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Abstract: Carbon nanofibers (CNFs) supported by Pd and Pd-Sn electro-catalysts were prepared by
the chemical reduction method using ethylene glycol as the reducing agent. Their physicochemical
characteristics were studied using high resolution-transmission electron microscopy (HR-TEM),
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), thermogravimetric analysis (TGA) and Bruanaer-Emmett-Teller (BET) analysis. FTIR
revealed that oxygen, hydroxyl, carboxylic and carbonyl functional groups facilitated the dispersion
of Pd and Sn nanoparticles. The doping of Pd with Sn to generate PdSn alloy was also confirmed
by XPS data. The amorphous nature of CNFs was confirmed by XRD patterns which exhibited
the Pd diffraction peaks. When Sn was added to Pd/CNFs, the diffraction peaks moved to lower
angles. HRTEM images revealed that the CNFs with cylindrical shape-like morphology and also
Pd-Sn nanoparticles dispersed on carbon support. The catalytic activity and stability towards alcohol
electro-oxidation in alkaline medium at room temperature was evaluated using cyclic voltammetry
(CV), chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS). The obtained
Pd-Sn/CNFs electro-catalyst exhibited a better electro-catalytic activity than Pd/CNFs and Pd/C
electro-catalysts for both methanol and ethanol oxidation. The improvement of the electrochemical
performance was associated with the synergistic effect via the addition of Sn which modified the Pd
atom arrangement, thereby promoting oxidation through a dehydrogenation pathway. Furthermore,
SnO2 generates abundant OH species which helps with increasing the rate of the oxidative removal
of carbon monoxide (CO) intermediates from Pd sites.

Keywords: carbon nanofibers; electrocatalyst; methanol; ethanol; cyclic voltammetry; chronoamperometry

1. Introduction

Direct alcohol fuel cells (DAFCs) are the most attractive and advanced technology
for use as power sources for mobile, stationary and portable applications. DAFCs use
liquid fuels which simplify the delivery system, compared to H2-fed fuel cells which need
a reforming system and have problems with H2 storage [1,2]. Methanol is recognized as
a promising fuel because it can be more easily oxidized than other alcohols. However,
sluggish anode kinetics are observed and methanol crossover through the membrane to
the cathode side decreases the efficiency [3]. Ethanol is the best alternative fuel because
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it is less toxic than methanol and can be produced in larger quantities from biomass.
The electro-oxidation of ethanol, on the other hand, is more difficult to achieve than the
electro-oxidation of methanol due to difficulties in breaking C-C bonds and the generation
of CO intermediates that poison the palladium anode catalyst even in strong alkaline
media [4]. The kinetics of an alcohol oxidation reaction can be enhanced by DAFCs in
alkaline medium [5]. Furthermore, catalyst materials that are cheaper and more abundant
than Pt can be used for alcohol oxidation reactions in alkaline DAFCs [6]. Alkaline anion-
exchange membranes (AAEMs) are also used as electrolytes in alkaline DAFCs. Because
there are no free hydroxyl ions in the solutions, this electrolyte is believed to protect
electrodes from carbonate formation [7].

Therefore, considerable developments in the fabrication of new electro-catalyst mate-
rials for the electro-oxidation of methanol and ethanol remain a research hotspot. Pd has
proved to be an excellent electro-catalyst for alcohol oxidation in an alkaline media with
higher activity and stability than Pt. It is fifty times more prevalent on the planet than Pt [8].
However, owing to the low electro-catalytic activity of Pd in practical DAFCs application,
there have been numerous attempts to improve the activity of Pd-based electro-catalysts [9].
Efforts have been made to increase the electro-catalytic performance of Pd in an alkaline
media for alcohol oxidation. For example, the addition of oxides such as CeO2 to Pd/C
increase the electro-activity of the electro-catalyst for ethanol oxidation in an alkaline media,
compared to the standard E-TEK PtRu/C electro-catalyst [10]. These oxides, such as Ru
in PtRu electro-catalysts, are thought to produce OHad species easily. At lower potentials,
the OHad species can convert CO-like poisoning species on Pt and Pd to CO2 or other
products that can be dissolved in water, allowing the active sites to be released on Pt and
Pd for further electrochemical reactions [11]. Liu et al. [12] employed Pd nanowire arrays to
investigate the kinetics of ethanol oxidation in an alkaline medium and discovered that the
pH and ethanol concentration had an impact on the oxidation reaction. Because of better
Pd utilization, carbon supported gold nanoparticles (Au/C) decorated with a mono- or
sub-monolayer of palladium atoms by chemical epitaxial growth approach showed greater
specific activity for ethanol oxidation in an alkaline media than Pd/C [13]. Another efficient
strategy to mitigate the above problems is to disperse Pd nanoparticles (NPs) onto a suitable
support which possesses an extremely high surface area and good electrical conductivity.
To control the sizes and morphology of Pd NPs, several carbonaceous materials such as
graphene, carbon black, carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have been
used. Among them, carbon nanofibers (CNFs), a one-dimensional nanomaterial comprising
of sp2 carbon, are regarded as promising electro-catalyst support [14–16]. The availability
and low-cost of CNFs make them one of the most suitable supports for electro-catalysts in
DAFCs. Their remarkable properties include an extremely high surface area, good chemical
stability, and excellent electronic conductivity [17].

On the other hand, elements such as Sn and Ru have been coupled with Pd to promote
electro-activity. Among the mentioned metals, Sn is the least expensive and has previously
been combined with Pd to form a binary electro-catalyst, reduce Pd loading and improve
electro-catalytic activity [18]. Sn provides oxygen-containing species on the surface that react
with the intermediates in the dissociative adsorption of alcohol on the Pd sites. It further
modifies the Pd geometric structure, resulting in improved activity [19]. In this paper, we
present a straightforward and cost-effective strategy for fabricating a Pd/CNFs electro-catalyst
and a co-reduction in metal salts on CNFs to prepare the Pd-Sn/CNFs electro-catalyst. A
high porous CNF is used as catalyst support and this carbonaceous material is functionalized
prior to modification with the metals. This could be beneficial in improving its electronic
structure and chemical reactivity which is expected to control the sizes of metal NPs as well as
strengthen the interaction between the metals and carbon support.
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2. Results and Discussion
2.1. Characterisation of Materials
2.1.1. High Resolution-Transmission Electron Microscopy (HRTEM)

HRTEM images of carbon nanofibers, Pd/CNFs and Pd-Sn/CNFs electro-catalysts
are presented in Figure 1. The CNF support material exhibits a cylindrical shape-like
morphology similar to those of CNTs. However, CNFs have a relatively large diameter and
differ in terms of their structural and textural characteristics [20]. CNFs display hollow-core
structures with several micrometer-long fibers and an outer diameter of 195.16 nm. As
expected, the HRTEM images of Pd/CNFs and Pd-Sn/CNFs electro-catalysts provide
evidence that Pd and PdSn nanoparticles are attached to the surface of CNFs (Figure 1B,C).
The HRTEM micrographs of the Pd/CNFs electro-catalyst showed some agglomeration of
the nanoparticles on the carbon support and the Pd-Sn/CNFs electro-catalyst showed a
wide distribution and some agglomeration over the carbon support. The average particle
sizes of Pd nanoparticles in Pd/CNFs and Pd-Sn/CNFs electro-catalysts are 7.15 nm and
9.51 nm, respectively. The attachment of Pd and Sn nanoparticles to CNFs occurs through
strong interfacial interactions which are not observed in the bulk space of the matrix. The
obtained results prove that Pd and Sn nanoparticles are well-connected with the highly
conducting CNFs which are requisite for efficient electro-catalyst. The selected area electron
diffraction (SAED) patterns of CNFs (D), Pd/CNFs electro-catalyst (E) and Pd-Sn/CNFs
electro-catalyst (F) are also shown in Figure 1, thereby supporting the crystallinity of the
prepared nanomaterials. It is clear that the nanoparticles corresponding to Pd and Sn are
present in these SAED patterns. The (111), (200), (220), and (311) planes of Pd correspond
to the Pd face-centered cubic (fcc) structure and are presented by the SAED patterns.
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Figure 1. HRTEM images of CNFs (A), Pd/CNFs (B) and Pd-Sn/CNFs (C) electro-catalysts; SAED
patterns of CNFs (D), Pd/CNFs (E) and Pd-Sn/CNFs (F) electro-catalysts.

2.1.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used to study the changes of functional groups before and after incorporating
Pd and Sn on a CNFs framework. The FTIR spectra of CNFs, Pd/CNFs and Pd-Sn/CNFs



Catalysts 2022, 12, 608 4 of 20

nanomaterials are presented in Figure 2. As expected, the results display the presence of
hydroxyl and carboxylic acid groups on the CNFs surface. CNFs exhibit characteristic
absorption bands at 3452 cm−1 ascribed to the –OH of carboxylic group. The characteristic
vibrations at 2430 cm−1 and 1114 cm−1 correspond to the aliphatic –CH and –CH2 group
of CNFs. The band at 1636 cm−1 is assigned to the C=O group of the carboxylic acid. The
band at 1386 cm−1 is associated with the C=C stretching originating from the preparation
of the CNFs. The vibration band around 500 cm−1 represents Fe–O bond which is due to
the residual iron from ferrocene [15,16]. These functional groups are used to facilitate the
attachment of Pd and Sn nanoparticles on the CNFs surface. The FTIR spectra of Pd/CNFs
and Pd-Sn/CNFs electro-catalysts show identical functional groups to the CNFs spectrum.
The disappearance or reduction in bands in CNFs indicate a successful deposition of Pd
or Sn on CNF. In addition, the appearance of new bands on Pd-Sn/CNFs show that it
is clearly distinctive from that of CNF and Pd/CNF, indicating a successful formation
of Pd-Sn alloy on the surface of CNFs and the feasibility of as-obtained electro-catalysts
for electro-catalytic application. Sn supplies abundant –OH species at interface sites as
evidenced by the increase in the intensity of the second peak of –OH after the addition of
Sn. There is also a vibration between 650 and 500 cm−1 due to the Sn-O bond.
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Figure 2. FTIR spectra of carbon nanofibers (CNFs) support, Pd/CNFs and Pd-Sn/CNFs electro-catalysts.

2.1.3. X-ray Diffraction (XRD)

X-ray diffraction was used to investigate the crystalline structure of CNFs, Pd/CNFs and
Pd-Sn/CNFs electro-catalysts shown in Figure 3. The results reveal that the support material
is polycrystalline carbon comprised of a defective graphitic crystal lattice. The XRD pattern of
CNFs exhibits a typical graphitic, intense and sharp diffraction peak at 25◦ which represents
(002) planes [21]. It is a prominent peak due to the graphitic carbon material. Other graphitic
peaks can be seen at 45◦, 55◦ and 78◦, corresponding to the (100 + 101), (004), and (110)
planes [22]. It appears that CNF has an ordered structure which is beneficial for improving the
electrode electronic conductivity. The XRD pattern of Pd/CNFs shows additional diffraction
peaks positioned at the Bragg angles 40◦, 47◦, 68◦, 84◦ and 87◦, corresponding to (111),
(200), (220), (311) and (222) lattice planes of Pd. The appearance of these new peaks in the
Pd/CNFs nanocomposite demonstrates that Pd nanoparticles were successfully introduced
onto the CNFs surface [23]. Furthermore, the XRD pattern of Pd-Sn/CNFs electro-catalyst
also displays the diffraction peaks of Pd nanoparticles at the same position. However, these
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peaks are broader and less intense, indicating a decrease in particle sizes and an increase in
the lattice parameter of palladium. These broad diffraction peaks also confirm the successful
introduction of Sn nanoparticles into the CNFs matrix and the formation of PdSn alloy which
agrees with the FTIR observation. The average crystalline size of Pd in the Pd-Sn/CNFs
electro-catalyst was 1.90 nm, roughly half that of Pd in the Pd/CNFs electro-catalyst (3.91 nm).
Due to the alloying of palladium with tin, the lattice parameter of Pd in Pd-Sn/CNFs was
0.8876 nm which is greater than that of Pd in the Pd/CNFs electro-catalyst (0.4716 nm) and
the results are presented in Table 1.
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Figure 3. XRD patterns of CNFs support, Pd/CNFs and Pd-Sn/CNFs electro-catalysts.

Table 1. Average crystal sizes and lattice parameters of Pd in the electro-catalysts.

Electrocatalysts Pd in Pd/CNFs Pd in Pd-Sn/CNFs

Average crystal size 3.91 nm 1.90 nm
Lattice parameter 0.4716 0.8876

The average crystalline size of the palladium in the electro-catalysts was calculated
from the XRD peak of Pd (111) using the Debye-Scherrer equation:

D =
0.9λ

βCosθ
(1)

where D is the crystalline size, 0.9 is a shape factor, θ is the angle of reflection, β is the peak
at half maximum and λ is the wavelength of the X-ray [24].

α =

(
2√λ

)
Sinθ

(2)

where λ is the wavelength of the X-ray and θ is the angle of reflection [24].
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2.1.4. X-ray Photoelectron Spectroscopy (XPS)

The surface chemistry and electronic structures of the CNF series were investigated
using XPS as reported in Figure 4A. The major core levels and the O KVV Auger lines
are the only ones that have been labeled. Figure 4B displays the Pd 3d XPS spectra for
Pd/CNFs and Pd-Sn/CNFs. The best fit to the experimental data was obtained by adding
two spin-orbit doublets (both separated by a spin-orbit splitting of 5.3 eV) and a Shirley
type background. These two components can again be ascribed to 0+ and 2+ oxidation
states for Pd ions in these compounds [25]. Table 2 shows the fit findings for the binding
energy (BE) and spectral weight of the components.
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Table 2. BEs (eV) and relative percentage areas (%) of the two Pd 3d core level components.

Electrocatalyst Pd2+ (eV) Pd0+ (eV) Pd2+ (%) Pd0+

Pd/CNFs 337.36 335.79 21 79
Pd-Sn/CNFs 337.62 334.74 42 58

The oxidation states of Pd and Sn were also evaluated using XPS. The core level spec-
trum of Sn 3d for Pd-Sn/CNFs is shown in Figure 4C. The core level has two prominent
peaks which correspond to the spin-orbit components of Sn 3d5/2 and 3d3/2. On the low
binding energy side of the primary peak, both have a well-defined low-intensity shoulder.
As carried out previously, this core level was fitted with two spin-orbit components (sepa-
rated by a spin-orbit splitting of 8.4 eV) and Shirley background [26]. The binding energy
of these components found at 485.55 eV and 487.41 eV for Sn 3d5/2 are in line with their
assignation to 0+ and 4+ oxidation states for Sn ions. When the intensities are compared,
the 4+ oxidation state accounts for 87% of the spectral intensity in this core level [27].

Figure 4D shows the core level of O 1s in the CNF samples. As for the CNF samples,
adding four Voight line form singlets provided the best fit to the experimental data to
a Shirley background. The attribution of the fitted components for CNF samples are as
follows: O1 to C-O bonds, O2 to C=O, O3 to C-O-H/C-O-C bonds and O4 to O-C=O
bonds [28]. Table 3 shows the fit findings for binding energy (BE), which indicate excellent
alignment amongst the spectra.

Table 3. The four components of the O 1s core level’s binding energies (eV).

Sample O1
(eV)

O2
(eV)

O3
(eV)

O4
(eV)

CNFs 531.4 532.79 534.18 536.02
Pd/CNFs 531.3 532.71 534.22 536.07

Pd-Sn/CNFs 531.35 532.75 534.20 536.09

Figure 4E depicts the C 1s core level of the CNF materials. The line shape of the core
level is clearly composed of several components. Five Voigt line shape singlets and a Shirley
background provided the best fit to the experimental data. The background and the fitted
components (labelled C1–C5) are attached to the figure. This line shape was compared to
the relevant literature and consistent with the previous set of data, the fitted component
can be attributed as follows: C1 to C=C bonds, C2 to C-C bonds, C3 to C-O bonds, C4 to
C=O bonds. The extra component C5 can be attributed to carbon ions bonded to F [29]. As
presented in Table 4, the fit results for the BE show a good agreement amongst the spectra.

Table 4. The five components of the C 1s core level’s binding energies (eV).

Sample C1
(eV)

C2
(eV)

C3
(eV)

C4
(eV)

C5
(eV)

CNFs 284.64 285.78 286.80 289.48 292.13
Pd/CNFs 284.74 285.60 286.90 289.69 292.10

Pd-Sn/CNFs 284.78 285.64 286.88 289.52 292.11

2.1.5. Raman Analysis

The Raman spectra of CNF, Pd/CNF and Pd-Sn/CNF electro-catalysts are displayed
in Figure 5 and exhibit two prominent bands at 1335 and 1572 cm−1. The broad bands
correspond to the D and G bands which are attributed to the disorder or defects in the
graphite crystal and stretching mode of the C-C bond in the graphite plane [30]. The
D-band is due to the disordered carbon. This is caused by C-C vibrations leading to the
disruption of the sp2 hybridized carbon bonds. Graphite is represented by the G-band.
The appearance of this peak, which shows the order of graphitic carbons in the structural
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matrix of CNFs, is attributed to the in-plane vibration modes of the sp2 carbon bonds [31].
The obtained spectrum can be attributed to amorphous carbon because the D-band is broad,
and the full width at half maximum (FWHM) of the G-band is 55 cm−1. The calculated
intensity ratio of the CNFs support is 0.4, indicating a minimal degree of crystallinity with
moderate defects of the carbonaceous material. Concurrently, the ratios of the Pd/CNF and
Pd-Sn/CNF electro-catalysts were found to be 0.6 and 0.7, respectively. The electro-catalysts
had greater ID/IG values than the CNF supports, indicating that the insertion of Pd and Sn
into the CNFs induced defects in the CNF structure and lattice symmetry.
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Figure 5. Raman spectrum of carbon nanofibers (CNFs) support, Pd/CNF and Pd-Sn/CNF electro-
catalysts. 

Figure 5. Raman spectrum of carbon nanofibers (CNFs) support, Pd/CNF and Pd-Sn/CNF electro-catalysts.

2.1.6. Thermogravimetric Analysis

A thermogravimetric analysis (TGA) was performed to study the thermal stability of
CNFs, Pd/CNFs, and Pd-Sn/CNFs. As illustrated in Figure 6, the TGA profiles of these
materials display variable decomposition temperatures. After the decomposition of the
CNFs there was no residual mass left, indicating that the material is readily carbon. The
initial weight loss observed in the TGA profiles is due to the evaporation of the water
molecules due to the adsorption of moisture from the surroundings. CNFs are thermally
stable, remaining unchanged across the entire temperature range with no significant mass
loss until the initial decomposition around 560 ◦C [28]. Pd/CNFs experienced the first
decomposition around 550 ◦C, associated with the species contained within the sample,
such as oxygen functional groups. The last two decomposition steps happen at 570 ◦C
and 755 ◦C, leading to the decomposition of amorphous carbon and indicating that the
nanocomposite has burned out, with a relatively small mass remaining. CNFs are less
thermally stable than Pd/CNFs and Pd-Sn/CNFs as indicated by the remaining weight
percentages of the electro-catalysts. On the other hand, the Pd-Sn/CNFs had three de-
composition temperatures. The first weight loss was around 540 ◦C and was associated
with the loss of organic functional groups due to solvent evaporation, including that of
water molecules physiosorbed onto the compound surface. This indicates the existence
of functional groups such as CO, O-C-O, and C-O-C on the surface of CNFs. The second
(570 ◦C) and final loss (780 ◦C) corresponded to the decomposition of amorphous carbon
and the loss of the remaining graphitic carbon [25].
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2.1.7. Brunauer-Emmett-Teller (BET) Surface Area Analysis 
BET was used to determine the surface area of the electro-catalyst materials and the 

results are presented in Table 5. From this table, the surface area decreased as the surface 
of CNFs was modified with Pd and further decreased after the addition of Sn nanoparti-
cles to the Pd/CNFs catalyst. Barrett, Joyner, and Halenda (BJH) approach was used to 
analyze the pore-size distribution (PSD) in the desorption branch [32]. PSD revealed that 
the CNF support exhibits abundant mesopores with a pore diameter of (25.64 nm). The 
mesoporosity of as-prepared CNFs aided in the achievement of a high metal nanoparticle 
dispersion. These mesopores for CNF materials help to improve the rate of kinetics and 
electrolyte ion diffusion [33]. Figure 7 depicts the nitrogen adsorption-desorption iso-
therms and pore size distribution of CNFs support, and Pd/CNF and Pd-Sn/CNF electro-
catalysts. The nitrogen adsorption-desorption isotherms of these nanomaterials were type 
IV as per IUPAC classification. At P/P0 = 0.7–0.9, the H1 hysteresis loops were observed 

Figure 6. TGA profiles of CNFs support, Pd/CNFs and Pd-Sn/CNFs electro-catalysts.

2.1.7. Brunauer-Emmett-Teller (BET) Surface Area Analysis

BET was used to determine the surface area of the electro-catalyst materials and the
results are presented in Table 5. From this table, the surface area decreased as the surface of
CNFs was modified with Pd and further decreased after the addition of Sn nanoparticles to
the Pd/CNFs catalyst. Barrett, Joyner, and Halenda (BJH) approach was used to analyze
the pore-size distribution (PSD) in the desorption branch [32]. PSD revealed that the CNF
support exhibits abundant mesopores with a pore diameter of (25.64 nm). The mesoporosity
of as-prepared CNFs aided in the achievement of a high metal nanoparticle dispersion.
These mesopores for CNF materials help to improve the rate of kinetics and electrolyte
ion diffusion [33]. Figure 7 depicts the nitrogen adsorption-desorption isotherms and
pore size distribution of CNFs support, and Pd/CNF and Pd-Sn/CNF electro-catalysts.
The nitrogen adsorption-desorption isotherms of these nanomaterials were type IV as per
IUPAC classification. At P/P0 = 0.7–0.9, the H1 hysteresis loops were observed for all
the nanomaterials, indicating that the nanomaterials may have a more uniform porous
structure. The nature of the hysteresis loop may result from the pore overlap between PdSn
and CNFs.

Table 5. BET surface area of CNFs, Pd/CNFs, and Pd-Sn/CNFs.

Nanomaterial BET Surface Area (m2/g)
Pore Volume

(cm3/g)
Pore Size

(nm)

CNFs support 19.6369 1.69 25.64
Pd/CNFs electrocatalyst 18.1912 1.82 27.55

Pd-Sn/CNFs electrocatalyst 17.4183 0.25 42.31
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Figure 7. Nitrogen adsorption-desorption isotherms of CNFs support, and Pd/CNF and Pd-Sn/CNF
(insert) electro-catalysts (A), pore size distributions of CNFs support, and Pd/CNF and Pd-Sn/CNF
electro-catalysts (B) and Pd-Sn/CNFs electro-catalyst (C).

2.2. Application of Electro-Catalysts in Alcohol Fuel Oxidation Reactions
2.2.1. Methanol Electro-Oxidation
Cyclic Voltammetric Tests

The CV of the electro-catalysts on the glassy carbon electrode in 1 M KOH is shown
in Figure 8a. The OH- adsorption peak was observed in all CVs between −0.8 V and
0.4 V while the PdO reduction peak was observed between a 0.4 V and −0.8 V potential
window. At −0.5 V, Pd-Sn/CNFs have the highest oxygenated species reduction peak
which is useful for methanol oxidation. The electrochemically active surface area (EASA)
of the electro-catalysts (Pd/C, Pd/CNFs and Pd-Sn/CNFs) was calculated from the CV
curves [34] using the following formula:

EASA =
Q
sl

(3)
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where Q is the Coulombic charge calculated by integrating the area under the PdO reduction
peak, s is the proportionality constant (405 µC cm−2) and l is the Pd loading (g cm−2) [35].
The Pd/C, Pd/CNF and Pd-Sn/CNF electro-catalysts were determined to have EASA
values of 142.94 cm−2 mg−1, 222.74 cm−2 mg−1 and 309.16 cm−2 mg−1, respectively. The
EASA and electrode surface area were used to normalize CV currents. A large EASA only
indicates the presence of more electrochemically active sites on the electro-catalyst surface.
Pd-Sn/CNFs and Pd/CNFs electro-catalysts display high values of EASA, compared to
that of the Pd/C electro-catalyst. This may be due to the CNFs support and a strong
metal-support interaction due to the homogenous dispersion of the PdSn metallic particles
over the carbon support.
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CH3OH (B) solution at a scan rate of 50 mVs−1 at ambient temperature. CV curve of Pd-Sn/CNFs
electro-catalyst in 1 M KOH + 1 M CH3OH at various scan rates (C) and the relationship between
peak current density and scan rates squared (D).

Figure 8B presents the CV curves of Pd/C, Pd/CNF and Pd-Sn/CNF electro-catalysts
in the presence of 1 M KOH + 1 M CH3OH solution. As illustrated in Figure 8B, Pd/C,
Pd/CNF and Pd-Sn/CNF electro-catalysts exhibited two distinct forward and backward
current peaks for methanol oxidation reaction. The forward peak is attributed to methanol
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oxidation and represents the electro-oxidation of freshly chemisorbed species resulting
from adsorbed methanol. The backward peak corresponds to the removal of intermediates
incompletely oxidized in the forward scan. The size of the forward peak indicates the
electro-catalytic activity for the electro-oxidation reaction of methanol [36]. The results show
that the Pd-Sn/CNFs electro-catalyst has a higher electro-catalytic activity for methanol
oxidation than Pd/C and Pd/CNF electro-catalysts. The enhanced performance of the
Pd-Sn/CNF electro-catalyst may be due to the high surface area and higher Pd dispersion
provided by the support material, as well as a faster methanol adsorption and availability
of oxygen-containing species (OH) in alkaline medium. The magnitude of the backward
peak is less than that of the forward peak in alkaline medium, suggesting that the removal
of adsorbed carbonaceous species is easier due to the availability of oxygen-containing
species that facilitated the quick methanol oxidation reaction [37,38]. Since Pd-Sn/CNFs
outperformed other electro-catalysts prepared in terms of high current, low onset potential
and poisoning resistance, further investigation such as the effect of the sweep rate on the
current density was investigated.

Figure 8C shows that various scan rate experiments (25–100 mVs−1) were conducted to
assess the electrochemical processes occurring at the glassy carbon electrode surface (either
adsorption or diffusion). The obtained result shows that there is a reversible peak because
the oxidative and reductive peaks of methanol oxidation are observed. This may be due to
the active and sufficient charge transfer rate to maintain the surface equilibrium [39]. The
curve of the Pd-Sn/CNFs electro-catalyst shows a behavior of a reversible plot with the stable
potential peak as the peak current increases with the increase in scan rates. This stability in
potentials may be due to fewer toxic intermediates forming on the electrode surface during
methanol oxidation. Despite poisonous species reducing electro-catalyst activity, the Pd-
Sn/CNFs electro-catalyst still shows great catalytic activity. This is complemented by the
lower oxidation potential and higher current density peak. The processes occurring at the
electrode surface were determined by plotting the peak current of each scan rate against the
square root of the scan rate shown in Figure 8D. The plot of the Pd-Sn/CNFs electro-catalyst
did not have a perfect linear fit graph since electron transfer reactions occur between the
electrode and adsorbed molecules on the electrode surface as methanol is oxidized [40].

Stability/Durability and Impedimetric Tests

The chronoamperometric technique was used to evaluate the stability and durability
of the methanol oxidation reaction on Pd/C, Pd/CNF and Pd-Sn/CNF electro-catalysts.
Chronoamperometric measurements were carried out for 2000 s at a fixed potential of 0.5 V
in 1 M KOH + 1 M CH3OH solution agitated under magnetic stirring at 50 rpm. Figure 9A
displays that all the CA curves exhibit a gradual decline in current density, which results
from the poisoning of the electro-catalysts by carbon monoxide (CO) intermediate. It is clear
that the initial current degradation is rapid for all three electro-catalysts. It is also observed
that Pd/CNF and Pd-Sn/CNF electro-catalysts take a much longer time to reach a steady-
state, indicating that the electro-catalysts may experience some diffusion layer build-up,
thereby leading to depletions of the reactant near the surfaces of the electrodes. In addition,
the potentiality of the electro-catalysts to go beyond 2000 s to achieve a perfect plateau is
clearly noticeable. The prepared electro-catalysts have a higher current density than that of
the commercial Pd/C electro-catalyst. This may be due to CNFs possessing more unique
properties than the carbon black, utilization, and content of Pd [41]. The CA curves’ y-axis was
normalized to convert it to a relative current (%) to better comprehend the electro-catalysts
stability and durability. The current loss for the electro-catalysts was 98.9%, 91.5%, and 72.3%
for Pd/C, Pd/CNFs, and Pd-Sn/CNFs, respectively, according to the CA curves. The latter
had the highest current retention of the electro-catalysts, at 27.5%. Figure S1A shows the
methanol oxidation chronoamperometric curves normalized by EASA.
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EIS was used to assess the electron transport properties of the modified electrodes
for methanol oxidation [42]. The impedance response of Pd/C, Pd-Sn/CNF and Pd/CNF
electro-catalysts are illustrated in Figure 9B. Solution resistance (R1), charge transfer resis-
tance (R2), Warburg resistance (W1), and a circuit cell comprise the electrical equivalent
circuit. Generally, the presence of a double capacitance layer between the electrolyte and
electrode interface is characterized by the presence of the semi-circle at high-frequency
regions, whereas the diffusion-limited processes are characterized by the linear segment in
the lower frequency region [43]. It is observed that the semi-circles for Pd/C and Pd/CNFs
are in the high-frequency region compared to the Pd-Sn/CNFs. This indicates an occurrence
of charge transfer reactions on the surface of the electro-catalysts (Pd/CNFs and Pd/C). An
increase in charge transfer resistance (Rct) leads to an increase in the semi-circle diameter
which results in a slow charge transfer rate (Table 6 shows the resistance values) [44]. The
rate of methanol oxidation was faster on the electrode surface in the Pd-Sn/CNFs-modified
electrode in comparison with the other electro-catalysts.

Table 6. EIS resistance values for electro-catalysts in methanol oxidation.

Electro-Catalyst Rs
(Ohm)

Rct
(Ohm)

Pd/C 14.08 67.96
Pd/CNFs 6.28 51.43

Pd-Sn/CNFs 0.43 26.89

2.2.2. Ethanol Electro-Oxidation
Cyclic Voltammetric Tests

Figure 10A displays the CV of Pd/C, Pd/CNF and Pd-Sn/CNF electro-catalysts
recorded at a scan rate of 50 mVs−1 in a solution of 1 M KOH + 1 M CH3CH2OH. A well-
defined oxidation peak can be observed in the three CV curves. The Pd-Sn/CNFs electro-
catalyst shows the best catalytic activity and poisoning tolerance among the three catalysts,
evidencing by its largest current peak. It is noted that the addition of Sn into Pd/CNFs
significantly improves the catalytic activity. This confirms that Sn provides surface oxygen-
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containing species that react with intermediates produced during an oxidation reaction. It
is apparent that the size effect promotes the higher catalytic activity of Pd-the Sn/CNFs
electro-catalyst for ethanol oxidation [45,46]. Since Pd-Sn/CNFs performed better than
other electro-catalysts prepared in terms of high current, low onset potential and poisoning
tolerance. Based on this, further studies were then carried out on this electro-catalyst by
examining the effect of sweep rate on the current density.
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Figure 10. CV curve of Pd/C, Pd/CNFs and Pd-Sn/CNFs in 1 M KOH + 1 M CH3CH2OH (A) solution
at a scan rate of 50 mVs−1 at ambient temperature. CV curve of Pd-Sn/CNFs electro-catalyst in 1 M
KOH + 1 M CH3CH2OH at various scan rates (B) and the relationship between peak current density
and scan rates squared (C).

Different scan rate studies (25–100 mVs−1) were performed to determine the elec-
trochemical processes at the glassy carbon electrode surface. Figure 10B clearly shows
a reversible peak because both oxidation and reduction peaks of ethanol oxidation are
observed. This reversibility is due to an active and sufficient charge transfer rate to maintain
surface equilibrium [47]. There is a behavior of a reversible plot with peak potential remain-
ing the same in the negative region as the peak current increases with an increase in scan
rate. The stability in potential indicates that the Pd-Sn/CNFs electro-catalyst diminishes
the build-up of poisonous intermediates formed during ethanol oxidation. The poisonous
species has minimal effect on slowing down the activity of the electro-catalyst. This is
supplemented by the low onset peak potentials and high peak current density as seen on
the CV curves [48]. The plot of the peak current of each scan rate versus the square root
of the scan rate was used to determine the processes occurring at the electrode surface.
The peak current will be proportional to the square root of the scan rate for a fast electron
transfer process with diffusion-reaction taking place [49] as previously explained above.
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The straight-line plot of Pd-Sn/CNFs, as seen in Figure 10C, implies that electron transfer
reactions occur in a homogenous manner.

2.2.3. Stability/Durability and Impedimetric Tests

Figure 11A depicts chronoamperograms of Pd/C, Pd/CNF and Pd-Sn/CNF electro-
catalysts in 1 M KOH + 1 M CH3CH2OH solution at 0.5 V and agitated under magnetic stirring
at 50 rpm. The current densities of all electro-catalysts decayed rapidly at the beginning and
slowly decayed until a constant state was reached. As the reaction continued, a current steady
state was achieved after 400 s. The significant current decrease was caused by the poisoning
intermediates adsorbing on the surfaces of the electro-catalysts. The Pd-Sn/CNFs electro-
catalyst showed the highest catalytic activity and stability followed by the Pd/CNFs electro-
catalyst. Furthermore, the current density of the Pd/CNFs electro-catalyst decayed slower
and reached a steady-current after 500 s in comparison with Pd-Sn/CNFs electro-catalyst. The
stability of the Pd/C electro-catalyst is inferior compared to other catalysts. The current density
decayed rapidly and reached stability near zero [50]. The order of decreasing current loss
for the electro-catalysts was 98.6%, 95.4%, and 82.5% for Pd/C, Pd/CNFs, and Pd-Sn/CNFs,
respectively, according to the normalized CA curves. In comparison to other materials, the
Pd-Sn/CNFs retained 17.8% more current. The oxidation of ethanol chronoamperometric
curves normalized by EASA are displayed in Figure S1B.
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1 M KOH + 1 M CH3CH2OH solution.

The EIS was used to check the properties of modified electrodes through an in-depth
look at the solution interface reactions [51]. As shown in Figure 11B, the catalytic per-
formance of each electro-catalyst for ethanol oxidation reaction was analyzed using EIS.
The radius of the impedance arc was used to assess the charge transfer resistance for
Pd-Sn/CNF, Pd/CNF and Pd/C electro-catalysts. The semi-circular diameter reflects the
charge transfer resistance between the electrolyte and surface of the working electrode
when ethanol is oxidized on the GC electrode [52]. The smaller the semi-circular diameter,
the smaller the impediment to the electron transfer and the higher the catalytic activity.
The Pd-Sn/CNFs electro-catalyst has a smaller semi-circle than other electro-catalysts,
indicating the highest catalytic activity (The EIS resistance values are contained in Table 7
below). The EIS results are consistent with the CV results for ethanol oxidation.
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Table 7. EIS resistance values for electro-catalysts in ethanol oxidation.

Electro-Catalyst Rs
(Ohm)

Rct
(Ohm)

Pd/C 6.30 50.06
Pd/CNFs 1.11 27.68

Pd-Sn/CNFs 0.81 14.82

3. Materials and Methods

Palladium(II) chloride (PdCl2) 59–60%; Nafion 117 solution; potassium bromide
(KBr) > 99.9%; tin(II) chloride (SnCl2) 98%; methanol (CH3OH) 99.8% were purchased
from Sigma Aldrich. Sodium hydroxide pellets (NaOH) 98%; hydrochloric acid (HCl)
37%; Ethanol (C2H5OH) > 99.9%; sulphuric acid (H2SO4) 95.0–97.0% were supplied by
Honeywell and SRL Chemicals. Potassium hydroxide pellets (KOH) 85% and ferrocene
(C10H10Fe) were obtained from Merck Chemicals. Chicken skins were purchased from Spar
supermarket. The reagents were analytical grade and utilized without further modification
as received. To make the solutions, we used de-ionized water.

3.1. Synthesis of Carbon Nanofibers (CNFs)

For the growth of CNFs, chicken oil was used as a cheap carbon source and ferrocene
(C10H10Fe) was used as a catalyst. The chicken oil was obtained by heating chicken skin in an
oven at 300 ◦C to extract oil from its fat. The liquid oil and ferrocene were mixed for 15 min in a
small beaker with stirring, then transferred to a silicon substrate (dimensions = 20 × 20 mm,
2 mm thickness) that was placed inside a quartz tube (500 mm long and 45 mm inner diameter)
and mounted inside an electric furnace. The suspension was heated for 1 h at a temperature
of 600 ◦C beneath the stream of dilute gas (acetylene and nitrogen). A black deposit (CNFs)
formed and was permitted to cool down at ambient temperature and then mechanically crushed
to a fine powder [53].

3.2. Functionalization of Carbon Nanofibers (CNFs)

The same functionalization method was reported in our previous study [38].

3.3. Synthesis of Pd/CNFs and Pd-Sn/CNFs Electro-Catalysts

The Pd/CNF and Pd-Sn/CNF electro-catalysts were prepared by the same method
described by Selepe CT et al. [38].

3.4. Sample Characterization

HRTEM experiments were performed at an increasing speed voltage of 200 kV using a
Jeol JEM-2100F Field Emission Electron Microscope equipped with a LaB6 source. Dropping
a small amount of the orchestrated nanocomposite onto a copper grid covered with an
elegant carbon film produced the samples. A computerized charge-coupled device (CCD)
camera connected to the TEM was used to validate the images of the nanomaterials. FTIR,
Model PerkinElmer Spectrum 100 was used to measure the infrared spectra of carbon
nanofibers support, Pd/CNF and Pd-Sn/CNF electro-catalysts in the frequency range of
500–4000 cm−1. Raman spectra were acquired with a T64000 series II triple spectrometer
system from HORIBA scientific, Jobin Yvon Technology. XRD measurements of CNF,
Pd/CNF and Pd-Sn/CNF nanomaterials. Cu Kα radiation (λ = 0.15405 nm) was used
to make measurements in the 2θ range from 5 to 90◦ at 40 kV and 40 mA operational
conditions. For surface area analysis, BET, Micromeritics TriStar II Plus, Germany was
utilized. Thermogravimetric analysis was conducted using (TGA, Hitachi-STA7200RV,
Japan) for thermal stability determination. The chosen heat rate was 20 ◦C/min with a
temperature range between 25 and 800 ◦C under a nitrogen environment. XPS (model
Kratos Axis Ultra DLD) was utilized to distinguish the elemental composition and electronic
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state of palladium and tin within the carbon nanofibers using an Al (monochromatic) anode,
furnished with charge neutralizer.

3.5. Electrochemical Characterisation
3.5.1. Electrode Preparation

A total of 10 mg of electro-catalysts was dissolved in 2 mL ethanol with 5 µL of Nafion
solution. The dried pre-treated glassy carbon electrode (GCE) was drop-coated with 15 µL
of the ink prepared by sonicating the above-mentioned solution for 15 min. The latter was
polished on Micro cloth TM (Buehler, Lake Bluff, IL, USA) with 1.0, 0.3, and 0.05 µm alumina
slurries in order before drop-coating. To eliminate loose particles from the micro cloth, it
was sonicated with double distilled water. Electrochemical characterizations were assessed
utilizing an Ivium Technologies Com-pactstat.h standard and a three-electrode system. The
potentials of the working electrode were established using the reference (Ag/AgCl) and
counter (Pt wire) electrodes saturated with 3 M NaCl. The results were compared to a Pd/C
standard electro-catalyst of 10 wt.% which was tested under the same conditions.

3.5.2. Electrochemical Measurements

The Ivium Technologies Com-pactstat.h standard and 3-electrode system were used to
conduct electrochemical experiments. The working electrode’s potentials were obtained
using a 3 M NaCl-saturated reference (Ag/AgCl) and counter (Pt wire) electrodes. The
improved GCE’s working surface area was 0.07 cm−2 during the electrochemical experi-
ments. Fifteen minutes before the electrochemical tests, the alkaline electrolyte solution
was purged with argon. The chronoamperometric experiments were conducted as the
solution was agitated under magnetic stirring at 50 rpm. This was performed in order to
maintain the solution near the electrode homogeneous. The results were compared to a
Pd/C electro-catalyst with a content of 10 wt.% that was tested under the same conditions.

4. Conclusions

Pd/CNF and Pd-Sn/CNF electro-catalysts were prepared using the alcohol reduction
method. This proved to be an effective method to fabricate an active electro-catalyst
for methanol and ethanol oxidation in an alkaline medium. The Pd-Sn/CNFs exhibited
superior electro-catalytic activity and stability compared to other electro-catalysts in both
methanol and ethanol electro-oxidation. The electro-catalytic behaviors of the present
study were also compared with the conventional Pd/C electro-catalyst. The oxidation of
methanol on Pd-Sn/CNFs does not have a perfect linear fit graph due to electron transfer
reactions occurring between the electrode and adsorbed molecules on the electrode surface.
Meanwhile, ethanol on Pd-Sn/CNFs occurred quickly, as validated by the proportional
relationship of the peak current with the square root of the scan rate of Pd-Sn/CNFs with
a slope close to 0.5, indicating the presence of a diffusion-controlled reaction. EIS further
supplemented a fast kinetics reaction which showed that the reactions on Pd-Sn/CNFs are
faster than other electro-catalysts. The high catalytic activity of Pd-Sn/CNFs for the electro-
oxidation of both alcohols is attributed to the uniform dispersion of Pd nanoparticles on
the CNFs surface and good alloying with Sn nanoparticles. As a result, the electro-catalysts
that were developed offer a lot of potential for electrochemical energy conversion and
storage applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12060608/s1, Figure S1. Chronoamperograms (A) of Pd/C, Pd/CNF and Pd-Sn/CNF
electro-catalysts at 0.5 V in 1 M KOH + 1 M CH3OH solution and (B) of Pd/C, Pd/CNF and Pd-
Sn/CNF electro-catalysts at 0.5 V in 1 M KOH + 1 M CH3CH2OH solution.
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