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Abstract A ruthenium (III) hexacyanoferrate (Ru(HCF))

film coated on a glassy carbon electrode was explored as an

electrocatalyst for hydrazine oxidation. Surface cyclic

voltammograms of Ru(HCF) film showed four reversible

one-electron redox waves. Two, which corresponded to the

redox processes of Ru(III)/Ru(IV) and Fe(II)/Fe(III), were

identified to be responsible for the catalytic activity of

hydrazine oxidation. Kinetic studies using potential scan

rate dependency, Tafel plots, and rotating disk electrode

technique found that this catalyzed hydrazine oxidation

was a complete four-electron/four-proton process producing

N2, with the rate determining step possibly a one-electron

process with a transfer coefficient (a) of *0.31–0.36. In

addition, based on kinetic analysis and findings in the

literature, we propose a possible reaction mechanism for

catalyzed hydrazine oxidation in order to facilitate further

understanding.
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1 Introduction

Hydrazine is a compound of interest in the chemical and

pharmaceutical industries, and has been used in a variety of

applications, including as a chemical reducing agent, fuel,

corrosion inhibitor and antioxidant, emulsifier, pesticide,

and plant-growth regulator, as well as in dyes and explo-

sives [1]. As a fuel in electrochemical energy devices such

as fuel cells, hydrazine has drawn significant attention,

particularly in the development of electrocatalysts capable

of catalyzing its electrooxidation. The challenges arise

mainly from overpotentials encountered in the direct elec-

trooxidation of hydrazine at common electrode surfaces [2].

In the effort to develop electrocatalysts for hydrazine oxi-

dation, various inorganic and organic materials have been

explored, including quinizarine [2], chlorogenic acid [3],

cobalt hexacyanoferrate [4], pyrocatechol violet (PCV) [5],

cobalt phthalocyanine [6], cobalt tetraphenylporphyrin [7],

nickel ferricyanide [8], coumestan [9], hybrid copper and

cobalt hexacyanoferrate films [10], pyrogallol red, [11] and

rhodium [12]. These approaches have demonstrated that when

these materials were coated on inert electrode surfaces to form

chemically modified electrodes (CMEs), the respective elec-

trode could show an enhanced electron transfer rate and

reduced overpotential toward hydrazine oxidation. Based on

findings in the literature, we successfully fabricated some

electrodes coated with a ruthenium hexacyanoferrate film, and

found that these modified electrodes had strong catalytic

activity toward hydrazine oxidation.

Transition metal hexacyanoferrates have been recognized

as a highly important class of compounds for use as electrode

surface modifiers [13]. In a metal hexacyanoferrate, there are

two sets of redox couples: Fe(CN)6
3?/4? and Mn?/M(n-1)?

(where M is the second metal). The presence of a second

metal redox couple such as Ru3?/Ru2? not only can improve
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the conductivity of the film, but also can prevent polynuclear

hexacyanometalate dissolution [14–17]. In a catalyst appli-

cation, the stability of the thin film on the electrode is crucial

for electrode durability [18]; the fabrication method can play

an important role in stabilizing the ruthenium hexacyanofer-

rate film [17, 19–22]. It has been demonstrated that the sta-

bility of electrochemically prepared films may be improved

substantially if the hexacyanoferrate-modified electrode is

electrochemical potential cycled in a freshly prepared acidic

solution containing RuCl3 [19]. This stabilizing effect has

been attributed to the formation of binuclear metal centers

[20], which had oxo-bridges between the Ru and Fe, thus:

Ru–O–Fe [17–19, 22]. The film formed on the electrode could

be considered a mix of ruthenium oxide and hexacyanoferrate

(RuO/Fe(CN)6
3-). In the literature, this ruthenium hexacya-

noferrate film was found to be electrocatalytically active

toward the oxidation of a variety of compounds, including

dopamine and norepinephrine [23, 24]. However, to the best

of our knowledge, no report has been published about the

electrocatalytic activity of ruthenium hexacyanoferrate

(Ru(HCF)) toward hydrazine oxidation.

In this study, we employed a drop evaporation/electro-

chemical potential cycling method and prepared Ru(HCF)

films on glassy carbon electrodes. The electrocatalytic

oxidation of hydrazine on such a Ru(HCF)-modified glassy

carbon electrode was studied, using both cyclic voltam-

metry and rotating disk electrode techniques, in terms of

the surface electrochemistry of Ru(HCF) and the kinetics

of the electrooxidation of hydrazine.

2 Experimental

2.1 Chemicals and solutions

All the reagents used in this study were analytical grade and

all solutions were prepared using ultrapure water, through

a Barnstead Nanopure Lab Water System (Model 04741,

Iowa, USA). A Britton–Robinson buffer system (BR)

(CH3COOH 0.04 mol L-1 ? H3BO3 0.04 mol L-1 ? H3PO4

0.04 mol L-1), used to control pH, was added to 0.1 mol L-1

NaClO4 as the supporting electrolyte. The initial pH of the

solution was 1.8, and the desired pH was adjusted by the

addition of 1.0 mol L-1 NaOH solution. The solutions were

deaerated by purging with N2. Test solutions were prepared

by adding various specific amounts of 0.1 M hydrazine

solution to the deaerated electrolyte solution.

2.2 Electrode preparation

The electrode was modified by the following procedure.

The glassy carbon surfaces were polished successively with

1.0, 0.3, and 0.05 lm a-alumina suspensions on a

microcloth polishing pad, then rinsed with water and son-

icated for a few minutes in doubly distilled water. Then an

aliquot (2.5–10 lL) of a ruthenium (III) hexacyanoferrate

mixed solution containing 1 9 10-3 mol L-1 K3[Fe(CN)6]

and 1 9 10-3 mol L-1 RuCl3�3H2O at pH 1.8 (BR buffer)

was added to the electrode surface, which was then air

dried. The film was then covered by 10 lL of Nafion�
solution (5 wt% in alcohol). Next, the modified electrode

was transferred to the deaerated electrolyte solution in

order to carry out the electrochemical and electrocatalytic

experiments. When the modified electrode was not in use,

it was left immersed in the supporting electrolyte.

2.3 Electrochemical measurements

Electrochemical measurements were carried out with a

conventional three-electrode electrochemical cell. A Bio-

analytical potentiostat (Model CV-50 W) controlled by a

computer and a rotating disk electrode system (Model

RDE-1, Bioanalytical Systems, Inc., West Lafayette,

Indiana, USA) were used for electrochemical measure-

ments. A glassy carbon electrode, diameter 3.0 mm,

obtained from Bioanalytical Systems, Inc., was used as the

working electrode, and Ag/AgCl and platinum were used

as the reference and counter electrodes, respectively. All

measurements were carried out at room temperature.

3 Results and discussion

3.1 Electrochemical formation and structure

of Ru(HCF) film

The Ru(HCF) film was formed in the cyclic voltammetric

scanning process. Chen et al. [23] proposed that this film is

formed by deposition in the potential range of 0.2 to 1.1 V,

followed by initial deposition at 1 V in the first positive scan.

Ru4? and RuO2 were found to be the initiator and interme-

diate, respectively, for the formation of the film. Since, it is

commonly recognized that the film should be constructed of

oxo-bridges, the following reactions could occur in the

potential cycling process if an acidic electrolyte is used:

Ru3þ ! Ru4þ þ e� ðIÞ

Ru4þ þ 2H2O! RuIVO2 þ 4Hþ ðIIÞ

The RuIVO2 could then form an oxo-bridge with Fe(CN):

RuIVO2 þ FeIII CNð Þ6
� �3�þ 3Hþ

! RuIV� OHð Þ�FeIII CNð Þ6
� �

þ H2O ðIIIÞ

In addition, a CN-based bridge structure [RuIII–NC–

FeIII(CN)5]0) could also be formed through Reaction (IV),

according to the literature [24, 25]:
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Ru3þ þ Fe CNð Þ6
� �3�! RuIII�NC�FeIII CNð Þ5

� �0 ðIVÞ

Thus, the Ru(HCF) film that we generated contained both

Ru–O–Fe and Ru–NC–Fe bridges.

3.2 Electrochemical behavior of the Ru(HCF) film

Figure 1 shows the steady-state cyclic voltammograms in

the potential range of –0.4–1.2 V versus Ag/AgCl, recorded

on a glassy carbon electrode before and after modification

with ruthenium (III) hexacyanoferrate in N2-purged pH 1.8

BR solution. For the bare electrode, no redox process was

observable in this potential range, and the CV response

looks like a straight line along the x-axis with a current of

around 0 (Fig. 1a). However, after the electrode was mod-

ified, four well-defined redox processes around –0.08, 0.53,

0.86, and 1.01 V could be observed (Fig. 1b). This is in

good agreement with the literature [18, 23]. All of these

waves were identified in the literature as one-electron pro-

cesses [23]; the wave assignments are as follows:

Peak I, near –0.08 V, can be assigned to redox couple

[RuII–(OH)–FeII(CN)6]3-/[RuIII–(OH)–FeII(CN)6]2-; Peak

II, near 0.53, to redox couple [RuIII–NC–FeII(CN)5]-/

[RuIII–NC–FeIII(CN)5] [17, 18, 24]; Peak III, around

0.86 V, to redox couple [RuIII–(OH)–FeII(CN)6]2-/[RuIII–

(O)–FeIII(CN)6]2-; and Peak IV, near 1.01 V, to redox

couple [RuIII–(OH)–FeIII(CN)6]-/[RuIV–(O)–FeIII(CN)6]-.

The surface behavior of the Ru(HCF) was confirmed by

changing the scan rate of the electrode potential. All four

redox peak currents increased linearly along with the

increasing potential scan rate, indicating that the electro-

chemical behaviors of these surface redox processes follow

a theoretically expected thin-layer pattern [26]. For redox

in a thin layer or a surface adsorption layer, the reversible

redox peak current is given by Eq. 1:

Ip ¼
n2F2AmCi

4RT
ð1Þ

where n is the electron transfer number involved in the

electrochemical reaction of the individual redox process of

Ru(HCF) film, F is the Faraday constant, R is the gas

constant, T is the temperature, A is the electrode area, m is

the electrode potential scan rate, and Ci is the surface

concentration of the individual redox species.

From the slope of Ip versus m, either the surface con-

centration of the individual redox species or the electron

transfer number of this redox species can be obtained. In

order to obtain the surface concentrations of both metals in

the film, the redox waves Ia/Ic and IIa/IIc were selected for

ruthenium and iron, respectively. The peak currents of

waves Ia/Ic and IIa/IIc as a function of the potential scan

rate are shown in Fig. 2. The slopes of both linear lines can

be obtained. According to Eq. 1, these two slopes can be

used to determine the surface concentrations of iron and

ruthenium in the Ru(HCF) film: 6.5 9 10-9 mol cm-2 for

iron and 8.3 9 10-9 mol cm-2 for ruthenium. These

results indicate that there are almost equal amounts of

Ru–O–Fe and Ru–NC–Fe in the film. Considering the

amounts of iron and ruthenium coated on the surface at the

beginning of the preparation, it appears that only 10% of

the iron and the ruthenium formed a film on the electrode,

while the remaining 90% was dissolved in the solution.

3.2.1 Effect of pH on the electrochemical response

of Ru(HCF)

The formal potentials of the peaks in Fig. 1 were obtained

by averaging anodic and cathodic peak potentials. The pH

dependencies of these formal potentials were recorded in a

pH range of 1.8–7.0. For waves Ia/Ic and IIa/IIc, no sig-

nificant pH dependency could be observed. However, the

formal potentials of waves IIIa/IIIc and IVa/IVc, both

showed pH dependencies. Using the linear plots of formal

potential versus pH, as shown in Fig. 3, slopes for these
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Fig. 1 Cyclic voltammograms obtained from (a) bare electrode and

(b) glassy carbon electrode modified with ruthenium (III) hexacya-

noferrate film in BR aqueous buffer solution (pH = 1.8) saturated

with N2. Potential scan rate: 100 mV s-1
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two pH-dependent waves were obtained: –69 mV/pH and

–76 mV/pH, respectively. These values are close to the

theoretical value of –59 mV/pH for a process involving a

unit ratio of electrons to protons. The corresponding

reactions for these four waves of Ru(HCF) film are pro-

posed to be as follows:Wave Ia/Ic:

RuII� OHð Þ�FeII CNð Þ6
� �3�

$ RuIII� OHð Þ�FeII CNð Þ6
� �2� þ e�

ðVÞ

Wave IIa/IIc:

RuIII�NC�FeII CNð Þ5
� ��$ RuIII�NC�FeIII CNð Þ5

� �

þ e�

ðVIÞ

Wave IIIa/IIIc:

RuIII� OHð Þ�FeII CNð Þ6
� �2� $ RuIII�O�FeIII CNð Þ6

� �2�

þ Hþ þ e�

ðVIIÞ

Wave IVa/IVc:

RuIII� OHð Þ�FeIII CNð Þ6
� ��

$ RuIV�O�FeIII CNð Þ6
� ��þ Hþ þ e�

ðVIIIÞ

In Reactions V and VI, no proton is involved, while in

Reactions VII and VIII, one proton is involved and one

electron transferred.

In addition, it was also observed that all four wave areas

decreased with increasing solution pH, suggesting that the

Ru(HCF) film was not stable in less acidic solutions. It was

confirmed that the most stable surface film could be

obtained at a pH of 1.8. Therefore, the following results for

hydrazine oxidation were all obtained at pH 1.8.

3.3 Electrocatalytic response toward hydrazine

oxidation

Figure 4 shows a cyclic voltammogram for a glassy carbon

electrode modified with Ru(HCF), recorded in a 1.8 pH

solution in the presence of hydrazine. For comparison, the

same electrode was also used to record a cyclic voltam-

mogram under similar conditions but without hydrazine in

the solution. It can be seen that in the presence of hydra-

zine, a large oxidation peak appeared at 0.96 V, indicating

that the Ru(HCF) film had electrocatalytic activity toward

hydrazine oxidation. A bare glassy carbon electrode was

also tested in the same hydrazine-containing solution but

no such oxidation wave was observed at 0.96 V, further

confirming that the hydrazine oxidation activity was due to

the presence of Ru(HCF) film on the electrode surface. It

has been reported that both redox couples of waves III and

IV can be active catalytic sites for ethanol electrooxidation

[23]. We believe that these two active catalytic sites were

also responsible for the electrooxidation of hydrazine.

From Fig. 4, it can also be observed that wave I became

much smaller when hydrazine was present in the solution.

This could suggest that hydrazine molecules are bound to an

Ru center, deactivating the redox reactions of [RuII–(OH)–

FeII(CN)6]3-/[RuIII–(OH)–FeII(CN)6]2- couples; when the

electrode potential is further increased, the hydrazine-bound

Ru center is converted from Ru(III)-(NH2NH2) to Ru(IV)-

(NH2NH2), then the bound hydrazine molecules start to lose

electrons to the metal centers. Similar depression was also

observed with wave IIIa, suggesting that hydrazine molecules

are also bound to an Fe center. We thus believe that the Ru(IV)

and Fe(III) centers are the catalytically active sites for

hydrazine oxidation.
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modified with ruthenium (III) hexacyanoferrate film in N2-saturated BR
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(b) of 1 9 10-3 mol L-1 of hydrazine. Potential scan rate: 100 mV s-1
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Cyclic voltammograms for hydrazine oxidation were

also recorded at different potential rates, as shown in

Fig. 5. It can be observed that the peak current of hydrazine

oxidation at 0.96 V increased linearly with the square root

of the potential scan rate, suggesting an irreversible dif-

fusion-limited electrochemical process [26].

From Fig. 5, it can also be observed that the hydrazine

oxidation peak potential shifts to a positive value as scan

rate increases, suggesting a kinetically limited reaction

between the active site of the Ru(HCF) film and hydrazine

[20]. The plot between the peak potential versus the log-

arithm of the scan rate shows a linear relationship with a

slope of 95 mV/dec (Fig. 6). According to the literature

[10, 25, 26], this linear relationship can be expressed as

Eq. 2:

EP ¼ K þ 2:303RT

2anaF
log m ð2Þ

where Ep is the peak potential of hydrazine oxidation, K is

a constant, R and T have their usual significance as defined

in Eq. 1, a is the transfer coefficient for hydrazine oxida-

tion, na is the electron transfer number involved in the rate

determining step of hydrazine oxidation, and m is the

potential scan rate. From the slope, an ana value of 0.31

can be calculated.

The ana value could also be calculated using the Tafel

slope obtained from the relationship between the electrode

potential and the logarithmic current (E–logI plot). Fig-

ure 7 shows the Tafel plot constructed from the cyclic

voltammogram at 5.0 mV s-1, obtained from Fig. 5. A

linear relationship can be observed in the low potential

region, with a slope of 164 mV/dec. The Tafel plot can be

expressed as follows:

E ¼ aþ 2:303RT

anaF
logðIÞ ð3Þ

where E is the electrode potential, I is the current of

hydrazine oxidation, a and na were defined in Eq. 2, and R,

T, and F have their previously defined meanings. Based on

Eq. 3 and the measured Tafel slope (164 mV/dec), an ana

of 0.36 can be obtained. This value is close to what was

obtained from Fig. 6 (0.31), and is also in agreement with

what was reported for hydrazine oxidation on other catalyst

films [10].

3.3.1 Effect of pH on the electrocatalytic oxidation

of hydrazine

In order to investigate the effect of pH on catalyzed

hydrazine oxidation, cyclic voltammograms were also
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recorded in hydrazine-containing solutions with different

pHs. The half-wave potential (EP/2) of the hydrazine oxi-

dation peak was plotted as a function of pH, as shown in

Fig. 8. A linear relationship can be observed, with a slope

of 76 mV/pH in the range of 1.8–5.0. This value could

suggest a process in which one proton is transferred for

each transferred electron. If the overall reaction of hydra-

zine is a four-electron process, the reaction could be

written as follows:

N2H4 ! N2 þ 4Hþ þ 4e� ðIXÞ

3.3.2 Hydrazine oxidation kinetics evaluated by rotating

disk electrode experiments

In order to more quantitatively evaluate the kinetics of

hydrazine oxidation catalyzed by Ru(HCF), a rotating

glassy carbon disk electrode coated by Ru(HCF) film was

tested in a hydrazine-containing solution. The current–

potential curves obtained at different rotating rates in a 1.8

pH BR buffer solution containing 5 9 10-4 mol L-1

hydrazine are shown in Fig. 9. Plateau currents can be

observed for all rotation rates. These limiting currents can

be used to obtain the overall electron numbers transferred in

hydrazine oxidation, and the Koutecky–Levich theory can

be used to express the current–potential curves in Fig. 9:

1=Ilim ¼ 1=Ilev þ 1=Ik ð4Þ

where Ilim is the plateau current, Ik is the kinetic current,

and Ilev is the Levich diffusion current, which can be

expressed as:

Ilev ¼ 0:201nFAChyrazineD
2=3
hydrazinec

�1=6x1=2 ð5Þ

where n, Dhydrazine, and Chydrazine are the overall electron

transfer number (=4 for hydrazine oxidation to N2), the

diffusion coefficient, and the concentration of hydrazine,

respectively; c is the kinetic viscosity of the electrolyte

solution; and x is the rotation rate.

A plot of 1/Ilim versus x-1/2 is shown in Fig. 10, toge-

ther with a theoretical four-electron line for comparison.

The theoretical line was calculated according to Eqs. 4 and

5 for a four-electron hydrazine oxidation process, using the

following parameters: D = 1.4 9 10-5 cm2 s-1 [17, 18],

C = 5 9 10-7 mol cm-3, v = 1.02 9 10-2 cm2 s-1, n =

4, and Ik = ?. It can be seen that the experimental line is

approximately parallel to the calculated one, indicating that

catalyzed hydrazine oxidation is a four-electron process,
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producing N2. Therefore, the overall oxidation of hydrazine

in an acidic solution, expressed as Reaction (IX), is further

confirmed.

The kinetic current Ik can be expressed as Eq. 6:

Ik ¼ nFAKhydrazineChydrazineCRu HCFð Þ ð6Þ

where Khydrazine is the rate constant of the chemical reac-

tion that limits the plateau current, CRu(HCF) is the surface

concentration of Ru(HCF) catalyst, and the other terms

have their usual significance as described earlier. Ik can be

obtained from the intercept of the Koutecky–Levich line in

Fig. 10. The rate constant Khydrazine obtained for the

electrocatalyzed hydrazine oxidation was calculated to be

1.8 9 106 mol-1 cm3 s-1.

3.3.3 Reaction mechanism discussion

Based on the discussion of Fig. 4, the initial step for

hydrazine oxidation on the catalyst centers should be the

bonding process between the hydrazine molecules and the

Ru(IV) and Fe(III) centers to form adducts, followed by

electron transfer to form the product. As hydrazine contains

protons, proton transfer must be involved in the transfer of

electrons. As shown in Fig. 8, the half-wave potential

(EP/2) of the hydrazine oxidation peak was obtained as a

function of pH. A linear relationship between EP/2 and pH

was observed, with a slope of 76 mV/pH in the range of

1.8–5.0. This value could suggest a process of one-to-one

electron–proton transfer.

Based on the above information and the literature [23],

the mechanism of hydrazine oxidation catalyzed by

Ru(HCF) is proposed as follows:

RuIII� OHð Þ�FeIII CNð Þ6
� ��$ RuIV�O�FeIII CNð Þ6

� ��

þ Hþ þ e� ðVIIIÞ

RuIV�O�FeIII CNð Þ6
� ��þ N2H4

! N2H3�RuIV�O�FeIII CNð Þ6
� ��þ Hþ þ e� ðXÞ

N2H3�RuIV�O�FeIII CNð Þ6
� ��

! RuIII� OHð Þ�FeIII CNð Þ6
� ��þ N2 þ 2Hþ þ 3e�

ðXIÞ

The [RuIII–(OH)–FeIII(CN)6]- formed in Reaction XI will

lose one electron and one proton on the electrode through

Reaction VIII, forming the reaction cycle.

4 Conclusions

A (Ru(HCF)) film coated on a glassy carbon electrode was

explored as an electrocatalyst for hydrazine oxidation.

Surface cyclic voltammograms recorded using the coated

electrode in a N2-saturated electrolyte solution and in the

absence of hydrazine showed four reversible one-electron

redox waves (Ia/Ic, IIa/IIc, IIIa/IIIc, and IVa/IVc, respec-

tively), which could be assigned to the redox couples

[RuII–(OH)–FeII(CN)6]3-/[RuIII–(OH)–FeII(CN)6]2-, [RuIII–

NC–FeII(CN)6]2-/[RuIII–NC–FeIII(CN)6]-, [RuIII–(OH)–FeII

(CN)6]2-/[RuIII–(O)–FeIII(CN)6]2-, and [RuIII–(OH)–FeIII

(CN)6]-/[RuIV–(O)–FeIII(CN)6]-, respectively. Experiments

with different pH solutions showed that the wave potentials

of both Ia/Ic and IIa/IIc were independent of pH, while the

other two waves (IIIa/IIIc and IVa/IVc) were pH-dependent.

The plots of wave potential versus pH for both IIIa/IIIc and

IVa/IVc indicated that these two redox processes involved

one proton being transferred per electron.

It was observed that the Ru(HCF)-modified electrode

exhibited strong electrocatalytic activity toward hydrazine

oxidation in acidic media. The catalytically active sites were

identified as the Ru(IV) center in [RuIV–O–FeIII(CN)6]- and

the Fe(III) center in [RuIII–(OH)–FeIII(CN)6]- inside the

Ru(HCF) film, which bound with hydrazine to form adducts

for further oxidation. The potential scan rate dependency of

the peak current of hydrazine oxidation, shown by cyclic

voltammograms recorded using a Ru(HCF)-coated electrode

in a solution containing hydrazine, revealed that electro-

oxidation was a diffusion-controlled process. Kinetic studies

using potential scan rate dependency, Tafel plots, and

rotating disk electrode technique showed that the catalyzed

hydrazine oxidation was a complete four-electron/four-pro-

ton process producing N2, and the rate determining step

might be a one-electron process with a transfer coefficient

(a) of around 0.31–0.36. In addition, based on kinetic

analysis and the literature, a possible reaction mechanism for

catalyzed hydrazine oxidation was proposed to facilitate

further understanding.
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