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Abstract: In the current research work, palladium (Pd) nanoparticles were electrochemically de-
posited on a nitrogen doped montmorillonite (CNx-MMT) support using the underpotential deposi-
tion (UPD) method. The prepared Pd based composite electrode was studied as an electrocatalyst
for methanol fuel oxidation. The catalysts and the supporting materials montmorillonite, acid acti-
vated montmorillonite, and nitrogen doped montmorillonite (MMT, HMMT and CNx-HMMT) were
characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS) and electrochemical
characterization by cyclic voltammetry (CV). The results indicated that Pd supported on CNx-HMMT
possesses enhanced electrocatalytic activity and stability compared to commercial Pd/C, which was
attributed to its higher electrochemical surface area (ECSA) (23.00 m2 g−1). The results demonstrated
the potential application of novel Pd/CNx-HMMT composite nanomaterial as electrocatalysts for
methanol electrooxidation in direct methanol fuel cells (DMFCs).

Keywords: direct methanol fuel cell; nitrogen doped montmorillonite; underpotential deposition;
electrocatalyst; methanol electrooxidation

1. Introduction

Recently, methanol electro-oxidation has acquired considerable interest due to its
possible application in direct methanol fuel cells (DMFCs), which are well-matched for
portable power applications where the power supplies are low and a simple compact
system having high energy density is necessary [1,2]. They offer distinctive benefits such
as ready accessibility and the safe storage and transport potential for liquid fuel methanol.
However, the commercialization of DMFC is strictly limited by the kinetic loss related to
the charge transfer of the methanol oxidation half reaction that shortens the power output
of the fuel cell [3,4].

Usually, Pt-based electrocatalysts have been used for methanol electro-oxidation in
acidic media [5,6]. However, the high price and inadequate resources inhibit the practice
of Pt at a commercial scale. Moreover, the Pt-based electrocatalysts are usually subjected
to deactivation due to poisoning by the reaction intermediates or fuel impurities, such
as carbon monoxide. The degradation of electrocatalysts generally comes in two ways:
(1) metal (platinum), agglomeration, sintering, and/or dissolution resulting in loss of
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catalyst active area, and (2) support-corrosion mechanisms leading toward degradation of
the catalyst.

The conventional carbon support undergoes electrochemical corrosion which has been
proved to be the main cause of durability decrease in Pt-based electrocatalysts [7]. The
support should be corrosion-free and stable enough for electrocatalysts to make DMFC
technology economically viable. The synthesis of durability stable anode catalysts with
adequately high electrocatalytic activity is particularly challenging [8].

A promising approach for addressing these challenges is the preparations of Pt alloys
with other elements [9]. Pt and Ru have been generally recognized as the best electrocata-
lysts toward methanol oxidation thanks to their great performance in terms of electrocat-
alytic activity and durability [8,10]. However, practical applications of Pt and Ru materials
in DMFC are strongly limited by their high cost. Another strategy aimed to decrease
the costs is the use of Pt free catalysts. In this regard, a great deal of interest has been
concentrated on Pd-based metals due to the good electroactivity of Pd toward methanol
and ethanol oxidation. Some benefits of substituting Pt with Pd material as anodic material
for DMFC are the structural resemblance between the two metals, the main availability
and low price of Pd due to the abundant mining sources of palladium that reduce the costs
up to 2.7 times with respect to Pt. In addition, palladium showed high catalytic activity for
the oxidation of many alcohols and more resistance to CO poisoning [5].

Pd-based catalysts have been proven to succeed in delivering high anodic performance
in DMFCs [11–13]. However, the activity and stability of the Pd catalyst can be further
improved by replacing the conventional carbon support for Pd catalysts with novel carbon
materials subjected to relevant treatments, such as doping with nitrogen and metal ox-
ides [14,15] with the aim of tailoring the catalytic support properties. Particularly, nitrogen
doping is more prominent [16], which modifies the electronic properties of carbon, for
example by inducing n-type electrical conductivity. In addition, N-doping improves the
chemical capability of pristine carbon to favor the catalyst deposition process by nucleation
and growth. As a consequence, the modified bonds between N-doped carbon and the
catalyst particles generate a better electrochemical activity and durability [17].

Vinayan et al. prepared palladium nanoparticles decorated nitrogen-doped graphene,
and the electrocatalytic study of the Pd/N-G shows that it is a very good anode electro-
catalyst. Wang et al. prepared nitrogen-doped graphene oxide/polyaniline composites
and used them as supercapacitor electrodes [18]. The aniline monomer is mostly utilized
for nitrogen doping because it increases the electrode kinetic, the surface area, electrical
conductivity and corrosion resistance and the low-cost polymerization reaction [16,19].

The catalyst support is recognized as having a great role in improving the catalytic
performance and activity because the possible formation of bonds between the active
sites and catalyst supports [20], the chemical features of the support, and surface area
where the active particles can be uniformly dispersed. The main investigated supports for
methanol oxidation electrocatalysis are based on γ-alumina [21], ceria [22], and mesoporous
beta zeolite [23].

Among the possible support materials to be employed as anode catalysts for DMFC,
clays are more effective. MMT is very inexpensive due to its availability. It also has
numerous advantages including chemical inertness and environmentally friendly nature,
which enable it as a promising support material for fuel cell applications. MMT, a 2:1 clay
mineral is a member of the smectite group. Its layer consists of two tetrahedral sheets
sandwiching a central octahedral sheet [24–26]. The use of MMT as a catalyst support
has been reported in the literature. For example, with low-loaded Pt nanoparticles on
intercalated MMT exhibited excellent selectivity and high conversion of the alcohols [27,28].

The electrocatalyst for MeOH can be more economical by reducing its amount using
more advanced underpotential deposition (UPD). In underpotential deposition (UPD) one
or two monoatomic layers of metal are deposited on the surface of another metal and are
carried out by applying more positive potential than its equilibrium potential [29]. This
procedure relates to different features, such as the electronegativity difference between
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two elements, and the repulsive forces among UPD atoms, and the attractive interaction
M-S. The metal electrodeposition process must follow the conditions of electroneutrality. If
the one metal (M) has a different oxidation state from other metal (N), the monolayer may
not be complete. Figure 1b showed a typical replacement of one metal by another one under
UPD. For the activation of an area or a site, it should have exposure to the reactants, an
electrical connection with the electrode, an ionic connection with the electrolyte, and should
have adequate electrocatalyst to obtain the desired reaction speed. The thickness of these
regions and the nature of these interfaces determine the efficiency of an electrochemical
reaction in all types of fuel cells [30].

In the present work, we propose a novel composite material made of nitrogen-doped
montmorillonite (CNx-MMT) and polyaniline (PANI) as support of palladium nanoparti-
cles for electrocatalytic methanol oxidation reaction (MOR). Nitrogen-doped montmoril-
lonite (CNx-MMT) was synthesized by pyrolysis of PNI/MMT at a higher temperature
and polyaniline (PANI) was added to increase the activity of catalysts [31,32].

Pd nanoparticles were deposited for the first time using the UPD method on the
PANI/CNx-MMT nanocomposites to develop Pd/PANI/CNx-MMT electrode used as an
anode catalyst for methanol oxidation. The Pd/CNX-MMT catalysts exhibited excellent
electrochemical catalytic activity toward methanol electrooxidation thereby demonstrating
their potential for application in DMFCs.
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(b) Pd/CNx-HMMT composite electrocatalyst.

2. Materials and Methods
2.1. Materials and Apparatus

Aniline (C6H5NH2) and MMT were supplied by Sigma Aldrich and Nanosabz Co,
(Tehran, Iran). respectively. Ammonium persulfate (APS) (NH4)2S2O8, hydrochloric acid,
methanol, Pd(II) chloride and sulfuric acid were purchased from Merck. All reagents were
not subjected to any treatment before use. Double distilled water was employed in all
the preparations.

2.2. Synthesis of Pd-CNx-HMMT Composite Electrode

The nitrogen-doped HMMT and Pd composite electrode was prepared using in situ
emulsion polymerization method followed by underpotential deposition. The steps in-
volved in the synthetic process of composite electrode are presented in Figure 1 and
given below.

2.2.1. Acid Activation

The montmorillonite (MMT) clay was acidified using a previously published
method [29,33]. For an acid treatment, 10 g of MMT was added into a 1000 mL flask,
and then 500 mL of 3M HCl was introduced into the flask and stirred for 16 h followed
by filtration and washing with ultrapure water. The acidified MMT clay termed as acid
activated montmorillonite (HMMT) was then vacuum dried at 80 ◦C for further use.

2.2.2. Synthesis of PANI/HMMT Nanocomposites

An in situ polymerization was adopted for the preparation of PANI/MMT nanocom-
posites [30,31,34,35]. In this method, 2 mL of aniline monomer in 100 mL of 1M HCl were
vigorously stirred, and 20 wt% of MMT nano powder was added. Then 4.2 g of ammonium
persulphate (APS) was added into HCl solution followed by stirring at room tempera-
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ture for 15 min. After complete dissolution, the APS solution was added dropwise into
aniline HCl–MMT mixture and stirred continuously and maintained at 5 ◦C. Polyaniline
(PANI) formation from the aniline monomer via oxidation reaction was evident from the
appearance of light blue coloration.

2.2.3. Preparation of CNx-HMMT

The reaction conditions were kept constant for 4 h to ensure a complete polymerization
process, which was indicated by the appearance of dark green coloration due to the
formation of PANI/MMT nanocomposites. Finally, the prepared nanocomposites solution
was filtered followed by washing with distilled water 4 to 5 times to remove oligomeric
strands and excess acid, then dried at room temperature. The final product was saved for
further use.

Carbonization of PANI/MMT was performed by decomposing polyaniline at
an elevated temperature. The carbonization process was carried out by keeping PANI/MMT
in a quartz tube furnace and heating at 800 ◦C for 2 h. The heating rate was maintained to
5 ◦C min−1 under N2 environment. The furnace was then switched off and a black powdery
material coded as CNx-HMMT was collected [36].

2.2.4. Fabrication of Pd/CNx-HMMT Thin-Film Electrode

The nitrogen-doped Pd electrode (Pd/CNx-HMMT) was fabricated using the fol-
lowing steps: initially, a suspension of CNx-HMMT was synthesized by dispersing 2 mg
of CNx-HMMT powder ultrasonically in 1 mL of Nafion and 1mL of ethanol for about
15 min. After complete dispersion, almost 10 microliters of suspension were shifted onto
a glassy carbon disk with the help of a micropipette and was kept at room temperature for
complete drying. To acquire the desired samples, the applied potential of −0.35 V was set
for 300 s.

In the second step, the Pd layer was electrodeposited on CNx-HMMT using a tech-
nique similar to surface limited redox replacement (SLRR) for monolayer formation
(Figure 1b). A Pine WaveNowXV potentiostat was utilized to carry out all electrochemical
experiments. In the deposition process, the three-electrode cells were used. The first cell
was filled with 10 mM CuSO4, the second cell contained 50 mM H2SO4 solution, and the
third cell was filled with 0.05 PdCl2. The Pt wire was utilized as a counter electrode, while
Ag/AgCl was used as a reference electrode. All the potentials values mentioned in the
paper are intended to be referred to the Ag/AgCl scale. The CNx-HMMT composite was
used as working electrode and was set up in hanging meniscus in three-electrode cell. All
three solutions were purged with N2 gas for at least 15 min before starting the deposition
process. The working electrode was immersed in H2SO4 solution in order to remove
impurities. Initially, the working electrode was deposited by a few atoms of Cu via bulk
Cu deposition in the 10 mM CuSO4 cell. This bulk deposition was necessary as UPD does
not occur at the beginning of the reaction. The working electrode was then immersed into
the third cell where Cu was galvanically replaced by Pd under the open circuit potential
(OCP). Once the monolayer of Pd was prepared, the UPD among Cu and Pd was carried
out in controlled manner. Finally, the prepared Pd/CNx-HMMT electrode was washed
with double distilled water before conducting other electrochemical measurements.

2.3. Characterization Techniques
2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR study of all synthesized samples was done using an IR Prestige-21 (Shi-
madzu) applying an attenuated total reflectance (ATR) accessory equipped with zinc
selenide (ZnSe) crystal. Before each measurement, an air background of the instrument
was run in order to make analysis more reliable. The frequency range was set at 4000 to
400 cm−1 with the resolution of 4.0 cm−1. Average of 64 scans per spectrum were recorded.
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2.3.2. X-ray Diffraction Measurements (XRD)

X-ray diffraction (XRD) is a quick analytical procedure mainly employed to identify
the phases of a crystalline substance, which can give information about the dimensions
of a unit cell. The XRD patterns were obtained at ambient temperature Cu Ka radiation
(λ = 1.5418 Å), 35 kV voltage, and 30 mA current with from 0◦ to 100◦ scanning range. The
PANalytical X-ray system was used for crystallographic framework studies. Some samples
were also analyzed using X’Pert Proanlytical X-ray diffractometer.

2.3.3. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)

This characterization technique was utilized to analyze the surface characteristics and
grain size of the given material [33,37] (LEO 1530 scanning electron microscope (SEM)).
Before measurement, each sample was sputtered with gold for about 120 s prior to SEM
analysis in order to assure that there was no charge present on the sample surface. The
SEM instrument is provided with energy dispersive X-ray spectrometer (EDS) and trans-
mission electron microscopy (TEM). The chemical compositions of the Pd/CNx-MMT
catalysts were determined using inductively coupled plasma atomic emission spectroscopy
(ICP-AES) system.

2.3.4. Cyclic Voltammetry (CV)

The electrochemical measurements were performed using a typical three-electrode cell
at room temperature [34,38]. The electrochemical measurements of all prepared samples
were carried out using a Pine WaveNowXV potentiostat, commercial 20 wt % Pd/C
supplied by E-TEK, Co. was also tested as reference material [39]. In a typical procedure,
catalyst ink was synthesized by adding 5 mg of prepared electrocatalysts in 1 mL of
Nafion/ethanol (0.25% Nafion) mixture. Approximately 8 to 10 µL of the dispersion was
moved onto the glassy carbon disc using a pipette and then allowed to dry completely
at ambient conditions. The resultant catalyst loading was 0.455 mg cm−2. The mass
percentage (20 wt %) of Pd in the Pd/C and Pd/CNx-HMMT catalysts as well as the Pd
particle size (4–5 nm) are the same in the two materials. A conventional three-electrode
system was adopted, in which MMT-CNx modified glassy carbon electrode (5 mm in
diameter) as the working electrode while Pt wire, and Ag/AgCl were used as the counter
electrode, and reference electrode respectively. The CVs of Pd/C and Pd/CNx-HMMT
were carried out in N2 saturated solution of 0.5 mol L−1 H2SO4 and 0.5 mol L−1 MeOH at
a scan rate of 20 mV/s at ambient temperature. All the CV experiments were performed
at room temperature and in an O2-free atmosphere by bubbling the electrolyte with high
purity N2 for 30 min.

3. Results and Discussion
3.1. FTIR Spectroscopy

FTIR analysis was used to investigate the interactions between the polyaniline (PANI)
and acid activated montmorillonite (HMMT) and chemical structure of composite electrode
materials. Figure 2 exhibits the FTIR spectra of pure HMMT, PANI/HMMT nanocompos-
ites, CNx-HMMT, and Pd/CNx-HMMT. From the HMMT spectra, the strong absorptions
that appeared at 1039 (Si–O–Si), 915 (Al–OH) and 520–464 cm−1 (Si–O–Al) were assigned
the characteristic bands of pure HMMT [40].

From the PANI–HMMT composite spectra, some additional absorption bands were
observed at 832, 1290, 1498 and 1573 cm−1 corresponding to the C–H, C–N, benzene ring
and quinine ring respectively. These bands are characteristics of polyaniline (PANI) [41].
The successful preparation of the PANI–HMMT nanocomposites is confirmed from the
recurrence of characteristic HMMT and polyaniline bands in PANI–HMMT nanocomposite
spectra. As for the CNx-MMT and Pd/CNx-HMMT samples, there are obvious peaks at
about 1625 and 1410cm−1, which are associated to the aromatic C–C bonds in sp2 config-
uration and stretching vibrations of C–N bond respectively. It was found that the other
peaks of HMMT and PANI appeared decreased after carbonization temperature. In addi-
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tion, when the temperature was above 800 ◦C, the PANI–HMMT composite decomposed
completely [17,37].
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Figure 2. FTIR spectra of HMMT, PANI–HMMT, CNx-HMMT, and Pd/CNx-HMMT.

3.2. X-ray Diffraction

Figure 3 shows the XRD pattern of HMMT, CNx-HMMT and Pd/CNx-HMMT. From
the XRD pattern of HMMT, the prominent quartz peaks appear at 2θ = 20.1◦ and 26.8◦.
In addition to that, other weak reflections were also observed that indicated the acid
treatment dissolves octahedral cations (Al3+, Mg2+, and Fe3+) of MMT crystal structure
which resulted in the destruction of MMT octahedral crystal structure and the subsequent
strengthening of quartz diffraction peak [42,43]. The in-situ polymerization of aniline
resulted in the formation PANI–HMMT composite which lowered the intensities of HMMT
peaks, although peaks become less intense but still present that exhibited the preservation
of basic clay framework even after the development of composite structure. This also
confirmed the uniform distribution of HMMT on polymer matrix.
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In the case of CNx-HMMT, the position of the characteristic diffraction quartz peaks
did not change. A new broad diffraction peak was observed at 2θ = 20-25◦, associated with
the plane (200) of carbon. However, the heat treatment destroyed the HMMT octahedral
structure which was shown by the vanishing of (001) peak in CNx-HMMT. The CNx-
HMMT composites exhibited the similar diffraction peaks of HMMT in the range of
2θ = 20◦–40◦, confirm that after heat treatment structural features of HMMT was still
preserved. It is concluded from XRD results that HMMT maintained its stability for
preparing the CNx-HMMT catalyst [44].

The Pd nanoparticles were chosen to find out the influence of the support CNx-
HMMT on the catalytic activity of resultant catalyst. The crystal structure of Pd de-
posited at the surface of CNx-HMMT was characterized using XRD (Figure 3). The results
showed that in the Pd/CNx-HMMT composite the characteristics HMMT diffraction
peaks at 2θ = 20.1◦ and 26.8 were also observed clearly after Pd deposition on its sur-
face. This indicates the structural stability of HMMT during the synthetic process for
Pd/CNx-HMMT. The characteristic Pd peaks (face-centered cubic (fcc)) were observed at
2θ = 40.1◦(111), 46.7◦(200), 68.1◦(220), and 82.1◦(311), indicating the successful deposition
of Pd on CNx-HMMT [45,46]. However, the occurrence of HMMT and CNx in Pd/CNx-
HMMT composites greatly weakened the diffraction peaks of Pd.

3.3. Morphological Analysis

As evident in Figure 4I a pristine HMMT presented very flaky texture exhibiting its
layered morphology.

It was seen that the acid-treated HMMT have an irregular morphology with very
rough surfaces. From Figure 4Ib the separated HMMT block or flakes were seen under
the coverage of polyaniline (PANI) and very rough surface morphology was observed.
These findings reinforced the successful preparation of PANI–HMMT composite and
showed good compatibility among the two constituents [47]. Moreover, it is also a proof of
homogenous distribution of both HMMT and PANI over each other [48].

From Figure 4Ic the CNx-HMMT displayed a coral shape morphology after carbonizing.
The representative layered structure could be seen in CNx-HMMT, which is not observed in
HMMT and PANI–HMMT. From Figure 4Id, SEM images of the Pd/CNx-HMMT catalyst
exhibits the uniformed distribution of Pd particles on the CNx-HMMT support.
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The composition of HMMT, CNx-HMMT and Pd/CNx-HMMT was examined using
energy-dispersive x-ray spectroscopy (EDS). Figure 4IIa showed that HMMT consist of C
(1.8 wt %), O (55.01 wt %), Mg (0.76 wt %), Si (31.10 wt %), and 1.47 wt % and 0.70 wt % of
P and K respectively whereas Figure 4IIb showed that in PANI–HMMT major contribution
came from 52 wt % carbon element along with nitrogen, oxygen, and some other clay
related elements. While the EDX spectrum of CNx-HMMT shown in Figure 4IIc identifies
the presence of higher percentage of C (almost 64 wt %), N (11 wt %), O (21 wt %) and
some amount of Si and Al elements is also present. Other elements, including Mg and Fe,
are found in too low content. The EDS of Pd/CNx-HMMT showed the presence of Pd in
the prepared electrode material with 31 wt % of the total elements (Figure 4IId).

TEM analysis of HMMT, PANI–HMMT, and Pd/CNx-HMMT materials has been
also carried out and reported in Figure 5. In the image of Figure 5b the PANI-MMT show
darkest color areas, which are denser than those of the pure HMMT reported in Figure 5a.
Such a result demonstrates that HMMT platelets are fully intercalated within PANI matrix.
From Figure 5c it is clear that Pd nanoparticles are well-dispersed on the top of the CNx-
MMT framework in a large amount with an average diameter of 4.15 nm. Furthermore, in
the TEM image the carbon layer and MMT seemed strongly adhered, implying that good
contact between the two supports could promote the flow of fuel, oxidant, and electrons.
In the Pd/CNx-HMMT, nanoparticle aggregation on the carbon surface has been observed.
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Concerning the commercial Pd/C electrocatalyst, the particle size is estimated by TEM
analysis to be ca. 5 nm in a previous paper [39]. The inductively coupled plasma atomic
emission spectroscopy (ICP-AES) has been also used to estimate the deposited percentage
of Pd (21 wt % of the total catalyst) and the average size of Pd nanoparticles deposited on
the surface of CNx-MMT support (ca. 5.7 nm). The results are in agreement with the above
discussed EDX and TEM analysis.

3.4. Cyclic Voltammograms (CVs)

Figure 6 exhibited the cyclic CVs of pristine Pd/C and Pd/CNx-HMMT composite
electrodes using 0.5 mol L−1 H2SO4 solution with voltage ranged from 0.0 to.1.2 V at the
room temperature. The scan rate applied was 50 mV s−1. The CV curve of both catalysts
showed three major peaks associated with adsorption/desorption of hydrogen, formation



Energies 2021, 14, 3578 11 of 16

of oxides/stripping wave and development of a flat double layer in lower potential region,
higher potential region and in between region, respectively. In the case of Pd/CNx-HMMT
catalyst, the double layer was wider in comparison with that of the Pd/C. This showed
the existence of more defective active site at CNx-HMMT surface which facilitates the
Pd nanoparticle adsorption and helpful in electron transfer. The Pd/CNx-HMMT also
possessed larger electrochemically accessible area (ESA) as compared to Pd/C according
to fashion of double-layer, which would be helpful toward the access for solvated and
charged ions at nitrogen-doped support. In light of the CV results, it is anticipated that the
Pd/CNx-MMT may present high electrocatalytic performance compared to Pd/C.

The electrochemical active surface area (ECSA) value was used to obtain valuable
evidence regarding the expanse of electrochemically active sites of precious metal. It is
also a key parameter for assessing the electrochemical activity of various electrocatalytic
supports [49]. ECSA of Pd/C and Pd/CNx-MMT were calculated using the following
equation [50]:

ECSA = QH/210 × MPt

where QH (cm−2) is the charge exchanged during the electroadsorption of hydrogen on
Pd at the potential range of −0.13 to +0.2 V (vs. Ag/AgCl), 210 is the charge (µcm−2)
necessary to oxidize a monolayer of hydrogen at Pd surface and MPt is the Pd mass
loading on the electrode. The specific ECSA as found were 13.01 m2 g−1 for Pd/C and
23.00 m2 g−1 for Pd/CNx-HMMT, respectively. The higher ECSA value found for Pd/CNx-
MMT can account the presence of more electrochemically active sites available for
methanol oxidation.
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3.5. Methanol Oxidation

The methanol oxidation reaction on Pd/C alone and Pd/CNx-HMMT composite mate-
rial is presented in Figure 7. The test was conducted in a mixture of H2SO4
(0.5 mol L−1) + CH3OH (0.5 mol L−1) solution with 50 mV s−1 at ambient temperature [51].
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Figure 7. Methanol oxidation cyclic voltammograms of prepared electrodes (Pd/C and Pd/CNx-
HMMT MOR electrocatalysts).

The forward peak and the onset potential of Pd/CNx-MMT catalysts are compared
in Table 1 with the reference material Pd/C and with literature data relating to Pt- based
benchmark materials [52–54]. It can be observed that the Pd/CNx-HMMT catalyst depicted
lower onset potential of methanol oxidation and a forward peak potential similar to Pt-
based electrocatalysts and more positive than that of commercial Pd/C. Moreover, the
Pd/CNx-HMMT exhibited 2.3 times higher peak oxidation current than that of Pd/C.

Table 1. Comparison of the electrochemical performance toward methanol oxidation between the Pd/CNx-MMT catalyst
proposed in this work and Pt-based benchmark materials studied in literature at the same experimental conditions.

Catalyst Onset Potential, V Forward Peak Potential, V If/Ib References

Pt/C 0.35 0.67 0.83 [52]
Pt/TiO2@C-900 0.25 0.77 0.62 [53]

Pt/Vulcan XC-72R 0.25 0.72 0.49 [53]
Pt/C40-CeO2 0.35 0.71 0.86 [54]

Pd/CNx-MMT 0.12 0.73 0.88 This work
Pd/C 0.28 0.67 0.82 This work

Being the mass percentage and size of Pd in Pd/C and Pd/CNx-HMMT catalysts
about the same (20 wt % and 4–5 nm, respectively) the improved electrocatalytic activity is
indicative of the availability of a greater number of catalytically active sites on Pd/CNx-
HMMT for methanol oxidation in agreement with ESA measurements.

The catalyst tolerance toward accumulated carbonaceous species has been measured
by estimating the ratio of the If (forward anodic peak current) to Ib (reverse anodic peak
current). If the ratio is higher, it means the catalyst has higher power to eliminate harmful
species from the surface. The If/Ib ratios for Pd/CNx-HMMT and Pd/C were 0.88 and
0.82, respectively. The values are similar to the benchmark Pt/C electrocatalyst, and higher
than other composite Pt-based materials (Table 1); however, in the comparison attention
has to be paid to the recent controversial hypothesis that correlated the If/Ib ratio of MOR
on platinum electrocatalysts to the degree of oxophilicity or to the formation/reduction of
Pt oxides rather than CO tolerance [55,56].

Chronoamperometric curves for Pd/C and Pd/CNx-HMMT were attained to find
out the effect of CO adsorption during methanol oxidation reaction (MOR) and shown in
Figure 8.
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The methanol oxidation was carried out at the active sites of the catalysts by maintain-
ing the electrode over a constant potential of 0.5 V (vs. Ag/AgCl) at ambient temperature.
The methanol oxidation resulted in the production of CO intermediates that can occupy the
active sites of Pd nanoparticles, and lead toward lowering of electrocatalytic activity [57]. In
the case of Pd/CNx-HMMT catalyst for methanol oxidation, the current density remained
greater as compared to pure Pd/C catalyst. Moreover, all curves reach a steady state after
about 1000 s.

By evaluating the ratio of the current at 1000s (I1000) and 100s (I100), the long-term
poisoning rates of both catalysts (Pd/C and Pd/CNx-HMMT) were also determined. The
ratios of I1000/I100 for Pd/CNx-HMMT and Pd/C were found to be 52.5% and 26.1%
respectively. The results exhibited that the Pd/CNx-HMMT electrocatalyst has greater
stability as compared to pure Pd/C electrocatalyst.

By considering that the Pd mass loading and particle size is almost the same in the two
materials, the enhanced electrocatalytic activity and stability of Pd/CNx-HMMT can be
entirely attributed to the effect of the novel CNx-HMMT support [23,58]. The results of this
work demonstrated that one effect is surely the increase of ESA, nevertheless the interaction
of Pd nanoparticles with the support and/or the formation of C–N or bonds Pd–N may
also have a beneficial role in the MOR catalysis. Indeed, the incorporation of nitrogen, as
demonstrated by the FTIR analysis, resulted in the effective introduction of chemically
active sites into the carbon able to anchor the metal. The encouraging MOR electrocatalytic
results of this work by using CNx-MMT as a novel support for Pd nanoparticles deposited
by UPS open the way to future studies devoted to the deepening of the mechanistic aspects,
i.e., identification of the active sites, that could shed light on the effects of the CNx-MMT
material at the molecular scale on the half-reaction electrokinetic.

4. Conclusions

This work involved in the synthesis of nitrogen-doped montmorillonite (CNx-MMT)
support for methanol oxidation electrocatalysts. The nitrogen doped montmorillonite (CNx-
MMT) that was used as support instead of conventional carbon black and Pd nanoparticles
was deposited using the underpotential deposition method over the CNx-MMT support
to form the Pd/CNx-MMT anode electrocatalyst for methanol oxidation in DMFC. The
successful formation of Pd/CNx-MMT catalyst was confirmed using structural analysis
(FTIR, XRD). The morphological studies confirmed a uniform distribution of Pd particles
on the CNx-HMMT support. TEM images showed that the MMT and the carbon layer
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appeared well attached with each other, therefore facilitating the transport of fuel, oxidant
and electrons and make this CNx-MMT material suitable as a support for electrocatalysts.
The Pd/CNX-MMT catalysts exhibited excellent electrocatalytic activity toward methanol
oxidation, thereby demonstrating their potential for DMFC application. The results also
showed the long-term stability of Pd/CNx-MMT catalysts toward methanol oxidation than
commercial Pd/C.
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