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A B S T R A C T  A R T I C L E  I N F O   

In this study, carbon nanotube (CNT) supported Pd/CNT catalysts at varying Pd molar ratios 
(Pd involving among 0.1-20 wt %) are prepared via NaBH4 reduction method. The surface of 
catalysts prepared for hydrazine electrooxidation are successfully characterized via N2 
adsorption-desorption measurements, X-ray diffractometer (XRD), X-ray photoelectron 
spectroscopy (XPS), and transmission electron microscope (TEM). Electrochemical 
measurements are performed using cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) techniques. According to the characterization results, for 5% Pd/CNT 
catalyst, the average particle size and the surface area are determined as 5.17 nm and 773.10 m2 
g-1, respectively. Among Pd containing (0.1-20 wt %) CNT supported catalysts, 5%Pd/CNT 
catalyst exhibits the best current density as 6.81 mA cm-2 (1122.63 mA mg-1 Pd). Furthermore, 
5% Pd/CNT catalyst shows the best charge transfer resistance (Rct) compared to Pd/CNT 
catalysts. Pd/CNT catalysts are promising anode catalysts for direct hydrazine fuel cells. 
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1. Introduction 

The demand for energy, in which the vast majority of this 
demand is provided from fossil fuel is constantly increasing in 
the industrialized world [1, 2]. The use of fossil fuels that 
caused global warming and environmental pollution is 
constituted negative consequences for both nature and human 
life [3]. Fuel cell technologies could be employed to supply 
energy to cover the energy demand instead of fossil fuels [4]. 
 
Recently, the most commonly used fuels in fuel cell 
technology are hydrazine, formic acid [5], ethanol [6], 
methanol [7], glucose [8], and ethylene glycol [9] etc. 
Hydrazine is a preferable fuel due to its superior properties 
such as high energy density, low cost, zero CO2 emission, 
convenient storage, and transportation ease [10, 11]. In 
addition, another feature of hydrazine is that its source (H2 and 
N2) is unlimited in nature. Hydrazine is not explosive and it 
has low toxicity in dilute aqueous solutions [11]. In direct 
hydrazine fuel cells (DHFC), catalyst poisoning products such 
as CO do not release, so the overvoltage of catalyst poisoning 
is low in DHFC [12]. Anode, cathode, and overall reaction of 
hydrazine electrooxidation are given as follows [13, 14]: 

Anodic reaction: 
N2H4 + 4OH-               N2 + 4H2O + 4e- (1) 

 
Cathodic reaction: 

O2 + 2H2O + 4e-               4OH- (2) 
 
Overall reaction: 

N2H4 + O2               N2 + 2H2O (3) 
 
As a result of reactions (1-3) occurring in the oxidation of 
hydrazine, only water and nitrogen are formed as products, 
and these products are released into the environment [15].  
 
There are needs for low cost and more efficient catalysts with 
higher catalytic activity in hydrazine fuel cells. For this 
purpose, PtCu/C [16], P-Cu2Ni/C [17], NiCoP/C [18], 
SeNCM [19], Ni3S2@Ni foam [20], Mn2O3-Fe2O3/CFs [21], 
Ni–Pt/C [22], nano-CuO/MGCE [23], Ni3N nanoparticles 
[24], Cofiber/Cu [25], Ni2P@Ni10Mo/Ni-Mo-O/NF [26], and Ni 
foam@Ag-Ni [27] catalysts were studied in DHFC for 
catalysts with low costs and higher catalytic activity. In 
addition, Yang et al. stated that the Ag/CNT catalyst prepared 
by modification Ag nanoparticles on CNT with benzyl 
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mercaptan showed high catalytic activity the hydrazine 
electrooxidation reaction [28]. In another study, Gao et al. 
remarked that Cu nanotube-graphene paper (Cu-GP) electrode 
developed by the facile electrodeposition method had high 
electrocatalytic activity and durability for DHFC in alkaline 
medium [29]. Furthermore, Asset et al. reported that NiMo/C 
catalyst prepared via wet impregnation process method, 
exhibited better catalytic activity compared to Ni/C catalyst 

[30]. Liu et al. reported that the ternary CuNiCo LDH 
nanosheet array catalyst prepared via sulfurization-induced 
edge amorphization exhibited  good catalytic activity and 
power durability[31]. The catalysts and maximum peak values 
compiled from the literature studies for hydrazine 
electrooxidation were given in Table 1. 
 

Table 1: Catalysts and maximum peak values for hydrazine electrooxidation compiled from literature. 

Catalyst Preparation Maximum Peak 
mA cm-2 Reference 

Pd black --- 4.12 [32] 
Pd NCs --- 4.87 [32] 
AuPd NCs simple one-pot successive co-reduction 5.28 [32] 
AuPd DANCs simple one-pot successive co-reduction 9.57 [32] 
Co@NM electrochemical deposition 8.13 [33] 

VGNH-45 scalable plasma-enhanced chemical vapor 
deposition 13 [34] 

Bulk Au electrode --- 0.9 [35] 
NPGL30 etching 12-carat white gold leaves 10.5 [35] 
MnO/N-C --- 6.3 [36] 
Pd/CNT NaBH4 reduction  6.81 In this study 

 
In this study, Pd/CNT catalysts were prepared at varying Pd 
weight loadings via NaBH4 reduction method. The 
electrochemical performances of prepared catalysts were 
investigated via CV and EIS. These catalysts were 
characterized with advance surface characterization methods 
as XRD, XPS, and TEM to describe the surface chemical and 
physical properties. The particle size and the crystal structure 
of synthesized catalysts were determined via XRD and TEM. 

2. Experimental measurement 

2.1. Materials and Equipment  

Potassium tetrachloropalladate (II) (K2PdCI4, 99.99%), 
Hydrazine (NH2NH2, 98%) sodium borohydride (NaBH4, 
99%), multi-walled carbon nanotube (MWCNT, 98%), KOH 
were purchased from Sigma-Aldrich and used as received. 
Nafion 117 solution (5%) was supplied from Sigma-Aldrich. 
Ag/AgCl reference electrode and Pt wire electrodes used in 
potentiostat were purchased from CH Instruments. Deionized 
water was distilled via water purification system (Milli-Q 
Water Purification System). All glass wares were washed with 
acetone and a wealth of rinsed with distilled water.  

2.2. Preparation of catalysts and working electrodes 

2.2.1. Synthesis of Pd/CNT catalysts 

Pd/CNT catalysts were prepared by NaBH4 reduction method. 
Pd metal precursor (Potassium tetrachloropalladate) was 
completely dissolved in pure water and then CNT was added. 
These mixtures were stirred in ultrasonic bath for two hours. 

NaBH4 was added to this mixture to reduce the salts in the 
medium. After the addition of NaBH4, these mixtures were 
stirred in the ultrasonic bath for one hour and filtered. These 
catalysts were completely dried at 85 0C for 12 hours. 

2.2.3 Preparation of working electrodes  

The working electrode (glassy carbon electrode) was firstly 
polished by alumina. 3 mg of catalyst was distributed 
homogenously in 1 mL of 5% Nafion solution. 
Consequencely, a catalyst ink was obtained. Finally, 3 µl of 
catalyst ink was dropped on a working electrode and the 
electrode was dried at room temperature to remove the 
solvent. 

2.3. Metal Characterization Techniques 

Pd/CNT catalysts were characterized via N2 adsorption-
desorption, XRD, XPS, and TEM. Surface areas were 
measured through Micromeritics 3Flex equipment. The Pd 
diffractions on the surface that 5% Pd/CNT of the best ratio of 
these catalysts were determined using XRD. Particle size and 
surface metal distribution were found via TEM. 

2.4. Electrochemical Measurements 

All electrochemical measurements of Pd/CNT catalysts were 
determined by CV and EIS in 1 M KOH + 0.5 M N2H4 
solution. These measurements were obtained using the three-
electrode system in potentiostat CH660E. The electro-
oxidation activities of these catalysts were performed by CV 
at the potential gap of -1.2 V to 0.8 V at 50 mv s-1 scan rate. 
The electrochemical impedances of these catalysts were 
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obtained with EIS at 316 kHz and 0.046 Hz to 5 mV 
amplitude. 

3. Results and discussion 

3.1. Physical characterization 

5% Pd/CNT catalyst was characterized by BET, XRD, XPS, 
and TEM. Fig. 1 shows the N2 adsorption-desorption isotherm 
and XRD pattern of monometallic 5% Pd/CNT catalyst 
prepared via NaBH4 reduction method. 5% Pd/CNT catalyst 
exhibited V-type adsorption-desorption shape with H1 type 
hysteresis loop (Fig. 1a) [5, 37]. Adsorption-desorption 
hysteresis loop is close to mesoporous pore structure. The 
average particle size, pore size, and pore volume of 5% 
Pd/CNT catalyst were found at 7.76 nm, 11.35 nm, 2.08 cm3 
g-1, respectively. Furthermore, BET surface area of 5% 
Pd/CNT was calculated as 773.10 m2 g-1.  
 
The XRD pattern of monometallic Pd/CNT catalyst is given 
in Figure 1b. It is found that the C (0 0 2) plane, which related 
to reflection of hexagonal carbon structure, diffraction peak 
located towards 25.60  [38]. The (1 1 1), (2 0 0), (2 2 0), and 
(3 1 1) planes, which shows face center cubic (fcc), belonging 
to Pd the diffraction peaks are subtended of 2θ values at 39.20, 
45.40, 66.60, and 79.70, respectively [39]. In addition, Pd (1 1 
0) diffraction peak was seen at 42.80 [40]. The crystal size for 
5% Pd/CNT catalyst was calculated as 6.94 nm with the 
Scherrer's equation. 
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Figure 1. a) N2 adsorption-desorption isotherm and b) XRD pattern 
of the monometallic 5% Pd/CNT catalyst. 

Atomic differences on the CNT surface could be easily 
determined via XPS analysis [41]. The oxidation state of the 
Pd on CNT surface was determined by XPS analysis. Here, 
according to C 1s, which found at 284.4, was determined the 
binding energy of Pd (Fig. 2b). XPS spectra of Pd 3d, C 1s, O 
1s, and general survey were given in Fig. 2 and the oxidation 
state of Pd 3d is presented in Table 2 for 5% Pd/CNT catalyst. 
The resolution of Pd 3d spectra was found for Pd0 (3d5/2 335.6 
eV; 3d3/2 341.9 eV) and Pd2 (PdO2 339.0 eV) (Fig. 2a and 
Table 2). In addition, the undefined spectrum was seen at 
351.2 eV that could be impurity remaining from the synthesis 
method (Table 2). The elemental state of Pd0 on CNT surface 
was determined at relative density as 49.4 (Table 2). TEM was 
used to determine the particle size and morphological 
structure of 5% Pd/CNT catalyst. TEM images and particle 
size histogram of 5% Pd/CNT catalyst is given in Fig.3. It is 
clearly seen that Pd nanoparticles were bonded with the 
exterior surface of CNT. Furthermore, from Fig. 3(b and c), 
one could note that Pd nanoparticles aggregated. In addition, 
Pd nanoparticles distributed homogeneously on the surface of 
CNT. It was found that the average particle size of 5% 
Pd/CNT catalyst as 5.17 nm (Fig. 3(f)).  
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Figure 2. XPS spectra of a) Pd 3d, b) C 1s, c) O 1s, and d) general survey of Pd/CNT catalyst. 

Table 2. Pd 3d binding energy of Pd/CNT electro-catalysts. 
 
 
 
 
 
 
 
 
 

 

Catalyst Species Binding Energy 
(eV) 

Possible Chemical 
State 

Relative 
Intensity (%) Reference 

 
 
Pd/CNT  
 
 

 
 
Pd 3d 

335.6 Pd 3d5/2 (Pd0) 24.5 [42] 
339.0 PdO2 24.7 [43] 
341.9 Pd 3d3/2 (Pd0) 24.9 [42] 
351.2 Undefined 25.6  
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Figure 3. TEM images (a, b, c, d, and e) and particle size (f) of 5% Pd/CNT.  

3.2. Electrochemical assessment 

CV and EIS measurements were taken in 1 M KOH + 0.5 M 
N2H4 solution to determine hydrazine oxidation activities of 
Pd/CNT supported catalysts prepared at (0.1-20 wt %) Pt 
loadings via NaBH4 reduction method. Initially, CV 
measurements of prepared catalysts were taken in 1 M KOH 
solution and in 1 M KOH + 0.5 M N2H4 solution at -1.0 V to 
0.4 V potentials a scan rate of 50 mV s-1, respectively. These 
results were presented in Fig. 4 and Table 3. The hydroxide 

(OH-) adsorption-desorption peak was observed at among -0.4 
V and 0.2 V for 0.1% Pd/CNT catalyst, but this peak was 
observed at -0.3 V and 0.2 V for 5% Pd/CNT catalyst (Fig. 
4(a)). This could be explained by the fact that Pd nanoparticles 
are very well dispersed on the CNT surface, and thus lead to 
more OH- adsorption. As seen, OH- electrooxidation peaks for 
all prepared catalysts were seen. After reducing the surface 
oxidation of the catalyst, more Pd active sites were provided 
for adsorption and oxidizing the hydrazine. 5% Pd/CNT 
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catalyst among the prepared catalysts showed the highest 
performance as 6.81 mA cm-2 (1122.63 mA mg-1 Pd) for 
hydrazine electrooxidation (Fig. 4(b) and Table 3). In 
addition, the forward currents (If) and reverse currents (Ir) of 
these catalysts were studied. After evaluation of these results, 
we concluded that 5% Pd/CNT catalyst had the best activity 
for hydrazine electrooxidation (Table 3).  
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Figure 4. Cyclic voltammograms with a 50 mV s-1 scan rate in a) 1 
M KOH solution on Pd/CNT catalysts and b) 1 M KOH + 0.5 M N2H4 
solution on Pd/CNT catalysts.  

Table 3. Properties of the obtained peaks from CV results 

Catalysts Forward Peak 
If (mA cm-2) E (V) 

Reverse Peak 
Ir (mA cm-2) E 
(V) 

If/Ir 

Peak 
Current 
Density 

(mA 
cm-2) 

0.1% Pd/CNT 3.86             0.020 ---                  --- --- 3.57 
0.5% Pd/CNT 2.31            -0.004 1.12             -0.26 2.06 1.76 

1% Pd/CNT 0.77            -0.203 0.24             -0.70 3.20 0.54 

3% Pd/CNT 1.74            -0.015 1.10             -0.21 1.58 1.23 
5% Pd/CNT 7.35            -0.081 4.40            -0.28 1.67 6.81 
7% Pd/CNT 2.36           -0.047 1.42            -0.58 1.66 2.10 
10% Pd/CNT 3.12           -0.031 2.02            -0.05 1.54 2.77 
20% Pd/CNT 4.55           -0.031 2.06            -0.27 2.21 4.14 

 

EIS method is the best method to investigate in a large variety 
of catalyst properties [44]. Nyquist plots were obtained at 
different potentials for 5% Pd/CNT catalyst and at 0.4 V for 
different percent Pd/CNT catalysts and presented in Figure 5. 
The Nyquist Plots obtained from EIS measurements were 
taken in 1 M KOH + 0.5 M N2H4 solution. The Nyguist Plots 
are shaped usually as semicircle. These diameters of 
semicircles that correlate with charge transfer resistance (Rct) 
could inform about the electrocatalytic activity of catalysts 
[45]. The smaller the diameter of the semicircles, the charge 
transfer resistance of the catalyst is smaller, which specified 
the high electrocatalytic activity of the catalyst. Thus, more 
the hydrazine electrooxidation reaction gets faster. From the 
measurements taken at different potentials on 5% Pd/CNT 
catalyst at 0.4 V, we observed that this catalyst displayed the 
best catalytic activity in hydrazine electrooxidation reaction 
(Fig. 5a). Furthermore, in the measurements taken at 0.4 V, it 
is found that among the Pd/CNT catalysts, 5% Pd/CNT 
catalyst possess the best the charge transfer resistance in 
hydrazine electrooxidation reaction (Fig. 5b). This could be 
explained by the fact that Pd nanoparticles are well  distributed 
on the CNT surface and leads to oxidation of more hydrazine 
molecules. 
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Figure 5. Nyquist Plots obtained in 1 M KOH + 0.5 M N2H4 solution 
for electrodes modified with a) 5% Pd/CNT at different potentials 
and b) Pd/CNT catalysts at 0.4 V. 
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4. Conclusion 

In this study, monometallic Pd/CNT supported catalysts were 
preapared via the NaBH4 reduction method. These 
monometallic catalysts were characterized with advance 
surface characterization techniques as N2 adsorption-
desorption, XRD, XPS, and TEM. To investigate their 
hydrazine electrooxidation activities, electrochemical 
techniques as CV and EIS were employed. Among the 
Pd/CNT catalysts, 5% Pd/CNT catalyst showed the best 
performance in hydrazine electrooxidation. As a result, 
hydrazine electrooxidation measurements and 
characterization conclusions of these catalysts led the 
following results and insights: 

• 5% Pd/CNT catalyst exhibited V-type adsorption-
desorption shape with H1 type hysteresis loop, which 
is close to the mesoporous pore structure. This result 
indicates that 5% Pd/CNT catalyst.has a large surface 
area.  

• The average particle size of 5% Pd/CNT catalyst 
from XRD was determined as 6.94 nm. In addition, 
the average particle size from TEM for 5% Pd/CNT 
catalyst was obtained as 5.17 nm. It shows that XRD 
and TEM average particle sizes are close.  

• 5% Pd/CNT catalyst, according to CV and EIS 
results, displayed the highest hydrazine 
electrooxidation activity and long term stability 
compared to other Pd/CNT catalysts in hydrazine 
electrooxidation reaction. 

• This study is unique in terms of evaluating the effect 
of hydrazine electrooxidation in an alkaline medium.  

• Pd/CNT catalysts are promising as anode catalysts 
for direct hydrazine fuel cells 
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