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11  Abstract:
12 NH; synthesis from H,O + N, H, + N, or H;O + H, + N, by dielectric barrier
13 discharge combined with Ru/Al,O3 catalyst was studied at atmospheric pressure and

14  room temperature. The effects of reaction gas compositions, energy density, and
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15  discharge frequency on NHj yield and by-products formation were investigated. The
16  results show that NHj can be formed from the reaction gases consisted of H,O and N».
17  NHj; yield of reaction gases containing H; is much higher than that of reaction gas
18 consisted of H,O and N,.The presence of H,O has a promotion effect on NHj
19  synthesis from H; and N,, especially for the reaction gases with H, content less than
20  10%. The NHj yield first increases and then decreases with the increase of the energy
21 density. The maximum yield of 680 mg/kWh occurs at the energy density of 1400 J/L

22 and in the reaction gases of 0.14% H,O, 40% H, and N,. The discharge frequency has
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a great effect on the NHj yield, and the maximum NHj yield is obtained at frequency
of 13 kHz. Besides NH3, some by-products such as N,O and NO, are also formed in
the reaction gases containing H,O. However, the formation can be suppressed in the
presence of H,, which is attributed to the reduction effect of H, on the by-products.
Keywords: NHj; synthesis, DBD, Ru, Al,O3;, H,O
1. Introduction

As the most important aftertreatment techniques for NOy emission from
combustion processes, selective catalytic reduction (NH3;-SCR) and selective
non-catalytic reduction (NH3;-SNCR) with NH; as the reductant have gained a wide
attention both in research field and in practical applications.'™ Although their
excellent denitration (DeNOy) performance have been generally recognized, the
supply of NH; remains a problem because of its toxicity and explosivity. To make
sure the safety, harsh measures have to be adopted for transport, storage and usage of
liquid and aqueous NHj;. One effective approach for overcoming these shortcomings
is to generate NH3 in site where and when the need arises. Actually, the on-board
synthesis of NH; for NO, removal in truck and car exhausts was already investigated.’

The conventional ammonia synthesis technology such as Haber-Bosch process is
only suitable for large scale and continuous production as it requires high operating
temperatures (400-500 °‘C) and pressures (150-300 bar) over magnetite (Fe;O4)
ca‘talyst.é’7 Nowadays, non-thermal plasma process, characterized by
operating/stopping instantaneously, emerges as an alternative method of treating air

pollutants | as well as a potential way to synthesize gas products at atmospheric
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pressure and close to ambient gas temperature.”'’. Actually, the NH; synthesis from
N2-H, gas mixtures induced by non-thermal plasma at ambient temperature was
reported by Brewer as early as 1929."' Up to now, a various forms of plasma
including microwave discharge plasma'?, radio frequency discharge plasma'’, ECR
(electron cyclotron resonance) plasma”, expanding thermal plasma’ were employed
for NHj; synthesis from gas mixtures of N, and H,. The apparatus for generating these
types of plasma, however, were operated under reduced pressure (several hundreds of
Pa atmospheric pressure), so they are unsuitable for practical applications.

Recently, the application of atmospheric pressure DBD plasma in NH; synthesis
was reported by Mizushima using a catalyst-loaded membrane as dielectric material'®,
Hong using a DBD packed bed reactor filled with dielectric spheres16 and Bai
applying a microgap DBD reactor' . Furthermore, Bai also pointed out that NHj3 yield
increased by about 1.54-1.75 times when MgO powder was coated on the surface of
the electrode plate.'® Improvement of NH; yield was also achieved by loading the
alumina tube with Ru, Pt, Ni, and Fe catalysts placed between the electrodes."
Previous researches generally thought that the reaction occurs on the surface of
catalysts.zo’21 Excited nitrogen molecules are absorbed on the surface of catalyst and
then dissociated to an adsorbed nitrogen atoms N (a). The nitrogen atoms N (a)
combines with hydrogen from the gas phase or on the surface of catalyst to form
successively NH (a) and NH; (a) and finally become ammonia. '

In this study, we focused on the NHj3 synthesis from H,0, H, and N, by

DBD-type plasma combined with Ru/Al,O; catalyst at atmospheric pressure and room
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temperature. Ru was selected as the catalyst and dielectric barrier material because it
is seen as the second generation of non-iron catalyst for NH; synthesis from reaction
gases of H, and N2.6’22 Meanwhile, H,O also acted as the source of hydrogen because
hydrogen atoms can be produced by dissociating water molecules with the help of
non-thermal plasma, in which contains abundant reactive species such as high-energy
electrons, ions, excited atoms and molecules, and active radicals . For this reason, a
gas stream containing H,O, H, and N, was used as the reaction gases. And the effects
of reaction gas compositions, energy density, and discharge frequency on NH; yield
were investigated.
2. Experimental Section
2.1 Experimental setup

A schematic diagram of the experimental setup is shown in Fig. 1. It consists of a
gas feeding system, a cylinder DBD reactor with an AC high-voltage power supply
(Dalian University of Technology, China), a digital oscilloscope (Tektronix DPO3034,
America) with discharge parameters detection unit and a set of analytical instruments.
H; + N,, H;O + N or H,O + H, + N, were used as the reaction gases and the gas flow
rates were controlled with mass flow controllers (MFC). The H,O was introduced by
bubbling N, in deionized water at 25°C and the relative humidity of the reaction
gases was detected by a humidity meter (Cole Parmer, America). Then the H,O
content was calculated based on the relative humidity. The total gas flow rate was 500

mL/min except otherwise stated.
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Fig. 1 Schematic diagram of the experimental setup

2.2 Plasma reactor

Fig. 2 shows a schematic illustration of the concentric DBD reactor used in this
study. An aluminium rod with discharge length and outer diameter of 100 mm and 21
mm serving as the high-voltage electrode was placed in a quartz tube with length and
inner diameter of 200 mm and 25 mm. An aluminum tape wrapped on the outer
surface of the quartz tube was connected to a 10 nF capacitor before grounded. The
Ruw/AILO; catalyst was packed in the space between the high-voltage electrode and
thequartz tube. By applying AC high voltage, intense discharge plasma could be

generated around the contact point of the catalysts without arcing.
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Fig. 2 Schematic diagram of the DBD plasma reactor

2.3 Preparation of Ru/Al,O; catalyst

Aluminum oxide powder was provided by Aladdin Co. Ltd (Shanghai, China)
and RuCl; was obtained from Shenyang Jinke Reagent Co. Ltd (China). All the
chemicals were used as received without any further purification. Ru (1 wt%) was
added by incipient wetness impregnation with aqueous RuCl; solution, followed by
evaporation in rotavapor and drying (105°C) in an oven for overnight. Then the
as-prepared sample was reduced in hydrogen at 400°C for 4 h to obtain Ru/Al,O;.
2.4 Characterization of the catalysts

X-ray powder diffraction (XRD) measurements were performed using a
PANalytical X’ Pert PRO diffractometer (Cu Pd radiation) at 40 kV and 40 mA.
HRTEM micrographs were obtained with a JEM-2100F microscope at 200 kV. The
surface chemical states of the Ru/Al,O; catalysts were investigated via XPS (PHI
Quantro SXM ULVAC-PHI, Japan) using an Al Ka X-ray source (1486.7 eV) at 15

kV and 25 W with the binding energy calibrated by C 1s at 284.8 eV.
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115 2.5 Experimental method

116 The NH3 was absorbed by dilute sulphuric acid and then quantitatively analyzed
117  using a visible spectrophotometer based on Nessler’s reagent colorimetric method.”
118  Other gas phase products were qualitatively confirmed by Fourier transform infrared
119  spectrometer (FTIR, Nicolet 6700, America) and/or mass spectrometer (MS,
120  OmniStar GSD300 , Germany). The applied voltage and the voltage drop through the
121  capacitor were monitored with a high voltage probe (EP-50 K, Japan) and a low
122 voltage probe (Tektronix P5100, America), respectively. The Q-U Lissajous method
123 was used to calculate the discharge power of the DBD reactor (P), which is defined as
124 follows:

125 PW)=fxCxA4 1
126 where £, C and A4 are the frequency of discharge, capacitance of the external capacitor
127 (10 nF) and the area of Lissajous diagram, respectively.

128 The energy density (ED) is defined as the energy deposited per unit volume of

Published on 13 October 2016. Downloaded by Cornell University Library on 16/10/2016 19:57:17.

129  the reaction gas:

30 ED P60 2)
1 =
Q
131 where Q denotes the total gas flow rate in L/min.
132 In this study, the yield of NHj3 (, mg/kWh) is defined as follows:
C
133 qz%X&@dOG 3)

134  where Cnp; (mg/L) is the concentration of NH3 detected at the outlet of the reactor.

135 3. Results and Discussion
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3.1 Catalyst characterization

Fig. 3 shows the XRD spectra of Ru/Al,O3 catalysts before and after discharge
reaction (5% H, + Ny, ED = 1400 J/L). The pattern of the both catalysts contain only
diffraction peaks from alumina. No peak correlated to Ru was observed, probably due

to the relatively low contents.

20/(°)

Fig. 3 X-ray diffraction patterns of Ru/Al,Oj; catalysts: (a) before discharge, (b) after
discharge (5% H, + N,, ED = 1400 J/L)
The distribution of Ru particles on the Al,O3 support has been determined by
TEM (Fig. 4). It shows that Ru nanoparticles (~3 nm) appear to be uniformly
distributed on the Al,O3 support and the size and distribution of the Ru particles are

almost unchanged after the discharge reaction.
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(a) (b)
Fig. 4 Transmission electron micrograph of Ru/Al,O catalysts: (a) before
discharge, (b) after discharge (5% H, + N, ED = 1400 J/L)
XPS analysis was performed on both Ru/Al,Os catalysts before and after
discharge reaction (Fig. 5). The peak at 461.9 eV can be assigned as metallic Ru**. As

shown in Fig. 5, the valence state of Ru remains the same after the discharge reaction.

Intersity (aw)
Intersity (a)

450 450

(a) (b)
Fig. 5 Ru 3ps; electron spectra of Ru/Al,Oj; catalysts: (a) before discharge, (b)
after discharge (5% H, + N,, ED = 1400 J/L)

3.2 Discharge characteristics
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Fig. 6 shows the relationship between energy density and discharge voltage for
different reaction gases at the same discharge frequency of 11.0 kHz. For the
representative reaction gases, the energy density remains zero until the voltage
reaches the discharge inception value and then the energy density is dramatically
increased with the increase of discharge voltage. The introduction of H,O results in an
increase of the discharge inception value and a decrease of energy density at a given
discharge voltage, which can be attributed to the strong electron affinities of H,O
molecules. The ability of H,O molecules attaching the dissociative electrons is larger
than that of H,.>> Therefore, higher discharge inception voltage is needed to achieve
the same energy density in the reactor for 0.14% H,O + N,, compared with the

reaction gases consisted of 5% H, + N, or 0.14% H,0 + 5% H, + No.

1600 —o— 1\b+50/01—b
Mool —o— NotS%Hy+0.14%HO
—A— N;+H0.14%HO
ool Ny H
-~
g 1000+
3
2 sl
5 an -
E 400}
200
0 -
_m 1 1 1 1 1 1 1 1

Fig. 6 The energy density as a function of discharge voltage (f= 11.0 kHz)
3.3 Effect of H,O content on NHj3 yield
3.3.1 Reaction gases consisting of HO and N,
Fig. 7 illustrates the variation of NHj; yield with energy density for the H,O

content of 0.07%, 0.14%, and 0.21%, respectively. For all the H,O content, NH; yield
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first increases and then decreases with the increase in energy density, with maximum
ammonia yields of 8.5 mg/kWh, 17.6 mg/kWh and 16.1 mg/kWh at energy density of
500 J/L, 670 J/L and 550 J/L for H,O content of 0.07%, 0.14%, and 0.21%,
respectively. The NH; yield enhances by about 2 times when the H,O content
increases from 0.07% to 0.14%, while it almost keeps same for H,O content of 0.14%

and 0.21%.

—5— N+00P6HO
—0— N+0.14%HO
——N+021%HO

400 600 800 1000 1200 1400
Energy dersity (J1)

Fig. 7 Effect of H,O content on NHj3 yield
(reaction gases: H,O +N,, f=11.0 kHz)

During discharge, dissociation processes can simultaneously occur due to
inelastic collisions of H,O and N; molecules with energetic electrons, producing
active species such as Nz*, HQO*, N-, H-, ‘OH, O+, N, N,"and H" via the reactions R1
- RS, which can further react to form many kinds of products including NHs (Fig. 7),

H, (Fig. 8) and NOy (Fig. 9).
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Fig. 8 Hydrogen ion current for different energy density

(reaction gases: 0.14% H,0 + Ny, f=11.0 kHz)
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0.062 -
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r 0.000

|
o M Background
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Fig. 9 FTIR spectra of the effluents after the DBD reactor
(reaction gases: 0.14% H,0 + Ny, f=11.0 kHz)

As can be seen from Fig. 8, the H, yield, represented by ion current detected by
MS, increases with increasing energy density, indicating that more H atoms can be
generated at higher energy density, which explains the phenomenon that NH; yield
increases with the increase of energy density (Fig. 7). On the other hand, the FTIR

results which are shown in Fig. 9 prove that NOx (mainly NO, and N,O) are also
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198  produced during the DBD process and the concentration of NOy greatly enhanced
199  when the energy density is higher than a certain value. A portion of N species and
200 discharge energy used for NHj; synthesis can be consumed in NOy formation
201 (reactions R6-R8), which thus results in the decrease of NHj yield with increasing the
202  energy density after the peak point (Fig. 7). Besides, Mizushima pointed out that the
203  occurrence of backward reaction is a possible reason for the decreasing NHj; yield
204  with increasing energy density.15 In other words, at a higher energy density, more NHj
205 molecules are formed, meanwhile their decomposition to H, and N, are also promoted.
206  For this reason, there exists an optimum energy density for obtaining a maximum NHj

207  yield in the plasma process.

Published on 13 October 2016. Downloaded by Cornell University Library on 16/10/2016 19:57:17.

208 N,+e >N, (X*> g", ATIu,B*> u",C*> u")+2e R1)
209 N,+e—>N*CP)+N*(*S,’D)+2e (R2)
210 N,"+H,0 > N, +H,0" (R3)
211 H,0"+H,0 > H,0" + OH (R4)
212 e+H,0+—>H+OH (R5)
213 N+-OH—>NO+H- k=5.05x10"" cm®-molecule” s (R6)
214 NO+0O-—-NO, k=3.01x10"" ¢cm® molecules™ (R7)
215 NO, +N—>N,0+0 k3=1.2x10"" cm® molecule™-s™ (R8)

216 3.3.2 Reaction gases consisting of H,O, H, and N,
217 The effect of H;O content on NHj3 yield is plotted in Fig. 10 when the basic
218  compositions of reaction gases are 5% H; and N,. With the increase of energy density

219 from 0 to 2000 J/L, the NHj yield increases to a peak value and then decreases to a
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certain value regardless of the H,O content in the reaction gases. For the reaction
gases consisted of 5% H, and N, (dry case), the maximum NH; yield is 270 mg/kWh
at 1386 J/L, which is much higher than the case for H;O and N, (Fig. 7). The
introduction of H,O to reaction gases of 5% H, and N, results in an increase of the
NH3; yield. For the same energy density of 1400 J/L, the NH3 yield increases from 270
mg/kWh (dry case) to 300 mg/kWh, 380 mg/kWh and 310 mg/kWh in the presence of
0.07% H,0, 0.14% H,0, and 0.21% H,O0, respectively, which can be attributed to the
formation of more H-containing species in favor of NHj synthesis in the presence of
H,0. Kikuchi studied the effect of H,O on atomic hydrogen generation in hydrogen
plasma and proposed that the relative concentration of hydrogen atoms increased

when water vapor was added.*

—0— N+5%H,

| —0— N+5%H+007%6HO
1001 —A— NAS%HA0.14%H0
| —v— NH5%H+021%HO0
s} 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Energy density (J/1)

Fig. 10 Effect of adding H,O on the NHj; yield

(basic reaction gases 5% Hy+ Ny, = 11.0 kHz)
Fig. 11 shows the FTIR spectra of effluents after the DBD reactor for different
H,O content under the same energy density of 1400 J/L. It can be seen that the

presence of H,O does promote NH; formation. Besides, only nitrous oxide (N,O) is
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237  detected as the byproduct and its concentration increases with increasing H,O content.
238  NOg, which is observed when H,O and N, were used as the reaction gases (Fig. 9), is
239  not detected in the presence of H, (Fig. 11). This may be due to that more NH and
240  NH; radicals exist in the discharge region as precursors of NH;. These free radicals
241 are strongly reductive and can reduce NO and NO, to N,O quickly, as shown in

242 equations R9-R11.

243 NO+NH—->N,O+H- k4=8.39x10"" cm’ molecule™ s (R9)
244 NO, + NH— N,O0+-OH ks=4.1x10" cm® molecule™-s™
245 (R10)
246 NO, +NH, - N,O0+H,0 ke=1.4x10" cm®-molecule™ s (R11)
247 Obviously, the rate constants of these reduction reactions are several orders of

248  magnitude higher than those of nitrogen oxides (NO and NO,) formation reactions
249  (equations R6, R7). As a result, NO and NO; formed during the plasma process would

250  be immediately consumed by NH and NH,; radicals. On the other hand, increase the

Published on 13 October 2016. Downloaded by Cornell University Library on 16/10/2016 19:57:17.

251 H,O content results in the increase of N,O concentration by providing more oxidizing
252 species (e.g. O, OH) for NOy formation (equation R6, R7), which may not be favor
253  for the NHj; synthesis and the NH; yield decreases when the H,O content is higher

254  than the optimum value of 0.14%.
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Fig. 11 FTIR spectra of the effluents after the DBD reactor
(reaction gases: 5% H,+H,0 +N,, /=11.0 kHz)

3.4 Effect of H, content on NHj yield

3.4.1 Reaction gases consisting of H, and N,

The effect of H, content on NH; yield without H,O is shown in Fig.12. The NHj; yield
increases to a peak value at an energy density of about 1400 J/L regardless of the H,
content. At this point, the NHj yield reaches to 270 mg/kWh, 440 mg/kWh, 620
mg/kWh, 640 mg/kWh, and 580 mg/kWh for H; contents of 5%, 10%, 20%, 40%, and
60%, respectively. In a traditional NHs synthesis process, the H, content of reaction
gases is usually around 75% (Nj:H,=1:3). In this study, the observed optimum H»
content (40%) is lower than the calculated value from the stoichiometric ratio of H,
and N, in NHj. Previous studies about NHj synthesis in the presence of non-thermal
plasma also indicated that the NH3 yield depends on the N,/H; ratio in the reaction

gases and similar optimal ratio was reported.ls’ 27
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270  Being different from the traditional NHj synthesis process, in which the molecules are
271 dissociated on a catalytic surface at high temperatures (400- 550°C) and high
272 pressures (15-35 MPa), under the non-thermal plasma condition, the precursor
273  molecules H,0O, H, and/or N, are dissociated to N and H atoms. Thus, the surfaces of
274  catalyst are exposed to high concentration atomic N and H radicals. The NHj3
275  formation turns out to be strongly dependent on the content of atomic N and H
276  radicals.'* When the H, content is lower than the optimum H,/N; ratio, the reaction
277  possibility between the H, and N, on the surface of catalysts increases with increasing
278  H, content, which is due to more reaction gases dissociated in favorable of NH;
279  synthesis. However, if the H, content further increased above the optimum value, the
280  NH; synthesis would be restrained mainly due to the following two reasons. Firstly,
281  more discharge power would be consumed for activating H, molecules other than N,
282  molecules, as the dissociation energy of H;, (4.5 eV) is much lower than that of N,

283 (9.8 eV), which results in shortage of nitrogen atoms for NHj synthesis. Secondly,

Published on 13 October 2016. Downloaded by Cornell University Library on 16/10/2016 19:57:17.

284  with increasing H, content, more hydrogen atoms would occupy the catalyst surface,
285 reducing the number of adsorbed nitrogen atoms and also increasing the possibility of

286  hydrogen atoms recombination to hydrogen molecules.
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Fig. 12 Effect of H, content on NHj3 yield

(reaction gases: H, +N», /~13kHz)

3.4.2 Reaction gases consisting of 0.14% H,O, H, and N,
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Fig. 13 shows NHj yield versus H, contents of reaction gases in the

presence of 0.14% H,O and a given energy density of 1400 J/L. It can be seen

that NHj yield also first increases and then decreases with the increase of H,

content, with the highest NH3 yield of 680 mg/kWh at the H, content of 40%. It

is interesting to find that the presence of H,O has a promotion effect on NHj

synthesis from H, and N,, and the effect for the reaction gases with H, content

less than 10% is much stronger than that for the reaction gases with H, content

higher than 10%, which may be ascribed to the fact that HO molecules make

more contribution to generate hydrogen atoms for NH; synthesis when the H,

content is lower than 10%.
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As shown in Fig. 14, N,O is the main by-product when the H, content is less

than 40% and it disappears for higher H, content, which is likely due to the reduction

of N>O into N, by hydrogen atoms through the reaction (R12) when the H, content is

enough high.

N,O+H—>OH+N, /%=3.0x10"*exp(-16000/RT) cm’ molecule™ s

e
Y
2

e
2

S
&
2

<
3
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Fig. 14 FTIR spectra of the effluents after the DBD reactor

(R12)
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(reaction gases: 0.14% H,O + H, + N,, ED= 1400 J/L and /=11 kHz)
3.5 Effect of discharge frequency on NHj yield

As shown in Fig. 15, the discharge frequency has a great effect on the NHj
yield at a given energy density, with the maximum NH; yield of 680 mg/kWh at 13
kHz for reaction gases conmsisting of 0.14% H,O + 40% H, +N,. For discharge
frequency lower than 13 kHz, the increase of discharge frequency results in the
increase of the microdischarge, which is in favor of the formation of N- and
H-containing species and the synthesis of NH;. However, further increase of the
discharge frequency over 13 kHz results in the decrease of NHj3 yield, possibly due to
the dissociation of NHs by the excessive energetic electrons. Thus, the NH3 yield
decreases to 600 mg/kWh at 14.5 kHz. These findings are in a fairly good agreement

with Bai’s experimental results."”

580

560 -

105 110 115 120 125 130 135 140 145 150
Frequency (kHz)

Fig. 15 Effect of discharge frequency on NHj yield
(reaction gases: 0.14% H,O +40% H,+N, , ED=1400 J/L)

4. Reaction routes
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327 Based on the results described above, we propose the reaction routes for the NH3
328  synthesis and the by-products formation by a hybrid plasma-catalytic process, as
329  shown in Fig. 16. It is well known that the rate-limiting step of the NH3 synthesis in
330 the conventional Haber-Bosch process is the dissociative chemisorption of N,
331 molecules on the surface of the catalyst and the dissociation process only occurs at the
332 temperature of 400-500°C due to the high binding energy of 9.6 ¢V of N,. In a DBD
333  reactor, atomic N (a) species can be produced on the surface of catalyst through the
334  dissociative adsorption of N,* molecules excited by electron impacts at atmospheric
335  pressure and room temperature. Plasma discharge also generates activated hydrogen
336 species such as H atoms and H,* molecules. Then, the NH; can be produced by
337  reactions of the N (a) atoms with H (a) atoms with the help of Ru/AL,O;. Actually,
338  this research showed that a little amount of NHj (several mg per kWh) was detected
339  over alumina when DBD reactor is on. The presence of Ru significantly promoted the

340 production of NH; (Fig. 16 (a)).

Published on 13 October 2016. Downloaded by Cornell University Library on 16/10/2016 19:57:17.

341 Both NH; and NO,, N,O were formed from H,O and N,, because H,O 1is
342  dissociated to give H atoms and O, OH active species with the help of non-thermal
343  plasma (Fig. 16 (b)). For the reaction gas of H,O, H, and N, only N,O, as by-product,
344  was detected when H; content is less than 40% and N,O also disappeared when the H;

345  content is above 40% (Fig.16 (c)).

346
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Fig. 16 Reaction routes for NHj synthesis and by-products formation by DBD-type

plasma combined with Ru/Al,O; catalyst under different reaction gases: (a) Hy + Ny;

5. Conclusions

(b) H20 + Na; (c) H2O + Hy + Np

NHj; can be synthesized from the reaction gases consisted of H,O + N», H;

+ Nz or HO + Hy + Ny by DBD-type plasma combined with catalyst at

atmospheric pressure and room temperature. The largest NHj yields from H, +

Nz (640 mg/kWh) and H,O + H, + N, (680 mg/kWh) are much higher than that

from H,O + N, (18 mg/kWh), which is attributed to the dissociation of H;

molecules into hydrogen atoms more easily than H,O molecules.

The dissociation degrees of H,O, H, and N, enhance with increasing energy

density, which results in the increase of NHs yield. However, it is unfavorable
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for NH3 synthesis when the energy density is higher than 500 J/L and 1400 J/L or so
for the reaction gases of H,O + H, and H; + (H,O) + Ny, respectively, because
discharge power is more inclined to dissociate HO and H, other than N, and the N/H
ratio is thus below the optimal value.

Besides NHs, some by-products such as N,O and NO, are also formed in the
reaction gases containing H,O. However, the formation can be suppressed in the
presence of H,, which is attributed to the reduction effect of H, on the by-products.
What’s more, the by-products disappear for reaction gases containing above 40% H,
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Ru/Al,O; catalyst under different reaction gases: (a) H, + Ny; (b) H,O + Nj; (¢) HbO + H, + N,
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