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ARTICLE INFO ABSTRACT
Keywords: Bimetallic Ru-Ni nanoparticles was synthesized on the reduced graphene oxide decorated Ni
Ru-Ni/rGO/NF foam (Ru-Ni/rGO/NF) by electroplating method to be utilized as the anode electrocatalyst for
DHzHPFCs direct hydrazine-hydrogen peroxide fuel cells (DHzHPFCs). The synthesized electrocatalysts were
Nickel foam . . . . - . . .

. characterized by X-ray diffraction, Field emission scanning electron microscopy, Fourier trans-
Electroplating

form infrared spectroscopy, and Raman spectroscopy. The electrochemical properties of catalysts
towards hydrazine oxidation reaction in an alkaline medium were evaluated by cyclic voltam-
metry, chronoamperometry, and electrochemical impedance spectroscopy. In the case of
Ru;-Ni3/rGO/NF electrocatalyst, Ru;-Niz provided active sites due to low activation energy
(22.24 kJ mol 1) for hydrazine oxidation reaction and reduced graphene oxide facilitated charge
transfer by increasing electroactive surface area (EASA = 677.5 cm?) with the small charge
transfer resistance (0.1 Q cmz). The CV curves showed that hydrazine oxidation on the synthe-
sized electrocatalysts was a first-order reaction in low concentrations of NyH4 and the number of
exchanged electrons was 3.0. In the single cell of the of direct hydrazine-hydrogen peroxide fuel
cell, the maximum power density value of Ru;—Nis/rGO/NF electrocatalyst was 206 mW cm ™2
and the open circuit voltage was 1.73 V at 55 °C. These results proved that the Ru;-Ni3/rGO/NF
is a promising candidate for using as the free-binder anode electrocatalyst in the future appli-
cation of direct hydrazine-hydrogen peroxide fuel cells due to its excellent structural stability,
ease of synthesis, low cost, and high catalytic performance.

Hydrazine oxidation

1. Introduction

In recent years, attention has been paid to direct hydride fuel cells such as; sodium borne hydride ammonia and hydrazine [1-6].
The use of hydride fuels has solved some problems related to hydrogen fuel, such as difficult carriage, storage, and the safety of
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hydrogen [7]. In addition, hydrazine is a fuel with high energy density, low material cost, and satisfactory stability at ambient con-
ditions [8]. Unlike direct alcohol fuel cells, owing to the absence of carbon in hydrazine fuel, CO poisoning catalysts could not be a
problem for the DHzFCs and it became causing the decrease in greenhouse gases. In addition, using of alkaline medium is another
advantage of this fuel, which shows relatively lower corrosively than an acidic medium. The NyH4 oxidation (HzOR) with a
four-electron reaction has explained by Equations (1)-(3). The theoretical cell voltage is 2.13 V, which is more than liquid and Hy-O4
fuel cells [9].

Anode : NyH, +40H™ — N, +4H,0 +4e~ E°= — 1.21 V vs SHE (€8]
Cathode : 2H,0, +4H' +4e~ - 4H,0 E°=0.92V vs SHE 2
Overall : NyH, +2H,0, — N, +4H,0 E°=2.13V vs SHE 3)

According to equation (3), HzOR products are nitrogen and water that both of them are compatible with the environment [10]. The
only factor that limits the use of NoH4 in DHzZHPFCs is its toxicity, which is fortunate according to Tanaka and coworkers, it can be
solved with the formation of solid hydrazine by reacting hydrous hydrazine with carbonyl-containing polymer [11]. The preparation of
a suitable catalyst is essential in the development of DHzZHPFCs. For the HzZOR, some non-noble and noble transition metals and their
composite have been introduced as active catalysts [7,8]. Among the non-noble transition metals, Ni has a high catalytic activity for
HzOR, but its permanence is relatively low and pure Ni is difficult to be used as a catalyst [12]. The natural activity of Ni can be
increased by mixing other metals or non-metals to form compounds, for example, Ni-Pd [13], Ni-Zr [14], Ni-Fe [15], Ni-Co [16], Ni-Zn
[17]1, Ni-S [18] and Ni-B [19], and Ni-P [8]. Usually, most of the catalysts are prepared by mixing catalysts powders and polymer
binders to make membrane assembly electrode (MAE). Using polymer binders increases the electrode cost and as a result, catalyst will
use fewer. On the other hand, due to the extended use of fuel cells, the catalyst materials are collapsed, which causes a decline in
stability. Therefore, researches are concentrated on preparing the electrode, which uses a current collector such as Ni foam, Ti plate
[20], and Cu foil [21]. Among these, Ni foam is a suitable substrate for anodic section, because Ni foam has excellent electrical
conductivity and an open three-dimensional multichannel structure. Feng et al. has prepared Ni-Zn nanosheets on Ni foam and studied
catalytic property for HzOR [22]. One of the innovations of this research is the use of the electrocatalyst in the anodic section without
the ink of the electrocatalyst being immobilized on Nafion. This action causes the easy application of electrocatalyst on nickel foam,
which has an accessible, stable and, relatively high efficiency compared to MEA.

In this research, Ru-Ni/rGO catalyst was prepared on Ni foam in two steps including electroreduction and electroplating. In the first
step, the electrochemical reduction of graphene oxide (GO) to reduced graphene oxide (rGO) was carried out and in the second step,
the Ru-Ni (1:3) bimetallic nanoparticles was electrodeposited on rGO/NF. Then, the characterization of Ru-Ni/rGO/NF catalyst was
carried out by Field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR) and Raman spectroscopy. The electrochemical behavior of electrocatalysts for HzOR in an alkaline solution was studied by
cyclic voltammetry (CV), chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS). Finally, an attempt was made
to make a fuel cell with hydrazine fuel without immobilization catalytic inks on the Nafion; that means making a free-binder anode.

2. Experimental
2.1. Synthesis of catalyst

The Ni foam (NF, Ni > 99%, Latech, thickness 1.5 mm, Volumetric porosity (90-98%), Volumetric density (0.15-0.45 g cm™>),
Pores Per Inch (5-120 PPI) and porous structure) 1 x 1 x 0.15 cm® was purified by sonicating in acetone for 30 min, followed by
immersing in a 6.0 M HCI solution to eliminate surface oxide for 20 min. Then, the NF electrode was immersed in a solution of 4 gL
graphene oxide (GO) for 30 min. To stabilize the GO on the NF, it was placed in an oven at 60 °C for 2 h. After that, in a three-electrode
cell, stabilized GO on NF was reduced in potassium hydrogen phthalate (40 gL ) solution at a potential of —1 V (vs. Ag/AgCl) for 1 h. In
the last stage, Ru-Ni was electrodeposited on rGO/NF surface in a two-electrode cell from the electrolyte containing ruthenium
chloride (RuCls.3H,0, Merck) 5 gL'l, ammonium chloride (NH4Cl, 99.5% Merck) 50 gL'l, nickel sulfamate (Ni (SO3NHj),.4H50,
Merck) 6.45 gL. The electrolyte temperature was 323 K with a deposition current 100 mA cm ™2 for 30 min. For comparison, three
electrodes were prepared by changing the ratio of RuCl3.3H20 to Ni (SO3NH3)2.4H20 in the electroplating solution (Ru: Ni, 1:3, 1:1,
3:1).

2.2. Characterization of catalysts

To characterize the surface morphology of the Ru-Ni/rGO/NF electrode, the field emission scanning electron microscopy equipped
with an EDX micro analyzer (FE-SEM, TESCAN MIRA 3) was used. In addition, by X-ray diffraction pattern (XRD, Philips-PW 1730)
with Cu Ka radiation in the 20 range of 10-80°, the crystal structure of the catalyst was characterized. Besides, Fourier Transform
infrared spectroscopy (FT-IR, PerkinFlmer) and Raman spectroscopy (Teksan, Takram P50COR10 Spectrophotometer, 500-4000 cm ™
with 532 nm excitation source) were used to study the surface species of the synthesized Ru-Ni/rGO/NF electrode.
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2.3. Electrochemical measurements of half-cell

The electrochemical tests were carried out in a three-electrode cell (one compartment) connected to an Origalys device (OrigaFlex-
OGF01A/Potentiostat/Galvanostat, France). The Hg/HgO (MOE = mercury/mercury oxide) and platinum gauze (20 cm?) immersed in
1.0 M NaOH solution were applied as the reference and counter electrodes, respectively, and the NF, rGO/NF, Ru-Ni/NF and Ru-Ni/
rGO/NF were used as the working electrodes. Cyclic voltammetry (CV) and chronoamperometry (CA) experiments were performed to
study the activity, stability, and electrochemical active surface area (EASA) of the synthesized electrocatalysts for hydrazine oxidation
reaction (HzOR). To measure the electrical resistance of the synthesized electrocatalysts, the EIS technique was used in a frequency
range of 10°-10~! Hz and the modulation potential of £10 mV.

3.1. Single - cell performance evaluation

The cell performance was investigated with a homemade fuel cell [23]. In this cell, the immobilized Pt/C (0.5 mg cm’z) ink on
Nafion 117 and the Ru;-Ni3/rGO on NF were used as cathode and anode, respectively. The prepared MEA was put in the fuel cell set-up
and it was activated by the flow of water from each electrode and NaOH 2 M solution from the anode to convert H' of the Nafion
membrane to Na* for 5 h. Finally, using the fuel cell set-up with feeding fuel (NoH4) from the anode and oxidant (H2O5) from the
cathode, current density-voltage (I-V) and current density-power density (I-P) curves were extracted.
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Fig. 1. FE-SEM images of (a) NF, (b, by) rGO/NF, (c;, ¢3) Ru;-Nis/rGO/NF, (d) EDS mapping of C, O, Ni, Ru.
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3. Results and discussion
3.1. The structural characterization of Ru—-Ni/rGO/NF electrocatalyst

The surface morphologies of NF, rGO/NF, and Ru-Ni/rGO/NF electrocatalysts were demonstrated in Fig. 1. The commercial NF has
the uniform and smooth surface with a unique 3D network structure that allows the deposition of the Ru-Ni/rGO electrocatalyst
(Fig. 1a). After being immersed in the graphene suspension solution, the graphene sheets closely cover the skeleton of NF, indicating a
good contact between graphene and NF (Fig. 1(bj, by)). Interestingly, the rGO/NF maintains a special porous structure similar to bare
NF, which is useful for electrolyte diffusion during the reaction. The FE-SEM images of the Ru;—Ni3/rGO/NF electrocatalyst is shown in
Fig. 1 (c1, c2). The Ru-Ni alloy was uniformly and compactly aligned on the surface of rGO/NF. The morphology of Ru;-Ni3/rGO/NF
electrocatalyst shows a rough surface covered by a spherical structure, which increases its specific surface area. In addition, this
spherical structure increases the number of defects and active sites on the surface of the electrocatalyst, thereby improving the
electrocatalytic reactivity [24,25]. Energy dispersive X-ray (EDX) spectrograms were recorded to characterize the distribution of the
chemical element in the electrode surface. The FE-SEM and corresponding EDX mapping analysis of the Ru;—Ni3/rGO/NF electrode
was shown in Fig. 1d. According to Fig. 1d, the elements of C, O, Ni, and Ru are uniform and dense on the whole surface of the
Ru;-Ni3/rGO/NF electrode, this subject confirms that graphene, Ru and Ni homogeneously electrodeposited on the NF. It should be
noted that, the presence of oxygen element on the electrode surface is due to incomplete electrochemical reduction of graphene oxide
(GO). In addition, the presence of oxygen increases the hydrophobicity of graphene, which causes contact between the electrolyte and
electrode [26,27].

The XRD patterns for NF, GO/NF, rGO/NF, and Ru;-Ni3/rGO/NF were shown in Fig. 2. For all four electrodes, the diffraction peaks
at 20 values of 44.54°, 51.9°, and 76.42° were related to the (111), (200), and (220) crystal planes of Ni (JCPDS Card NO.04-0850),
respectively [28,29]. The intensity of Ru;—Ni3/rGO/NF was decreased compared with commercial NF. This result shows that Ru and Ni
elementary materials were loaded on rGO/NF skeleton by an easy electroplating method. The XRD pattern does not display clear peaks
for the Ru-Ni alloy, because the Ru-Ni deposited on the rGO/NF existed in amorphous phases [25]. In addition, the diffraction peaks
of.

GO and rGO didn’t appear in the XRD patterns of GO/NF, rGO/NF, and Ru-Ni/rGO/NF electrodes due to the strong Ni peaks [24].

The FT-IR spectra for GO/NF, rGO/NF, and Ru;-Ni3/rGO/NF electrodes are displayed in Fig. 3. Absorption bands shown in 2020,
1980, and 1920 cm™! on these electrodes are related to the bending vibrations of the C-H group in aromatic compounds. Absorption
bands are seen at 1640, and 1010 cm ™! on these electrodes are related to the stretching vibrations of C=C and C-O bonds respectively.
Also in 1540 cm ™! a strong absorption band was seen that is related to the stretching vibration of the N-O group. In addition, the
observation of absorption bands at 1700 and 1230 cm ™! seen only in the GO sample can be assigned to the carbonyl C=0 and epoxy,
indicating the abundance of oxygen containing-groups in the GO structure [30]. In addition, the decrease or even disappearance of
oxygen-containing functional groups in rGO/NF and Ru;-Ni3/rGO/NF structure indicates that GO has been reduced successfully.
Moreover, the presence of absorption bands at 619 and 671 cm ™! in the Ru;-Nis3/rGO/NF electrode is related to the stretching vi-
bration of the Ni-O-H and Ni-O bond, respectively. This result proves the presence of nickel oxides and hydroxides in the electrode.

By Raman spectroscopy, the chemical features of GO and rGO samples were analyzed. To check whether the graphene oxide is
completely reduced or not, Raman spectroscopy was used. According to Fig. 4, peaks around 1348 and 1595 cm ™! are related to the
irregular vibration peak and regular graphite crystallite vibration of graphene, respectively. Before electroreduction, the intensity ratio
of Ip/Ig of GO sample is 0.96. After the reduction process, the ratio of Ip/Ig of rGO rises to 1.1. The enhancement of the intensity ratio
Ip/Ig proves the successful reduction of GO again [31,32].
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Fig. 2. XRD patterns of NF, GO/NF, rGO/NF, and Ru;—Ni3/rGO/NF.
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Fig. 3. FT-IR spectra of GO/NF, rGO/NF, and Ru;-Ni3/rGO/NF.
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Fig. 4. Raman spectra of GO/NF and rGO/NF.

3.2. Optimization of the catalyst and its electrochemical measurements

By adsorbing ions or molecules on the electrode surface, the electrocatalytic reaction mainly, happens. Therefore, a key factor for
electrode performance is the electrochemical active surface area (EASA). The value of electrode double layer capacitance (Cq) is
helpful in obtaining the nano-materials electrode’s surface area [33]. CVs of NF, rGO/NF, Ru;-Nig/NF, Ru;-Ni3/rGO/NF,
Ru;-Ni;/rGO/NF, and Ru3-Ni;/rGO/NF electrodes were carried out at a non-Faraday zone of —0.1 to O V vs MOE in 1 M NaOH
(Fig. 5a). Absorption and desorption of ions happened on the electrode surface in this potential region, and no electron transfer at the
interface of the electrode. The electrode double layer capacitance (Cq) can be calculated from Eq. (4) [34,35].

di=C, *dv (©)]
EASA=Cy/s ()]

The relevance of scan rate and current density at —0.05 V vs MOE are shown in Fig. 5b. The electrode double layer capacitance (Cq)
for six electrodes are demonstrated in Fig. 5b. According to Louie and Yeo’s research [36,37], the specific theoretical double layer
capacitance in alkaline solution (C*) of the Ni electrode is 40 pF cm 2 [38,39]. So, the EASA of electrodes can be obtained by Eq. (5).
Although, it should be noted that correspondent of S. Trasatti’s opinion, the capacitance value depends on changes in NaOH con-
centration, potential window, and other parameters. The electrode double layer capacitance (Cq) calculate by this method is a
comparative value [34]. The results reveal that the Ru;—-Ni3/rGO/NF electrode embraces the highest EASA. Therefore, the electrode of
Ru;-Ni3/rGO/NF was selected as suitable electrode. The EASA of the Ru;—Ni3/NF electrode is 392.5 crnz, while the EASA of the
Ru;-Nis/rGO/NF electrode is 677.5 cm?. Results illustrate that the EASA of the Ru;—Nis/rGO/NF electrode is approximately 1.7 times
larger than Ru;—Ni3/NF electrode (Fig. 5¢). These results powerfully indicate that rGO can be introduced as a good and compelling
candidate for increasing the specific surface area of the Ru;-Ni3/rGO/NF electrode. Besides, the rGO deposited on the surface of NF not
only kept the three-dimensional structure of NF but also provided defect sites for the growth of Ru and Ni nanoparticles [40].

To study the efficacy of rGO on the performance of the electrode, CV tests were carried out in 1 M NaOH and 0.06 M NyH4 for NF,
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Fig. 5. (a) CV curves of Ru;-Ni3/rGO/NF catalyst under different scan rates (b) Plots of the averaged anodic current density at —0.05 V vs. MOE
against scan rates of Ru;—Ni3/rGO/NF catalyst in 1 M NaOH (c) and Chart of EASA for different electrocatalysts.

rGO/NF, Ru;-Nis/NF, and Ru;—Ni3/rGO/NF electrodes (Fig. 6). The results show that NF and rGO/NF have the lowest catalytic ac-
tivity. In contrast, the Ru;—Nig/NF and Ru;—Ni3/rGO/NF electrodes showed 28 mA cm~? and 34 mA em ™2 (at —0.4 V), respectively.
Actually, in the Ru;—Ni3/rGO/NF electrocatalyst, due to the presence of rGO, there are many places for the active substance of the
Ru-—Ni catalyst to sit. The results of electrochemical studies show that the current density of hydrazine electrooxidation and EASA for
Ru;-Ni3/RGO/NF (677.5) catalyst is higher than Ru;-Ni3/NF (392.5), which is due to the different morphology of the catalysts. In the
case of rGO, a large surface is provided for Ru;—Ni3/RGO/NF to sit, compared to the case of Ru;—Ni3/NF on nickel foam. These results
strongly suggest that the introducing of rGO is an effective method to greatly increase the specific surface area of the electrode. In this
regards similar explain is reported in the literature [40].

Fig. 7 presents the CV of Ru;—Ni3/rGO/NF electrode in the absence of N3H4 and in NaOH 1.0 M solution at the scan rate of 20 mV
s7L. In Fig. 7, an anodic peak and a cathodic peak can be observed. In an alkaline solution, at the potential window of 0.1-0.6 V and in
anodic and cathodic scans, the pairs of Ni%t/Ni%* in the region (a;) and (c) are converted to each other [41]. In addition, CV curve of
the synthesized electrocatalyst in the presence of 0.1 M NoH, in NaOH 1 M solution, the scan rate of 20 mV s~ and the potential
window of —1.2 to 0.8 V (vs. MOE) is displayed in Fig. 7. Peak (ay) is related to hydrazine oxidation on the Ru;—Ni3/rGO/NF electrode
according to Eq. (6):

NoHy +40H™ - Ny +4H,0 + 4e” (6)
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Fig. 7. CV curve of Ru;-Niz/rGO/NF in NaOH 1 M and NaOH 1 M + NyH, 0.1 M at the scan rate of 20 mV s ..

The concentration of NoH4 was optimized during the HzOR on the Ru;—Ni3/rGO/NF electrocatalyst. The CV curves in a solution of
NaOH 1.0 mol L~! and varied concentrations of NyH,4 at a sweep rate of 20 mV s~! were recorded (Fig. 8a). By increasing NoHy
concentration, the HzOR peak potential is varied slightly towards positive values. The highest I, value is obtained at NyH, 0.1 mol Ll
This result proves the entity of a considerable number of electroactive species in solution. By plotting Log I, values in terms of LogC, a
straight linear relationship is obtained (Fig. 8b). The order of the HzOR on the Ru;-Ni3/rGO/NF electrocatalyst is gained from the
slope of the Log I, vs. Log C plot (Fig. 8b) according to Egs. (7) and (8):

Rate =1, = KC" 7
Log I, = Logk + n LogC 8)

Where k, C, and n are the reaction rate constant and the bulk concentration of NoHy, and reaction order, respectively. The value of 0.90
is obtained for the Ru;—Ni3/rGO/NF electrocatalyst, which is close to value 1. This result shows that the HzOR with this electrocatalyst
is of the first-order type and is in agreement with the values obtained in other works. The closer the value of the reaction order is to one,
it shows that less hydrolysis reaction has occurred. Also, the linear relationship between current density and concentration shows that
an irreversible electrochemical reaction has occurred on the electrode surface [42]. The CV curves recorded in 1 M NaOH and 0.04 M
N,Hy at different scan rates (0.02-1.0 Vs 1) are shown in Fig. 9a. A linear relevance between the peak potential (Ep) and the scan rate
can be seen in Fig. 9b, which indicates that this electrochemical process is irreversible. This subject has been described by Eq. (9) [43].

. RT Do (1 —a)nFu]”
E,=E"+ {m} {0A78+lnkx+ln {T] } 9)

Where E>, R, T, o, n, F, Dy, ks, are the formal potential (V), the universal gas constant (8.314 J K ' mol™), the temperature (K), the
charge transfer coefficient, the number of electrons involved in the rate-determining step, the Faraday constant (96485 C mol ™), the
diffusion coefficient of NoHy (em? s~ 1) and the standard heterogeneous rate constant (cm s h respectively. According to Eq. (8), the
slope of the curve in Fig. 9b was used to obtain the anodic charge transfer coefficient (a) in HzOR. The value of a was found 0.95 for the
Ru;-Ni3/rGO/NF. Besides, by the Randles-Sevcik equation (Eq. (10)), the exchanged electrons number (n) in the HzOR reaction was
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calculated [44].
i, =2.99 x 10°n[(1 — a)n]'A Dy *v'C; (10)

Where ip, n, a, A, Co*, v and Dg are the peak current density (A crn’z), the number of electrons involved in the rate-determining step,
the anodic charge transfer coefficient, surface area (cm?), NoH, concentration (molem™3), the scan rate (Vs 1), and the diffusion
coefficient of NoHy4 respectively. The diffusion coefficient (D) is considered to 5 x 10° cm?s~ ! in 1.0 M NaOH solution [1]. Based on
the obtained slope in Fig. 9(c), the n obtains 3.0 on the Ru;-Ni3/rGO/NF electrocatalyst. It shows that most of the oxidation reaction
has occurred and the oxidation reaction dominates the hydrolysis.

Electrolyte temperature influence the performance of electrodes by affecting the rate of the charge transfer process at the electrode/
electrolyte interface and mass diffusion in electrolyte solutions. Fig. 10a shows the CV curves of the Ru;—Nis/rGO/NF at various
temperatures in an aqueous solution of 1.0 M NaOH +0.04 M NyHy. The similar shapes of CV curves indicate the same mechanism at
the examined temperatures. The peak oxidation current density of NoH4 on the Ru;—Ni3/rGO/NF electrocatalyst increases by
increasing the temperature from 298 to 328 K. This is because of the endothermic reaction that is carried out on the Ru;-Ni3/rGO/NF
electrode surface. By the Arrhenius equation (Eq. (11)), the activation energy (E,, KJ mol~ 1) was determined [45]:

E, O(Lnl)
“RT?2 OT

an

Where T, R, I,, and E,, are temperature (K), the gas constant (8.314 kJ mol ™), the peak current density (A cm™?), and activation energy
(kJ mol 1), respectively. Arrhenius plot of the Ru;-Nis/rGO/NF electrocatalyst plotted in Fig. 10b. The E, is determined from the slope
of the curve. The E, value for this electrocatalyst gained 22.24 kJ mol . The low value of E, for the Ru;—Ni3/rGO/NF electrocatalyst
shows that the HzOR performed suitably on this electrocatalyst, which can attribute to the large specific surface area and enormous
catalytic active sites through the unique frame of rGO/NF.

Fig. 11 shows the chronoamperometry response of Ru;—Ni3/rGO/NF and Ru;-Nig/NF electrocatalysts in 0.04 M NoHy + 1.0 M
NaOH solution at —0.6 V (vs. MOE). According to Fig. 11, a sharp decline in the current density was observed at the initial seconds, and
then the current density reached a pseudo steady-state at the initial seconds. Then, a few decreases in the current density was observed
in each two electrocatalysts for longer times. From the comparison of these results, the Ru;—Ni3/rGO/NF electrocatalyst has better
durability compared to Ru;-Niz/NF in HzOR. In addition, the current density for the Ru;-Ni3/rGO/NF (0.023 A cm %) was demon-
strated to be higher than the Ru;-Niz/NF (0.004 A cm 2) electrocatalyst, suggesting that the Ru;-Niz/rGO/NF has higher catalytic
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activity for HzOR than the Ru;—Nis/NF of electrocatalyst. This result is in concord with the CV results.

The behavior of different anodic electrocatalysts (Ru;—Ni3/rGO/NF and Ru;—Ni3/NF) for hydrazine oxidation was studied using
electrochemical impedance spectroscopy (EIS). EIS tests were performed in a solution of 1.0 M NaOH +0.1 M N3H, at a potential of
—0.25 V (vs. MOE). In the EIS spectrum, the observed semicircle corresponds to the electrochemical reactions on the surface of the
electrocatalysts. The EIS information fitted according to the circuit proposed in Fig. 12 (a,b), where R, R¢t, CPE1, and W1 are solution
resistance, charge transfer resistance, the constant phase element of the electrical double layer, and the Warburg element, respectively.
In the high-frequency and low-frequency regions, the intersection of the horizontal axe with semicircles was used to estimate Rs and
Ret, respectively. The quantity of Rg and R is given in Table 1. According to Tables 1 and it can be seen that the rGO is improved the
conductivity of Ru;—Nis/rGO/NF with respect to the Ru;—Ni3/NF. So, the rGO has enhanced electrocatalytic properties due to its high
electrical conductivity and structure with a large specific surface area. CV, CA, and EIS results are in good concord with each other and
it can be inferred that the Ru;—Ni3/rGO/NF is better for usage in DHzZHPFCs than other electrocatalysts.

3.3. Single fuel cell studies

In this part, the performance of the Ru;—Ni3/rGO/NF as the anode and Pt/C as the cathode in direct hydrazine-hydrogen peroxide
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fuel cells (DHzHPFC) was investigated. The anolyte and catholyte solutions were (NoH4 x M + NaOH 2 M) and (H202 x M + H3S04 0.5
M), respectively. The results related to different concentrations of fuel (N2H4) and oxidant (H2O2) were demonstrated in Table 2.
Fig. 13 (a, b) shows the I-P and I-V curves of DHzZHPFC. According to the Nernst equation (Eq. (12)), the open circuit potential
(OCP) and as a result, the power densities were increased with the addition of NyH4 and HoO4 concentrations (Fig. 13a and b), but for
higher concentrations of NoHy (2 M) and HyO5 (3 M) the power densities were decreased.
RT | [N:Hy][H 0,

E=E+—In

nF " [N,][H, 0] (12)

This can relate to the chemical decomposition of Hy05, hydrolysis NoHy and their crossover from the membrane. In addition, the
power densities were decreased due to the poisoning of the electrode surface by gas bubbles generated by HoO» decomposition and
NoH4 hydrolysis [46-50]. The role of temperature is significant in electrochemical reactions. Therefore, the effect of temperature on
the performance of DHZHPFC was studied and the results were shown in Fig. 13c. With the rise of temperature from 35 °C to 55 °C, the
power density was increased. The high values of OCP and maximum power density show that the kinetics of HyO2 reduction and NoHy4
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Table 1
Equivalent circuit parameters of Ru;-Ni3/rGO/NF and Ru;-Ni3/NF catalysts in NaOH 1 M + N,H,4 0.1 M.
Electrode Potential (mV vs MOE) R (Q cm?) Re (Q cm?)
Ru;-Ni3/rGO/NF —250 1.5 0.1
Ru;-Niz/NF —250 1.2 1.4
Table 2
Power density of the direct NoH4~H>0, single fuel cell with the anode electrode: Ru;Ni3/rGO/NF, and the cathode electrode Pt/C under different
conditions.
[N2H,4]/(mol L™1) [H,0,]/(mol L™ 1) Temperature/(°C) Power density/(mW cm?) Accuracy + 2
1 0.5 25 82
1 3 25 118
0.5 2 25 79
2 2 25 79
1 2 25 83
1 2 35 141
1 2 45 189
1 2 55 206

oxidation were enhanced with increasing the temperature [51]. The maximum power density was obtained 206 mW cm 2 which was
related to (NaH4 1 M + NaOH 2 M) as the anolyte and (HyO2 2 M + H3SO4 0.5 M) as the catholyte solutions in 328 K.

A stability test was performed for a single cell with the Ru;—-Ni3/rGO/NF as an anode and the Pt/C as a cathode, (N;H4 1 M + NaOH
2 M) as an anolyte and (H202 2 M + HySO4 0.5 M) in the role of a catholyte at a constant current of 50 mA cm 2 (Fig. 13d). The
potential decay from the initial value by applying discharging current of 50 mA cm ™2 to DHzHPFC. After a few seconds, the cell
potential became stable and this stability continued until the end of the test. The subsequent oscillations in the cell potential were
related to the addition of a new fuel solution, change in cell temperature, produced Hs from the anode due to NoH4 hydrolysis and
produced O, from the cathode due to HoO5 decomposition. These gas bubbles were collected on the electrode and blocked active sites.
As aresult, it decreased the performance of the cell. As shown in Fig. 13d, the Ru;-Ni3/rGO/NF in the role of an anode and the Pt/C in

11
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Table 3
Comparison of power density values obtained for DHZHPFC by various electrocatalysts.
Anode Cathode Membrane Anolyte Catholyte T “Power density Ref.
Q) (mW cm™2)
Ni foam@Ag-Ni Pd/CFC Nafion 115 KOH 1 M + NoHy H;0, 1 M + H3SO4 - 7 [52]
0.045 M 2M
Pt53Cuy7/C (0.5 mg cm*Z) Pt/C (20 wt%) (1.0 Tokuyama KOH 1.0 M + NyH4 0O, flow rate: 30 80 56 [53]
mg cm™2) 1.0M SCCM
Ni0.6C00.4 nanosheets Pt/C (40.0 wt%) Nafion 115 KOH 4.0 M + N3H4 H30, 20.0% + 80 107 [54]
(1.4 mg cm—?) 20.0 wt% H,S04 0.5 M
Pd/CNT (1.0 mg cmfz) Pt/C (0.25 mg Nafion 117 NaOH 1.0 M + O, flow rate: 150.0 60 110 [55]
cm™?) NoH,; 2.0 M mL min !
Co-Au/C (1.0 mg cm~2) Au/C (1.0mg cm2) Nafion 117 NaOH 2.0 M + H,0, 2.0 M + HySO4 60 123 [56]
NyH4 2.0 M 0.5 M
MoCx-NC (1.0 mg cm™~?) Pt/C (1.0 mg cm 2)  KOH-doped KOH 6.0 M + NoH; O, Flux: 0.2 slpm 80 158 [571
PBI 0.5 M
Ni@Pd/rGO (1.0 mg cmfz) Pt/C (0.5 mg cm’z) Nafion 117 NaOH 2.0 M + H30, 2.0 M + HySO4 60 205 [58]
NoH4 1.0 M 0.5M
Ni@Ru/rGO (1.0 mg Pt/C (0.5 mg cm 2 Nafion 117 NaOH 2.0 M + H305 2.0 M + HySO4 60 139 [58]
cm™?) NoH; 1.0 M 0.5M
Pd-Ni/N-rGO (1.0 mg Pt/C (0.5 mg em™2) Nafion 117 NaOH 2.0 M + H30, 2.0 M + HySO4 60 217 [9]
em™?) N,H, 1.0 M 0.5M
Free binder Anode: Pt/C (0.5mgcm™2)  Nafion 117 NaOH 2.0 M + H,0,2.0M + HySO, 55 206 This
Ru;-Niz/rGO/NF NoH, 1.0 M 0.5M work

2 The numbers related to the power density are reported in the table with approximations. To know the exact power density refer to the relevant
reference.

the role of a cathode in DHzHPFC display relatively stable performance after the first few seconds. Finally, the performance of
DHzHPFC for anode and cathode electrocatalysts has been compared in different literature and presented in Table 3. According to
Table 3, the Ru;-Ni3/rGO/NF electrocatalyst in the role of anode and the Pt/C electrocatalyst in the role of cathode displayed an equal
or greater catalytic performance.

4. Conclusion

The Ru;-Ni3/rGO/NF catalyst was synthesized by the combination of electroreduction and electroplating methods and then used as
the free-binder anode electrocatalyst for HZOR. The morphology and surface analysis of the synthesized Ru;-Ni3/rGO/NF catalyst
were investigated by FE-SEM, XRD, FT-IR, and Raman spectroscopy. The results confirmed the successful synthesis of Ru;—Nis/rGO/
NF. This electrocatalyst showed the highest EASA (677.5 cm?) in comparison to other electrodes. From the electrochemical results
including CV, EIS, and CA, it is clear that the Ru;—-Ni3/rGO/NF electrocatalyst has good electrocatalytic activity and stability and can
be a good promising candidate for HzZOR. The activation energy for hydrazine oxidation on the Ru;—-Ni3/rGO/NF electrocatalyst was
22.24 kJ mol L. In addition, the HzOR on Ru;-Ni3/rGO/NF electrocatalyst is irreversible and controlled by a diffusion process. Be-
sides, EIS outcomes show that, in the range of hydrazine oxidation activation (—0.250 V vs. MOE), the Ru;—Ni3/rGO/NF electrocatalyst
has low electrochemical charge transfers resistance (R = 0.1 Q cm?), that it is significantly less than charge transfers resistance of the
Ru;-Nis/NF electrocatalyst (Rt = 1.4 Q cm?). Therefore, the rGO has increased the electrocatalytic properties due to its high electrical
conductivity and the structure with a large specific surface area. Fuel cell performance tests show that the synthesized Ru;—Ni3/rGO/
NF electrocatalyst is a promising anodic catalyst for DHzHPFCs with a power density of 206 mWem ™2, and excellent stability. These
results prove that the Ru;—-Ni3/rGO/NF free-binder anode is a promising candidate for usage as the electrocatalyst in the future
application of DHzZHPFCs because of its excellent structural stability, ease of synthesis, low cost, and high catalytic performance.
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