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Abstract: The Haber-Bosch process has been the commercial benchmark process for ammonia
synthesis for more than a century. Plasma-catalytic synthesis for ammonia production is theorized
to have a great potential for being a greener alternative to the Haber-Bosch process. However,
the underlying reactions for ammonia synthesis still require some detailed study especially for
radiofrequency plasmas. Herein, the use of inductively coupled radiofrequency plasma for the
synthesis of ammonia when employing Ga, In and their alloys as catalysts is presented. The plasma
is characterized using emission spectroscopy and the surface of catalysts using Scanning Electron
Microscope. A maximum energy yield of 0.31 g-NH3 /kWh and energy cost of 196 MJ/mol is achieved
with Ga-In (0.6:0.4 and 0.2:0.8) alloy at 50 W plasma power. Granular nodes are observed on the
surface of catalysts indicating the formation of the intermediate GaN.
Keywords: plasma catalysis; gallium; indium; Ga–In alloys; radiofrequency plasma; ammonia synthesis

1. Introduction
The alternatives to the Haber–Bosch process have been explored for decades. The global
production of ammonia will exceed 176 million tons by the end of 2018. Such huge production also
accounts for 1–2% of the global greenhouse gas emissions [1,2]. With the growing consciousness as well
as the threat of global warming, alternatives to the Haber–Bosch process for ammonia synthesis are not
only required for scientific advancement but also as an effort to reduce the effects of global warming.
Ammonia was discovered by Fritz Haber at laboratory scale but the scale-up of the process to an
economical scale was performed by Carl Bosch [3]. The early catalysts osmium and uranium used
by Haber were replaced with a pure iron metal catalyst by Bosch [4]. The nitrogen is obtained from
air and hydrogen is obtained via methane reformation with oxygen from air. The N2 and H2 are
separated from other gases by refrigeration process and sent to the reactor. The iron catalyst in the
reactor helps with the breaking of the dinitrogen triple bond. The ammonia is removed from the exit
gas stream via refrigeration [5]. In the terms of formation mechanism, the major energy consumption
step for the Haber–Bosch process is the dinitrogen triple bond breaking. Due to the high stability of
the dinitrogen triple bond, either high pressure or high temperature is needed. The commercial plants
running on the Haber–Bosch process operate at 400–500 ◦ C and 150–250 bar to keep the production
economically feasible [5]. This limits the thermodynamic yield for ammonia synthesis to 15%, since at
these process conditions the reaction of ammonia formation is reversible. At higher pressure and
higher temperature, the decomposition reaction becomes more dominant. The yield can be improved
at lower temperatures, but the exothermic nature of the reaction increases the process temperature
thus imposing a thermodynamic limit on the ammonia yield [6]. To curb the energy consumption
issue, iron catalysts with promoters such as potassium, calcium, and aluminum are employed to break
the dinitrogen bond [7].
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There have been some advances in the field of alternative pathways for ammonia synthesis.
Plasma catalysis has gained attention as an alternative. The discharge is created by exciting the
nitrogen and hydrogen molecules, which further break down into charged species, ions, and excited
atoms. The already excited species help in shifting the rate-limiting step from breaking of dinitrogen
to a surface reaction [8]. In recent years, there have been several reports of ammonia synthesis using
dielectric barrier discharge, microwave, glowing arc discharge, and radiofrequency (RF) plasma [9].
Among the most notable reports are Patil et al. (Ru/Tubular Alumina) [10], Iwamoto et al. (metal
wool) [11,12], and Kim et al. (Ru/Al2 O3 ) [13], all of them performed in a dielectric barrier discharge
(DBD). These reports indicated the highest energy yield of ammonia in the range of 5–35 g-NH3 /kWh.
The reaction mechanism in a DBD plasma reactor is reasonably understood without a catalyst, but with
the introduction of a catalyst it becomes extremely complex [14]. Herein, we focus on tailoring the
catalyst for radiofrequency plasma catalytic ammonia synthesis. The catalysts used by other researchers
for plasma catalytic ammonia synthesis include Pt,Ni,Fe/Alumina Membrane [15], Ni/SiO2 [16],
Ru/MCM-41 [17], Mo wires [18], MgO [19], CaO, WO3 [20], and Ru/Carbon nanotube [18,21–24].
The only reports for RF plasma ammonia synthesis were presented by Matsumoto’s group with an
energy yield of 0.075 g-NH3 /kWh. Moreover, the only catalyst explored by this group was iron
and the effect of the catalyst introduction on plasma species was not clearly described. The use of
a simple metal catalyst opens the probability of understanding the complex interactions of catalyst
and plasma experimentally by studying the point-emission spectra at the metal plasma interface.
Pure transition metals have been quite widely studied using molecular simulation for ammonia
synthesis [25,26]. However, a novel class of metals and alloys known as low-melting point alloys
has been ignored for catalytic applications in experimental as well as simulation reports. Very few
reports on the use of molten metals and alloys as catalysts for chemical reactions exist (discussed in
the following paragraph).
Raney Ni, a very well-known catalyst, is a Ni rich alloy with Al, developed by Murray Raney in
1929 [27,28]. Since then, alloys have been used as catalysts. Molten metals are postulated to have better
activity as compared to solid forms due to higher enthalpy and entropy of the liquid (or semi-liquid)
state [29]. Molten metals and alloys have been used as catalysis since the 1970s. Ogino’s group has been
utilizing molten metal Ga, In, Ti, Pb, Cd, Bi, Sn, and Zn for this purpose. These catalysts were used for
dehydrogenation in different organic compounds such as ethers, amines, and alcohols [30–33]. It was
stated that a lone pair interaction from oxygen with the molten metal was responsible for the catalytic
effect [31]. Another important finding was that there was little decline in catalytic activity for a catalyst
used over a year, assuring extremely large catalyst life-cycles [32]. Stelmachowski reported the use of
molten metals for pyrolysis of polyolefins and rubber from waste-tires using Zn, Pd, and Sn for the
studies. It is noteworthy that he was able to obtain a good yield of liquid hydrocarbons in the range of
gasoline and diesel [34,35]. In 2017, Upham et al. reported hydrogen production via methane pyrolysis
using molten metal alloys. Interestingly, the catalyst was not poisoned even after several recycles.
It was stated that molten alloys worked as bifunctional catalysts. One metal helped in breaking the
C–H bond while the other helped in precipitating the carbon, mitigating the poisoning [36]. In recent
years, a major application has been the growth of carbon and silicon nanostructures. Specifically,
Ga and In have gained attention for this purpose [37–43].
Carreon et al. employed Ga and Ga alloys for the growth of Si nanowires. Pure Ga and Ga-Al alloy
presented different reaction kinetics as compared to traditional Au catalyst while the activation energy
indicated the difference in catalyst-plasma interaction with the new catalysts [44,45]. Carreon et al.
also reported the interaction of hydrogen and nitrogen plasma with gallium. It is essential to note
that hydrogen as well as nitrogen species were absorbed into the molten metal, which was strongly
inferred by the pressure drop in the chamber. Interestingly, this only happened when the plasma
was ignited and not with the neutral gas [46]. From our catalytic results for pure metals, Ga showed
the best energy efficiency as well as highest conversion in gentler plasma. Indium has very similar
properties to gallium. It forms a MN (metal nitride) similar to gallium and also has a low melting
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point. Owing to the enhanced catalytic activity of gallium and other molten metals as well as alloys,
it was thought interesting to study the catalytic effect of In and Ga-In alloys. It would not only shed
light on the behavior of these low-melting point alloys in plasma but might also help in understanding
the driving factor for ammonia yield for pure Ga and In. Also, the melting points of these metals make
the alloy preparation and loading easier.
2. Results and Discussion
2.1. Catalytic Activity for Ammonia Synthesis
The catalytic activity was tested for all catalysts at a temperature of 400 ◦ C and pressure of
0.27 torr. As the reflected power was less than 5% of input power, the input power is assumed to be
the plasma power. Plasma power is defined as the electrical energy supplied from the power supply to
the RF coils. To understand the effect of plasma power, the catalytic activity was tested at 50 W, 150 W,
and 300 W. The reactions were repeated twice with standard deviation being less than 2–5%. A total of
seven different catalyst compositions were tried. The various alloy compositions and their melting
points are represented in Table 1.
Table 1. Composition of various alloys with their melting points.
Gallium Weight %

Indium Weight %

Melting Point (◦ C) 1

100
80
60
50
40
20
0

0
20
40
50
60
80
100

29.8
16.3
50.2
61
65
90
156.6

1

Melting points interpreted from phase diagram in Anderson and Ansara [47].

The molten catalyst was spread on the outside of glass tubes and the tubes were placed in the
reaction chamber. The detailed experimental setup is described in Section 3. The temperature of the
gas was assumed to be the furnace temperature i.e., 400 ◦ C. To decouple the effect of plasma and
thermal energy, a reaction was run at 400 ◦ C without any plasma. Interestingly, no ammonia was
detected, which confirms that plasma is the main driving factor for the synthesis of ammonia and
the temperature only aids the process. To confirm the catalytic activity of metal coated glass tubes
vs. uncoated glass tubes, reactions were run with an empty reaction chamber with uncoated glass
tubes in the reaction chamber. There was no difference in the ammonia yield for these sets of reactions.
In the manuscript they are referred to as blank reactions. For the complete plot of catalytic activity at
different powers for blank reactions, please refer to Figure S1.
The catalytic activity for various alloy compositions at different powers is presented in Figure 1.
The steady state ammonia yield is reported in these plots. For ammonia yield (%) vs. time (min)
plots for various alloys at different powers, please refer to Figure S2, Figure S3, Figure S4, Figure S5,
Figure S6, Figure S7 and Figure S8, in Supporting Information. The order of catalytic activity for Ga and
In changes with increase in plasma power. At 50 W and 150 W, pure Ga exhibits better catalytic activity
as compared to In, whereas at 300 W, In leads to an ammonia yield 1.5 times higher than employing
pure Ga as catalyst. At 50 W, the ammonia yield is slightly higher when a catalyst is employed as
compared to blank reactions. As can be observed at 150 W and 300 W, there is a drastic increase in
the ammonia yield. This can be attributed to the increase in concentration of excited species with
increase in plasma power. At low powers the concentration of excited species is lower. Hence, it can
be conjectured that to achieve a significant increase in yields of the final products or to achieve the full
potential of a catalyst in plasma reactions, a minimum threshold concentration of excited species must
be achieved.
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Figure 1. Ammonia yield at steady state (%) vs. alloy composition at various powers (a) 50 W, (b) 150 W,
(c) 300 W.

Ideally, it was assumed that the catalytic activity would follow a linear trend as we changed the
composition of the alloy. The formula used to determine the projected catalytic activity is represented
as Equation (1)
XA = ( XGa ∗ mGa ) + ( XIn ∗ mIn )
(1)
where XA = projected ammonia yield for alloy, XGa = ammonia yield using gallium as catalyst,
mGa = mass fraction of Ga, XIn = ammonia yield using indium as catalyst and mIn = mass fraction
of indium. From experiments, this hypothesis was proven wrong. The alloys show better activity
than pure metals. Irrespective of the power used for the reactions, the ammonia yield followed
the same trend with change in alloy composition. The catalytic activity follows a bow-type curve
instead of a linear one. The bow-type curve (experimental yields) overlaps the linear curve (projected
yields) at three points, obviously at the points of pure metals and at equal mass composition i.e.,
50:50 for all powers (Figure 1). There are two maxima achieved with varying the alloy composition.
The maxima have almost identical yields at a particular power. At 50 W, the maxima are achieved at
alloy concentrations of 80:20 and 40:60 (In:Ga) and the maximum yield is 4.5%. The ammonia yield
using pure In as catalyst is 3.5% while it is 3.6% with pure Ga. At 150 W, the maxima are achieved
at alloy compositions of 80:20 and 20:80 (In:Ga) with the ammonia yield being 12%. The ammonia
yields for pure Ga and In as catalysts are 9.8% and 7.3% respectively. At 300 W, the slope of the curve
inverted as the ammonia yield with In as the catalyst i.e., 18.1% was higher than ammonia yield with
Ga as the catalyst i.e., 11.2%. The maxima are found at alloy compositions of 80:20 and 20:80 (In:Ga)
with the ammonia yield being 20%. Interestingly, as the alloy concentration approaches 50:50, the
ammonia yields tend to approach the projected yields.
These experiments shed light on the fact that there is some interaction between the metals in the
alloys which leads to enhanced catalytic activity as opposed to the pure metals. There is a slight dip in
the melting point of the Ga-In phase diagram (see Figure S9). It was hypothesized that it might be
a factor for such a catalytic activity trend. Ammonia yields were plotted against the melting points,
of the alloys but no pattern emerged (see Figure S10). Daeneke et al. in their review on liquid metals
and alloys described in brief the interactions between Ga-In alloys. They found that the alloy properties
are highly altered by the composition of the alloy. Specifically, the metallic bonds, free electron density,
and plasma frequency (frequency of oscillation of free electron cloud) were determined to be important
parameters in determining of the alloy properties for application like energy storage and catalysis.
Moreover, indium also acts as an atomic lubricant for free electron clouds to move freely in the
alloy [48]. This leads to complex phenomena and interaction between the free electrons in the plasma
phase and in the alloys. The electric potential also adds to the dynamics of electron densities and
plasma oscillations (also known as Langmuir waves). Hence, it becomes extremely complex to explain
the phenomena at quantum or molecular level without simulations, but it does explain the non-linear
change in ammonia yield with respect to composition as well as change in catalytic activity order with
respect to power. The electron densities in plasma increase as the power increases which increases the
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interaction between the free electrons of plasma and the free electrons in alloys. However, to explain
the ammonia yield trends, a more simplistic approach using the emission spectra is discussed in the
next section.
The energy yields plot for all powers is shown in Figure S11. The highest energy yield observed in
this study is 0.31 g-NH3 /kWh with an energy cost of 196 MJ/mol. The energy cost decreased by 20%
by using an alloy instead of pure metal while all other parameters were fixed. The energy cost achieved
in this study is the lowest as compared to other pure metals employed as catalysts in this study and in
our previous publication [49]. Earlier, we reported an energy cost of 237 MJ/mol when Au was used
as catalyst in the same reaction system at the same conditions [49]. The present study materializes
the potential of molten alloys as catalysts for ammonia synthesis and other plasma-catalytic reactions
employing metal catalysts. It unlocks a new range of bimetallic and possible polymetallic materials
as catalysts in plasma systems, with the possibility of increasing the energy yield by simply tailoring
the catalyst. Moreover, it can help in decreasing the overall cost of the operation by reducing the
cost of expensive catalysts like gold or silver by exchanging them with molten alloys, for example
gold–gallium alloy, silver–indium alloy, etc.
2.2. Emission Spectroscopy of Plasma
The emission spectra were studied at the same point for all catalysts using a CCD detector
and a fiber optic cable. Multiple species were detected in the plasma. There were four nitrogen
species detected: N2 second positive system (C3 Πu → B3 Π g , 337.1 nm) , N2 + first negative system
2 +
3
3 +
( B2 Σ +
u → X Σ g , 391.4 nm), N2 first positive system ( B Π g → A Σu , 662.3 nm), and atomic N
2p2 3p → 2p2 3s, 746.8 nm . The hydrogen lines observed at 486.1 nm and 656.3 nm represent Hβ and
Hα species, respectively. The only NHx species detected is NH at 336 nm (a pre-shoulder to the N2
second positive system). The representative spectra for different catalysts are shown in Figure S12,
Figure S13 and Figure S14. In our previous work, it was found that Hα species played a major role in
determining the ammonia yield when Cu, Pd, Ag, and Au were used as catalysts [49]. The intensities
of the Hα species were calculated by processing the data with Origin software package. The intensities
are plotted against alloy composition in Figure 2. No clear pattern is observed for 50 W but for 150 W
and 300 W, it follows the same trend as ammonia yield with some shift in the maximum concentrations.
It can be easily inferred that the Hα species concentration has a direct impact on ammonia yield,
but there are also some other factors which regulate the yield. As the intensity of Hα species increases,
the ammonia yield also increases which indicates that the pathway for ammonia formation in metals
like Cu, Pd, Ag, and Au [49] is different than the pathway for metals like Ga and In. As discussed in
the earlier section, there are many more quantum phenomena which involve free electron densities,
Langmuir waves, free electron clouds, and the combined conductivity of the alloy at bulk and quantum
levels which also have a great impact on the ammonia yield.

Figure 2. Hα Peak Intensity (a.u.) vs. Alloy Composition (mass%) for various powers (a) 50 W,
(b) 150 W and (c) 300 W.
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2.3. Characterization of Alloys
The surface of the catalysts underwent some color change which can be observed with the naked
eye. Further characterization was carried out using Scanning Electron Microscopy. The SEM images of
Ga-In (50;50 wt%) alloy unexposed and exposed to N2 -H2 are shown in Figure 3. In the unexposed
alloy sample (Figure 3a), it is possible to observe a clean surface with minor irregularities due to
rough covering of the glass tubes. On the contrary, the alloy exposed to N2 -H2 plasma shows two
distinct phases. The left side of the image in Figure 3b is similar to the unexposed sample but the
right side has granular nodes on its surface. There is a boundary differentiating both the phases.
It was suspected that these granular formations were occurring due to the interaction of N2 derived
species with Ga, which at optimal processing conditions will lead to GaN formation. To validate
this hypothesis, experiments were conducted at elevated temperature to support the formation of
GaN only in N2 plasma. Similar granular nodes were observed for short-time synthesis (<15 min) of
GaN with gallium coated on glass substrate. At longer times (>60 min), these structures form a more
uniform durian-like formation finally converting to GaN nanowires. These durian-like structures have
been reported by Nabi et al. [50]. The SEM images of Ga treated in N2 plasma for various times are
shown in Figure S15. The non-uniformity in the samples is due to lower temperature and milder
plasma conditions. Carreon et al. reported that hydrogen has a better interaction with Ga as compared
to nitrogen [46]. Having a hydrogen-rich environment can result in non-uniformity of these granular
nodes on the surface as hydrogen as well as nitrogen derived species competing to interact with the
metallic surface. Also, the temperature does not provide enough activation energy for the formation
of GaN nano- or micro-structures, for which elevated temperatures are required. When gallium was
treated in pure H2 plasma, no granular nodes were observed. Instead, etching was very dominant.

Figure 3. Scanning electron microscope (SEM) images of Ga-In (50:50 wt%), (a) fresh (unexposed to
plasma), (b) spent (exposed to N2 -H2 plasma).

3. Materials and Methods
The experiments were performed in an in-house built plasma reactor (Figure 4). The reaction was
conducted by introducing nitrogen (Praxair, 99%) and hydrogen (Praxair, 99.99%) at a 1:4 N2 :H2 ratio
to the reaction chamber using mass flow controllers. The nitrogen and hydrogen flow rates were 4 and
16 sccm, respectively. The plasma was ignited using an RF Power Supply with a Matching Network
from Seren IPS, Inc. (Vineland, NJ, USA). The typical reaction pressure and temperature were 0.27 torr
and 400 ◦ C, respectively. The plasma excitation was started when the furnace reached the desired
temperature. The catalysts were coated on inert glass capillaries and loaded in the reactor. The mass
of the catalyst loaded was 1 g for all catalysts. The reaction products were bubbled into deionized
water. The reactor was uniquely designed for ammonia synthesis by adding an on-line Agilent 7820A
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gas chromatograph (GC) (Santa Clara, CA, USA), equipped with a gas sampling valve and HP-PlotQ
column (30 m × 0.32 mm × 20 µm). The gases were analyzed every 3 min for 30 min using the GC.
All experiments were repeated twice. The experiments were performed for input powers of 50 W,
150 W, and 300 W.

Figure 4. Schematic of the in-house built RF plasma reactor and surrounding equipment for gas inlet
and outlet.

The SEM characterization was performed on an FEI Helios NanoLab Scanning Electron
Microscope in field emission mode. The emission spectra of plasma were collected with a UV-VIS-NIR
spectrophotometer (Avantes ULS3648 series, Louisville, CO, USA) equipped with a dual channel
CCD detector. The light was transmitted to the spectrophotometer using a stainless-steel jacketed
bifurcated fiber optic cable with a 400 µm fiber. The spectra were collected in the range of 200–1100 nm.
The spectral resolution of the spectrophotometer 0.4 nm and grating is 600 lines/mm.
4. Conclusions
Herein, we describe the unusual catalytic behavior of Ga-In alloys for plasma catalytic ammonia
synthesis. An increase of 20% is achieved in ammonia energy yield by using an alloy instead of
pure metals. There are two optimum compositions of alloys for obtaining maximum ammonia
yield for every power. The maximum energy yield of ammonia was obtained at 50 W with catalyst
composition of 0.6:0.4 and 0.2:0.8 (Ga:In) having a value of 0.31 g-NH3 /KWh. The emission spectra
show the direct dependence of ammonia yield on the concentration of Hα species in the plasma.
The SEM characterization shows surface changes on the catalyst due to plasma which are indicative
of GaN formation. It is extremely difficult to determine the exact quantum or molecular phenomena
experimentally due to involvement of free electron densities and cloud from plasma as well as the
alloys. It can be understood more clearly when employing a simulation approach.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/10/437/s1,
Figure S1: Ammonia Yield (%) vs. Time (min) for reactions run with no catalyst title, Figure S2: Ammonia Yield (%)
vs. Time (min) for reactions with pure In as catalyst, Figure S3: Ammonia Yield (%) vs. Time (min) for reactions run
with Ga-In Alloy (20:80), Figure S4: Ammonia Yield (%) vs. Time (min) for reactions run with Ga-In Alloy (40:60),
Figure S5: Ammonia Yield (%) vs. Time (min) for reactions run with Ga–In Alloy (50:50), Figure S6: Ammonia
Yield (%) vs. Time (min) for reactions run with Ga-In Alloy (60:40), Figure S7: Ammonia Yield (%) vs. Time (min)
for reactions run with Ga:In Alloy (80:20), Figure S8: Ammonia Yield (%) vs. Time (min) for reactions run with
pure Ga as catalyst, Figure S9: Ga-In Alloy Phase diagram, Figure S10: Ammonia Yield (%) vs. Alloy Melting
Point (◦ C) for various plasma powers, Figure S11: Energy Yield (g-NH3/kWh) vs. Composition of Alloy (mass%)
for various plasma powers, Figure S12: Formation of GaN (plasma treatment time), (a) Starting of Nucleation
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Process (5 min), (b) Dissolution of Nitrogen in the Gallium Droplet (15 min), (c) Durain-like GaN Nanostructures
(30 min), (d) Nanowires of GaN being generated from a single droplet (120 min), Figure S13. XPS Spectra of spent
catalyst (pure Ga), Figure S14: Schematic of the in-house built RF plasma reactor and surrounding equipment for
gas inlet and outlet, Figure S15: Formation of GaN (plasma treatment time), (a) Starting of Nucleation Process
(5 min), (b) Dissolution of Nitrogen in the Gallium Droplet (15 min), (c) Durain-like GaN Nanostructures (30 min),
(d) Nanowires of GaN being generated from a single droplet (120 min).
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