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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, MWCNT supported Pd (Pd/MWCNT) was synthesized by NaBH4 reduction 
method as catalyst for hydrazine electrooxidation reaction (HEOR). Characterization methods 
namely inductively coupled plasma mass spectrometry (ICP-MS), elemental mapping, and 
scanning electron microscopy with energy dispersive X-ray (SEM-EDX) were used to analyze 
the surface morphology and metal composition of the catalysts. The Pd/MWCNT catalyst's 
average particle size is estimated to be 6.35 nm based on SEM images. Glassy carbon electrode 
(GCE) modification parameters namely the amount of catalyst ink transferred to the GCE 
surface (Vs), ultrasonication time of the catalyst ink (tu), and the drying time of the 
Pd/MWCNT/GCE (td) were optimized by using response surface methodology as 4.92 µL, 1 
min and 19.52 min, respectively. Experimental specific activity value for HEOR was obtained 
as 7.13 mA cm-2 with 2.59% deviation under optimum conditions. Optimization of electrode 
preparation conditions is an inexpensive and facile method that could be used to improve the 
performance of anode catalysts for fuel cells. 
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1. Introduction

The increasing population, accelerating industrialization, and 
environmental pollution have been gradually increased the 
need for green energy [1]. Power conversion devices based on 
hydrogen energy are potential technologies to meet this 
energy demand. Fuel cells, especially proton exchange 
membrane fuel cells (PEMFCs), are promising power 
conversion systems due to their flexible operating 
temperature, environmental friendliness, and high energy 
density [2]. However, liquid fuel cells are preferred for their 
ease of transportation and storage, despite PEMFCs being the 
most popular type of fuel cells [3]. Fuels such as methanol [4], 
ethanol [5], formic acid [6], and NaBH4 [7] have been 
frequently reported for direct liquid fuel cells. Among direct 
liquid fuel cells, direct methanol fuel cells (DMFCs) are the 
closest to commercialization [8, 9]. However, DMFCs have 
disadvantages such as greenhouse gas formation, high fuel 
crossover, and anode catalyst poisoning [9, 10]. Hydrazine has 
high potential as a fuel for fuel cells. Despite its high toxicity, 
hydrazine is easily accessible, does not contain carbon, and is 

cost-effective, making it a good alternative to other fuels [11]. 
The ability to store hydrazine as a solid (hydrazone) 
significantly reduces the risks associated with its high toxicity 
[12]. Direct hydrazine fuel cells (DHFCs) are environmentally 
friendly power conversion devices with only nitrogen and 
water as emissions [13, 14]. They can compete with DMFCs 
in terms of power density (5.4 kWh L-1) and cell voltage (1.56 
V) [15]. Unlike DMFCs, DHFCs do not suffer from CO
poisoning in the anode catalyst since they do not contain 
carbon in their structure [13, 16]. The anode, cathode, and 
overall reactions in DHFCs are given in equation (1-3). 

2N2H4 + 8OH- → N2 + 4H2O + 8e-        (1)     

O2 + 2H2O + 4e- → 4OH-           (2)         

2N2H4 + O2 → N2 + 4H2O            (3)       

The electrooxidation of hydrazine is an important half-
reaction for DHFCs due to its high conversion efficiency and 
rapid kinetics in an alkaline environment [17]. The hydrazine 
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electrooxidation reaction (HEOR) has a voltage-lowering 
effect compared to the oxygen evolution reaction [18]. 
Therefore, the design of anode catalysts with high activity, 
stability, and selectivity for HEOR is a critical issue for the 
commercialization of DHFCs. Catalyst systems composed of 
relatively inexpensive transition metals such as Cu [19], Ni 
[20], and Co [21] have been frequently reported to exhibit high 
performance in alkaline environments. However, the oxide 
layer formed on these catalysts negatively affects the activity 
and stability of the catalyst system for HEOR. Precious metals 
such as Rh, Ru, Pd, and Pt, despite their high cost, are widely 
preferred as DHFC anode catalysts due to their high 
performance for HEOR. Additionally, the performance of 
electrodes prepared with catalysts significantly affects the 
electrochemical efficiency. Optimization of electrode 
preparation parameters has been previously reported by our 
research group to significantly increase the specific activity of 
a conventional anode catalyst. Optimum electrode preparation 
parameters for glucose electrooxidation have been determined 
with Pd and Pt anode catalysts, and a 1.5-fold higher specific 
activity has been observed compared to similar catalysts in the 
literature [22]. 

In conventional optimization methods, such as one factor at a 
time, the effect of an independent variable on the response is 
examined at constant values of other parameters. The 
simultaneous analysis of the effects of parameters on the 
response brings statistical experimental design methods such 
as the response surface method to the fore. The response 
surface method establishes a mathematical model between the 
investigated parameters and the response function. It also 
enables numerical and graphical optimization with statistical 
analysis of the created mathematical model. RSM has been 
frequently reported by researchers for optimizing adsorption 
conditions [23]. Due to its advantages such as revealing the 
interaction of parameters, reduced number of experiments and 
chemical amount, RSM has started to be used in other fields 
as well. 

In this study, the Pd/MWCNT catalyst was prepared via 
NaBH4 reduction method and characterized using scanning 
electron microscopy with energy dispersive X-ray 
spectroscopy (SEM/EDX), elemental mapping, and 
inductively coupled plasma mass spectrometry (ICP-MS). 
The glassy carbon electrode (GCE) modified with 
Pd/MWCNT was investigated for anode catalyst performance 
for HEOR, and the optimum electrode preparation conditions 
were determined using RSM. The optimization of electrode 
preparation parameters for Pd/MWCNT/GCE toward HEOR 
has not been reported in the literature yet. By optimizing the 
electrode preparation parameters of Pd/MWCNT/GCE, 
electrodes with lower cost and higher specific activity were 
obtained. 

2. Materials and methods 

2.1. Synthesis and characterization of Pd/MWCNT 

The typical NaBH4 reduction method was used to synthesis of 
MWCNT supported Pd [24]. First, 10 ml of distilled water 
were used to dissolve the analytical grade K2PdCl4 that was 
employed as a precursor. The specified amount of MWCNT 
was added to the solution. The NaBH4 solution was then added 
dropwise and the mixture agitated on a magnetic stirrer for the 
following 2 h. After the reduction was finished, the final 
solution was agitated for 24 h before being filtered, washed, 
and dried at 80°C. SEM-EDX, elemental mapping, and ICP-
MS were utilized as analytical techniques for characterization 
of the Pd/MWCNT. The elemental composition and 
morphological features of Pd/MWCNT were investigated 
through SEM-EDX with elemental mapping (Zeiss Sigma 
300) and ICP-MS (Agilent 7800). 

2.2. Electrochemical evaluation 

Electrochemical experiments were performed using a CH 
Instrument 660E Potentiostat/Galvanostat with conventional 
three electrodes. A catalyst slurry was formed by dissolving 3 
mg of MWCNT in 1 ml of Nafion in an ultrasonic water bath 
for 10 minutes in order to modify the working electrode. The 
glassy carbon electrode (GCE) was sprayed with the prepared 
catalyst slurry, and it was then dried for the identified lengths 
of time (td) at room temperature. 

2.3. Response surface methodology 

The GCE electrode was modified with Pd/MWCNT and the 
modification conditions were optimized with the RSM center 
composite design (CCD). The amount of catalyst ink 
transferred to the GCE surface, the ultrasonication time of the 
catalyst ink, and the drying time of the Pd/MWCNT/GCE 
electrode were chosen as independent variables for the 
modification of GCE, and are indicated by A (Vs), B (tu), and 
C (td), respectively. The A, B, and C parameter ranges for 
HEOR on Pd/MWCNT/GCE and the specific activity values 
at the determined experimental points are presented in Table 
1. The -1, 0, and +1 shown in Table 1 represent the minimum, 
middle, and maximum points, respectively. The experimental 
program proposed by Design Expert consists of 6 replicate 
points and 14 different points. 
 

 

 
.
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Table 2. CCD for HEOR on Pd/MWCNT/GCE. 

 Factor 1 Factor 2 Factor 3 Response 
Run A:Vs B:tu C:td Specific Activity for HEOR 

 (µL) (min) (min) (mA cm-2) 
1 10 (+1) 60 (+1) 40 (+1) 39.92 
2 10 (+1) 1 (-1) 1 (-1) 5.23 
3 0.5 (-1) 60 (+1) 1 (-1) 7.32 
4 5.25 (0) 30.5 (0) 20.5 (0) 5.12 
5 0.5 (-1) 60 (+1) 40 (+1) 6.21 
6 5.25 (0) 60 (+1) 20.5 (0) 20.65 
7 10 (+1) 1 (-1) 40 (+1) 11.40 
8 10 (+1) 30.5 (0) 20.5 (0) 4.18 
9 10 (+1) 60 (+1) 1 (-1) 9.33 
10 5.25 (0) 30.5 (0) 20.5 (0) 4.83 
11 5.25 (0) 30.5 (0) 1 (-1) 1.61 
12 5.25 (0) 30.5 (0) 20.5 (0) 5.30 
13 5.25 (0) 30.5 (0) 20.5 (0) 5.18 
14 5.25 (0) 30.5 (0) 40 (+1) 3.79 
15 0.5 (-1) 1 (-1) 1 (-1) 9.05 
16 5.25 (0) 30.5 (0) 20.5 (0) 4.55 
17 5.25 (0) 30.5 (0) 20.5 (0) 3.97 
18 5.25 (0) 1 (-1) 20.5 (0) 1.23 
19 0.5 (-1) 30.5 (0) 20.5 (0) 1.09 
20 0.5 (-1) 1 (-1) 40 (+1) 5.27 

3. Results and discussion 

3.1. Physical characterization 

The surface morphology of Pd/MWCNT was examined by 
SEM and is shown in Figure 1. From Figure 1a and b the 
network of the CNT is clearly visible. It was determined from 
Figure 1c and d that Pd did not agglomerate on the CNT 
surface. It was also observed that Pd nanoparticles adhered to 
both the inner and outer walls of the CNT (Figure 1e and f). 
The mean particle size of Pd nanoparticles in SEM images was 
determined as 6.35 nm with ImageJ software. Elemental 
mapping analysis to Pd/MWCNT was performed to confirm 
the distribution of Pd nanoparticles. C, O, Pd, and overlay 
elemental mapping images of Pd/MWCNT are shown in 
Figure 2. Since the metal ratio of Pd/MWCNT to the support 

material is 10% by weight, it is clearly seen that carbon is 
more dominant than other elements in the elemental mapping 
images (Figure 2a). Furthermore, the oxygen detected in the 
catalyst structure was attributed to the presence of PdO, since 
K2PdCl4 cannot be fully reduced with NaBH4 and Pd is easily 
oxidized (Figure 2b) [25]. It was observed from Figure 2c that 
the Pd nanoparticles were homogeneously dispersed on the 
MWCNT. Also from the overlay images of all elements, it is 
more clearly seen as the elements are uniformly distributed on 
MWCNT (Figure 2d). Pd, O and C peaks were detected in the 
EDX spectrum of Pd/MWCNT. Carbon exhibited a very high 
peak intensity, while the intensity of the oxygen peak was very 
weak. In this context, the EDX spectrum also support the 
elemental mapping results. ICP-MS results of Pd/MWCNT 
were determined as 11.2:100 of Pd:MWCNT by mass. The 
closeness of the obtained metal ratio to the targeted ratio 
indicates that the synthesis was successful.
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Figure 1. SEM images of Pd/MWCNT. 
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Figure 2. SEM images of Pd/MWCNT. 

 

 

Figure 3. EDX spectrum for Pd/MWCNT.

3.2. Response surface methodology 
The specific activities for HEOR of the 
Pd/MWCNT/GCE electrode prepared at the Vs, tu and 
td values given in Table 1 were determined in 0.1 M 
KOH + 0.02 M N2H2 solutions. Voltammograms of 
each experimental set are given in Figure 4. The 
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obtained results were statistically analyzed with the 
Design Expert software. 

 
Figure 4. CV profiles for CCD.

The model with which the experimental results were 
compatible was investigated with the Design Expert 
software and is given in Tables 2 and 3. Table 2 
exhibites that the lack of fit tests of linear, 2FI and 
quadratic models suggested by the software are 
statistically significant, while the cubic model is 
aliased. In this case, it is understood that cubic model 
terms cannot be estimated individually and the cubic 
model should be used as a summary of these combined 
effects. According to the lack fit test results, except for 
the aliased cubic model, the lowest F value is the 
quadratic model with 124.72. As can be seen from 

Table 3, the R2 values of the cubic, quadratic, 2FI and 
linear models were obtained as 0.991, 0.893, 0692 and 
0.38, respectively. Because of the aliased model terms 
it contains, the highest correlation coefficient is 
reported for the cubic model. In addition, the quadratic 
model showed the lowest standard deviation and 
PRESS values (excluding linear model) with 3.927 and 
2072.65, respectively. When the statistical parameters 
reported for the models suggested by the software are 
evaluated together, it is concluded that the model with 
the highest predictive performance is the quadratic 
model. 
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Table 2. Lack of fit tests for suggested models. 

Source Sum of 
Squares 

 Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

df  

Linear 891.17 11 81.01 330.18 < 0.0001  

2FI 442.73 8 55.34 225.54 < 0.0001  

Quadratic 153.01 5 30.60 124.72 < 0.0001 Suggested 
Cubic 11.308 1 11.31 46.087 0.0011 Aliased 
Pure Error 1.2268 5 0.245    

Table 3. Model summary statistics for HEOR on Pd/MWCNT/GCE. 

Source Std. 
Dev. 

R-Squared Adjusted 
R-Squared 

 
 

PRESS  
Linear 7.468 0.38 0.264 1858.68  

2FI 5.844 0.692 0.549 2978.18  

Quadratic 3.927 0.893 0.796 2072.65 Suggested 
Cubic 1.445 0.991 0.972 13896.1 Aliased 

The proposed quadratic model in terms of actual values 
and coded for HEOR on Pd/MWCNT/GCE is shown in 
Eqn. (3-4). Analysis of variance (ANOVA) was 
performed for the proposed model and is given in Table 
4. It is known that a p value less than 0.05 in the 95% 
confidence interval indicates that the relevant model 
term is statistically significant. Accordingly, it is seen 
that the suggested model terms A, B, C, AB, AC, BC 
and B2 are statistically significant. A2 and C2 terms were 
not statistically significant with p values of 0.8897 and 
0.9106. However, the terms A2 and C2 were not 
removed from the model, as it was concluded that the 
model improved the predictive performance [23]. 

Specific Activity for HEOR = 

+4.08+4.11*A+5.12*B+3.41*C+4.18*A*B+5.21*A*

C+3.39*B*C-0.34*A2+7.97*B2-0.27*C2                  (3) 

Specific activity for HEOR =  

+12.97337-(1.03953*Vs)-(0.66207*tu)-(0.27075*td)+ 

(0.029819*Vs*tu) + (0.056216*Vs*td) + ( 5.89115E-

003*tu*td)-(0.014935*Vs2)+(0.00915484*tu2)- 

(0.000717167*td2)                                                     (4) 

 

Table 4. ANOVA table for HEOR on Pd/MWCNT/GCE. 

 Sum of 
Squares df 

Mean 
Square 

F 
Value 

p-value 
Prob > F 

 
Source  
Model 1285.75 9 142.86 9.26 0.0009 significant 
A-Vs 169.03 1 169.03 10.96 0.0079  
B- tu 262.56 1 262.56 17.02 0.0021  
C- td 115.99 1 115.99 7.52 0.0207  
AB 139.67 1 139.67 9.06 0.0131  
AC 216.9 1 216.9 14.06 0.0038  
BC 91.88 1 91.88 5.96 0.0348  
A2 0.31 1 0.31 0.02 0.8897  
B2 174.55 1 174.55 11.32 0.0072  
C2 0.2 1 0.2 0.013 0.9106  
Residual 154.24 10 15.42    
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Pure Error 1.23 5 0.25    
Cor Total 1439.99 19     

In Figure 5, the compatibility of the quadratic model and 
experimental data is discussed. The distribution of model data 
relative to the actual data for HEOR on Pd/MWCNT is shown 
in Figure 5. Although very few of the experimental points 
expected to be dispersed around the diagonal deviated, it was 
observed that the majority of them dispersed around the 
diagonal. Figure 5b shows the distribution of errors. It has 
been determined that the errors are distributed around the 
standard line. The random distribution of errors indicates that 
there is no systematic error. The plot of the residuals against 
the predicted values is given in Figure 5c. The random 
distribution between the boundary lines determined by the 
software is explained by the non-constant variance. The plot 
of the residues according to the experiment number is 
exhibited in Figure 5d. It has been determined that the graph 
obtained as a result of combining the residual values with a 
line does not show a recurrent trend. Therefore, it was 
concluded that the residuals were not caused by a systematic 
error. Model validation graphs and ANOVA test results show 
that the proposed quadratic model is a good predictor. 
 

 
Figure 4. Model validation plots for HEOR on Pd/MWCNT/GCE. 
 

In Figure 6, response surface plots of Vs, tu and td are 
presented. The binary interactions of tu and Vs are shown in 
Figure 6a. When the tu value was increased from 1 min to 30.5 
min, a decrease of 1.627 mA cm-2 in the specific activity was 
observed (Vs=5.25 µL and td=20.5 min). After the tu value of 
30.5 min, the specific activity increased sharply and reached 
17.175 mA cm-2 (Figure 6a). At constant tu=30.5 min and 
td=20.5 min, when Vs was increased from 0.5 µL to 5.25 µL, 
the specific activity for HEOR increased from 1.097 mA cm-2 
to 4.828 mA cm-2 (Figure 6b). After the Vs value of 5.25 µL, 

the specific activity gradually decreased to a value of 4.175 
mA cm-2. From Figure 6c, as a result of increasing td from 1 
min to 40 min, the specific activity increased almost linearly 
from 0.405 mA cm-2 to 7.217 mA cm-2. 
 

 
Figure 6. Response surface plots for HEOR on Pd/MWCNT/GCE 
A) tu vs Vs, B) td vs Vs, and C)td vs tu. 
 

Numerical optimization was performed for HEOR on 
Pd/MWCNT/GCE with Design Expert software. In the 
optimization process, the specific activity value is maximized 
by minimizing Vs, tu and td. While the optimum Vs, tu and td 
values were determined as 4.92 µL, 1 min and 19.52 min, 
respectively, the model specific activity value was found as 
6.95 mA cm-2. Experimental specific activity value for HEOR 
was determined as 7.13 mA cm-2 with 2.59% deviation by CV 
measurements performed under optimum conditions. 
 
The electrochemical behavior of Pd/MWCNT at optimum 
conditions determined by RSM is given in Figure 7. 
Electrochemical experiments were carried out at a scanning 
rate of 100 mV s-1 and in 0.1 M KOH+0.02 M N2H2 solution. 
Figure 7a exhibits the voltammogram of Pd/MWCNT in a 0.1 
M KOH support electrolyte. In the forward scan, no 
electrochemical phenomena were observed between 0 V and 
0.3 V, and it was concluded that this potential range is a 
double layer region [26]. The narrow peak observed at a 
potential of about 0.3 V in reverse scan is due to PdO 
reduction [27]. 50 cycle CV profiles of Pd/MWCNT are given 
in Figure 7b. Pd/MWCNT showed 7.13 mA cm-2 specific 
activity under optimum electrode preparation conditions and 
this specific activity decreased to 1.42 mA cm-2 after 50 
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cycles. The decrease in the activity of Pd/MWCNT could be 
attributed to the accumulation of intermediate compound on 
the electrode surface [28]. 

 
 

 
Figure 7. a) CV in 0.1 M KOH, b) CV in 0.1 M KOH + 0.02 M N2H2, c) CA curves at 0.2-1 V in 0.1 M KOH + 0.02 M N2H2, 
and d) EIS profiles at 0.2-1 V in 0.1 M KOH + 0.02 M N2H2.
 
Chronoamperometric curves of Pd/MWCNT at 0.2, 0.4, 0.6, 
0.8, and 1 V potentials are presented in Figure 7c. Except for 
the CA curve at 0.8 V potential, all CA profiles are similar to 
each other. Pd/MWCNT exhibited good stability over 1000 s 
despite fluctuations in current. EIS curves of Pd/MWCNT at 
varying potentials are given in Figure 7d. It is known that as 
the diameter of the EIS curves decreases, the charge transfer 
resistance decreases and the electrocatalytic activity increases 
[29]. In this direction, as can be seen from Figure 7d, the 
electrocatalytic activity of Pd/MWCNT increased as the 
applied potential increased. In this case, it was concluded that 
the HEOR mechanism on Pd/MWCNT/GCE is predominantly 
driven by charge transfer kinetics. 

4. Conclusion 

In this study, GCE was modified with Pd/MWCNT catalysts 
synthesized by the NaBH4 reduction method and its 
performance as a catalyst for HEOR was investigated. From 
the SEM-EDX results, it was determined that the average 
particle size of Pd/MWCNT was 6.35 nm. Elemental mapping 

results show that Pd is homogeneously distributed on 
MWCNT, and the metal composition of Pd/MWCNT was 
determined as 11.2% by ICP-MS. Optimum electrode 
preparation conditions for HEOR on Pd/MWCNT/GCE were 
determined by RSM as 4.92 µL Vs, 1 min tu, and 19.52 min td. 
Under optimum conditions, experimental specific activity 
value for HEOR was obtained as 7.13 mA cm-2 with 2.59% 
deviation. The R2 value of the proposed quadratic model for 
HEOR on Pd/MWCNT/GCE was determined as 0.893, and 
the model was found to be statistically significant in according 
to the ANOVA test. This study clearly revealed that the use of 
optimization methods for the electrode preparation stage is 
very important in terms of increasing the specific activity. It 
is concluded that conducting electrode optimization 
researches for future designed catalysts will bring cheaper, 
stable and active catalysts to the literature. 
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