
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(CNTs) have received much attention due to their large sur-
face area, tensile strength, electrical and thermal conductivi-
ties as well as high chemical stability [8]. CNTs are used
in various applications [9—15]. As-prepared CNTs contain
impurities and are insoluble in most solvents [16]. Various
methods have been reported to functionalize CNTs as well
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as to increase their dispersion and solubility in different sol-
vents. Reactions with acids [17] and oxidants [18] increase
their solubility in water. Treating CNTs with (R-)-oxycar-
bonyl nitrenes [19] results in the functionalization with
various groups such as aromatic functions, crown ethers,
dendrimers, alkyl chains and oligoethylene glycol units on
CNTs causing substantial solubility enhancement in organic
solvents such as 1,1,2,2-tetrachloroethane, dimethyl sulfox-
ide and 1,2-dichlorobenzene. CNTs solubility is increased
in ethanol, CHCI;, methanol, CH,Cl,, water and acetone
by Prato reaction [20]. Diazonium chemistry [21] plays a
significant role in the functionalization of CNTs for different
purposes including solubility enhancement and decoration.
Aryl diazonium salts are a new class of coupling agents used
for bonding different classes of compounds including poly-
mers, biomacromolecules and nanoparticles to surfaces [22].

CNTs and metal or metal oxides based nanocomposites
have attracted substantial research interest owing to their
potential applications in various fields. Recently, many
works have been reported regarding CNTs decoration with
different metal or metal oxides nanoparticles [23-25]. Deco-
rated CNTs are prepared using sol-gel technique, electro-
chemical reduction, chemical vapor deposition, conventional
impregnation method, microemulsion technique, ball mill-
ing, magnetron sputtering technique and radiation controlled
method [26-34]. CNTs can absorb infrared (IR) radiation,
rapidly transferring electronic excitations into molecular
vibration energies which result in heat [35]. These photo-
absorption and thermal properties have been used for vari-
ous purposes including CNTs decoration [36]. Venugopal
et al. [37] have proved that the composite prepared in the
presence of IR irradiation leads to small size nanocrystals
uniformly distributed on CNTs (presence of particles only on
the CNTs surface). On the other hand, in the absence of IR
irradiation, highly aggregated particles are observed which
is a sign of poor hybrid formation (most of the particles are
aggregated separately from the CNTs). Also, similar results
were obtained by conventional heating at 69 °C (absence
of IR irradiation) indicating that the heat generated by the
molecular vibrations of CNTs facilitates better hybrid forma-
tion in comparison to conventional heating.

A number of works have been reported on the deposi-
tion of bismuth on MWCNTs in association with other
components [38—41]. Bismuth or bismuth oxides have been
deposited on modified MWCNTs supported on glassy car-
bon electrodes (GCE), copper particles, etc. [42-45] Most
of these methodologies produce large size particles. Peri-
asamy et al. [46] have reported a nanocomposite prepared by
dispersing as-synthesized Bi,O; nanoparticles in MWCNT/
DMF solution.To the best of our knowledge, there is only
one work [47] reporting on the direct decoration of MWC-
NTs with bismuth nanoparticles. However, these particles
are highly aggregated and quite inhomogeneous with large

diameters (50—-100 nm). They have also reported the synthe-
sis of BIOCI/MWCNTs where they were able to overcome
the problem of homogeneity but the particle diameters were
still quite large (100-300 nm). Therefore, to exploit the com-
bined properties of MWCNTs and bismuth, there is a need
to develop a methodology for the homogeneous decoration
of CNTs with small size (diameter lower than 10-20 nm)
bismuth or bismuth oxide nanocrystals (Bi,O; NCs).

In the present approach, we have developed a simple and
efficient methodology using IR irradiation to functionalize
purified multiwall carbon nanotubes (p-MWCNTs) with
monocarboxylic aryl diazonium (p-MWCNTs-D1) and deco-
rate them with Bi,O; nanocrystals. The aim is to control the
size, nature, concentration and distribution of Bi,O; NCs on
MWCNTs. The nanocomposites resulting from these two
types of materials (MWCNTs and Bi,O; NCs) are expected
to lead to successful integration of properties of both con-
stituents in new nanocomposites with superior characteris-
tics important for catalysis and nanotechnology, for example.

2 Materials and Methods
2.1 Chemicals

All the chemicals are of analytical grade or higher purity
and used as such. All aqueous solutions were prepared
using ultra-pure water. Orthodichlorobenzene (>98.0%),
ammonium bismuth citrate (>99%), 4-aminobenzoic acid
(99%), sodium nitrite (99.2%), perchloric acid (70%), ace-
tone (>99%) and pentane (99%) were obtained from Carl
Roth GmbH, Sigma-Aldrich, Aldrich, Fisher Scientific UK,
Merck Eurolab nv/sa, Chem-Lab and Lab-Scan Analytical
Sciences, respectively. NaOH (>98%) was purchased from
Acros Organics. Colloidal silver liquid was received from
Ted Pella, Inc. MWCNTSs (NC 7000) (>95%) were received
from Nanocyl SA (Belgium), they have an average diameter
of 10 nm with length ranging from 0.1 to 10 um.

2.2 Apparatus

A Petra IR 11 IR lamp (capacity: 150 W, 50/60 Hz, voltage:
230 V) was used for the irradiation of the samples during
the functionalization and impregnation steps. Transmis-
sion electron microscopy (TEM) analyses were performed
using a Tecnai 10 philips microscope. Samples preparation
steps for TEM analysis involve dispersion of the material
in ethanol and deposition of the CNTs suspension on a car-
bon-coated copper grid. TEM was operated with 5 uA emis-
sion current and 80 kV accelerating voltage. XPS (Thermo
Scientific K-Alpha spectrometer) spectra were recorded
using monochromatized Al Ka radiation (1486.6 eV). Cls
core level spectra were calibrated to 284.6 eV. Powder
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X-Ray diffraction (PXRD) (PAN analytical XPert PRO
Bragg—Brentano diffractometer) studies were carried out at
an operating voltage of 45 kV and tube current of 30 mA
with Cu Ko (A=1.5418 A). Energy dispersive X-ray (EDX)
analysis was carried out at 15 kV accelerating voltage and
20 pA emission current at a working distance of 8 mm.
Thermogravimetric analysis (TGA) measurements were per-
formed on a Perkin Elmer (STA 6000). The samples were
heated at the rate of 10°C/min in nitrogen.

2.3 Purification of Crude MWCNTs
and Monocarboxylic Aryl Diazonium
Functionalization of p-MWCNTs

Purifications of crude MWCNTs and monocarboxylic aryl
diazonium functionalization of p-MWCNTs were carried out
according to the method reported in literature [48]. In the
sequel, purified and monocarboxylic aryl diazonium func-
tionalized MWCNTs are referred to as p-MWCNTs and
p-MWCNTs-D1, respectively.

2.4 Impregnation of ABC on p-MWCNTs-D1

In the present case, 0.1442 g (optimum weight) of ABC (40
wt% Bi) are dissolved in 100 ml of water. The above func-
tionalized CNTs (p-MWCNTs-D1) are added into the solu-
tion. This mixture is sonicated for 5 min and then IR irradi-
ated for 2 h under constant magnetic stirring. The mixture is
cooled down to room temperature, filtered and washed with
water (3 times) followed by acetone (2 times) and finally
dried in air. The impregnated p-MWCNTs-D1 with ABC
thus obtained are referred to as p-MWCNTs-D1/ABC.

2.5 Calcination of p-MWCNTs-D1/ABC

The p-MWCNTs-D1/ABC are calcined in a tubular furnace
furnished with a quartz tube maintained at 250 °C for 30 min
in air. This step is carried out to convert bismuth into bis-
muth oxide. The p-MWCNTs-D1/ABC-air are further cal-
cined at 350 °C under a continuous flow of argon gas for
30 min. The obtained material is labelled as p-MWCNTs/
Bi,0;. These temperature and time are the optimum condi-
tions to get Bi,0; NCs with a maximum loading of bismuth.

2.6 Preparation of Bucky Papers

2.6.1 Preparation of p-MWCNTs-bp, c-MWCNTs-bp
and p-MWCNTs/Bi,05-bp

60 mg of p-MWCNTs are mixed with 100 ml of orthodi-
chlorobenzene. This mixture is sonicated for 10 min to dis-
perse the p-MWCNTs and then filtered through PTFE What-
mann filter. After drying in air the bucky paper is detached

@ Springer

from the filter. Finally, dried overnight at 80 °C in an oven.
The resulting bucky paper is labeled as p-MWCNTs-bp.
Similarly, bucky papers prepared using crude MWCNTs
and p-MWCNTs/Bi,05 are labeled as c-MWCNTs-bp and
p-MWCNTs/Bi,05-bp, respectively.

2.6.2 Preparation of O-MWCNTs-bp and p-MWCNTs-D1-bp

A mixture of 1.1 g of MWCNTSs and 85 ml of H,SO,/HNO;
(3:1) was refluxed at 50 °C for 2 h. Then, it is cooled at room
temperature and then diluted with water, filtered, washed
again with water and ultimately dried in air. The obtained
material is labeled as O-MWCNTs. 60 mg of O-MWCNTs
are mixed with 100 ml of water. This mixture is sonicated
for 10 min to disperse the O-MWCNTs and then filtered
through a cellulose ester Whatmann filter. The rest of the
procedure is the same as above preparation which was done
to get bucky paper. The obtained bucky paper is labeled as
O-MWCNTs-bp. Similarly, p-MWCNTs-D1-bp are obtained
with p-MWCNTs-D1 according to the above procedure
(Table 1).

3 Results and Discussion

In the outcome, MWCNTSs are characterized by different
techniques (XPS, TEM, PXRD, EDX, Raman and TGA)
and compared at each step of their preparation (purification,
functionalization, impregnation and calcination). Electrical
conductivity measurements were also carried out on the
bucky papers of the modified MWCNTs.

3.1 Materials Chemical Composition by XPS

XPS was performed to assess the chemical composition of
the samples. Table 2 displays the chemical composition of
different materials obtained from XPS analysis. The MWC-
NTs used in the present work are synthesized by catalytic
chemical vapor deposition (CCVD) process. Usually, alu-
mina or silica are used as catalytic support [49] for the
growth of CNTs using this process. Absence of Si and pres-
ence of Al in XPS data of crude MWCNTs indicate that the
crude MWCNTs contains only alumina as impurity, but not
silica. XPS general survey spectra of p-MWCNTs, p-MWC-
NTs-D1, p-MWCNTs-D1/ABC, and p-MWCNTs/Bi,0; are
displayed in Fig. 1.

The absence of alumina in p-MWCNTs (Fig. 1a) proves
the purity of the sample and the efficiency of the purification
method of MWCNTs. In all the cases, the peak at 284.7 eV
is due to Csp-hybridized carbon in the graphitic layers of
the CNTs. The increase in the Ols intensity (Fig. 1b) and the
presence of a N1s peak (Fig. 1b inset) support the fact that
the MWCNTs are functionalized with the monocarboxylic
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Table 1 List of all prepared materials and their definition

Materials Definition

Crude MWCNTs As received MWCNTs

p-MWCNTs Purified MWCNTs (purified by basic treatment)

p-MWCNTs-D1 Monocarboxylic aryl diazonium functionalized MWCNTSs

p-MWCNTs-D1/ABC Impregnated monocarboxylic aryl diazonium functionalized purified MWCNTs with ammonium bismuth citrate
(ABC)

p-MWCNTs-D1/ABC-air  Calcined p-MWCNTs-D1/ABC at 250 °C for 30 min in air

p-MWCNTSs/Bi,04 Bismuth oxide nanocrystals decorated MWCNTSs prepared by calcination of p-MWCNTSs-D1/ABC-air at 350 °C for
30 min in argon condition

c-MWCNTs-bp Bucky paper prepared using as received MWCNTSs

p-MWCNTs-bp Bucky paper prepared using purified MWCNTSs

p-MWCNTs-D1-bp Bucky paper prepared using monocarboxylic aryl diazonium functionalized MWCNTs

O-MWCNTs-bp Bucky paper prepared using oxidized MWCNTSs

p-MWCNTs/Bi,O5-bp Bucky paper prepared using bismuth oxide nanocrystals decorated MWCNTSs

Table 2 Atomic percentages

, . Material C% 0% N % Bi % Si % Al %
obtained from XPS analysis of
the material Crude MWCNTs 97.35 1.88 - - - 0.78
p-MWCNTs 98.18 1.82 - - - -
p-MWCNTs-D1 92.87 6.59 0.54 - - -
p-MWCNTs-D1/ABC 84.76 10.81 0.59 3.84 - -
p-MWCNTs/Bi,0, 91.26 6.11 - 2.63 - -

Cls
(a) p-MWCNTs
:E’ Nis
7] 4003 MCI
g (b) p-MWCNTSs-DI1 ’MWW' L
£ o1s "
" A
2
= -
3 (¢) p-MWCNTs-D1/ABC Bidp Cls iy BiSd
A
(d)p-MWCNTSs/BirO3 Bidp Cis Bisd
l Ols Bidd Bir )
T T T T T T
1200 1000 800 600 400 200 0

Binding Energy (eV)

Fig.1 XPS survey spectra of (a) p-MWCNTs, (b) p-MWCNTs-
D1land inset showing high resolution N1s spectrum, (¢) p-MWCNTs-
D1/ABC, and (d) p-MWCNTs/Bi,0,

aryl diazonium. The C-N bond is covalent in nature. Further-
more, the increase in the oxygen intensity and the presence
of bismuth (Fig. 1c) point to the successful impregnation
of ABC on the functionalized MWCNTSs. The negatively
charged carboxylic functions on nanotubes play a very
important role in attracting the positively charged Bi ions

and in the impregnation the MWCNTSs. The Bi peak exists
even after calcination (Fig. 1d) as expected but there is a
decrease in the amount of bismuth from the impregnation
to the calcination steps due to the calcination temperature
(350 °C) which was maintained to get Bi,O; NCs. There is
also a decrease in oxygen amount. The absence of nitrogen
indicates the breaking of the C—N bonds (rupture of MWC-
NTs and diazonium connection) which assist the formation
of Bi,0; NCs directly on the nanotubes.

Figure 2. shows the XPS Cls core-level spectra of (a)
p-MWCNTs, (b) p-MWCNTs-D1, (c) p-MWCNTs-D1/
ABC and (d) p-MWCNTs-D1/Bi,0;. Core-level spec-
tra of p-MWCNTs-D1 contains 6 peaks [50]. The very
intense peak at 284.6 eV is attributed to sp>-hybridized gra-
phitic carbon, the peak present at 285.9 eV is ascribed to
sp>-hybridized carbon resulting from the structural defects
on outer wall of MWCNTs. The shake up peak appearing
at 290.6 eV is due to the aromaticity of CNTs. The peak at
289.1 eV represents carbon attached to two oxygen atoms
(—=COO). The peaks at 287.6 eV and 286.7 eV correspond
to carbons attached to oxygen: C=0 and C-O, respectively.
This proves the presence of carboxylic acid groups on the
surface of p-MWCNTs-D1.

High resolution XPS spectra of Bi4f of p-MWCNTs-D1/
ABC and p-MWCNTs-D1/Bi,0; are illustrated in Fig. 3. In
both samples, the Bi 4f spectra consist of a doublet. In high
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Fig.2 Core-level XPS spectra @) . (©
Cls regions of a p-MWCNTs, - 8 P IWCNT-DIABC L
b p-MWCNTSs-D1, ¢ p-MWC- N
NTs-D1/ABC, and d p-MWC- PEMNENTS
NTs/Bi,0,
3 3 cidh
‘.:', =: Shake-up
E c-C (sp)) H
] Shake-up =
204 291 288 285 282 294 201 288 285 282
(b) @
Cls p-)l\\'('NTs/ﬁi:(),
P-MWCNTs-D1
= 3 C-C (sp")
% c-Cph) ‘-‘ g -C sp))
H E Shake-up
Shake-up
294 251 28‘8 2;5 2;2 294 2;1 258 2‘85 262
Binding energy (¢V) Binding energy (V)
Bidt of 164.66 and 159.36 eV, with a separation of 5.3 eV, are
(a) Bidf,, 1505 assigned to Bi 4f;, and Bi 4f;,, respectively, which is also
164.85 a characteristic of Bi** in p-Bi,0;. A shift of 0.19 eV is
p-MWCNTs-D1/ABC . . - .
observed in the binding energy of Bi 4f5,, from p-MWC-
NTs-D1/ABC to p-MWCNTs-D1/Bi,05 (164.85-164.66
= eV =0.19 eV). Similar results are also obtained in the case
g of Bi 4f,,, (159.55-159.36 eV =0.19 eV).
2
£ Bidf, .
. 72
£ Bidf, 1o 3.2 Reaction Pathway
= 164.66 .
p-MWCNTS/BI,O, The main mechanistic pathway [51] for diazonium func-
tionalization of MWCNTs is shown in Fig. 4. The NO*
species result from the reaction between sodium nitrite and
perchloric acid, they react with the amine groups to in situ
- - - - - - generate diazonium functions. Diazonium can directly react
168 166 164 162 160 158 156 i . ; . ‘
with nanotubes or loose nitrogen from the diazonium species
Binding energy (eV)

Fig.3 High resolution XPS spectra of Bi4f of a p-MWCNTs-D1/
ABC and b p-MWCNTs/Bi, 04

resolution XPS spectra of Bi4f of p-MWCNTs-D1/ABC
(Fig. 3a), the doublet peaks present at binding energies of
164.85 and 159.55 eV, with a separation of 5.3 eV, are allo-
cated to Bi 4f5,, and Bi 4f;,, respectively, which is a charac-
teristic of Bi** in p-Bi,0;. Simillarly, in the sample p-MWC-
NTs-D1/Bi,05 (Fig. 3b), peaks appearing at binding energies

@ Springer

resulting in aryl radicals and then react with nanotubes. It
seems that the latter is the most favorable step with COOH
group. The functions grafted on nanotubes from these two
possibilities are shown in Fig. 5. At the impregnation step,
when these grafted functions are treated with water, the car-
boxylic acid ends become negatively charged which attract
positively charged bismuth ions. In the presence of IR irra-
diation, bismuth precursor ABC gets impregnated on CNTs
more effectively. When subjecting this material to calcina-
tion, Bi,0; NCs are formed on the surface of CNTs as illus-
trated in Fig. 5.
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-NaC|O4
(@) NaNO, + HCIO; ————= H‘o—N”O

+H* H
— H O +
H—C')t -0 20 +NO
N
HN,N:OH-l» N" N’—N\OH2+ N2+
-H,O
——
o o HO™ ~0O

(b)
NH, H2+N,No N0 N-OH
NO* -H* +H -H* +H*
—_— —_— —_— —_— —_—
HO™ ~O HO Yo HO 0 HO 0 HO O H

Fig.4 Reaction pathway for diazonium functionalization of MWCNTs: a Formation of NO* species, and b generation of diazonium

S ~oH

Purified
MWCNTs

Fig.5 Overall steps in the decoration MWCNTs with Bi,0O; NCs

3.3 Materials Morphology by TEM

Figure 6 displays TEM images of materials prepared at dif-
ferent stages. TEM micrographs of p-MWCNTs (Fig. 6a)
and p-MWCNTs-D1 (Fig. 6b) show that MWCNTSs remain
intact after the purification and functionalization process,
respectively. This evidences the effectiveness of the purifica-
tion as well as of the carboxylic aryl diazonium functionali-
zation steps. It also proves the definite advantage over acid
treatments which causes severe damages to the tubes [52].
Liquid phase oxidation (acid treatment and refluxing, etc.)
is one of the commonly used chemical oxidation method
for the purification of CNTs [53]. The commonly used oxi-
dants in this method is either a mixture of H,SO, and HNO;,
HNO;, KMnO, [54], H,0, or a mixture of H,O, and HCI
[55]. The drawbacks of these are undesired reaction products
on the surface of MWCNTs and cutting of MWCNTs.

As evidenced from TEM images (Fig. 6d), very small
size Bi,O; NCs in the range of 0.25-2.5 nm, with a Gauss-
ian mean diameter of ~1.1 nm (Fig. 7a) are uniformly dis-
tributed and strongly anchored on the surface. No free NCs
(i.e. detached from the MWCNTSs) are found in the images.
Bigger NCs in the range of 7.5-30 nm (with a Gaussian
mean diameter of ~11.21 nm, Fig. 7b) and randomly dis-
tributed on the MWCNTs surface are also found as shown
in Fig. 6e. However, these are in much less quantity than

4-Aminobenzoic Acid, Water,
}Nate(, . Ammonium
Sodium Nltnk_a, Bismuth Citrate
Perchloric Acid (ABC)
_—— I
IR Irradiation IR Irradiation

the smaller particles. Figure 6e provides an overview of the
p-MWCNTs-D1/Bi,05; where bigger NCs are visible. In that
figure, smaller size NCs cannot be detected.

Figure 8 shows TEM images of p-MWCNTs/Bi,05 at
high resolution. Very small size particles homogeneously
distributed on the surface of MWCNTs are spotted (a few
of them are indicated by black arrows). A larger particle is
evidenced within a rectangle (Fig. 8a).

3.4 Crystal Structure Study by PXRD

Crystal structure was determined by PXRD. The dif-
fraction peak at 20 =25.65° in all the samples is due to
the reflection from (002) plane of graphitic carbon in
MWCNTs structure. The peak at 20 =42.92° is due to the
reflection from (100) plane of MWCNTs. All other sharp
and distinct peaks are assigned to Bi,O; NCs (Reference
code: 98-005-2732). These peaks are at 20=16.10° (110),
22.94° (020), 27.70° (021), 29.97° (121), 31.42° (002),
32.46° (220), 40.94° (122), 41.97° (230), 44.87° (231),
45.91° (222), 46.74° (040), 48.38° (140), 51.08° (141),
54.18° (023), 55.22° (241), 57.69° (042), 58.94° (142),
62.09° (341), 63.28° (151), 66.19° (004), 68.25° (440),
72.80° (351), 74.04° (243), 75.29° (061), 75.50° (224),
77.14° (442), 77.77° (260), 85.01° (044) and 86.45° (262)
plane. When these values are compared with the literature
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Fig.6 TEM images of a
p-MWCNTs, b p-MWCNTs-
D1, ¢ p-MWCNTs-D1/ABC, d,
and e p-MWCNTs-D1/Bi,O; at
50 and 200 nm scale, respec-
tively

50

Fig.7 Diameter distributions

of a smaller and, b bigger size w{(a) (b)
Bi,O; NCs of p-MWCNTs/ Gaussian fit |
B '203 P 50 / Mean diameter = 1.1 nm 40 ;;7 Gaussian fit
122 1] ; 7 3 / Mean diameter = 11.21 nm
Z 40 Z
o S
& & FWHM = 10.11
% 304 FWHM = 1.65 =
5 5 204
E -
5 20 H
10|
’ -%
° 1 2 4 0+ T T T T
° ! 2 4 5 10 20 30 40 50
Diameter of Bi,0,NCs (nm)

data (Reference code: 98-005-2732), it is found that there
is a very little negative shift in the 26 value of all the dif-
fraction peaks due to the reflection from plane of Bi,0;
NCs. The sharp and distinct peaks in Fig. 9d is a clear

@ Springer

Diameter of Bi,O, NCs (nm)

indication of well crystallized Bi,O; NCs and formation of
a P {tetragonal; space group: P-421c; space group number:
114; a(A) =7.7430; b(A) = 7.7430; c¢(A) =5.6310; alpha
(°)=90.0000; beta (°) =90.0000; gamma (°) =90.0000}
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Fig.8 TEM images of p-MWC-
NTs/Bi, 05 at high resolution.
Small particles (arrows) and a
larger particle (rectangle)
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Fig.9 PXRD patterns of (a) crude MWCNTSs (b) p-MWCNTs, (c)
p-MWCNTs-D1, and d p-MWCNTs-D1/Bi,0,

phase of Bi,O;. Nanoparticles crystalline sizes ‘d’ were
obtained by applying Scherrer equation (Eq. 1) to the line
broadening of the peak [56, 57].

LN i S 2 R,
erator HFW Mag Date Operator
—10 nm— 200 kV70.5 nm 700000 x02/02/17, 10:32 Sonja 10 nm

— R0

kA
d= pcosb 1)

where k (0.9) is a constant, A (1.5418 10\) is the wavelength of
the X-ray, 0 is the diffraction angle and f is the FWHM (full
width at half maximum). The size of the crystalline particles
obtained from the most intense peak is 12.3 nm which is
close to the one {(1.14+11.21)/2=6.16 nm} measured by
TEM analysis.

3.5 Mapping of the Materials Surface by EDX

EDX spectra and their corresponding mapping of crude
MWCNTs, p-MWCNTs, and p-MWCNTs-D1/Bi,0; are
shown in Figs. 10 and 11, respectively. It is very clear that
crude MWCNTSs contains alumina as impurity (Fig. 11a
indicated by arrow) which is mostly eliminated after the
purification steps (Fig. 11b). Figure 11c shows the homo-
geneous distribution of Bi through the sample. The quan-
tification of the different elements in the EDX spectra is
displayed in Table 3. The percentage composition obtained
by EDX are in good agreement with data obtained by XPS
analysis. EDX and XPS techniques do not probe the same
depth. XPS analysis gives information about surface com-
position while EDX has more depth resolution. XPS data
of p-MWCNTs and p-MWCNTs/Bi,05 have similarity
with EDX data. This indicates that the surface and the
bulk have similar composition. This result also indicates
the homogeneity of the samples. The trend of similarity in
composition varies in crude MWCNTSs. EDX shows more
oxygen than in XPS and accordingly carbon is less pre-
sent in EDX than XPS. This can be due to the presence
of alumina (impurity) which is more detected due to the
more sensitivity of EDX. This statement can be validated

@ Springer



1410

Journal of Inorganic and Organometallic Polymers and Materials (2018) 28:1402-1413

0.00 1.00 200 300 400 5.00 6.00 7.00 800  9.00 10.00

keV

10°

Counts

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

keV

5
107

10!

3
10

Counts

2
107

0.00 1.00 2.00 3.00 4.00

(c)

5.00 6.00 7.00 8.00 9.00  10.00

keV

Fig. 10 EDX spectra of a crude MWCNTSs, b p-MWCNTs, and ¢ p-MWCNTs-D1/Bi,0;

by checking at the percentage compositon (Table 3) where
amounts of oxygen and aluminium are more important in
EDX than in XPS data.

3.6 Materials Thermal Stability by TGA

TGA was performed to investigate the thermal stability of
different samples (Fig. 12). The decomposition of CNTs
occurs in two steps. Initial weight loss in the temperature
range of 50-450 °C, in all the samples can be attributed to
the presence of water. In addition to water, crude MWCNTs
initial decomposition can be ascribed to the decomposition
of disordered or amorphous carbon [58] and diffused materi-
als which were incorporated in MWCNTs during manufac-
turing. Purification of MWCNTs resulted in the removal of
impurities which is reflected in the thermogram by the fact
that thermal stability is increased. For the two other samples,
the initial decomposition could be due to the evaporation
of bismuth since it has a low melting point. This can also
result from the decomposition of some oxygenated moie-
ties as well as from the increase of its reactivity due to the
presence of bismuth particles having a catalytic effect on
the decomposition at lower temperature. In all cases, the
weight loss above 450 °C [59] is due to MWCNTSs decom-
position. The observed thermogram of the third sample

@ Springer

(p-MWCNTs-D1/ABC calcined at 350 °C) in the tempera-
ture range 150—400 °C is also due to the decomposition of
aryl layer of monocarboxylic aryl diazonium functionalized
MWCNTs [60, 61].

3.7 Raman Characterization of Materials

The Raman spectra of crude, purified and Bi,0; NCs deco-
rated MWCNTs are displayed in Fig. 13. The key feature in
the Raman spectra is the D band which appears at around
1348 cm™! and the G band at 1581 cm™!. Also, second order
bands at 2700 and 2930 cm™' are observed. Raman char-
acterization technique is often used to probe the quality of
CNTs. The parameter used to check this is the ratio between
the intensities of the D and G bands (Ip/Ig). The Raman
spectrum of crude MWCNTs have I5/I > 1. This indicates
that the crude MWCNTSs have inherent defects which were
created during synthesis procedure. The I/l ratio decreases
upon purification suggesting that the quality of CNTs are
enhanced after purification. The decorated MWCNTSs have
the same value as purified MWCNTs confirming that the
adopted procedure preserves the integrity of MWCNTs.
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Fig. 11 EDX mapping of a crude MWCNTs, b p-MWCNTSs, and ¢ p-MWCNTs-D1/Bi,0;

Table 3 Atomic percentages

; - Material C% 0% N % Bi % Si % Al %
obtained from EDX analysis for
the various materials Crude MWCNTs 90.48 7.89 - - 0.03 1.60
p-MWCNTs 98.36 1.60 - - - 0.04
p-MWCNTs/Bi,04 91.2 6.3 - 2.50 - -

3.8 Electrical Conductivity

As indicated in Sect. 2.6, bucky paper [62—64] is a thin sheet
composed of aggregated MWCNTs. To measure the conduc-
tivity of the sample, two spots (1 cm apart) of 3 mm diam-
eter each are created by depositing colloidal silver liquid on
the bucky paper. The electrical resistance of the samples
was measured using an ohmmeter. The electrical resistivity
p (© m) of the samples was calculated using the formula
given below:
A

p=RT @)

where [ is the length of the specimen (m), R is the measured
electrical resistance (€2) and A is the cross-sectional area of
the specimen (m?). The electrical conductivity o (S/m) was
calculated based on the following formula:

11
> RA 3)

o =

The electrical conductivity values calculated for c-MWC-
NTs-bp, p-MWCNTs-bp, p-MWCNTs-D1-bp, O-MWC-
NTs-bp, and p-MWCNTs/Bi,05-bp are 475, 803, 167,
101 and 196 Sm™!, respectively. The electrical conductiv-
ity has increased from crude to purified CNTs due to the
removal of amorphous carbon and other impurities. After

@ Springer
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Fig. 12 TGA thermograms
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Fig. 13 Raman spectra of crude, purified and Bi,O; NCs decorated
MWCNTs

functionalization, there is a decrease in electrical conductiv-
ity because the covalent functionalization affects the elec-
tronic structure of MWCNTSs. This value clearly indicates
the efficiency of the functionalization reported in this work
over oxidation of MWCNTs using acid treatment. Indeed,
the electrical conductivity of p-MWCNTs-D1-bp and
p-MWCNTs/Bi,0;-bp is larger than that of O-MWCNTs-
bp. After calcination, increase in conductivity value can
be attributed to thermal annealing which partially restores
the electronic structure of CNTs and the contribution from
Bi,05 NCs.

@ Springer

4 Conclusions

The present work reports on a simple method for decorat-
ing MWCNTs with Bi,O5 nanocrystals (NCs) by combin-
ing infrared irradiation and diazonium chemistry. With such
conditions, ammonium bismuth citrate (ABC), used as Bi
precursor, leads to a uniform distribution of Bi,O5 nanocrys-
tals with tetragonal geometry. These NCs exhibit Gaussian
mean diameter of ~1.1 and ~11.21 nm. The thermal stabil-
ity of the MWCNTs is enhanced after purification. Bucky
papers of the different materials were used to compare their
electrical conductivity.

The nanocomposites obtained from these two types of
materials (MWCNTSs and Bi,0; NCs) could lead to the suc-
cessful integration of properties of both the constituents in
the new nanocomposite and exhibit characteristics which
will play key role in catalysis and nanotechnology.
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