Wool-like Au, Pt, Pd, Ag, or Cu electrodes as active catalysts for ammonia
synthesisin nonther mal atmospheric-pressure plasma of N2 and H»
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Abstract: Wool-like metal electrodes of Au, Pt, Pd, Ag, ar @ave ammonia yields of 2.5-3.5% afWp=3

in nonthermal plasma under atmospheric pressutgoutitheating. DFT calculations indicated that aenor

unstable MN intermediate produced higher catalytic activithe N/H ratio dependence and formation

rate constants of ammonia on the catalysts wefferéift from those for the conventional Haber-Bosch
process. The decomposition of ammonia proceedaglasma-irradiated gas phase.

Keywords. Ammonia Synthesis, Nonthermal Plasma, Gold.

1. Introduction

A new synthesis method for ammonia is strongly réelsfrom an energy-saving perspective because
the Haber-Bosch process consumes 1-2% of the vwgoddhual primary supply. In addition, one of the
significant challenges with hydrogen use is theagie and transportation of hydrogen. Ammonia ig/ ver
suitable for storage and transportation becausts efasy liquefaction under slight pressurizatite, high
level of hydrogen stored in a molecule, and thedpction of dinitrogen and water after use. Actinedges
have been continued using newly developed catalystdeterogeneous phase, metal complex catatyats
homogeneous phase, electrochemical synthesisaqg@eous solution, and synthesis with plasma irtiadia
In the plasma-assisted catalysis, a nonthermal sgihesic plasma was applied to synthesize ammondh, a
catalyst-loaded ceramic membranes were used tinojitdds of approximately 2%. However, these have
disadvantages of slow production rates due to tbes d$lowing velocity of the reactant gases. No
experimental result, except for the metal wool lyata in our previous repott could provide a useful and
novel strategy or approach for ammonia synthesisrthight be superior to the current Haber-Bosclugss.
High catalytic activity of gold and others will llemonstrated in this study; and a DFT calculatiolh w
indicate the factor determining the catalytic atfivThe results will be significant for achievirfgture
progress in an ammonia synthesis and hydrogentgocie

2. Experimental

The outer diameter and thickness of the quartz tehetor were 12.7 mm and 1.0 mm. The outer side
of the reactor was surrounded by the outer eleetrddrious metal thin-wires (wool) with surface asef
61.3 cn? were employed as the inner electrode, which wamected to a high voltage power supply. A
mixture of N and B (H2/N>=1 and 100 mL min unless otherwise stated) was flowed into the ceaat
atmospheric pressure without heating, and thegadgtwas delivered to a diluted$O: aqueous solution to
gather ammonia. Typical reaction conditions inctide applied voltage of 5 kV and a frequency okB@
for the reaction port, which was 150 mm in lengkhe yields of ammonia varied with the repetition of
experiments, and the results observed in the dixperiment were used to compare the catalytic iactdf
the respective metals because they were the valitie$10 influence on the repetition or little chanigp the
surface states.

3. Results and discussion

The ammonia yield substantially increased wherPBt,Ag, Cu, and Ni wools were repeatedly used
as electrodes. The activity of Au, Fe, Mo, Ti, WdaAl was approximately constant during the expernits.
The increases in activity resulted from metal dépdson the inner wall of silica tube. The ordertoé



initial catalytic activity was Au > Pt > Pd > AgCGu > Fe > 80
Mo > Ni > W > Ti > Al, indicating that the gold wéo
exhibited the highest activity for ammonia synteesThe
activity of the metal catalysts for ammonia synibés plasma
greatly differed from that of the Haber-Bosch psxéecause
of the difference between the activation of, §h the
conventional heterogeneous catalysis and thakipldsma.

To identify the reasons for the high activity ofldj@and
others, energy changes in the surface nitride foomaAE; ® A ©
were calculated using a DFT calculation (Gaussiwith the o0 = o P 0
Hamiltonian B3LYP) on various metals. AnsMluster (M=an M;N formation energy [kcal/mol]
electrode metal atom) was employed as a minimumeinoid Figure 1. Dependence of the initial activity of
the catalyst surface. The reaction energy witharp-point Vvarious metal wool catalysts for ammonia

. . . . synthesis on the formation energy of tri-nuclear
energy correction was calculated using the selkistent field nitride Mo,
energies of the molecules of a complex, clusted, substrate.
In Figure 1, the initial catalytic activity is ptetd as a function ohE: where the results of the relaxed and
frozen MsN were both employed. One can recognize a faialim®rrelation between theE: and catalytic
activity. The more instable Ml had a better ammonia yield. The correlation iatd the first step of the
current plasma synthesis of ammonia, the reactfoanoactivated nitrogen molecule with the electrode
surface, would be the most important, rate-limititgp for the catalysis.

Emission spectra were measured during the plasa@ioa to observe active species for thesNH
synthesis. A very intense second positive band faomactivated neutral nitrogen molecule* Nvas
observed with various weak bands. In the currepegments, the intensity of Nemission bands was far
lower than that of b¥. All of these bands increased with the increasapglied voltage and decreased with
the introduction of KW Plasma activation of nitrogen molecules roughgpehded on the waveform,
frequency, voltage, and current of plasma insteadro the metal species of electrodes. The results
suggested that the generation of th& $pecies was independent of metal species usttteadectrodes and
the metal types would strongly affect the reactibgenerated b species with the metal surface.

The ammonia yield on gold or copper wools was eranthias a function of the molar ratio of &hd
N.. The correlation was analyzed using the followkigetic equationynns=kP12"Pn2. a(Au)=1.50 and
B(Au)=1.46, andu(Cu)=1.51 and3(Cu)=0.17 were obtained. These values differed ftbase reported on
well-known solid catalystsaEl.5-2.2 and3= 0.9-1.2 on Fe, and=-0.43 and3=1.0 on Ru-Cs/MgO). The
changes in the partial pressure dependences vétm#tal and repetition of experiments were recaghiz
but detailed discussion would require in-depth usi@@ding of the reaction mechanisms. The positive
values on the partial pressure of hydrogen on AlGun catalysts are significant for the practicgllaation
of the current method because the increase inytiben partial pressure would not result in a el@se in
the ammonia formation rate. Finally the productiate of ammonia was studied as a function of the
residence time of the reactant gases. The formadinof NH on the fresh Cu was smaller than that on Au,
and the decomposition rate constant on the frestv&uthe same as that on Au, resulting in the lctivigy
of Cu for ammonia synthesis in the plasma systemeréstingly, all decomposition rate constants
determined here are approximately coincident. Wight suggest progress of the decomposition reactio
ammonia in a plasma-irradiated gas phase.

In conclusions, the current results pave the wayfoew approach to ammonia synthesis that may be
significant for future hydrogen applications.
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