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Abstract
This paper describes the investigation of electrolytic decomposition of
hydroxylammonium nitrate (HAN)-water solution using graphite electrodes. The
decomposition reaction consists of two stages. Electrical energy was consumed for 5 s
before the stage 1 reaction ceased. An interesting phenomenon was observed in the stage

of

2 reaction where the decomposition of HAN resumed after the power supply was
switched off. A series of spectroscopy and microscopy analyses confirmed that the

ro

production of nitric oxide (NO) in the stage 1 reaction causes the formation of nitrous

-p

acid (HNO2), which leads to a further autocatalytic reaction. The reaction mechanisms

re

were proposed and compared with the case of using copper electrodes. Graphite

lP

electrodes were demonstrated as more energy efficient in initiating the electrolytic
decomposition of HAN-water solution as lower energy consumption (342 J) was

na

achieved in comparison to copper electrodes (1926 J).

ur

Keywords: Hydroxylammonium nitrate (HAN); electrolytic decomposition; graphite

Jo

electrodes; energetic ionic liquid; fourier-transform infrared spectroscopy
1.

Introduction

Hydroxylammonium nitrate (HAN) is an energetic ionic liquid which has the
potential to replace the highly toxic hydrazine as a liquid propellant in chemical
propulsion systems. Its low toxicity, and consequent ease of storage and handling, may
reduce the development cost of a satellite mission. The high density-specific impulse of
HAN green propellant is beneficial in miniaturizing existing space propulsion systems for
application in volume-constrained satellites, such as micro- and nanosatellites.
2
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Thermal and catalytic decomposition are common techniques employed in the
decomposition of HAN-based propellants. As thermal decomposition has been widely
studied, a simplified global reaction model has been deduced [1, 2]. Katsumi [3] reported
that similar gas species products were detected for both thermal and catalytic
decomposition, indicating that both decomposition mechanisms are similar. However, it
has been found that when thermal decomposition is performed under low pressure, the

of

gas species products are different [4]. With the usage of a catalyst, the decomposition

ro

temperature is lowered and the reaction rate is increased in comparison to thermal

-p

decomposition [5-7]. Nevertheless, pre-heating of the catalyst bed is required to achieve

re

complete decomposition of HAN propellant. The high surface area to volume ratio at
microscale results in enhanced heat loss, causing catalytic decomposition to be

lP

unfavourable for application in micropropulsion system [8]. Furthermore, due to catalyst

na

deactivation, the performance of catalytic decomposition degrades over prolonged

ur

periods of operation [9-11].

As HAN is an ionic liquid, electrolytic decomposition has been proposed as an

Jo

efficient approach to initiate the decomposition of HAN-based liquid propellant at
microscale. The electrical energy is deposited directly into the liquid propellant to trigger
the decomposition via a series of electrochemical reactions [12]. Studies have been
conducted on electrolytic decomposition of HAN-based liquid propellants, including
microreactor [13], microthruster [14], static testing of HAN-based liquid propellant
droplet [15], electric solid propellant [16], etc. Metal-based electrically conductive
materials, e.g. titanium [12], copper [13], aluminum [17], silver [14], etc., have been
employed as electrode material for HAN decomposition. However, metallic electrodes
3
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suffered from intense oxidation during the decomposition. The gaseous products from the
decomposition formed a strong oxidizing environment [10], which consumed the
electrodes. Although the metallic electrodes have been found to be effective in initiating
the electrolytic decomposition of HAN-based liquid propellants, their sacrificial nature is
a limiting factor in the lifespan of micropropulsion systems.

of

Graphite is the most stable form of carbon and has been widely used as electrodes
in various electrochemical reactions [18-20]. As graphite exhibits strong corrosion

ro

resistance, it has been used as the cathode in electroreduction of nitrates [21] and dilution

-p

of nitric acid [22, 23]. Usage of graphite electrodes in electrocatalytic oxidation of

re

hydroxylamine has also been reported [24]. These developments suggest that graphite

lP

could be an alternative electrode material for the electrolytic decomposition of HAN

na

liquid propellant.

This work demonstrates the usage of graphite electrodes in the electrolytic

ur

decomposition of HAN-water solution. An experimental reactor was set up to study the

Jo

electrochemical reactions in the electrolytic decomposition of HAN-water solution using
graphite electrodes. The reaction mechanisms were proposed through a series of
analytical studies. The difference in the reaction mechanisms between the usage of
graphite and copper electrodes was compared and analyzed.
2.

Experimental Section

2.1 Synthesis of HAN-water solution
HAN-water solution was synthesized using the neutralization reaction between
diluted nitric acid (Sinopharm, China) and 50 wt% hydroxylamine solution (Huaxia,
4
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China) in a low temperature bath (4 °C). This produced a HAN-water solution with a
concentration of 20 wt%, which was further concentrated to 80 wt% using a rotary
evaporator under vacuum (20 mbar).
The concentration of the synthesized HAN was estimated by density correlation
(1) and further verified by thermal analysis [25].

of

107.85
96.042−𝑤(𝐻𝐴𝑁)𝑥30.99

(1)

ro

𝜌=

-p

where ρ is HAN solution density (g/cm3) and w(HAN) is HAN solution concentration.

re

2.2 Thermal analysis

lP

Thermal analysis was conducted using a thermogravimetric analyzer with
differential scanning calorimetry (Mettler-Toledo, TGA/DSC1 1100 SF, USA). A small

na

amount of HAN solution (approx. 3 µl) was injected into an aluminum crucible. The

ur

crucible was covered with a cap, in which a hole was punched for gas exhaust. Timebased mass and temperature changes were recorded, with a temperature ramp of

Jo

10 °C/min under a nitrogen flow of 50 ml/min.
2.3 Fourier-transform infrared (FTIR) spectroscopy analysis
The chemical species of the HAN solution was identified using Fourier-transform
infrared spectroscopy (FTIR) analysis (Thermo Scientific, Nicolet iS10, USA). As HAN
solution contains water, zinc-selenide (ZnSe) cell was chosen as the sample cell due to its
negligible water solubility. The analysis of HAN samples was performed between two
ZnSe slides with a stainless steel holder, using the liquid film method. The FTIR analysis
5
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was conducted above 600 cm-1 as ZnSe has an optical transmission wavelength above 550
cm-1.
2.4 Reactor setup
A glass beaker of 37 mm inner diameter was used in this study of the electrolytic
decomposition mechanism of HAN solution. The experimental setup for this study is

of

schematically shown in Figure 1. A pair of commercially-available high purity cylindrical

ro

rod-shaped graphite electrodes (4 mm outer diameter, Jing Long, China) were mounted at

-p

a fixed separation of 23 mm. A thermocouple was placed in between the electrodes,
which were held together with a custom-made stopper, as shown in Figure 2. Electrodes

lP

to immersion into HAN solution.

re

were cleaned with sand paper and rinsed with ultrapure water to remove impurities prior

na

1 ml of the HAN solution was pipetted into the beaker. Electrolytic decomposition

ur

of the HAN solution was initiated using a DC power supply unit (Asstpower, DML60-25,
China), in which the voltage and current was set at 60 V and 5 A, respectively. The DC

Jo

power supply unit was operating at constant voltage mode. The temperature
measurements were collected at 10 Hz using a K-type thermocouple (RSPro, 1 mm outer
diameter, UK). The voltage, current and measured temperature during the decomposition
of HAN solution were recorded using a data logger (Graphtec, GL240, Japan). The event
of the electrolytic decomposition of HAN was recorded using a camera.
Scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS)
(Hitachi, SU8010, Japan) was performed on the electrode surface to observe the change

6

Journal Pre-proof
in surface morphology before and after decomposition. The residue after decomposition
when using copper electrodes was also examined.
[Figure 1]
[Figure 2]
Results and Discussion

3.1 Characterization of synthesized HAN solution

of

3.

-p

ro

3.1.1 Thermogravimetric analysis/Differential Scanning Calorimetry (TGA/DSC)
The thermal analysis of HAN solution was carried out in a TGA/DSC instrument

re

and the result is shown in Figure 3. An endothermic peak was observed at 88 °C,

lP

corresponding to the evaporation of water, with a weight loss of approximately 20 %.
This was followed by an exothermic peak at 171 °C, corresponding to the decomposition

na

of HAN. The onset decomposition temperature was 157 °C, which is comparable to the

ur

reported value of 155 °C [5]. The concentration of HAN solution was evaluated to be

Jo

79.34 % from the TGA onset, which is close to the initial estimation using (1).
[Figure 3]

3.1.2 Fourier-transform infrared (FTIR) spectroscopy analysis
The FTIR spectrum of 80 wt% HAN solution is shown in Figure 4. It was
observed that the spectral bands in the FTIR analysis displayed characteristic peaks of
hydroxylammonium (NH3OH+) and nitrate (NO3-) ions. The band positions were
tabulated in Table 1 together with the corresponding species in HAN solution. The

7
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located bands at 1008, 1197, 1522, 1760, 2736, 3173 cm-1 were assigned to NH3OH+
group by analogy with hydroxylamine (NH2OH) solution used. The located bands at 726,
824, 1044, 1338, 1398 cm-1 were assigned to NO3- group by analogy with nitric acid
(HNO3) solution used. The results obtained were in good agreement with literature values,
indicating successful synthesis of HAN [26].

of

The FTIR spectra of the 80 wt% HAN was compared with the reported spectra
from Amrousse [26] and Hosoya [27], as displayed in Figure 4. The results indicated that

ro

the synthesized 80 wt% HAN showed similar signature spectrum as literature values. The

-p

spectrum also confirmed the absence of NH4+ ions, which are an undesired product during

re

HAN synthesis.

lP

[Table 1]

na

[Figure 4]

ur

3.2 Electrolytic decomposition of HAN solution using graphite electrodes

Jo

3.2.1 Decomposition Profile and Visual Observation
The voltage and current readings of the power supply and temperature measured
by the thermocouple for electrolytic decomposition of 80 wt% HAN solution using
graphite electrodes are shown in Figure 5. This decomposition profile serves as the
benchmark for subsequent comparison.
The rising edge of the voltage curve corresponds to switching on of the power
supply. As the potential voltage was applied across the electrodes, bubbling was observed
at both anode and cathode. The temperature reading showed an increase, as the
8
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decomposition of HAN is an exothermic reaction. The current intake increased to a
maximum of 1.42 A and started to decrease after 4 s. The temperature reading attained its
first peak at about 87 °C and decreased thereafter. As the applied potential voltage was
set at a constant 60 V, the current reading dropped to a steady value of 0.2 A, suggesting
an increase in electrical resistance as the electrolytic decomposition proceeded, in
accordance with Ohm’s law. This was further evidenced by the diminished bubbling

of

observed at both anode and cathode after the temperature drop, implying that the

ro

decomposition reaction was hindered and stopped.

-p

The falling edge of the voltage curve corresponds to the switching off of the

re

power supply after 10 s. Bubbling re-appeared at both electrodes with a simultaneous

lP

slow increase in the temperature reading, indicating resumption of the decomposition
reaction. About 5 seconds after resumption, reaction accelerated and reached a plateau of

na

about 105 °C for 5 s. Brown gas was observed at this stage, indicating formation of

ur

nitrogen dioxide (NO2) as a product of HAN decomposition [28]. After the plateau, the
decomposition reaction ended with the disappearance of the brown gas and a drop in

Jo

temperature. The entire decomposition was completed in about 25 seconds and consists
of two stages: stage 1 reaction where the potential voltage was applied, and stage 2
reaction when the potential voltage was switched off.
[Figure 5]
Figure 6 presents the images captured at different time intervals during the
decomposition reaction. At the beginning of the decomposition, before the potential
voltage was applied, it can be seen that the beaker was filled with HAN solution. When

9
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the potential voltage was applied, the stage 1 reaction began. After 3 seconds, the
temperature was observed to be rising and bubbling was seen at the anode. The HAN
solution turned cloudy, indicating that graphite participated in the reaction. After 7.5 s,
the measured temperature started to decrease.
As the power supply was switched off, the stage 2 reaction began. Continuous

of

formation of brown gas was observed from 12.5 to 18.30 s. The reaction then accelerated
with thicker brown gas observed at 20 s. At 30 s, the reaction was complete, with only a

-p

ro

little liquid remaining in the beaker and some graphite sediment.

re

[Figure 6]

lP

Following the intriguing phenomenon observed after the switching off of the
power supply, it was first suspected that the stage 2 reaction might have been be due to

na

the discharge of residual energy from the capacitors in the power supply. The experiment

ur

was repeated with the direct removal of the crocodile clips connecting the potential
terminals of the power supply to the electrodes. Such removal of the clips ensured an

Jo

open circuit in which the power source and HAN solution were fully decoupled.
Nevertheless, the measured temperature profile did not change and was similar to that of
the benchmark case, as shown in Figure 7.
Subsequently, it was postulated that the stage 2 reaction is an electrochemical
reaction taking place on the electrodes after the cessation of electricity supply. Another
set of experiments was conducted in which the electrodes were directly removed from the
HAN solution after the potential voltage was applied for 23 s. The stage 2 reaction did
not occur, which confirmed that the stage 2 reaction is an electrode-induced reaction.
10
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[Figure 7]
In the benchmark case, the electrical current was only drawn from the power
supply for a definite period and dropped abruptly to near zero. This suggested that the
potential voltage could be cut off before 10 s in order for the stage 2 reaction to proceed
earlier. Trials on different potential voltage cutoff times, ranging from 2 s to 10 s, were

of

conducted. The effects of potential voltage cutoff time at 2 s, 5 s and 10 s were selected
and are shown in Figure 8. At the shortest cutoff time of 2 s, the stage 2 reaction did not

ro

occur. The decomposition was observed to have entered stage 2 reaction after potential

-p

voltage was applied for 5 seconds. Thus, potential voltage applied for as short as 5 s is

re

sufficient for the stage 2 reaction to occur.

na

3.2.2 SEM/EDS analysis

lP

[Figure 8]

ur

The surface morphology of the graphite electrodes before and after the stage 1

Jo

decomposition reaction were examined using SEM and are depicted in Figure 9. The
graphite electrodes displayed a smooth surface prior to decomposition. No obvious
changes in surface morphology were observed in the graphite cathode after the
decomposition of HAN solution. On the other hand, cracks were observed on the graphite
anode surface after the decomposition. This confirms that the graphite anode participated
in the stage 1 reaction of HAN electrolytic decomposition, whereas the cathode did not.
[Figure 9]

11
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EDS analysis was conducted on the graphite electrodes to determine the change in
composition before and after the stage 1 decomposition. The average of three readings for
each electrode are listed in Table 2. The change in carbon and oxygen content for the
graphite cathode was negligible. Thus, the conclusion that the cathode did not participate
in the stage 1 decomposition reaction is further verified. In contrast, the graphite anode
was found to decrease in carbon content and increase in oxygen content after the stage 1

of

decomposition. This suggests that oxidation occurred at the graphite anode during the

ro

stage 1 decomposition reaction. Although the graphite anode has been oxidized, it did not

-p

affect the repeatability of the electrodes and the results were further discussed in Section

re

3.3.

lP

[Table 2]

na

3.2.3 FTIR analysis

ur

A comparison of FTIR spectra of the HAN solution in the beaker before and after
decomposition is illustrated in Figure 10. The loss of peak at the wavenumbers of 1010,

Jo

1208, 1500 cm-1 indicates that the characteristic peaks of NH3OH+ disappeared while the
characteristic peaks of NO3- remained after the decomposition. Thus, the remaining
solution after electrolytic decomposition using graphite electrodes was mostly HNO3.
This is in line with literature findings [3].
[Figure 10]
The FTIR spectra of the liquid at 0.0 s and 12.5 s are illustrated in Figure 11.
When the reaction proceeded to 12.5 s, it was terminated with a large amount of ultrapure

12
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water in order to investigate the characteristic peak evolved during the stage 2 reaction.
The small peak at 1260 cm-1, as indicated by the arrow in the figure, corresponds to the
peak of nitrite (NO2-) ions. This shows the presence of HNO2 during the stage 2 reaction
[29, 30].
[Figure 11]

of

3.2.4 Stage 1 reaction for electrolytic decomposition of HAN solution

ro

Before the electrolytic decomposition reaction starts, the HAN solution consists of

-p

four species: H+ and OH- from water and hydroxylammonium ions (NH3OH+) and nitrate

re

ions (NO3-) from HAN. Once the power supply is switched on, the reaction is initiated.

lP

At anode, water is electrolyzed according to (2). However, the formation of CO2

1
𝑂
2 2

+ 2𝐻 + + 2𝑒 −

(2)

ur

𝐻2 𝑂 →

na

according to (3) is expected to be the dominant reaction as the solution is acidic [31].

𝐶 + 2𝐻2 𝑂 → 𝐶𝑂2 + 4𝐻 + + 4𝑒 −

Jo

(3)

Hydroxylammonium ions, NH3OH+, are oxidized to nitric oxide (NO) at the
anode [32]:
𝑁𝐻3 𝑂𝐻+ → 𝑁𝑂𝑎𝑑𝑠 + 4𝐻 + + 3𝑒 −

(4)

In the presence of carbon dioxide from (3), NO is not further oxidized to NO2 but
remains adsorbed on the surface of the graphite electrode. Strong adsorption of NO at the
anode yields a large resistance and thus, the electrolytic reactions cannot proceed, as

13
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evidenced by the reduced current intake and the temperature drop after 5 seconds of
applied potential voltage (Figure 5). As for the NO3- ions, they are attracted to the anode
but cannot be oxidized as they are already at the highest oxidation state.
At the cathode, hydrogen is produced from electrolysis of water (5). The
reduction of nitrate ions, NO3-, is negligible as graphite exhibits poor nitrate conversion

of

when being used in single cell configuration [19, 21]. The NH3OH+ ions are reduced to
NH2OH (6) [28, 33]. The produced hydrogen is adsorbed on the electrode surface and

-p

ro

inhibits further reactions at the cathode.

(5)
(6)

lP

2𝑁𝐻3 𝑂𝐻+ + 2𝑒 − → 2𝑁𝐻2 𝑂𝐻 + 𝐻2

re

2𝐻 + + 2𝑒 − → 𝐻2

na

3.2.5 Stage 2 reaction: autocatalytic decomposition of HAN solution
When the power supply is switched off, molecular HNO3 is formed after reacting

ur

with the H+ produced from anodic reactions. The NO returns to the solution and reacts

Jo

with the HNO3 in solution to form HNO2, shown in (7) [34]:
𝐻𝑁𝑂3 + 2𝑁𝑂 + 𝐻2 𝑂 → 3𝐻𝑁𝑂2

(7)

HNO2 is a catalyst for the autocatalytic decomposition of HAN [35]. The presence
of HNO2 during stage 2 reaction catalyzes and causes the resumption of HAN
decomposition by reacting with the NH2OH. In addition, HNO2 may also be produced by
reaction between HNO3 and graphite (8) [22, 36]:
2𝐻𝑁𝑂3 + 𝐶 → 𝐶𝑂2 + 2𝐻𝑁𝑂2

(8)
14
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Based on the experimental results and analyses above, the reaction kinetics of the
electrolytic decomposition of HAN using graphite electrodes are proposed and
summarized in Table 3.
[Table 3]
Equations (3) to (8) represent the proposed reaction mechanisms occurred in the

of

electrolytic decomposition of 80 % HAN solution using graphite electrodes. The

ro

reactions in the equations (3), (4), (5) and (8) were validated in the previous works in the

-p

literature [21, 31, 32, 36]. Reactions in equations (6) and (7) were further validated with
the detected presence of HNO2 at 1260 cm-1 in the FTIR analysis during the stage 2

re

reaction in the present study and the observed formation of brown gases, due to the

lP

subsequent reactions between NH2OH and HNO2.

na

3.3 Comparison with electrolytic decomposition of HAN using copper electrodes

ur

The experiment was repeated by replacing the graphite electrodes with a pair of

Jo

copper electrodes of similar diameter (4 mm). The HAN decomposition profile using
graphite and copper electrodes are illustrated in Figure 12. In the case of the copper
electrodes, the electric potential was applied throughout the decomposition, as opposed to
only 10 s when graphite electrodes were used. This was to ensure complete
decomposition of HAN solution in both cases as an earlier cutoff using copper electrodes
would have resulted in cessation of the decomposition reaction.
[Figure 12]

15
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At the anode, the copper atoms are oxidized to copper ions, giving out two
electrons according to (9):
𝐶𝑢 → 𝐶𝑢2+ + 2𝑒 −

(9)

The formation of copper ions was validated by visual observation in which the
HAN solution around the anode changed in color to a light blue. Oxidation of NH3OH+

of

ions at the copper anode forms NO (4), which could react with oxygen produced from the

ro

electrolysis of water to form NO2. However, the lower energy of NO sorption on copper

-p

(100 kJ/mol) compared to graphite (200 kJ/mol) [37, 38], causes NO to remain in
solution rather than being further oxidized to NO2. This is evidenced by the absence of

re

brown gas during the early phase of decomposition. The NO in solution reacts with the

lP

molecular HNO3, forming, HNO2, according to (7).

na

As was the case when using graphite electrodes, the reduction reaction of
NH3OH+ ions to produce NH2OH occurs at the copper cathode (6). Furthermore, the

ur

usage of copper as electrode material enhances the reduction of NO3- ions to NO2- ions at

Jo

the cathode, forming HNO2 [39], as shown in (10).
𝑁𝑂3 − + 3𝐻 + + 2𝑒 − → 𝐻𝑁𝑂2 + 𝐻2 𝑂

(10)

This leads to a reduction in the adsorption of hydrogen on the copper cathode.
Thus, as hydrogen was shown to inhibit further reaction in the case of using graphite
electrodes, conversely, the electrolytic decomposition of HAN solution using copper
electrodes is a continuous reaction without any interruption. The recorded maximum

16
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electrical current intake after 6 s of reaction was as high as 2.3 A, as compared to the 1.42
A when graphite electrodes were used.
Continuous production of HNO2 and HNO3 reacts with NH2OH in a mechanism
similar to the thermal decomposition process [2] as evidenced by the continuous increase
in temperature reading even as the current intake dropped steadily. As the temperature

of

increases beyond 160 °C, most of the species acquired sufficient energy for a rapid
oxidation to NO2 in which brown gas was observed and an abrupt increase in temperature

ro

reading was recorded. Thereafter, the current intake dropped to the minimum, signifying

-p

the consumption of most reactants and the end of the electrolytic decomposition process.

re

Blue residue was left behind after decomposition as shown in Figure 13 (A). SEM

lP

image of the solid residue at 400 times magnification was shown in Figure 13 (B). EDS

na

analysis conducted on the residue and average of three readings are listed in Table 4.
According to the ratio of atomic concentrations of copper, nitrogen and oxygen present, it

Jo

ur

can be deduced that the compound formed is hydrated copper nitrate (Cu(NO3)2.2.5H2O).
[Figure 13]
[Table 4]

Based on the experimental results and the analyses, the reaction kinetics for
electrolytic decomposition of HAN solution using copper electrodes are proposed and
summarized in Table 5.
[Table 5]

17
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The main difference in the electrolytic decomposition mechanisms of HAN using
graphite and copper electrodes lies in the lower energy of NO sorption on copper (100
kJ/mol) compared to graphite (200 kJ/mol) [37, 38], which causes NO to remain in
solution. Upon contact with HNO3 at the copper anode, this leads to direct formation of
HNO2, according to (7).

of

The reactions for NO formation in adsorbed form and solution when using

(graphite)

NH3OH+ -> NOsol + 4H+ + 3e-

(copper)

re

-p

NH3OH+ -> NOads + 4H+ + 3e-

ro

graphite and copper electrodes are respectively:

lP

In addition, copper electrodes are able to reduce NO3- ions to NO2- ions at the
cathode, forming HNO2, as shown in (10) [39]. NO formation in solution and further

na

formation of HNO2 when using copper electrodes leads to a continuous, single stage

ur

decomposition reaction, as opposed to the two-stage decomposition observed in the case

Jo

of graphite electrodes.

With regard to oxidative structural changes at the graphite anode over prolonged
periods of use, a previous study on oxidation of graphite has shown that the Raman
spectra of graphite samples oxidized for 120 min and 5 weeks are similar, indicating that
there is limited change in defect density [40]. Repeatability tests were carried out using
the same pair of graphite electrodes, of which the anode had already been oxidized in the
initial decomposition reaction. The stage 1 current profile and stage 2 temperature profile
of three trials showed a similar trend. The reasonable repeatability shown in these trials

18
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suggests that graphite electrodes would be oxidized but not consumed over prolonged
periods of operation. In contrast, the copper electrodes were consumed completely after
just one experiment [13, 17].
Both graphite and copper electrodes were able to initiate the electrolytic
decomposition of HAN solution. The electrical energy deposited, E, into the HAN

of

solution during the electrolytic decomposition process is given by
(12)

ro

𝐸 = 𝑉 ∫ 𝐼 𝑑𝑡

-p

where V is the constant potential voltage used throughout the experiment and I is the

re

electrical current deposited into the HAN solution as recorded by the data logger.

lP

The duration for electrical energy intake is only 5 s when using graphite

na

electrodes while it takes 20 seconds when using copper electrodes. After calculating the
energy intake using (12), the energy consumption when using the graphite and copper

ur

electrodes was 342 J and 1926 J, respectively. This suggests that the autocatalytic

Jo

reaction when using graphite electrodes resulted in a significant reduction in energy
consumption. In a previous study using silver electrodes, it was reported that 1.9 J of
electrical energy was consumed in the electrolytic decomposition of 820 nl HAN-based
liquid propellant, which is equivalent to 2317 J/ml [14]. Thus, it is apparent that usage of
graphite electrodes is more energy efficient.
4.

Conclusion

In this study, the electrolytic decomposition of HAN-water solution using graphite
electrode was investigated. The phenomenon of the decomposition was verified by the
19

Journal Pre-proof
means of visual inspection along with electrical voltage, current and temperature reading
measurements. The major electrochemical reaction mechanisms were proposed based on
experimental findings, i.e. FTIR, SEM and EDS analyses, and findings from previous
works. The decomposition process consists of two stages. Electrical energy was only
required in the stage 1 reaction while stage 2 is an autocatalytic reaction. It was found
that NO formation played a significant role in the production of HNO2, leading to

of

autocatalytic decomposition of HAN.

ro

Subsequently, the use of copper electrodes in the electrolytic decomposition of

-p

HAN-water solution was benchmarked against the use of graphite electrodes. The

re

corresponding reaction mechanisms were proposed and compared. The usage of graphite

lP

electrodes was proven, as a result of the autocatalytic reaction, to be more energy
efficient than copper electrodes (342 J VS 1926 J) in initiating the electrolytic

na

decomposition of HAN-water solution. This suggests that graphite could be considered as

ur

an alternative electrode material for application in HAN-based micropropulsion systems.

Jo

The reaction mechanisms were proposed based on literature findings, which were
partially validated through experimental results obtained in this work. In future, the
proposed reaction mechanisms in this work should be further validated through numerical
simulations.
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Figure 1 Schematic diagram for the set up of electrolytic decomposition of HAN solution
Figure 2 Top view of the electrode holder, showing the separation of electrodes
Figure 3 Thermal decomposition of binary HAN by TGA-DSC
Figure 4 FTIR spectrum of 80 wt% HAN in comparison with literature
Figure 5 Decomposition profile of electrolytic decomposition of 80 wt% HAN using

of

graphite electrodes

ro

Figure 6 Images captured at different time points during the electrolytic decomposition of

-p

HAN using graphite electrodes

re

Figure 7 Effect of the removal of crocodile clips removal and electrodes respectively on

lP

the electrolytic decomposition of HAN using graphite electrodes

na

Figure 8 Decomposition profile of different potential voltage cutoff times during the

ur

electrolytic decomposition of HAN using graphite electrodes
Figure 9 SEM photograph of graphite electrodes before and after the electrolytic

Jo

decomposition of HAN solution at 400x, 1000x and 5000x magnification
Figure 10 FTIR spectra of HAN solution before and after decomposition using graphite
electrodes
Figure 11 FTIR spectra of HAN solution at 0.0 and 12.5 s after the reaction has started
Figure 12 Comparison of decomposition profiles of HAN using copper electrodes and
graphite electrodes
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Figure 13 (A) Photograph image of blue colored residue after HAN decomposition, (B)
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SEM image of the residue at 400 x magnification
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Table 1 Wavenumbers of corresponding species in HAN solution
Wavenumber (cm-1)

NH3OH+

1008, 1197, 1522, 1760, 2736, 3173

NO3-

726, 824, 1044, 1338, 1398

H2O

1610, 3450, 3564
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Species
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Table 2 EDS analysis of graphite electrodes before and after the stage 1 decomposition
reaction
Element

Before

After (Cathode)

After (Anode)

Std Dev

Mass %

Std Dev

Mass %

Std Dev

Carbon

93.93

0.33

93.97

1.29

74.64

2.02

Oxygen

6.07

5.16

6.03

20.11

25.36

5.96
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Mass %
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Table 3 Proposed reaction kinetics of HAN decomposition at graphite electrodes
Stage 1 reaction
At cathode:

At anode:

2H+ + 2e- -> H2

C + 2H2O -> CO2 + 4H+ + 4e-

2NH3OH+ + 2e- -> 2NH2OH + H2

NH3OH+ -> NOads + 4H+ + 3e-

of

Bulk reaction: H+ + NO3- -> HNO3
Stage 2 reaction

ro

Production of HNO2 after electricity cutoff:

-p

2NOads + HNO3 + H2O -> 3HNO2
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ur
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re

2HNO3 + C -> CO2 + 2HNO2
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Table 4 EDS analysis of blue residue of HAN decomposition using copper electrodes
Element name

Atomic concentration (%) Error (%)
75.77

0.78

Nitrogen

14.23

0.25

Copper

9.07

0.90

Carbon

0.93

0.06
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Oxygen
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Table 5 Proposed reaction kinetics of HAN decomposition at copper electrodes
At cathode:

At anode:

2H+ + 2e- -> H2

2H2O -> O2 + 4H+ + 4e-

2NH3OH+ + 2e- -> 2NH2OH + H2

NH3OH+ -> NOsol + 4H+ + 3e-

NO3- + 3H+ + 2e- -> HNO2 + H2O

Cu -> Cu2+ + 2e-

of

Bulk reaction: H+ + NO3- -> HNO3
2NOsol + HNO3 + H2O -> 3HNO2

Jo

ur

na

lP

re

-p

ro

Cu2+ + 2NO3- -> Cu(NO3)2 (aq)
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 Mechanism for electrolytic decomposition of HAN-water solution using graphite
electrodes is investigated.
 Two-stage decomposition reaction of HAN-water solution when using graphite
electrodes is revealed.
 Autocatalytic decomposition phenomena of HAN-water solution when using graphite
electrodes is analyzed.
 Mechanism for electrolytic decomposition of HAN-water solution against copper
electrodes is compared.
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