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Nonthermal plasma integrated with catalysts for
hitrogen fixation from nitrogen and waterf

Yanna Liu, Zhaofei Li and Hua Song ®*

Directly synthesizing NHz and NO, from N, and H,O by nonthermal plasma (NTP) at atmospheric pressure
and low temperature is considered an attractive alternative for the Haber-Bosch process. Nonthermal
plasma integrated with a catalyst was employed to investigate the effect of metal-impregnated SBA-15 on
nitrogen fixation efficiency. The results demonstrated that the total nitrogenous product synthesis rate
reached 140.78 pmol h™* with an energy vield of 597.32 mgy kW™ h™* when the Ni-SBA-15 catalyst was
employed. In the reaction, HNO, reacts with NHz to form NH4NO,, rapidly decomposing into N, and H,O,
responsible for production distribution. The addition of Ni-SBA-15 promotes plasma-activated species,
resulting in nitrogen fixation efficiency. This work lays the foundation for studying nitrogen fixation driven

rsc.li/catalysis

Introduction

Nitrogen is essential for biological growth and metabolism,
so nitrogen fixation is vital in ecosystems and agriculture.!
However, nitrogen in the atmosphere is usually challenging
for organisms to utilize directly due to its triple-bond solid
chemical structure, so it needs to be converted by nitrogen
fixation. Nitrogen fixation is a process of converting
atmospheric nitrogen (N,) into biologically available nitrogen
compounds such as ammonia (NH;3) or nitrate/nitrite
(NO;7/NO, ). Nitrogen fixation is not only helpful for plant
growth and ecological balance but also benefits the reduction
of dependence on synthetic fertilizers.

Nitrogen fixation can be categorized into biologica
natural, and industrial processes. Biological nitrogen fixation
usually occurs in soil or water and is realized by certain
bacteria converting atmospheric nitrogen into NHj, which
will be further converted to NO; . Based on the conversion
process, some limitations remain, such as only occurring on
certain bacteria, being susceptible to pH, temperature, and
humidity, and being hard to control.” Natural nitrogen
fixation refers to lightning-assisted converting N, to NO,,
which is dissolved by rain to form NO;  and NO, . The
Haber-Bosch process has been the cornerstone of industrial
nitrogen fixation for over a century. However, it operates
under harsh conditions (high temperature of 450-600 °C and
pressure of 150-350 atm)® and relies on hydrogen derived
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by the NTP-catalyst integrated system.

from fossil fuels, leading to significant carbon emissions and
energy consumption.””® Hence, many green, environmentally
friendly, and mild methods were developed, including
the electrochemical nitrogen reduction reaction,” ™!
photocatalytic reaction'®'® and plasma-assisted process.'"*
Among them, plasma-assisted nitrogen fixation allows
obtaining NH; or NO, at lower temperatures and pressure,
particularly integrating with catalysts, remarkably improving
energy efficiency and yield. Many highly reactive species,
such as electrons, ions, excited molecular species, radicals,
atoms, and photons, are generated by the plasma discharge
process, which facilitates nitrogen fixation. Furthermore,
plasma-assisted nitrogen fixation allows for decentralized
and modular setups that can be easily scaled up or down,
providing flexibility in production capacity.'**"”

Nitrogen fixation by plasma is an exciting and promising
technology, but its implementation is far from simple. The
complexity of nitrogen fixation by plasma arises from a
combination of factors, including the physics of plasma
formation, the intricate chemical reactions involved, and the
design of effective reactor systems.'® Plasma discharge
directly affects how nitrogen molecules are activated and
converted into reactive nitrogen compounds, which has
aroused interest in recent years."®'® A variety of plasma has
been investigated for nitrogen fixation, including dielectric
barrier discharge (DBD),*>*'gliding arc,”*** magnetically
stabilized glow discharge,** and microwave plasma.>**® Zhou
et al® analyzed the energy efficiency (EE) and yield of
various discharge types and concluded that the most efficient
configuration is a dielectric barrier discharge (DBD) driven by
pulsed voltage. Patil et al. explored the NTP NO, synthesis in
a packed bed DBD reactor with different catalysts. It was

This journal is © The Royal Society of Chemistry 2025
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found that the support materials and their particle sizes had
an essential effect on the concentration of NO,.2° Li et al.?®
investigated the influences of the applied voltage, discharge
power, and flow rate on the reaction performance. The
results indicated that higher flow rates led to lower ammonia
concentration and lower energy consumption. Notably,
plasma-assisted nitrogen fixation is a reaction process
regulated by multiple parameters.

In plasma-based nitrogen fixation, water (either as an
electrode or part of the gas stream) has gained significant
attention as a green hydrogen source capable of generating
reactive oxygen and nitrogen species. Applying a corona
discharge over a water surface increased NO, conversion to
HNO,/HNO; by over 90% compared to cases without water,
significantly reducing the need for downstream aqueous
scrubbers to capture plasma-produced gaseous NO,.>**°
Kubota et al®' obtained ammonium and nitric acid by
injecting a nitrogen plasma jet into pure water. With the aid
of UV irradiation, the ammonium synthesis rate is enhanced
when nitrogen plasma gas is purified into water.*> A
nonthermal plasma (NTP)-assisted nitrogen fixation process
was employed to ensure adequate contact of gas and liquid
by configuring water-falling film along with the reactor.’?

Catalysts are crucial in plasma-assisted nitrogen fixation
as they enhance reaction efficiency, improve nitrogen
adsorption, and facilitate the conversion of nitrogen to
ammonia and other nitrogen compounds. However, only a
few researchers have investigated the plasma-catalyst
integrated system for the reaction of N, and H,0. Pd-Al,O;
was integrated with plasma to generate H, and NO, from
H,0 and N, resulting in catalytic reduction of NO, by H,.**
Ru/MgO catalysts were introduced into NTP-assisted reaction
with N, and H,0, and it was found that the synergistic effect
of plasma and catalyst promoted the ammonia production
rate.> Therefore, developing new nitrogen fixation catalysts
and exploring the mechanisms of plasma-catalytic reactions
is essential for creating energy-efficient, sustainable methods
that use water as a hydrogen source rather than fossil fuels.
It potentially reduces greenhouse gas emissions while
improving nitrogenous compound production rates and
selectivity, making it a promising pathway for green fertilizer
synthesis.

In this work, nitrogen fixation from liquid water and N, is
performed with the assistance of NTP catalysis. Different
metal-impregnated SBA-15 (Ni, Fe, Cu) served as catalysts
and were evaluated in terms of catalytic performances. The
synergistic effect between the catalyst and plasma is verified
by comparing the experiment without and with catalysts. The
physical and chemical properties were also characterized to
investigate the influence of catalysts on the reaction.

Experimental section

Catalyst preparation

5% (Wt%) metal (Ni, Fe, and Cu)-loaded SBA-15 catalysts were
obtained by hydrothermally synthesizing SBA-15 followed by
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wet impregnation of metal on the support of SBA-15. The
details of the synthesis of SBA-15 are presented in a previous
study.*® In the synthesis process, poly-(ethylene glycol)-poly-
(propylene glycol)-poly-(ethylene glycol) block copolymer
(Pluronic P123, Aldrich) is applied as a template reagent. The
molar ratio of the reactants added into the system is as
follows - TEOS:HCIl:H,0:P123 = 60:78:6000:1. At first,
P123 was dissolved in a hydrochloric acid aqueous solution
by stirring. Then, tetraethyl orthosilicate (TEOS, 98%,
Aldrich) was added into the above mixture drop by drop and
left stirring for 24 h, followed by pouring into a sealed
reagent bottle to crystallize at 100 °C for another 24 h. The
solid product was collected by filtering and washing with
deionized (DI) water several times until the pH value of the
filtrate reached 6-7. After that, the sample SBA-15 was
obtained by placing it in the oven at 80 °C overnight and
calcined in a muffle furnace at 550 °C for 5 h.

The metal-loaded catalysts were synthesized using the
incipient wetness impregnation method. The metallic
nitrates (Ni(NO3),, Fe(NO;);, and Cu(NO;),) were employed
as precursors and prepared as the corresponding aqueous
solutions. The SBA-15 powder was added to the above
aqueous solution by vigorously stirring and mixing. The
resulting mixture remained still for 3 h at room
temperature and then dried overnight at 80 °C. Lastly, the
obtained solids were calcined at 500 °C for 4 h with a ramp
rate of 5 °C min™'. All the samples were reduced by
calcining in 5% H,/Ar flow at 550 °C for 1 h with a heating
ramp of 5 °C min~". The acquired samples were denoted as
Ni-SBA-15, Fe-SBA-15, and Cu-SBA-15, respectively.

Performance evaluation

Experimental setup. The experimental apparatus is shown
in Fig. 1. The reactor is made of quartz, with an outer
diameter of 10 mm and thickness of 1 mm. A stainless-steel
rod is placed at the center of the quartz tube, connected to
the plasma generator, acting as a high-voltage electrode.
Meanwhile, an iron mesh wraps the quartz tube and serves

Oscilloscope

HV probe

current probe

NZ
[ |
\' UV-Vis spectrophotometer

Fig. 1 Schematic diagram of N fixation from N, and H,O with the
assistance of plasma.
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as a grounding electrode. In the reaction, N, (ultra high
purity, 99.99%, Air Liquide, Canada) is blown into the reactor
from the bottom, controlled by a mass flow rate controller.
The water is pumped into the reactor by a water pump. A
LEAP100© plasma generator provided the microsecond
pulsed plasma discharge with a pulse voltage of 0-80 kV pk-
pk, a repetitive pulse frequency from 100 to 3000 Hz, and
power up to 700 W. The electrical properties of the system
are monitored by an oscilloscope (Keysight, DSOX 1204G
Series), where a high-voltage probe (P6150A, Tektronix) and
current probe (TCP202, Tektronix) are employed to measure
the voltage and current, respectively.

In the typical -catalytic performance evaluation
experiment, 100 mg of powder catalyst was placed in the
center of the reactor. Quartz wool was packed at the
bottom and top of the catalyst bed, which hindered the
catalyst's displacement. The reactor's temperature was
controlled by cooling air at 50 °C, monitored by a thermal
camera (FLIR One®). The outlet gas was absorbed by
0.005 mol L™ H,SO, in a reagent bottle immersed in a
cold trap, followed by analysis with a UV-vis
spectrophotometer to detect the concentration of NH,",
NO;  and NO, . The specific method and reagents used
in the detection are presented in the ESL{ The
concentration of N, in the outlet is analyzed by micro gas
chromatography (micro-GC, Agilent 490) after vapor
condensation. Optical emission spectroscopy (OES) is
employed to monitor the light emitted from the reactor in
situ. A single-channel UV-vis-NIR spectrophotometer
(Avantes Inc., USB2000 Series) accessorized with a fiber
optic cable (400 pm) was applied to measure the emission
spectra of the glow region located at the center of the
reactor. The measured wavelength number was 200-800
nm, and the line grafting was 600 lines mm™" with a
resolution of 0.4 nm.

Calculation. Some parameters, such as discharge power
(P), formation rate (r), yield, and energy yield, are essential
for evaluating the catalytic performance of NTP-assisted N
fixation. The parameters are calculated as follows.

P = flv(0i(6)de 1)

Here, v(t) and I(t) are the voltage and current measured by
the oscilloscope, respectively. f is the pulse repetition
frequency.

Cni, X VX 60

'NH, = T laxt (2)
o, = SN ©)
rN027 = CNOZ]t4XX‘/tX 60 (4)

Ttotal N = 'ne, T 'vo, T Tno, (5)
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. T'total N
Yield = - 6
the amount of N input (6)
r
Energy yield = —toal N (7)

power

Cnm, (mg L") is the concentration of NH," obtained from
the absorption cell, which is measured by the UV-vis
spectrum, V (mL) is the volume of the adsorption solution
used in the experiment, ¢ (minute) is the reaction time, m, is
the mass of catalysis, and 14 is the molar mass of N,
respectively.

Catalyst characterization. The synthesized catalyst
crystalline phase was measured by powder X-ray diffraction
(XRD) analysis on a Bruker D8 Advance X-ray diffractometer
with CuKa, radiation (1 = 1.5406 A). The morphologies and
crystalline structures of the samples were observed by
scanning electron microscopy (SEM) and high resolution
transmission electron microscopy (HRTEM), conducted on an
FEI Quanta FEG 250 and Tecnai F20, respectively. The surface
area and pore structure properties of the catalysts were
obtained using a Micromeritics ASAP 2020 apparatus. The
surface area was calculated by the Brunner-Emmett-Teller
method (BET), and the total pore volume, average pore
diameters, and pore size distributions were obtained from
the N, adsorption branches of isotherms using the Barrett-
Joyner-Halenda (BJH) method. Ammonia temperature-
programmed desorption (NH3-TPD) experiments were
performed to study the acidity of the prepared catalyst by
using a Micromeritics AutoChem II 2920 chemisorption
analyzer.

Results and discussion

Catalysts' physicochemical properties

The XRD patterns of the prepared SBA-15, Ni-SBA-15, Fe-SBA-
15, and Cu-SBA-15 are displayed in Fig. 2. The broad
diffraction peak at 26 = 23° in all the samples corresponds to
the (111) plane of silica, attributed to the disordered Si-O-Si
network in the mesoporous silica walls.>” The diffraction
peaks at 43.3° and 50.4° in the sample of Cu-SBA-15 were
indexed as the (111) and (200) reflections of crystalline

“ 11) (200) Cu-SBA-15

Cu-PDF-85-1326

. 2 2 2 i .

(110)

Fe-SBA-15

I Fe-PDF-06-0696
" "

(111) (200) Ni-SBA-15

Ni-PDF-04-0850
P N Y R

(111) SBA-15

Intensity (a.u.)

020 30 40 B30 60 70
20 (degree)

Fig. 2 XRD patterns of SBA-15, Ni-SBA-15, Fe-SBA-15 and Cu-SBA-15.
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Fig. 3 SEM images of Ni-SBA-15 (a and b), Fe-SBA-15 (c and d), and
Cu-SBA-15 (e and f).

metallic Cu (JCPDs file no. 85-1326).*® The XRD pattern of Ni-
SBA-15 shows two diffraction peaks at 26 = 44.5° and 51.8°,
which can be assigned to the (111) and (200) planes of Ni
(JCcPDs file no. 04-0850).° The diffraction peak at 44.67°
belongs to the (110) crystal plane of Fe (JCPDs file no. 06-
0696), indicating the existence of metallic Fe.** All the results
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indicate the successful impregnation of metals on the
support of SBA-15.

The morphologies and structures of the prepared catalysts
were characterized using SEM and TEM. The FESEM results
are exhibited in Fig. 3. From Fig. 3(a), (c¢) and (e), it can be
found that all the samples present the aggregations of worm-
like rods with the length of the rod about 5-7 um. The
distributions of the particles are uniform. Fig. 3(b) shows
that some nanoparticles are dispersed uniformly on the
surface of the worm-like rods. However, no iron or iron oxide
particles were observed on the surface of SBA-15, as shown in
Fig. 3(d), indicating that most of the iron entered into the
mesopore size of SBA-15.*° From Fig. 3(f), it can be seen that
some clusters appear on the surface of the support, which
can be due to the higher surface energy of copper leading to
agglomeration to reduce the total surface energy.*'

Fig. 4 displays the HRTEM images of the prepared
catalysts. It can be found that all the samples demonstrate
the existence of cylindrical mesopores with well-ordered
hexagonal arrays. The average diameter of the pore channels
is about 7-8 nm, and the average pore wall thickness is about
3.5 nm. In the images of Fig. 4(a) and (b), the Ni
nanoparticles are dispersed on the support of SBA-15
uniformly, and they are supported on both the exterior
surface and the interior surface of the SBA-15 support, which
are verified by the evidence of N, adsorption and desorption.
In addition, we can find that the particles are somewhat
aggregated into large particles. The high-resolution TEM

e~ d
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d=0.203 nm SO

20}

Frequency (%)

0 10 20 30 40
Particle size (nm)

30

Frequency (%)
- )
9 o

i

4 6 8 10 12 14 16
Particle size (nm)
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3 4 5 6 7
Particle size (nm)

Fig. 4 HRTEM images of Ni-SBA-15 (a—c), Fe-SBA-15 (e-g), and Cu-SBA-15 (i-k) and particle size of Ni-SBA-15 (d), Fe-SBA-15 (h), and Cu-SBA-15 (l).
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image in Fig. 4(c) shows the lattice fringes with vertical
distances of 0.203 and 0.176 nm, corresponding to the
interplanar spacing of the (111) and (200) planes of Ni
particles.*> From the particle size distribution in Fig. 4(d),
most particles distribute with a size of 15 nm. From the
images in Fig. 4(e) and (f), the Fe nanoparticles are
significantly smaller than Ni nanoparticles and are mainly
located in the interior of the SBA-15 pore channels. Fig. 4(h)
displays the particle distribution and shows that the particles
are about 8 nm. The nanoparticles with a crystal spacing of
about 0.202 nm can be indexed to the crystal plane of (110)
in Fe nanoparticles.”® Small clusters are shown in Fig. 4(1),
and Cu nanoparticles with a size of about 4 nm were found
on the exterior and interior surfaces of the SBA-15 support,
as shown in Fig. 4(i) and (j). The black spots in Fig. 4(k) are
identified as Cu nanoparticles, which can be verified by the
lattice spacing of 0.208 nm of the Cu plane (111).**

The surface area and pore structure of the catalysts play
an essential role in the catalytic performance. Fig. 5 shows
the N, adsorption-desorption isotherms and pore size
distribution of the prepared catalysts. According to the IUPAC
classification, all the isotherms of the catalysts exhibit the
typical type IV behavior with a characteristic H1 hysteresis
loop, indicating the wuniform mesopores with one-
dimensional cylindrical channels of SBA-15.*>*¢ The
impregnation of metal into the support of SBA-15 does not
change the porous structure. However, the surface areas
decrease (Table 1), and the order is as listed: SBA-15 > Cu-
SBA-15 > Ni-SBA-15> Fe-SBA-15, which can be due to partial
blockage of SBA-15 support pores with the corresponding

(a)

Cu/SBA-15
Fe/SBA-15
Ni/SBA-15

M

00 02 04 06 08 10
Relative pressure (P/P,)

Volume adsorbed (cm?g, STP)

CwSBA-15

Fe/SBA-15 L

NiVSBA-15 A
SBA-15 ﬁ

0 2 4 6 8 1.0121:11.61.820
Pore width (nm)

dVidw Pore Volume {¢cm*g-nm)

Fig. 5 N, adsorption-desorption isotherms (a) and pore size
distributions (b) of SBA-15, Ni-SBA-15, Fe-SBA-15, and Cu-SBA-15.
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Table 1 Surface areas, pore volumes, and pore sizes of the catalysts

BET surface area, Pore volume, Pore size,

m* g em?® g7t nm
SBA-15 727 0.85 5.3
Ni-SBA-15 564 0.86 5.1
Fe-SBA-15 544 0.81 4.9
Cu-SBA-15 588 0.89 5.2

metal particles. From Fig. 5(b), a unimodal distribution of
pores in the 7-9 nm range is observed in SBA-15. With the
impregnation of metals, the pore sizes become narrower than
those of SBA-15, presenting around 5 nm, which agrees well
with the average pore size displayed in Table 1. The order of
pore size is the same as that of surface area. The decreased
pore size can be attributed to some of the metal
nanoparticles entering the pore channels of SBA-15 in the
impregnation process.*’

The surface acidity of the prepared catalysts was
characterized by NH;-TPD, and the results are presented in
Fig. 6. It was found that no desorption peak appeared in the
support SBA-15, indicating no acid site binding with NH;.
After loading Ni on SBA-15, there is a board peak from 150-
400 °C on Ni-SBA-15, which can be assigned to weak acid
sites (Lewis acid sites) resulting from the combination of Ni**
and oxygen on the surface of SBA-15."®%° Compared with Ni-
SBA-15, the intensity of the weak acid sites is much lower,
indicating fewer acid sites in Fe-SBA-15. However, it can be
seen that there are two small peaks between 300 and 500 °C,
which can be attributed to the acidic sites formed by the
interaction between Cu** and SBA-15.>° The intensities of the
two peaks are relatively low, implying only a tiny amount of
acid sites formed in Cu-SBA-15.

Plasma diagnostics

Based on DBD reactor compositions, a dielectric barrier of
the quartz tube and an air gap, where the gas is in contact
with the plasma, are located between the high voltage and
ground. Therefore, the corresponding DBD plasma discharge
in the reactor can be indicated as the equivalent circuit in

Cu-SBA-15

3
S
= Fe-SBA-15
1]
c
2 /__\-.F_
S
a Ni-SBA-15
a
’—
" SBA-15
T ~—
zZ
200 300 400 500 600 700

Temperature (°C)

Fig. 6 NH3-TPD spectra of SBA-15, Ni-SBA-15, Fe-SBA-15, and Cu-
SBA-15.
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Fig. 7(a).”"** Here, C, is the capacitance of the gap, and Cq is
the capacitance related to the dielectric barrier. Once the
plasma discharge is carried on the reactor, the apparent
capacitance of the DBD reactor is equivalent to the dielectric
barrier capacitance of Cq. While the plasma discharge is off,
the capacitance is regarded as a series connection of
dielectric barrier capacitance and gap capacitance. Rg;s is the
plasma resistance in a parallel connection with C,.

The discharge characteristics of the DBD reactor were
recorded by the oscilloscope and are exhibited in Fig. 7(b). It
can be observed that there are multiple pulses of voltage and
current, the maximum amplitudes of which can reach 7.4 kv
and 46.8 mA, respectively. The period of the active current
pulse is about 500 ps. The instantaneous power is obtained
from the multifaction of the instantaneous voltage and
current, presented in Fig. 7(c). Here, the negative sign of the
power indicates the opposite direction of the current or
voltage. The active power is calculated from eqn (1). In our
experiments, the discharge characteristics were measured
three times, and the ultimate power was obtained from the

(a) HV
o i

(b)
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Current (A)

" " " 2 " " M

L L 0.10
0 2 4 6 8 10 12 14 16 18 20
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©) 100
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3
5 100}
s
)
o 00}
=300 A i A A A A A A i
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Time (ms)

Fig. 7 (a) The equivalent circuit of the DBD reactor. (b) The typical
voltage and current waveforms. (c) The instantaneous electric power
for the DBD reactor.
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average value of the active power. When the catalyst is packed
in the DBD reactor, the average power was calculated as 3.30
+0.1W.

Optical emission spectroscopy is employed to identify the
possible species present in the NTP plasma-assisted catalytic
reaction. The overall spectrum of the reactions with different
catalysts is shown in Fig. 8(a). The results demonstrate that
many forms of plasma-activated nitrogen species are present
in the reactions, including vibrational and rotational
excitation, electronic excitation, and ionization without
dissociation.>> The 220-300 nm peaks are assigned to the NO
band, which is zoomed in Fig. 8(b). The spectrum shows NO
(A’Z*-XIT) molecular transitions in the plasma-catalytic
process. NO-related peaks exhibited that NO was formed
from the reactions between the N species and O or OH
species in the plasma discharge process.>**® Comparing the
corresponding peaks, all the normalized intensities for the
NO band are higher for Ni-SBA-15 than the other catalysts,
implying that the Ni-SBA-15 catalyst can improve the
formation of NO-related excited radicals and species. The OH
radical-induced peaks are observed in all the catalysts, and
the intensity of Ni-SBA-15 is the highest, demonstrating that
H,O splitting generates OH species.””

Catalytic performance

Optimizing reaction conditions is essential to improving NTP
reaction efficiency, selectivity, and stability. Therefore,
control experiments were carried out on empty tubes, and

@ OH IN,(C-B)
NO N,(B-A)  Ni.sBA-15
~ | !
3
©
- Fe-SBA-15
z |
‘® A ‘J
[ =
ko) l Cu-SBA-15
I Il
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(b) Wavelength (nm)
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"'f"l""."’c
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3 ' .
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Fig. 8 The optical emission spectra of NTP plasma assisted N,-H,O
reaction. (a) Overall OES spectrum (200-800 nm); (b) zoom-in OES
spectrum of NO (220-300 nm).
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the evaluation parameters were also compared to investigate
the influence of the control impact factor on the reaction
performances. We investigated the effect of N, (20, 40, 60, 80,
and 100 mL min~') and H,O (0.05, 0.10, and 0.15 mL min™")
flow rate on the catalytic performance. From the control
experiment results, the nitrogen fixation product is not only
NH;, but also NO;~ and NO, . The production rates of NHj,
NO;, NO, and total N with different N, and H,O flow rates
are displayed in Fig. 9(a). It can be found that the production
rate of NOj; is significantly higher than NH;, indicating that
NO, is predominately generated in the reaction. Therefore, it
can be deduced that nitrogen fixation from N, and H,O
experienced two steps, including reactive species generating
from the reactant molecule activation in the plasma
discharge process and the reaction to form NH;, NO;  and
NO, .*® When the flow rate of H,O is relatively low at
0.05 mL min ", all the production rates of NH;, NO;~, NO,™ and
total N reach the highest with a N, flow rate of 20 mL min".
With the increment of N, flow rate from 20 to 40 mL min~",
all the production rates decreased sharply and then stayed
slightly changed through the increase of N, flow rate from 40
to 100 mL min ', which can be attributed to deficient contact
between N, and H,O related species. While the flow rate of
H,O0 is 0.10 mL min~", the production rates of NH,", NO;~
and total N exhibited a dramatic increase when the N, flow
rate went from 20 to 40 mL min~", followed by a sharp
decrease with 60 mL min™" N, flow rate. Then, they gradually
reduced to a low value. However, the production rate of NO,~
remains stable, indicating that a limited amount of OH
reacts with N species to form HNO,. When the flow rate of
H,O increased to 0.15 mL min', the trend of NO,~, NO,~
and total N production is similar to that of 0.1 mL min™"
(H,O flow rate). However, the NH; production rates are low
and drop with the increment of the N, flow rate, which can
be assigned to incomplete water splitting. Once the N, flow
rate arrives at 40 mL min", the production rate of both NH;
and NO;" reaches the highest with 9.40 and 63.32 umol h™*,
and the corresponding total N is 73.82 umol h™". Therefore,
in the following experiment, to evaluate the catalysts’'
performance, the reaction conditions are set as an H,O flow
rate of 0.1 mL min ' and an N, flow rate of 40 mL min .
Catalysts play a crucial role in plasma reactions, helping
to improve the efficiency of the reaction and reducing energy
consumption. The catalyst's surface can adsorb and activate
the reactants, provide the necessary reactive sites, and
promote the reaction. In addition, a synergistic effect might
occur during the reaction, which benefits the target
reaction.®® In this work, the impact of metal active centers on
the efficiency of nitrogen fixation from N, and H,O is
investigated by impregnating Ni, Fe, and Cu on SBA-15. The
production rates of NH3, NO; , and NO, produced from N,
and H,O with and without catalysts are displayed in
Fig. 10(a). With the addition of SBA-15, it is evident that all
the production rates are boosted because of the large surface
area, allowing more reactive species to be adsorbed for
reaction, such as nitrogen species, hydrogen species, and
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Fig. 9 Nitrogen fixation from N, and H,O. (a) H,O flowrate 0.05 mL

min%; (b) H,O flowrate 0.10 mL min%; (c) H,O flowrate 0.15 mL min%,
error bars indicate standard deviation.

oxygen species.”” Compared with the catalytic performance
with catalysts, the NH; production rates are improved from
9.40 to 10.08, 14.26, 12.18, and 11.67 umol h™* with the
introduction of SBA-15, Ni-SBA-15, Fe-SBA-15, and Cu-SBA-15,
respectively. Meanwhile the corresponding NO,” production
rates are enhanced from 0.30 to 0.92, 4.74, 3.22 and 2.81,
respectively. But the NO;  production rates have increased
notably, especially with the addition of Ni-SBA-15, growing
from 63.32 to 121.80, resulting in the highest total N
production rate of 140.78 umol h™". The metal on the support
serves as the catalytically active site, which can reduce the N,
bond energy by interacting with nitrogen molecules under
the plasma condition so that nitrogen molecules are more
easily broken, thus promoting nitrogen fixation reaction.®
During the plasma discharge, Ni is reported as more
favorable to activate nitrogen into nitrogen species than Fe
and Cu, mainly due to the enhanced plasma discharge
resulting in strengthened gas-phase radical reactions of N, H,
OH, NH, and NO on the surface of the catalysts.®"** Fig. 10(b)
displays the influence of the catalyst on the yield of total N,
and the trend is identical to that of the production rate. The
energy yield is employed to evaluate the energy consumption

This journal is © The Royal Society of Chemistry 2025
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in the reaction, another parameter to determine practical
application. From Fig. 10(c), the energy yield of the reaction
without a catalyst is 309.74 mgy kW™ h™" with a power of 3.3
W. With the introduction of a catalyst, the energy yield of Ni-
SBA-15 can reach 597.32 mgy kW' h™", almost double that
without a catalyst. This implies that less energy is required in
the reaction because the catalyst effectively reduces the
energy barrier of the reaction and improves the efficiency of
the reaction.®?

Catalyst stability is critical in chemical processes and
industrial applications, influencing performance, longevity,
and economic viability. In our experiment, stability tests of
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Fig. 10 (a) Production rate of NH3z, NO3z~, and NO,™ produced from N,
and H,O with and without catalysts, (b) yield and (c) energy yield of
total N obtained from N, and H,O with and without catalysts, error
bars indicate standard deviation [reaction conditions: power of 3.30 W;
N, flow rate of 40 mL min*, and H,O flow rate of 0.1 mL min™"].
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nitrogen fixation with N, and H,O on the Ni-SBA-15 catalyst
were performed by a continuous experiment of 12 h with 6 h
plasma on and off. Generally, plasma reactions can be easily
adjusted according to power grid fluctuations or peaks in real
industrial applications, which can help optimize energy
efficiency. The stability test result is exhibited in Fig. 11,
displaying excellent stability over the tested conditions. It can
be found that the total nitrogen production rate displayed
good stability with only a 13.74% reduction over 12 h, which
can be due to the oxidation of the catalysts.

Table 2 compares the energy cost of nitrogen fixation from
N,/air/O, and H,O with different plasma types. Generally, the
energy cost required in the nitrogen fixation liquid phase is
dramatically higher than in the gas phase, which can be due
to significant losses at the plasma-liquid interface. From the
data in the table, the energy cost in our work is lower than
others, indicating that our system is more economical,
sustainable, and environmentally friendly. It can be found
that the energy cost in our work is 162.72 MJ mol " without
catalysts. When plasma-catalyst integration is applied, the
energy cost declines remarkably to 84.35 MJ mol ', which
might be attributed to the enhanced interaction between the
reactive species. The energy cost remains higher than that of
the Haber-Bosch process (approximately 0.5-0.6 MJ] mol )
and the Birkeland-Eyde process (around 2.4-3.1 MJ mol*).**
However, the DBD unit offers significant advantages, such as
a compact electrical setup, easy switch control, and access to
abundant raw materials, making it a promising solution for
sustainable fertilizer production when powered by renewable
energy sources like solar and wind.

Mechanism of nitrogen fixation by combined DBD plasma
and catalyst

Understanding the reaction mechanism, especially the NTP
plasma-assisted reaction between N, and H,O, is vital for
developing nitrogen fixation. Notwithstanding that much
work has been done to understand the mechanism of the

N
(=
(=
o

1500 |

1000 |

0 2 4 6 8 10 12
Time (h)

Fig. 11 Stability test of nonthermal plasma-assisted nitrogen fixation
from N, and H,O over the Ni-SBA-15 catalyst [reaction conditions:
power of 3.30 W; N, flow rate of 40 mL min%, and H,O flow rate of
0.1 mL min™].

500

total N production rate (umol/h/g )
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Table 2 Comparative summary of our work with other studies on nitrogen fixation from N/air/O, contact with H,O

Year Plasma reactor Gas Energy cost (MJ mol ™) Ref.

2021 AC DBD plasma N,/O,/H,0 mix 294 65

2020 Needle-water microplasma N,/O,/H,O 167.4 66

2022 Rotating electrodes plasma N,/H,0 61.5 67

2020 Spark plasma N,/H,O 95 68

2012 Pulsed rotating spark plasma N,/O,/H,0 186 30

2016 AC-gliding arc plasma Air/water 3600 69

2025 Pulsed DBD plasma N,/H,0 162.72 This work
Pulsed DBD plasma packed with catalysts N,/H,0 84.35 This work

plasma-assisted reaction between N,, H,, and 0,,°*’%”* much

work remains to be done. Simultaneously, replacing
hydrogen with inexpensive and accessible water for nitrogen
fixation is believed to change these reaction pathways.”> The
above experimental results demonstrate that the primary
product is NO, instead of NH3, which is different from other
research  studies. Therefore, exploring a reasonable
perception of the mechanism in the plasma-activated
reaction between N, and H,O is worthwhile. N, molecules
can be activated by electron collision excitation (electronic
excitation and vibration excitation), dissociation, and
ionization in the plasma process, forming N,’, N3, and N
atoms (reactions (8)-(10)). Some researchers stated that
heterogeneous catalysts can facilitate the dissociation of N,
molecules,”® which contributes to higher nitrogen oxidation
or hydrogenation. Our experimental results for higher
production rates in NHz, NO;~ and NO,  when plasma is
integrated with catalysts prove this. H,O molecules can be
decomposed into OH, H, and O species in the plasma
discharge zone, which is also confirmed by the work of our
group and others (reactions (11) and (12)).>*’*”® The
production of NH; is obtained by the stepwise hydrogenation
of N, presented in reactions (13)-(15), based on the Eley-
Rideal (E-R) or Langmuir-Hinshelwood (L-H) mechanism. At
the same time, the produced N species colloid with OH* or
O* species, which can further form NO,, HNO;, and HNO,
(reactions (16)-(21)). In addition, H,0, might be generated by
two OH and serve as an oxidant that reacts with NO, to
generate HNO; (reactions (22) and (23)).>”%”” According to
our experimental results, the proportion of NO,;™ is higher
than that of NH; and NO, , which can be assigned to the
reaction of HNO, with NH; to form NH,NO,, rapidly
decomposing into N, and H,O (reactions (24) and (25)).>°
Experimental results in OES prove that most NO species and
N species were generated in Ni-SBA-15, demonstrating that
more NH; and NO, were created. The interaction between
the nickel (Ni) metal and SBA-15 might affect the catalytic
activity or electron density on the catalyst surface to
dissociate N, and H,O and lead to better nitrogen fixation
efficiency.

e+ N,—»N% +e (8)
e+N, — N, +e 9)
N, — 2N (10)

2024 | Catal. Sci. Technol., 2025, 15, 2016-2026

H,0 — H* + OH* (11)
OH* — O* + H* (12)

N* + H* — NH* (13)
NH* + H*—>NH} (14)

NH3% + H*—NH; (15)

N* + OH* — NO + H* (16)
NO + OH* — HNO, (17)
NO, + OH* — HNO; (18)
NO + O* — NO, (19)
20* — NO, (20)

NO + NO + O, — NO, (21)
20H* — H,0, (22)

2NO + H,0, — HNO; + H,0 (23)
HNO, + NH; — NH,4NO, (24)
NH,NO, — N, + O, (25)

Conclusions

In this work, ammonia (NH;), nitrite (NO, ), and nitrate
(NO;") were successfully produced from a plasma-catalyst
integrated system of nitrogen fixation with N, and H,O. The
catalysts of different metals, such as Ni, Fe, and Cu, were
impregnated on the support of SBA-15 and applied in the
reaction. The total nitrogen (summary of NHjz;, NO, , and
NO;") production rate can reach 140.78 umol h™ with an N,
flow rate of 40 mL min™*, a H,O flow rate of 0.1 mL min*,
and a low 3.3 W plasma integrated with Ni-SBA-15. The
synergistic effect of plasma and catalyst promotes the
production of total N and the energy yield. This work
provides a good starting point for discussion and further

This journal is © The Royal Society of Chemistry 2025
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research of more effective catalyst design and mechanism
investigation.
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