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A B S T R A C T   

In this study, carbon nanotube supported (CNT) monometallic (Pd), trimetallic (PdAgCo), and multimetallic 
(Ga@PdAgCo) catalysts in different weight percentages (0.5–10%) are synthesized by the NaBH4 reduction 
method and characterized transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 
inductively coupled plasma-mass spectrometry (ICP-MS), and X-ray diffraction (XRD) analytical methods. Ac-
cording to the TEM analysis results, while agglomeration doesn’t observe for 3% Ga@PdAgCo(80:10:10)/CNT 
catalyst, agglomeration is observed in certain parts for 7% Ga@PdAgCo(80:10:10)/CNT catalyst. The occurrence 
of agglomeration has a negative effect on catalytic activity. XRD analysis shows that as metal was added, the 
diffraction peaks are negatively shifted, thereby forming an alloy. Electrochemical measurements such as cyclic 
voltammetry (CV), chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS) are used for the 
hydrazine electrooxidation activities of the catalysts. The highest specific activity is achieved as 250.39 mA/cm2 

(22592.66 mA/mg Pd) with catalyst. The electrochemical surface area (ECSA) of 3% Ga@PdAgCo/CNT catalysts 
is also calculated as 1392.43 m2/g. The homogeneous distribution of the metals on the support material and the 
alloy formation has an effect on the catalytic activity for the 3% Ga@PdAgCo(80:10:10)/CNT catalyst. Although 
Pd is an active metal on its own, the synergistic effect between them as a result of the formation of alloys with 
different metals and the electronic state change on the catalyst by adding different metals to Pd has a great 
influence on the catalytic activity. As a result, Ga@PdAgCo/CNT catalyst with its high current value stands out as 
a new anode catalyst for hydrazine electrooxidation.   

1. Introduction 

In recent years, alternative energy sources have gained importance 
in the face of increasing energy demand with population growth and 
industrialization [1,2]. Providing energy demand from fossil fuels such 
as coal, natural gas, and oil causes global warming and environmental 
pollution with the effect of greenhouse gasses [3,4]. The negative effects 
of fossil fuels on human health and environmental pollution have 
increased research on alternative energy sources such as solar energy, 
wind energy, nuclear energy, geothermal energy, and fuel cells [5,6]. 
Fuel cells have attracted attention in recent years with their low emis-
sions and high energy efficiency [7-9]. 

Hydrazine (N2H4) has been preferred as a liquid fuel in fuel cell 

technology with its advantages such as safe storage and easy trans-
portation [10]. Hydrazine is also non-explosive and can be stored in 
liquid form (N2H4⋅H2O) [11]. Hydrazine is toxic in its pure form, but its 
toxicity reduces in its liquid form [12-15]. Direct hydrazine fuel cells 
(DHFCs) have high energy density (5.4 kWh/L), fast reaction kinetics, 
and high theoretical cell voltage (1.56 V) [16-19]. In DHFCs, hydrazine 
electrooxidation does not produce CO2, which pollutes the environment. 
Therefore, it is an environmentally friendly technology that does not 
cause greenhouse gas emissions [20-22]. The anode, cathode, and 
overall reaction of hydrazine electrooxidation are as follows [23,24]:  

Anode reaction: N2H4 + 4OH− → N2 + 4H2O + 4e− (1)                              

Cathode reaction: O2 + 2H2O + 4e− → 4OH− (2)                                       
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Overall reaction: N2H4 + O2 → N2 + 2H2O(3)                                          

Scientific studies are carried out on the development of many 
different electrocatalysts to improve performance in fuel cells [25]. 
Bimetallic or trimetallic electrocatalysts synthesized by combining 
different metals exhibit better catalytic activity and stability than their 
monometallic forms due to the synergistic effect between them [26-29]. 
Liang et al. synthesized Ni/C, Co/C, NiCo/C, and NiCoP/C 

electrocatalysts for hydrazine electrooxidation. They reported that the 
NiCoP/C trimetallic catalyst has greater current density, good stability, 
high activity, and long-term durability than other catalysts [30]. The 
bimetallic Cu-Ni anode catalyst was used by Filanovsky et al. for hy-
drazine electrooxidation. They obtained a fuel cell with high catalytic 
activity that can operate for a long timewith the developed anode 
catalyst [31]. Asset et al. investigated the hydrazine electrooxidation 
performance of carbon supported NiMo catalysts (NiMo/C) synthesized 
at different molar rates. They emphasized that the carbon-supported 
NiMo (9:1)/C catalyst had the highest activity. It has been reported 
that the catalyst with a high molybdenum ratio stabilize the N-N bond 
and prevent ammonia production [32]. Zabielaite et al. developed 
Cofiber/Cu and PtCofiber/Cu catalyst as electrocatalyst and investigated 
electrochemical behavior of the synthesized catalysts. They concluded 
that the coating of Pt particles on Cofiber/Cu increases the electro-
catalytic activity [33]. Similar studies in the literature of hydrazine 
electrooxidation are presented in Table 1. 

In this study, carbon nanotube supported monometallic (Pd), tri-
metallic (PdAgCo), and multimetallic (Ga@PdAgCo) catalysts with 
various loading ratios of Ga were developed. The hydrazine electro-
oxidation capacities of the catalysts synthesized by the NaBH4 reduction 
method were determined by cyclic voltammetry (CV), chro-
noamperometry (CA), and impedance spectroscopy (EIS) measurements 
in 1 M KOH + 0.5 M N2H4 solution. The physical properties and surface 
chemistry of the catalysts were investigated by advanced characteriza-
tion methods such as transmission electron microscopy (TEM), X-ray 
photoelectron spectroscopy (XPS), inductively coupled plasma-mass 
spectrometry (ICP-MS), and X-ray diffraction (XRD). 

2. Experimental 

2.1. Synthesis of catalyts 

10% Pd/CNT, 10% Ga/CNT, and 10% PdAgCo(80:10:10)/CNT cat-
alysts were synthesized by the NaBH4 co-reduction method. The 
monometallic catalysts were loaded as 10% by weight of the support 
material, and ternary catalyst was also prepared considering a 80:10:10 
metal ratio. After the precursor metal salts (K2PdCI4, AgNO3, and 
CoCl2⋅6H2O) were dissolved in pure water for preparation of mono-
metallic and ternary metallic catalysts, CNT was added. The mixture was 
stirred in an ultrasonic bath for two hours. NaBH4 was used for metal 
reduction. NaBH4 was added dropwise to the mixture, and then it was 
stirred for another hour. Finally, the mixture was washed with pure 
water, filtered, and dried in an oven at 85 ◦C. The multimetallic catalysts 
(0.5–10% Ga@PdAgCo(80:10:10)/CNT), were prepared via NaBH4 
sequential reduction method. First, a suitable amount GaCl3 precursor 
metal salt was dissolved in water, and then the synthesized PdAgCo 
(80:10:10)/CNT catalyst was added in the solution. Then, the experi-
mental steps described in the co-reduction method were carried out. 

2.2. Characterization of catalysts 

TEM (Zeiss Sigma 300) was applied to describe surface metal dis-
tribution and particle size of the catalyst. XPS (Specs-Flex) analysis was 
used to determine the oxidation state of the metals. The atomic molar 
ratios of the catalyst were defined by ICP-MS (Agilent 7800). The crys-
tallographic properties of the catalyst were determined by XRD (Pan-
alytical Empyrean). 

2.3. Electrochemical measurements 

CV, EIS, and CA electrochemical measurements were performed in 
CHI 660C potentiostat device with three-electrode system such as 
counter electrode (platinum wire), reference electrode (Ag/AgCl), and 
working electrode. While preparing the working electrode (glassy car-
bon electrode), first catalyst ink was prepared by dissolving 3 mg of 

Table 1 
Onset potential and maximum current density values for hydrazine electro-
oxidation in literature.  

Catalyst OnsetPotential  
(V) 

Reference 
Electrode 

Current 
density 
(mA/cm2) 

Reference 

VGNH-45  − 0.42 SCE  13.0 [34] 
AuPd dendritic 

alloyed 
nanocrystals  

− 0.11 SCE  9.57 [35] 

MnO/N-C  − 0.51 Hg/HgO  6.30 [36] 
N-C  − 0.43   2.52 
MnO  − 0.415   0.20 
CPE/PpDP/ZnO  − 0.06 Ag/AgCl  7.89 [37] 
Co@NM  − 0.16 Hg/HgO  8.13 [38] 
NPGL30  – SCE  10.5 [39] 
NCS  0.38 SCE  2.88 [40] 
SeNCM-800  0.43 RHE  15.6 [41] 
SeNCM-900  0.40   22.3 
SeNCM-1000  0.34   30.8 
3%Ga@PdAgCo/ 

CNT  
− 0.79 Ag/AgCl  250.39 This work  

Fig. 1. XRD patterns of 10% Pd/CNT, 10% PdAgCo(80–10-10)/CNT, and 3% 
Ga@PdAgCo(80:10:10)/CNT catalysts. 

Table 2 
Diffraction peaks of XRD patterns at 2θ for 10% Pd/CNT, 10% PdAgCo(80–10- 
10)/CNT, and 3% Ga@PdAgCo(80:10:10)/CNT catalysts.   

Observed 
(degree)   

(hkl) 
planes 

10% Pd/CNT 10% PdAgCo(80–10- 
10)/CNT 

3% Ga@PdAgCo 
(80:10:10)/CNT 

(111) 40.02 39.46 39.40 
(110) 42.94 40.01 42.70 
(200) 46.53 45.85 45.60 
(122) 53.20 52.53 52.75 
(220) 67.78 66.65 66.49 
(311) 81.71 80.12 79.92 
(222) 86.02 84.75 84.10  
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catalyst with 1 mL of 5% Nafion solution in an ultrasonic water bath. 3 
µL of catalyst ink was dropped on the working electrode polished with 
alumina and dried at room temperature. CV measurements were applied 
to determine hydrazine electrooxidation activities in 1 M KOH + 0.5 M 
N2H4 solution in the range of − 0.8–0.8 V. The stability of the catalyst 
was determined by taking CA measurements at different potentials in 
the range of − 0.2–0.4 V. EIS measurements were carried out at − 0.2, 
0.2, and 0.4 V potential values in 300 kHz–0.04 Hz frequency. 

3. Results and discussion 

3.1. Physical characterization 

The crystal structure of 10% Pd/CNT, 10% PdAgCo(80–10-10)/CNT, 
and 3% Ga@PdAgCo(80:10:10)/CNT catalyst was examined by XRD 
analysis, as demonstrated in Fig. 1. The diffraction peak of the (002) 
plane was obtained at about 25.7◦ related to the hexagonal structure of 
carbon. It could be observed from Fig. 1 that the XRD pattern of catalyst 
exhibited diffraction peaks at 39.40◦, 45.60◦, 66.49◦, 79.92◦, and 
84.10◦, corresponding to the (111), (200), (220), (311), and (222) 
planes of the Pd face-centered cubic (fcc) structure (JCPDS card no: 
46–1043). In addition, PdO (110) and PdO (122) peaks were observed 
at 42.70◦ and 52.75◦ values [42]. Silver nanoparticles have peaks cor-
responding to the fcc structure, as in Pd nanoparticles [43]. There are no 
diffraction peaks of Co and Ga metals. Cobalt can consist of a metastable 
fcc phase and/or a hexagonal close-packed (hcp) phase [44]. Table 2 
shows the diffraction peaks at 2θ of 10% Pd/CNT, 10% PdAgCo(80–10- 

10)/CNT, and 3% Ga@PdAgCo(80:10:10)/CNT catalysts It could be 
seen from Table 2 that negative shifts were observed in the XRD patterns 
with the metals added to the Pd/CNT catalyst for the PdAgCo/CNT and 
Ga@PdAgCo/CNT catalysts. This is due to the alloy of PdAgCo 
(80:10:10)/CNT and 3% Ga@PdAgCo(80:10:10)/CNT catalysts, Pd, Ag, 
Co, and Ga metals [45]. Ayrıca, the crystallite size of 10% Pd/CNT, 10% 
PdAgCo(80–10-10)/CNT, and 3% Ga@PdAgCo(80:10:10)/CNT cata-
lysts were calculated by utilizing the Scherrer equation and found to be 
9.21, 7.46, and 7.03 nm, respectively. 

Figs. 2 and 3 indicates the TEM images and particle size distribution 
of 3% Ga@PdAgCo(80:10:10)/CNT and 7% Ga@PdAgCo(80:10:10)/ 
CNT catalysts, respectively. It could be observed from Fig. 2 that the 
particles didn’t form agglomeration and were generally homogeneously 
dispersed. However, as seen in Fig. 3, agglomeration was observed at 
certain parts with 7% Ga@PdAgCo(80:10:10)/CNT catalyst. The 
occurrence of agglomeration has a negative effect on catalytic activity. 
The average particle size of 3% Ga@PdAgCo(80:10:10)/CNT and 7% 
Ga@PdAgCo(80:10:10)/CNT catalysts was found to be 14.09 nm and 
22.44 using the Image J program, respectively. According to the results 
of ICP-MS analysis, the molar atomic ratio of 3% Ga@PdAgCo 
(80:10:10)/CNT (Ga@PdAgCo(20: 67: 8: 5)) catalyst was found to be 
(16.0: 75.7: 0.5: 7.8) by metal order. The results of this ICP-MS analysis, 
ratios close to the desired metal ratios were obtained and it was 
observed that the metal alloy was formed. 

The possible chemical states of Pd, Ag, Co, and Ga in the 3% 
Ga@PdAgCo(80–10-10)/CNT catalyst described by utilizing XPS anal-
ysis were given in Fig. 4(a-f). All peak positions were defined relative to 

Fig. 2. TEM images and particle size histogram with related particle size distributions of 3% Ga@PdAgCo(80–10-10)/CNT catalyst at 50 nm, 100 nm, 200 nm, and 
200 nm particle size histogram (related particle size distribution). 
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Fig. 3. TEM images and particle size histogram with related particle size distributions of 7% Ga@PdAgCo(80–10-10)/CNT catalyst at 50 nm, 100 nm, 200 nm, 500 
nm, and 200 nm particle size histogram (related particle size distribution). 
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Fig. 4. XPS spectra of (a) general spectrum (b) C 1s, (c) Pd 3d, (d) Ag 3d, (e) Co 2p, (f) Ga 2p for 3% Ga@PdAgCo(80–10-10)/CNT catalyst.  
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C 1s at a binding energy of 284.6 eV. The general spectrum of XPS 
analysis (Fig. 4a) of 3% Ga@PdAgCo(80–10-10)/CNT catalyst demon-
strates peaks C 1s, O 1s, Pd 3d, Ag 3d, Co 2p, and Ga 2p. The C 1s of two 
different chemical shifts components with the binding energy of 284.6 
and 289.5 eV could be assigned to C–C and O–C––O bonding [46]. The 
XPS spectrum of Pd 3d (Fig. 4c) openly illustrated two different peaks. 
The main peaks at 336.2 and 341.8 eV were attributed at 3d5/2 and 3d3/ 

2, which indicates the possible formation of Pd0 [47]. The binding en-
ergies at 368.2 eV and 373.9 eV of Ag 3d have two peaks at 3d5/2 and 
3d3/2, corresponding silver oxide (Ag+) (Fig. 4d). Furthermore, binding 
energy at 370.3 eV was attributed to the metallic silver [48]. The two 
characteristic important peaks of Co3O4 with a binding energy of 781.2 
eV and 797.2 eV correlated to Co 2p3/2 and Co 2p1/2 show the existence 
of Co+2 and Co+3, as illustrated in Fig. 4e. The binding energies of Co 2p 
could be deconvoluted into four peaks at 781.2 eV, 783.0 eV, 797.2 eV, 
and 799.2 eV which were attributed to Co3+ (2p3/2), Co2+ (2p3/2), Co3+

(2p1/2), and Co2+ (2p1/2) configurations, respectively [49,50]. The basis 
peaks of Ga 2p were located at 1118.8 eV and 1145.6 eV for 2p3/2 and 
2p1/2, corresponding to Ga3+, respectively. The binding energies at 
1121.7 eV and 1148.8 eV can be attributed to Ga2O3, which is thought to 
be formed during synthesis [51]. In addition, the probable chemical 
states and curve fitting of C 1s, Pd 3d, Ag 3d, Co 2p, and Ga 2p for the 3% 
Ga@PdAgCo(80–10-10)/CNT catalyst were summarized in Table 3. It 
was observed that the metals desired to be obtained in the catalyst 
structure were formed as in the ICP-MS analysis result. 

3.2. Electrochemical results 

CV measurements were performed for hydrazine electrooxidation 
activities of 10% Pd/CNT, 10% PdAgCo(80:10:10)/CNT, and 0.5–10% 
Ga@PdAgCo(80:10:10)/CNT catalysts in 1 M KOH + 0.5 M N2H4 solu-
tion at a scanning rate of 50 mV/s. The CV voltagrams acquired in the 
− 0.8–0.8 V potential range are shown in Fig. 5. OH– adsorption/ 
desorption peaks in the range of − 0.2 to 0.6 V were observed for all 
catalysts. These peaks detected in the forward scan are due to hydrazine 
oxidation. The specific activities and peak potentials of the 10% Pd/CNT 
and 10% PdAgCo(80:10:10)/CNT catalysts were 49.71 mA/cm2 (− 0.17 
V) and 69.11 mA/cm2 (0.11 V), respectively (Table 4). When Ga loading 
increased from 0.5% to 3%, the specific activity also increased from 
78.82 mA/cm2 to 250.39 mA/cm2. Table 4 summarizes the catalytic 
activities and electrochemical surface area (ECSA) values of the cata-
lysts. By integrating the coulombic charge for the reduction of metal (Pd, 

Table 3 
The results of curve fitting and probable chemical states of the XPS spectra of C 1s, Pd 3d, Ag 3d, Co 2p, and Ga 2p regions.  

Name Start BE Peak BE End BE FWHM (eV) Area At. % BE (eV) Possible Chemical State Relative Intensity % Reference 

C 1s  282.5  284.6  296.5  2.139  24139.2  95.048  284.6 C–C  84.64 [46]         
289.5 O-C––O  15.36  

O 1s  527.1  532.5  538.6  3.676  3217.3  4.324  – –  –   

Pd 3d5/2  334.8  336.2  346.2  2.056  429.8  0.179  336.2 Pd0  50.67 [47]         
341.8 Pd0  49.33          
368.2 Ag+ 33.63   

Ag 3d5/2  366.9  368.2  376.4  4.309  464.7  0.171  370.3 Ag0  32.64 [48]         
373.9 Ag+ 33.73          
781.2 Co3+ 25.04   

Co 2p3/2  778.4  783.0  581.2  4.195  330.2  0.103  783.0 Co2+ 25.27 [49,50]         
797.2 Co3+ 24.97          
799.2 Co2+ 24.72          

1118.8 Ga3+ 26.30   

Ga 2p3/2  1116.1  1118.8  1150.5  2.971  953.8  0.175  1121.7 Ga2O3  24.31 [51]         
1145.6 Ga3+ 25.20          
1148.8 Ga2O3  24.19   

Fig. 5. Cyclic voltammograms of catalysts a) in 1 M KOH, b) 1 M in KOH + 0.5 
M N2H4. 
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Ag, Co, Ga) oxide in CV analyses, the ECSA values of catalysts are ob-
tained in a 1 M KOH solution [52]. The calculation of ECSA values has 
been demonstrated in previous studies [5,53]. It could be observed from 
Table 4 that the ECSA value (1392.43 m2/g) of 3% Ga@PdAgCo 
(80:10:10)/CNT catalyst was much bigger than other catalysts. 
Furthermore, 3% Ga@PdAgCo(80:10:10)/CNT catalyst exhibited the 
highest specific activity as 250.39 mA/cm2 (22592.66 mA/mg Pd) at 
0.52 V peak potential and − 0.79 V onset potential. This high specific 

activity is explained by the synergistic effect between Ga, Pd, Ag, and Co 
metals. The reduction in specific activity at 5% and more Ga loadings 
may be due to agglomeration of Ga particles. 

CA analysis was used to determine the stability of the catalysts. The 
CA results of 3% Ga@PdAgCo(80:10:10)/CNT catalyst in 1000 s at 
different potentials (0.2, 0.0, 0.2, and 0.4 V) are presented in Fig. 6a. 
After 1000 s, 3% Ga@PdAgCo(80:10:10)/CNT catalyst at 0.0 V potential 
had best stability with specific activity of 6.66 mA/cm2. Fig. 6b shows 
comparison results of 3% Ga@PdAgCo(80:10:10)/CNT with 10% Pd/ 
CNT and 10% PdAgCo(80:10:10)/CNT at 0.0 V. As seen in Fig. 6b, the 
3% Ga@PdAgCo(80:10:10)/CNT catalyst had better stability at higher 
current than the other catalysts. The electrocatalytic resistance of the 
catalysts to hydrazine electrooxidation was determined by EIS mea-
surements. Fig. 7 includes the Nyguist plots obtained at potential values 
of the catalysts at − 0.2, 0.2, and 0.4 V. In Nyguist plots, which are 
known to be semicircular, the smaller the diameter of the semicircle, the 
lower the load transfer resistance (Rct) [54]. Electron transfer between 
electrolyte and electrode is faster at smaller semicircular diameters [55]. 
Since low charge transfer resistance indicates high electrocatalytic ac-
tivity, 3% Ga@PdAgCo(80:10:10)/CNT catalyst exhibited the best cat-
alytic activity with the lowest diameter at each potential. 

4. Conclusion 

In this study, 10% Pd/CNT, 10% PdAgCo/CNT, and 0.5–10% 
Ga@PdAgCo/CNT catalysts were synthesized and hydrazine electro-
oxidation activities were investigated. Advance characterization tech-
niques as TEM, XRD, XPS, and ICP-MS were applied for the 
characterization of catalysts. According to the TEM results of 3% 
Ga@PdAgCo/CNT, it was concluded that the particles were homoge-
neously dispersed on the carbon nanotube. However, as seen in the 7% 
Ga@PdAgCo/CNT catalyst, agglomeration was observed when the Ga 
metal was added in excess atomic ratio. The crystal size of this catalyst 
was calculated as 7.03 nm by XRD analysis. In addition, negative shifts 
were observed when metal was added in the diffraction peaks indicating 
alloy formation. According to the results of electrochemical measure-
ments such as CV, CA, and EIS, 3% Ga@PdAgCo/CNT catalyst showed 
the best stability, lowest resistance, and highest electrocatalytic activity 
(250.39 mA/cm2 and 22592.66 mA/mg Pd). The high activity was 
explained by the synergistic effect between metals in multi-metal par-
ticles. This result also could be attributed to the electronic state change 
of catalysts by the addition of Ag, Co, and Ga metals to Pd/CNT. ECSA 
value (1392.43 m2/g) of the catalysts calculated from the reduction peak 
of the metal oxide was bigger for 3% Ga@PdAgCo/CNT compared to 
other catalysts. The reason for showing the highest catalytic activity of 
the 3% Ga@PdAgCo/CNT catalyst is that it agglomerates when more Ga 
metal is added. Ga@PdAgCo/CNT catalyst is a promising anode catalyst 
for DHFCs with its high specific and mass activity values. 

Table 4 
The electrochemical behaviors of catalysts for hydrazine electrooxidation.  

Catalyst Specific Activity, mA/cm2 Mass Activity, mA/mg Pd Peak Potential, V Onset Potential, V ECSA 
(m2/g) 

10% Pd/CNT  49.71  4293.41  − 0.17  − 0.79  544.98 
10% Ga/CNT  21.93  1893.66  0.80  0.80  24.65 
10% PdAgCo(80:10:10)/CNT  69.11  6072.91  0.11  − 0.79  1096.77 
0.5% Ga@PdAgCo(80:10:10)/CNT  78.82  6960.79  − 0.12  − 0.79  937.77 
1% Ga@PdAgCo(80:10:10)/CNT  101.17  8968.21  0.33  − 0.79  1061.11 
3% Ga@PdAgCo(80:10:10)/CNT  250.39  22592.66  0.52  − 0.79  1392.43 
5% Ga@PdAgCo(80:10:10)/CNT  31.37  2882.04  − 0.07  − 0.77  788.34 
7% Ga@PdAgCo(80:10:10)/CNT  42.54  3975.46  − 0.04  − 0.76  859.22 
10% Ga@PdAgCo(80:10:10)/CNT  22.36  2140.56  − 0.08  − 0.74  490.32  

Fig. 6. Chronoamperometry curves of a) 3% Ga@PdAgCo(80:10:10)/CNT at 
different potentials b) comparison with other catalysts at 0.0 V. 
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[51] Rodríguez CIM, Álvarez MÁL, Rivera JdJF, Arízaga GGC, Michel CR. α-Ga2O3 as a 
Photocatalyst in the Degradation of Malachite Green. ECS J Solid State Sci Technol 
2019;8(7):Q3180. 

[52] Jin L, Xu H, Chen C, Song T, Wang C, Wang Y, et al. Uniform PdCu coated Te 
nanowires as efficient catalysts for electrooxidation of ethylene glycol. J Colloid 
Interface Sci 2019;540:265–71. 

[53] Caglar A, Kivrak H. Superior formic acid electrooxidation activity on carbon 
nanotube-supported binary Pd nanocatalysts prepared via sequential sodium 
borohydride reduction technique. Surf Interface Anal 2021;53(8):716–26. 

[54] Hefnawy MA, Fadlallah SA, El-Sherif RM, Medany SS. Nickel-manganese double 
hydroxide mixed with reduced graphene oxide electrocatalyst for efficient ethylene 
glycol electrooxidation and hydrogen evolution reaction. Synth Met 2021;282: 
116959. 

[55] Zhang D, Li X, Xiang Q. Triethanolamine as an efficient electrolyte additive for 
borohydride electrooxidation on Ni based catalyst. Mater Lett 2022;306:130922. 

S. Kaya et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0016-2361(22)01665-9/h0140
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0140
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0145
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0145
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0145
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0145
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0150
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0150
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0150
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0155
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0155
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0155
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0160
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0160
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0160
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0165
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0165
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0165
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0165
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0170
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0170
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0175
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0175
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0175
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0180
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0180
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0180
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0185
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0185
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0185
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0190
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0190
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0190
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0195
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0195
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0200
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0200
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0200
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0205
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0205
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0205
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0210
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0210
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0210
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0215
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0215
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0215
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0220
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0220
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0225
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0225
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0230
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0230
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0230
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0235
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0235
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0235
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0235
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0235
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0240
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0240
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0240
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0245
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0245
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0250
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0250
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0260
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0260
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0260
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0265
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0265
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0265
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0270
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0270
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0270
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0270
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0275
http://refhub.elsevier.com/S0016-2361(22)01665-9/h0275

	Carbon nanotube supported Ga@PdAgCo anode catalysts for hydrazine electrooxidation in alkaline media
	1 Introduction
	2 Experimental
	2.1 Synthesis of catalyts
	2.2 Characterization of catalysts
	2.3 Electrochemical measurements

	3 Results and discussion
	3.1 Physical characterization
	3.2 Electrochemical results

	4 Conclusion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	References


