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Abstract. Multi-walled carbon nanotubes (MWCNTs) were decorated with palladium nanoparticles (Pd NPs) by laserablation of a physical mixture of MWCNTs and Pd NPs without using any reducing agent. The morphology and
composition of MWCNT/Pd were analysed by complementary techniques involving Fourier transform infrared spectrometry, transmission electron microscopy, Raman spectroscopy and X-ray photoelectron spectroscopy. Using cyclic
voltammetry and chronoamperometry, the electrocatalytic activity and stability of CNT/Pd were evaluated for the
electrochemical oxidation of methanol in a basic medium. Comparative investigations were provided with laser-ablated
Pd NPs (LA Pd) catalyst concerning catalytic activity and stability. MWCNT/Pd exhibited remarkably high catalytic
activity (104.20 mA mg-1) in comparison to the LA Pd catalyst (14.41 mA mg-1). The catalyst was found to exhibit longterm stability even after 3600 s of operation and high resistance towards CO poisoning. It is suggested that the MWCNT/
Pd would be valuable as an active electrocatalyst for its commercial applications in direct methanol fuel cells.

Keywords. MWCNT/Pd nanocomposite; laser-ablation; transmission electron microscopy; cyclic voltammetry;
chronoamperometry.

1.

Introduction

Carbon nanotubes (CNTs) are a gifted supporting material
for fuel-cell electrodes because of their remarkable
mechanical and electrical properties [1–4]. Research has
shown that the surface of CNTs can be customized through
an appropriate functionalization, either by non-covalent or
by covalent interactions [5–7]. But those processes are
tedious, and it might unfavourably change the electronic
properties of CNTs [8]. Decorating non-functionalized
CNTs with polymers has also been reported in the literature,
but coating a polymer layer may usually block the electron
transport pathways in CNTs, reducing the conductivity of
the synthesized composites [9]. Recently, extensive
research has been undertaken for the surface modification of
MWCNTs with noble metal particles because of their
structural features, such as high tensile strength, electric
conductivity, thermal conductivity and possible applications

in the catalytic field [10,11]. Recent studies have already
shown different top–down routes for the synthesis of
nanoparticles that include hydrothermal [12], microwave
[13], sonochemical [14] and ball-milling techniques [15].
The principal disadvantages of these methods are the need
of reducing agents, more preparation time, high-temperature reaction conditions, difficulty in separating nanoparticles and poor stability of nanoparticles [16]. Recently, a
laser-ablation strategy was investigated for the nanoparticle
preparation. It is an effortless and clean procedure and can
be performed within a short time at room temperature.
Furthermore, the laser-ablation strategy causes selective
area structure modification without creating substantial
contamination [17]. It has been accepted as a promising tool
to fine-tune the CNT structure.
Recently, studies are in progress for the successful
deposition of metals (Pt, Pd, Ag, Au, etc.) onto the surface
of CNTs [18–23]. Platinum has high catalytic activity and
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can be used as an anode as well as a cathode material. But
recent studies focus on replacing them mainly because of its
cost and it is prone to catalytic poisoning. Recently, Pd has
been taken into consideration because of many advantages
compared to Pt. Pd also shows outstanding electrocatalytic
activity in alkaline and acidic media [24].
Nowadays, considerable attention has been paid to direct
methanol fuel cells (DMFCs) since it is viewed as one of the
green-energy technologies [25,26]. Besides, it is regarded as
a rising fuel source in the automobile field [27]. Due to
some hindrances, such as slow kinetics of methanol oxidation and anode poisoning effect, they could not be used in
extended electrochemical applications [28]. Subsequently, a
search for new types of nanomaterials is in progress to
improve the catalytic efficiency of the electrode material
[29,30]. Pd could be considered an alternative material that
shows high electrocatalytic activity and is less prone to
catalytic poisoning.
Among the preparation methods, laser-ablation is the one
that does not need any reducing agents for the preparation
of nanomaterials. This work reports on the synthesis of
nano-electrocatalysts using a facile and green process, viz.,
the laser-ablation method. We have developed a laser-ablation (LA) approach to synthesize Pd NPs and decorate
them over multi-walled CNTs (MWCNTs). The electrochemical tests showed that the MWCNT/Pd NPs display
improved electrocatalytic properties and stability towards
methanol oxidation.

2.
2.1

Experimental
Chemicals

Palladium (II) chloride (PdCl2) and MWCNTs were
obtained from Sigma-Aldrich. Potassium hydroxide (KOH),
methanol (CH3OH) (99%) and Nafion were bought from
Alfa Aesar. Milli-Q water was used throughout the solution
preparation.

2.2 Laser-ablation-mediated synthesis of MWCNT/Pd
nanoparticles
A stock solution (5 mM) of PdCl2 was prepared. About 20
ml of the PdCl2 stock solution was added to a beaker containing 15 mg of MWCNT. The solution was irradiated with
Nd:YAG laser (unfocussed beam with pulse duration 10 ns
and repetition rate 10 Hz) consisting a second harmonic
wavelength of 1064 nm and 375 mJ energy for 30 min
under constant stirring (figure 1) [31,32]. The laser beam
size was 0.95 cm in diameter and the energy density was
0.131 J cm-2. Other experimental conditions were kept
constant. The as-synthesized laser-ablated CNTs decorated
Pd nanoparticles (MWCNT/Pd) were washed first with
double-distilled water, followed by ethanol during
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centrifugation. Then, the separated precipitate was dried in
an air oven at 80C overnight. Laser-ablated pristine Pd
nanoparticles without MWCNT (LA Pd) and laser-ablated
MWCNT nanoparticles in water without Pd (LA MWCNT)
were prepared by following the same procedure for control
experiments.

2.3

Materials characterization

The structural morphology of the laser-ablated samples was
analysed using transmission electron microscopy (TEM)
(JEOL JEM 2010 model). Fourier transform infrared (FTIR)
spectra in the range 500–4000 cm-1 were measured using a
Nicolet iS50 spectrometer on a KBr pellet approach. Raman
measurements were analysed using a high-resolution
Raman spectrometer (InVia, Renishaw) consist of an argonion laser excitation source (1056 nm). X-ray photoelectron
spectrum analysis (XPS) was measured on a Thermo Scientific instrument (AlKa source).

2.4

Electrochemical investigations

Electrochemical measurements were carried out in a CHI
650C potentiostat–galvanostat workstation (CH Instruments
Inc., USA) using a three-electrode cell setup. A reference
electrode (RE), a counter electrode (CE) and a working
electrode (WE), which are Ag/AgCl (3 M KCl), Pt wire and
glassy carbon (GC; 3 mm diameter), respectively. The WE
were well polished with different sized (1, 0.3 and 0.05micron) alumina powders. For all the electrochemical
experiments, the electrolytes were deoxygenated using
purified nitrogen.

2.5

Fabrication of MWCNT/Pd-modified GCE

About 1 mg of MWCNT/Pd catalyst was dropped in 1 ml of
a suspension of 1:3 ethanol:water mixture containing 10 ll
of 0.1% Nafion solution. The mixture was sonicated for 30
min to prepare MWCNT/Pd ink suspension. Subsequently,
10 ll of ink suspension was drop-casted onto the surface of
the GC WE and dried at room temperature overnight to
obtain a MWCNT/Pd/GCE [33,34]. Similarly, Pd/GCE was
also fabricated.

3.
3.1

Results and discussion
Physical characterization

The morphology of pristine MWCNT, LA MWCNT, LA
Pd and MWCNT/Pd were analysed using TEM, and the
images are shown in figures 2–4. The TEM image of
pristine MWCNTs is in tubular morphology (figure 2a).

Bull. Mater. Sci.

Figure 1.

(2021) 44:125

Page 3 of 11

125

Experimental setup used for the synthesis of laser-ablated MWCNT/Pd nanoparticles.

Upon laser-ablation, its tubular morphology is found to be
lost. The tubes get unzipped into small graphene nanosheets
with different lengths, and some get broken along the radial
direction to form a granular carbonaceous mass, which is
vastly visible from the TEM images (figure 2b–e). The laser
irradiation creates high-pressure plasma, which ablates
atoms or molecules on the MWCNT surface to form
nanosheet or granular carbonaceous mass without any
impurity [35]. The selected area electron diffraction
(SAED) pattern of LA MWCNT shows three circular diffusive rings corresponding to three different planes (002,
100, 004) of amorphous carbon (figure 2f) [36]. The yellowcoloured palladium precursor upon laser-ablation reduced to
Pd nanoparticles due to inverse bremsstrahlung or photoionization processes [37–40]. The laser irradiation generates radicals (H•) and electrons (e-) in an aqueous
solution, which reduce the Pd precursor to Pd nanoparticles
[41]. [Pd2? ? 2e-aq ? Pd0; Pd2? ? 2H• ? Pd0 ? 2H?].
The TEM images of Pd nanoparticles are shown in figure 3a
and b. The observed Pd nanoparticles are spherical with an
average size of about 7.8 ± 0.4 nm (see inset of figure 3b).
The SAED pattern of such laser-ablated Pd nanoparticles
suggests a face-centered cubic (fcc) structure with the following (111), (200), (220) and (311) planes (figure 3c) [42].
The laser-ablation of MWCNT coupled with palladium
precursors was carried out with an expectation that both
unzipping of MWCNT and reduction of Pd precursors may
occur simultaneously. However, unexpected results were
observed, as shown in the TEM images (figure 4a–e).
Nothing happened to the MWCNT, whereas Pd nanoparticles were found deposited on the walls of the MWCNTs.
This is due to the instantaneous reduction of Pd precursors
to form Pd nanoparticles without the formation of unzipped
MWCNT by the high-pressure plasma [43–45]. MWCNT
acted as a catalytic platform to reduce Pd ions on its surface.
The decoration of Pd nanoparticles over the tubular
MWCNT network is visible from the TEM images of

MWCNT/Pd (figure 4a–c). The lattice fringes and SAED
pattern of MWCNT/Pd show that the MWCNT surface is
perfectly decorated by Pd nanoparticles (figure 4d and e).
The bright-field TEM image of CNT/Pd and the corresponding elemental colour mapping of C and Pd are provided in supplementary figure S1. Based on the observed
TEM results, the formation of MWCNT and MWCNT/Pd is
illustrated in scheme 1.
Formation of Pd nanoparticles-decorated CNTs was further examined with the help of FTIR spectra. Laser treatments induce the formation of oxygen functional groups on
the MWCNT edge that leads to facile nucleation of Pd NPs.
FTIR spectra of pristine MWCNT, LA MWCNT, LA Pd
and MWCNT/Pd with the scale adjusted, to emphasize the
identified peaks, are shown in figure 5a–d. The pristine
MWCNT shows broad peaks at 3422, 2851, 1633 and 1167
cm-1 representing absorbed water molecules, C–H, C=C
and C=O stretching vibrations (figure 5a). The LA
MWCNT shows only two peaks that are at 3315 and 1635
cm-1 due to the –OH and C–C stretching vibrations. These
results clearly illustrate that all functional groups on the
surface disappeared indirectly confirming that the CNTs
were unzipped into small graphene nanosheets and radial
scissoring to form the granular carbonaceous mass (figure 5b). The LA Pd shows Pd peak at 487 cm-1, and the
peaks at 3491 and 1635 cm-1 are due to the active H bond
of the OH stretching vibration and the bending mode of
H2O molecules (figure 5c) [46–48]. A few other peaks are
also observed in the FTIR spectrum of laser-ablated
MWCNT/Pd nanoparticles (figure 5d). Peaks at 1636, 1300
and 1238 cm-1 belong to C=C, C–H, and C=O functional
groups, respectively [49]. A peak at 1188 cm–1 represents
the Pd–O–OC bond assigned to a covalent link between
palladium and MWCNTs in CNT/Pd.
To investigate the formation of MWCNT/Pd nanoparticles prepared via laser-ablation, Raman spectroscopy was
used. Figure 6a–c show the Raman spectra of pristine
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Figure 2. TEM images of (a) pristine MWCNT and (b–e) laser-ablated MWCNT. (f) SAED pattern of laser-ablated
MWCNT.

MWCNT, LA MWCNT and MWCNT/Pd. In all the samples, peaks are found at 1335 and 1593 cm-1 exhibiting the
characteristics of graphitic carbon (D and G bands). The
sharp peak at 1335 cm-1 (D band) belongs to C–C sp3 bond
and the peak at 1593 cm-1 (G band) belongs to C–C sp2
bond. Disorder induced by tube curvature in MWCNT (2D
band; overtone of the D mode) exhibits a sharp and broad

peak at 2700 cm-1 (figure 6a) [50]. When MWCNT is
subjected to laser-ablation, high-pressure is created due to
plasma, which breaks the C–C bonds in various layers of
MWCNT to form graphene nanosheets (figure 6b) [11,17].
The observation of similar intensity D and G bands suggests
unzipping occurred in MWCNT sp2 to sp3 hybridization. In
addition to all the bands (D, G and 2D), an additional peak
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Figure 3. (a–b) TEM images (inset: particle-size distribution of PdNPs) and (c) SAED pattern of laser-ablated Pd
nanoparticles.

at 624 cm-1 is noticed in MWCNT/Pd, which corresponds
to Pd–C vibration due to anchoring of Pd on the MWCNT
surface (figure 6c and its zoomed image) [51]. Besides, the
reduced intensity of G band in the MWCNT/Pd nanoparticles is due to the anchoring of Pd nanoparticles at the surface of the MWCNT.
The chemical state and surface composition of the
MWCNT/Pd were studied by XPS analysis. Figure 7a
illustrates the XPS survey spectrum of the as-synthesized
MWCNT/Pd nanoparticles, which indicates the principal
binding energies of C (1s) and Pd (3d). The Pd 3d5/2 and
Pd 3d3/2 characteristic peaks found at 335.18 and 340.45
eV belong to Pd(0), which suggest that oxides of Pd were
not formed (figure 7b) [52]. The C1s high-resolution XPS
spectrum of MWCNT/Pd in figure 7c illustrates the primary binding energy peak at 284.41 eV (belongs to C–C
or C=C bonds) and 287.81 eV (corresponds to C=O
bonds) indicating that MWCNT morphology has been
retained.

3.2

Electrochemical measurements

CNTs have no redox-active centres and act just as a conductive backbone for the particles decorated on it, electronically connecting them. Hence, pristine MWCNT and
LA MWCNT show identical symmetrical shapes without
any oxidation–reduction peaks in cyclic voltammograms
due to their high capacitance behaviour (supplementary
figure S2). Because of the great electrical conductivity of
MWCNTs and increased electron density close to the Fermi
level, it is normal that the MWCNT/Pd nanoparticles result
in improved electroactivity when combined with the Pd NPs
[53,54]. Before studying the electrochemical studies
towards methanol oxidation, initially, the CV characteristics
were measured for the electrocatalysts in 1 M KOH solution
under nitrogen-purged condition in the potential window
between -0.6 and 0.4 V vs. reference Ag/AgCl at a scan
rate of 50 mV s-1 (figure 8a). A significant hump is noticed
for the MWCNT/Pd nanoparticles on the anode side, which
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(a–d) TEM images and (e) SAED pattern of laser-ablated MWCNT/Pd nanoparticles.

correlates to the Pd oxidation to form PdO, whereas PdO is
reduced to Pd at the reverse cathode side (-0.33 V)
[52,55–57].

To precisely assess the actual voltammetric behaviour
and electrocatalytic action of nanoparticles under various
conditions, it is vital to resolve the electrochemically active
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Scheme 1. A plausible mechanism for the formation of (A) laser-ablated MWCNT and (B) MWCNT/Pd
nanoparticles.

Figure 5. (a) FTIR spectra of pure MWCNT, (b) laser-ablated
MWCNT, (c) laser-ablated Pd nanoparticles and (d) laser-ablated
MWCNT/Pd nanoparticles.

surface areas (ECSAs) of the electrode [58]. As already
reported, the oxygen adsorption/desorption method is typically appropriate to assess the electrochemically active
surface areas of the metals, indicating how oxide monolayer
formation and reduction occur [59]. The active surface area
was calculated from the monolayer PdO formed on the
electrode surface (figure 8a) [60].
The formula used to calculate ECSA (m2 g-1) of
MWCNT/Pd nanoparticles is given below:
ECSA ¼ Q=ð0:405=½PdÞ;

ð1Þ

where Q (mC cm-2) is the charge corresponding to the PdO
peak, [Pd] (mg cm-2) represents Pd loaded on the electrode

Figure 6. (a) Raman spectra of pure MWCNT, (b) laser-ablated
MWCNT, and (c) laser-ablated MWCNT/Pd (inset: zoomed image
of laser-ablated MWCNT/Pd peak).

and 0.405 mC cm-2 is the charge required for the reduction
of a PdO monolayer. The ECSA of MWCNT/Pd and LA Pd
are 30.80 and 20.28 m2 g-1, respectively. Also, the higher
value of ECSA for MWCNT/Pd indicates that MWCNT/Pd
provided a much higher accessible surface area than LA Pd,
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XPS spectra of laser-ablated MWCNT/Pd nanoparticles: (a) survey spectra, (b) Pd 3d and (c) C 1s.

Figure 8. CV representations of (a) laser-ablated MWCNT/Pd and Pd nanoparticles at 50 mV s-1, (b) different scan rates of laserablated MWCNT/Pd nanoparticles in absence of methanol (inset: current density vs. square root of the scan rate), (c) area normalized
current density of laser-ablated MWCNT/Pd and Pd nanoparticles and (d) mass normalized current density of laser-ablated MWCNT/
Pd and Pd nanoparticles in 1 M KOH electrolyte solution containing methanol (1 M) at 50 mV s-1.
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which might result from the synergistic interaction between
Pd nanoparticles and MWCNTs [61]. The formation of
palladium hydroxide from palladium with hydroxide ions is
noticed at 0.12 V.
In figure 8b, we can see the change in anodic and
cathodic peak potential values with an increase in the scan
rate. With an increase in the square root of the scan rate, the
peak current increases linearly (see inset of figure 8b).
Besides, the correlation between the scan rate (v) and peak
currents (Ip) was studied by a series of Ip vs. vx (x = 0.5–1.0)
plots (supplementary figure S3). From the plot, x = 0.8
results in a better linear fit with a negligible intercept. This
indicates that the electron transfer kinetics is followed by
surface confinement and mixed diffusion [52,62].
Next, using cyclic voltammetry, the oxidation reaction
has also been characterized under nitrogen-purged condition. The CV characteristics for the MWCNT/Pd and LA Pd
electrocatalysts in the presence of methanol (1 M) in KOH
(1 M) electrolyte solution at a scan rate of 50 mV s-1 are
shown in figure 8c and d. We can see a dominant anodic
peak in the forward scan because of the oxidation of
methanol. Besides, in the backward scan, a small peak is
noticed, due to the removal of oxidized carbonaceous
molecules [63]. Using both mass activity and specific
activity, the electrocatalytic activities of MWCNT/Pd and
LA Pd nanoparticles-modified electrodes towards methanol
oxidation were measured and shown in figure 8c. The
specific activity for the MWCNT/Pd and LA Pd were found
to be 14.73 and 1.87 mA cm-2, respectively. From the plot
of current density vs. potential, the mass activities of assynthesized electrocatalysts were obtained to be 104.20 and
14.41 mA mg-1 for MWCNT/Pd and LA Pd nanoparticles,
respectively (figure 8d). From both the specific activity and
mass activity values for the electrocatalysts, it is clear that
decoration of MWCNT with palladium metal by laserablation in the absence of any reducing agent results in the
enhancement of catalytic activity.
Supplementary table S1 presents the onset potential
(Eonset), anodic peak potential (Ep), forward peak current (If)
and reverse or backward peak current (Ib) for the oxidation
of methanol for both electrocatalysts. The lower onset
potential value for MWCNT/Pd electrocatalyst indicates the
improved electrochemical behaviour during the oxidation of
methanol. The If credited to the methanol oxidation and Ib is
responsible for the expulsion of intermediate CO adsorbed
on the surface of the electrode. Ordinarily, the ratio of If and
Ib, designated as If/Ib, is used to determine the resistance
level of the as-synthesized electrocatalysts for the adsorption of poisonous CO (CO(ads)) [64,65]. This ratio is directly
related to the effective methanol oxidation rate and inversely associated with the oxidation rate of intermediates
adsorbed on the electrode surface. This ratio implies complete methanol oxidation with least poisoning effect, measured in terms of the resistance level. For MWCNT/Pd, the
ratio is 7.48, which is higher than LA Pd (-8.90). Here, it is
visible that there is an enhancement in the activity of
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MWCNT/Pd towards the methanol oxidation with less CO
poisoning, because of the ability of Pd to act as an active
electrocatalyst on the surface of MWCNT.
Further, it is observed that there is an increase in current
with an increase in scan rate (25, 50, 75, 100, 125, 150, 175
and 200 mV s-1) for MWCNT/Pd electrocatalyst in 1 M
KOH electrolyte solution containing methanol (1 M).
In supplementary figure S4, it is depicted that with an
increase in the forward scanning, there is a slight positive
shift in peak potentials, which suggests an entirely irreversible methanol oxidation process that occurred on the
MWCNT/Pd electrocatalyst-modified GC electrode.
Finally, the stability of the as-synthesized electrocatalysts
towards oxidation of methanol was determined by amperometric analysis at a potential of -0.37 V in methanol
(1 M) in 1 M KOH electrolyte solution for a period of 3600
s under nitrogen-purged condition (figure 9a and b). Due to
the formation of PdO and adsorbed intermediates during the
oxidation of methanol, the electrocatalysts show a continuous current decay ahead of the consistent current status
attained [63,66,67]. As anticipated, the current on the
MWCNT/Pd catalyst (0.63 mA cm-2) was the highest
during the entire time, which could be attributed to the
stability of the catalyst for oxidation of methanol in comparison with LA Pd electrocatalyst (0.0036 mA cm-2)
(figure 9a). The adsorption of CO-like intermediates on the
surface of electrocatalysts results in a dramatic decrease in
the current density and also lead to diminishing, further
oxidation of methanol [68]. The intermediates, denoted as
CH2O(ads), CHO(ads), CO(ads) and COOH(ads), were adsorbed
on the as-synthesized electrocatalysts by methanol adsorption at the initial stage, along with the reaction of OHspecies from the alkaline medium resulting in the release of
CO2 (supplementary scheme S1). Initially, the mass normalized current densities are 4.40 and 0.18 mA mg-1 for
MWCNT/Pd and LA Pd nanoparticles, respectively (figure 9b). From the current density values, MWCNT/Pd
shows a higher catalytic activity both in the initial and final
stages. The results show the excellent stability and
enhanced electrocatalytic performance of laser-ablated
MWCNT/Pd nanoparticles.

4.

Conclusion

Here, we utilized a simple laser-ablation approach to synthesize MWCNT/Pd and LA Pd nanoparticles without any
impurity. The fabricated MWCNT/Pd was tested as an
electrocatalyst for methanol oxidation. In LA MWCNT, the
MWCNT surface was modified to nanosheet or granular
carbonaceous mass due to the high-pressure plasma created
by the laser fluence. The laser-ablation helps in generating
radicals (H•) and electrons (e-) in an aqueous solution,
which are used to reduce Pd precursor to Pd nanoparticles
(due to inverse bremsstrahlung or photoionization processes). MWCNT acts as a catalytic platform to generate
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Figure 9. Chronoamperometric curve of laser-ablated MWCNT/Pd and Pd nanoparticles (a) area normalized current density and
(b) mass normalized current density in presence of methanol (1 M) in KOH (1 M) for a period of 3600 s.

reduced Pd on its surface. As produced, Pd NPs on
MWCNTs are spheroidal with an average size in the range
of 6–9 nm. Due to the synergistic interactions between the
MWCNTs and Pd nanoparticles, MWCNT/Pd showed
higher electrocatalytic behaviour for the methanol oxidation
in an alkaline medium. We intend to extend this approach to
prepare other nanostructured systems using high-end laser
factors, thereby achieving enhanced electrocatalytic efficiencies. The main benefit of the laser-ablation method is
the preparation of high purity nanomaterials free from
chemicals, such as reducing agents, stabilizers, etc. This
synthesis approach will prompt the advancement of a vast
new group of materials with upgraded properties by tuning
a few experimental parameters (e.g., laser wavelength and
energy).
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