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ABSTRACT

Energy, vital and permanent need for human life and welfare, supplied by fossil fuels such as
oil, coal, and natural gas through the world has been rising gradually. However, the employment
of fossil fuels to supply energy need have several disadvantages such as shortage of fossil fuels
and global warming caused via fossil fuel exhaust gases. To eliminate these disadvantages of
fossil fuel consumption in energy generating systems, research studies are dedicated to the
alternative energy sources such as fuel cells, batteries, solar energy, wind energy. Fuel cells are
the most popular alternative energy devices and attributed great importance to recompense the
rapidly increasing energy demand. Direct Borohydride Fuel Cells (DBFCs), known as a special
group of an alkaline direct liquid fuel cell (DLFC). At present, monometallic CNT supported
Pd electrocatalysts (Pd/CNT) are prepared at varying Pd loadings via sodium borohydride
(NaBH4) reduction method to investigate their NaBH4 electrooxidation activities. These
monometallic Pd/CNT catalysts are characterized by X-ray Diffraction (XRD), N2 adsorption-
desorption, X-ray photoelectron spectroscopy (XPS), and Scanning Electron Microscopy-
Energy Dispersive X-ray analysis (SEM-EDX). NaBH4 electrooxidation measurements are
performed with cyclic voltammetry (CV), chronoamperometry (CA), and electrochemical
impedance spectroscopy (EIS). The 30% Pd/CNT catalyst exhibits the highest electrochemical
activity. By altering Pd loading, catalyst surface electronic structure changes significantly,
leading to enhanced NaBH4 electrooxidation activity. As a conclusion, it is clear that Pd/CNT
catalysts are good candidate as anode catalysts for direct borohydride fuel cells.
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1. Introduction

Energy is one of the most important needs for the daily life Polymer

electrolyte membrane (PEM) fuel

cells are

and development and survival of human society. The
emissions from fossil fuels cause toxic and dangerous
substances, leading to serious environmental problems.
Increasing global energy consumption has been caused
exhausting of fossil fuels, leading to the search for alternative
energy resources [1, 2]. The importance of renewable energy
sources has enhanced global energy demand owing to the
effects of petroleum-based fuels such as environmental
pollution and global warming [3]. Fuel cells are the most
popular alternative energy devices and attributed great
importance to recompense the rapidly increasing energy
demand [4]. Considering fuel cell, the chemical energy of
molecules is converted into electrical energy with high energy
efficiency [5, 6].

commonly regarded as a competent substitute to batteries for
portable power devices. Hydrogen PEM (H2-PEM) fuel cells
[7], direct methanol fuel cells (DMFCs) [8, 9], direct ethanol
fuel cells (DEFCs), direct alcohol fuel cells (DAFCs) [10, 11],
and direct formic acid fuel cells (DFAFCs) [12, 13] are most
commonly studied fuel cells in literature. The critical
limitations for commercialization of H,-PEM are the high cost
of miniaturized H, containers, potential dangers in the
transportation of Hy, and low gas-phase energy density of Ha.
Although liquid-alcohols have superior energy density
compared to Hp, the toxicity of methanol vapor is still a
remaining concern for the commercialization of DMFCs for
on-board systems. On the other hand, C-C bond breaking is
difficult for other alcohols [14, 15]. Due to some limitations
in alcohol fuel cells such as CO: generation, low
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electrochemical activity, and crossover, the researchers
concentrated on Direct Borohydride Fuel Cells (DBFCs),
known as a special group of an alkaline direct liquid fuel cell
(DLFC) [16-18]. This kind of fuel cell produces electricity via
the oxidation of borohydride anion (BH4Y) at the anode and
oxygen reduction at the cathode shown as Eq. (1.1) and Eg.
(1.2) [19-21].

BH4 + 80OH —» BO; + 6H,0+8¢" (E°=-1.24V) (1.1)

03 + 2H,0 + 46— 40H" (E°=0.40 V) (1.2)

Nanomaterials have attained much attention due to versatile
applications such as disease diagnostics, photocatalysis,
energy, environment, and storage appliances [22-27]. DBFCs
have enhanced performances, especially regarding mobile
applications [17, 28, 29]. In order to improve DBFC
performance, the anode catalyst is one of the important
elements to enhance its catalytic performance [30, 31]. The
catalytic electrooxidation of NaBH, has been widely
investigated by using various catalysts such as Pt [32-36], Au
[37-40], Pd [41-43], Ag [44], Co [45-47], Ni [18], and alloys
such as Pt—Bi [48], Pd-Bi [48], Pt-Ni [16, 49], Pt-Au [50], Pd-
Au [51], Ni-Co [52], Cu-Ag [53]. There numerous studies on
the synthesis, the characterization of CNT supported Pd
catalysts and the investigation of their NaBH4
electrooxidation activities. However, the mechanism of
NaBH. electrooxidation has not still understood. Thus, the
detailed investigation of CNT supported Pd catalysts should
be performed to understand the mechanism.

Herein, monometallic CNT supported Pd electrocatalysts
(Pd/CNT) are prepared at varying Pd loadings via the NaBH.
reduction method to investigate their NaBH, electrooxidation
activities. The electrochemical performance of Pd metal
charges ranging from 0.1-70% by weight on the support
material is investigated. The surface properties and
electrochemical performances of these catalysts were
examined with different techniques. Particle size and
distribution of the Pd/CNT catalyst were defined by using
XRD and SEM-EDX analysis. N adsorption-desorption
analysis was applied to check the surface area of the Pd/CNT
catalyst. XPS spectroscopy was used to examine the possible
chemical state of Pd in the Pd/CNT. The electrochemical
activity of these catalysts was investigated by CV, CA, and
EIS. Pd/CNT catalyst can be a promising anode catalyst for
DBFCs with its high electrocatalytic performance and
stability.

2. Experimental
2.1. Materials and equipments

Potassium tetrachloropalladate (I1) (K:PdCls, 99.99%),
sodium borohydride (NaBH4, >99%), sodium hydroxide

(NaOH, >98%), multi-walled carbon nanotube (MWCNT,
98%) were purchased from Sigma-Aldrich and used as
received. Nafion 117 solution (5%) was obtained from
Aldrich. Potentiostat, Ag/AgCI reference electrode, glassy
carbon, and Pt wire electrodes were purchased from CH
Instruments. Deionized water was distilled by the water
purification system (Milli-Q Water Purification System). All
glassware was washed with acetone and copiously rinsed with
distilled water.

2.2. Preparation of catalysts and working electrodes

2.2.1. Preparation of monometallic catalysts

The Pd/CNT catalyst was synthesized with the NaBH4
reduction method. The metal loading on the carbon support
was varied at 0.1-70 wt% Pd metal precursor (K:PdCls) was
dissolved in pure water and then CNT was added. These
mixtures were stirred for two hours. NaBH4 was used for
metal reduction. After adding NaBHa, stirring was continued
for half an hour and filtered. Finally, these catalysts were
washed completely and dried at 85 °C for 12 hours [54-56].

2.2.2 Preparation of working electrodes

Glassy carbon electrode was polished by alumina before
electrode preparation. 5 mg of catalyst was dispersed in 1 mL
of Aldrich 5% Nafion solution. As a result, a catalyst ink was
obtained. Following this, 5 pL of the catalyst ink was dropped
on a glassy carbon electrode. Finally, the electrode was dried
at room temperature to remove the solvent.

2.3. Characterization techniques

Monometallic 30% Pd/CNT catalyst was characterized by
XRD, N adsorption-desorption, SEM-EDX, and XPS
measurements. XRD measurement of this catalyst was
analyzed using a PANalytical Empyrean X-ray diffractometer
device with Cu Ka radiation (A = 1.54056 A). N, adsorption-
desorption analysis was conducted on a MicromeriticsTristar
I1 3020 equipped with surface area and porosity measurement
analyzer that employed the BET method. XPS analysis was
applied by the Specs-Flex device to determine the oxidation
state of the Pd/CNT catalyst. SEM-EDX and mapping were
analyzed employing the ZEISS SIGMA 300 to scan the
surface of the Pd/CNT catalyst.

2.4. Electrochemical Measurements

The electrochemical measurements of monometallic Pd/CNT
catalysts were performed with CHI 660 E electrochemical
potentiostat in a three-electrode system. The counter electrode
was Pt wire and Ag/AgCI electrode was served as the
reference electrode. The glassy carbon electrode was
employed as the working electrode. All electrochemical
measurements were performed in the cell at room
temperature. The cyclic voltammograms were recorded in a
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potential range of -1.0~0.4 V versus Ag/AgCl at a sweep rate
of 50 mV s!' in 3 M NaOH + 0.1 M NaBH,. Stability
measurements of these catalysts were carried out ina 3 M
NaOH + 0.1 M NaBHy solution with 600 s -0.4 V by CA. EIS
as a dynamic method was used to examine the electrochemical
behavior of catalysts. Then, Potentiostatic EIS measurements
were recorded between 300 kHz and 0.04 Hz in 3 M NaOH +
0.1 M NaBHsat an amplitude of 5 mV at the -0.4 V electrode
potential.

3. Results and discussion

3.1. Physical characterization

XRD pattern of the Pd/CNT catalyst was illustrated in Figure
1. Figure 1 shows the diffraction peaks at 20 value of 25.7°,
39.5°, 45.6°, 67.0°, 80.7°, and 85.0° corresponding the C (0 0
2),Pd(111),Pd(200),Pd(220),Pd(311),andPd (222)
planes, respectively (JCPDS card no: 87-0638). These planes
approve the existence of metallic Pd with face center cubic
structure [57]. XRD line corresponding to (111) plane was
observed to be intense according to other planes. Therefore,
the crystallite size of this plane was calculated utilizing the
Scherrer equation. The crystallite size corresponding to (111)
plane was found as 5.87 nm.

Intensity (a.u.)

20/ degree

Figure 1. XRD pattern of Pd/CNT catalyst.

The N2 adsorption-desorption analysis was used to
characterize the BET surface area, average particle, and pore
volume of the Pd/CNT catalyst and given in Figure 2. Union
of Pure and Applied Chemistry (IUPAC) classifies hysteresis
loops into H1, H2, H3, and H4 types [58]. Pd/CNT catalyst
shows the V adsorption isotherms with an H1-type hysteresis
loop which is usually connected to the pore duct with uniform
size and regular shape [8, 59]. The average pore size, pore
volume, and BET surface area of Pd/CNT were found as 24.5
nm, 0.93 cm3/g, and 129.48 m?/g, respectively.
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Figure 2. N2 adsorption-desorption isotherm of Pd/CNT catalyst.

The possible chemical states of Pd in the Pd/CNT catalyst
were defined via XPS and related spectra were illustrated in
Figure 3. The deconvoluted Pd 3d spectra composed of six
peaks at the presence of Pd® (Pd 3ds,at 335.7 eV and Pd 3ds,
at 339.5 eV), PdO (Pd 3ds at 341.0 eV), Pd(OH)x (Pd 3ds, at
336.3 eV and Pd 3ds at 340.3 eV), and PdO; (Pd 3ds, at 337.4
eV). The elemental state (Pd®) had a chemical state with a
relative intensity of about 35% as well as the hydroxyl group.
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Figure 3. XPS spectra of Pd/CNT.

SEM-EDX and mapping images of the Pd/CNT catalyst was
shown in Figure 4(a-e). This analysis was performed to set
light to the formation and morphologies of the Pd/CNT
catalyst. The Pd and carbon nanotube networks were plainly
shown from Figure 4(a, b). In addition, it was observed that
Pd metal was distributed homogeneously into the tube. The
formation of the Pd/CNT catalyst was verified by mapping
analysis in which turquoise and green particles indicate the Pd
and carbon in Figure 4(c, d). The atomic and weight ratios
from EDX results of Pd and carbon elements were given in
Table 1. As shown in Table 1, the Pd metal was obtained on
the carbon surface.
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Table 1- Atomic and weight elemental composition of the Pd/CNT

catalyst.
Element Weight % Atomic %
C 67.94 92.52
@] 2.94 3.00
Pd 29.12 4.48
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Figure 4. SEM-EDX (a, b, €) and mapping images (Pd (c), C (d))of Pd/CNT catalyst.
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3.2. Electrochemical measurements

The electrochemical characterization of monometallic
Pd/CNT electrocatalysts were evaluated by cyclic
voltammetry at 3 M NaOH solution at 25 °C. Cyclic
voltammograms were performed at -1.0 V ~ 0.4 V potential
windows at 50 mV s scan rate for monometallic PA/CNT
electrocatalysts. A comparison of the cyclic voltammetric
behaviors of monometallic Pd/CNT electrocatalysts were
presented in Figure 5a. The highest current value of hydrogen
adsorption-desorption peaks was obtained for the 70%
Pd/CNT catalyst. The electrochemical active surface area
(ECSA) of the synthesized 0.1-70.0% Pd/CNT catalysts were
obtained from the Q/(0.424*Pdrm) equation. Q (mC) is an area
of the reduction of PdO peak, the 0.424 (mC/cm?) charge is
the reduction charge value associated with a monolayer of
PdO, and Pdn is the Pd mass loading (mg). ECSA values of
0.1% Pd/CNT, 0.5% Pd/CNT, 1% Pd/CNT, 3% Pd/CNT, 5%
Pd/CNT, 7% Pd/CNT, 10% Pd/CNT, 20% Pd/CNT, 30%
Pd/CNT, 50% Pd/CNT, and 70% Pd/CNT catalysts were
obtained as 551, 1336, 18, 115, 334, 216, 269, 280, 286, 309,
and 260 m?/g, respectively. On the other hand, activities of
NaBH. electrooxidation reaction on monometallic Pd/CNT
electrocatalysts were examined by CV measurements in 3 M
NaOH + 0.1 M NaBH4 at room temperature. As shown in
Figure 5b, during the positive scan, NaBH4 electrooxidation
on monometallic PdA/CNT electrocatalysts began at about —0.8
V, while an oxidation peak appeared at -0.2 V. Cyclic
voltammogram of monometallic Pd/CNT electrocatalysts
revealed a peak located at around -0.3 V during the back scan,
attributed to the electrocatalytic reaction of the interim
product (BH3OH") [31, 35]. 30% Pd/CNT catalyst exhibited
better activity than the other monometallic Pd/CNT
electrocatalysts. In addition, 30% Pd/CNT electrocatalyst
displayed electrocatalytic activity with a maximum current
density of 16.5 mA cm™. The purpose of adding wt% Pd metal
precursor to the support material is to change the specific
surface area and electronic properties of the surface. The 30%
Pd/CNT catalyst has a high specific surface area and different
surface electronic properties which provides more active sites
for the reaction. This phenomenon is called as structure
sensitivity. The exchange current density value of 16.5 mA
cm2 (7.9 A cm mg1pq) appraised for NaBH, electrooxidation
for 30% Pd/CNT catalyst was higher than those reported as
1.38 mA cm for NaBH; electrooxidation on Pd/rGO-Fe;04
catalyst by Martins et al [19]. In addition, this catalyst was
higher than the current density of the Pd-rGO-C@TiC
electrode (1.35 A cm mgpqg) raported by Chen et al [43].
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Figure 5. Pd/CNT catalysts obtained (a) 3 M NaOH, (b) 3 M NaOH
+ 0.1 M NaBHjs solution for cyclic voltammograms (scan rate: 50
mvV s?).

The stability and catalytic activity of 30% Pd/CNT catalysts
at varying potentials were examined by using the CA method.
Figure 6 shows the CA results of catalysts in the solution of 3
M NaOH + 0.1 M NaBH4 at -0.4 V and -0.2 V potentials. The
chronoamperometric curves display a sharp decrease in the
first period owing to the accumulation of interim species at the
surface of catalysts (Figure 6). As shown in Figure 6, the
NaBHj, electrooxidation of 30% Pd/CNT catalyst at -0.4 V
indicates a higher initial current and a higher current at a
longer time compared to other potentials. Furthermore, for the
stability evaluation, the retention of the current value of 1000
s to the initial value was used by normalizing
chronomaperommogram by dividing current values to initial
current values and given in Figure 6b. Figure 6a and Figure 6b
clearly shows that 30% Pd/CNT catalyst at -0.4 V potential
has higher stability than the measurements at other potentials.

Nyquist plots obtained from EIS results were used to
determine the NaBH. electrooxidation activity of 30%
Pd/CNT catalyst. EIS measurements were performed between
300 kHz and 0.04 Hz in 3 M NaOH + 0.1 M NaBH, at an
amplitude of 5 mV at the -0.4 V electrode potentials.
According to the CV results, all catalysts have approximately
-0.2 V peak currents. Therefore, CA analysis was taken at -0.2
and -0.4 V potentials. EIS measurements were taken at this
potential as the best stability was achieved at -0.4 V. It is
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understood that the image of the Nyquist plots is usually
semicircle and the diameter of these semicircles is connected
with the charge transfer resistance (Rc) concerned with the
electrocatalytic activity of electrocatalysts [60, 61]. As can be
seen in Figure 7, since the 30% Pd/CNT catalyst has a smaller
R than compared to the 5% Pd/CNT, 7% Pd/CNT, 10%
Pd/CNT, and 50% Pd/CNT catalysts, it indicates that the
NaBH. electrooxidation reaction increases in the 30%

Pd/CNT catalyst [62].
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Figure 6. (a) chronoamperomograms in solution of 3 M NaOH +
0.1 M NaBHs at -0.4 V and -0.2 V on 30% Pd/CNT catalyst (b)
normalizing chronomaperommograms in solution of 3 M NaOH +
0.1 M NaBH4 at -0.4 V and -0.2 VV on 30% Pd/CNT catalyst.
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Figure 7. Nyquist type EIS plots at -0.4 V potentials in 3 M NaOH
+ 0.1 M NaBHs on (a) Pd/CNT catalysts at various Pd loadings, (b)
30%Pd/CNT catalyst

4. Conclusions

In this study, the monometallic Pd/CNT catalysts at varying
0.1-70.0% Pd loadings were prepared by the NaBH, reduction
method. The 30% Pd/CNT catalyst was characterized via
XRD, BET, SEM-EDX, and FTIR analyses. In addition, the
monometallic Pd/CNT catalysts at varying 0.1 -70.0% were
investigated by CV, CA, and EIS for NaBH, electrooxidation.
The crystallite size corresponding to (111) plane is found as
5.87 nm for 30% Pd/CNT catalyst. The average pore size, pore
volume, and BET surface area of PA/CNT were found as 24.5
nm, 0.93 cm3/g, and 129.48 cm?/g, respectively. The 30%
Pd/CNT catalyst has a high specific surface area and different
surface electronic properties which provides more active sites
for the reaction. This phenomenon is called as structure
sensitivity [63]. An increase in Pd loading improves
electrochemical activity until 30% Pd loading was reached.
Further increase in Pd loading leads to a decrease in the
electrocatalytic activity due to aggregation and blocking of the
surface active sites. In this paper, the sample preparation
method and its ultra-high electrocatalytic activity make
Pd/CNT expected to be a promising electrode, which brings
hope for the preparation of high-performance DBFCs [64].
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