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PUBLIC SUMMARY
= Plasma-assisted ammonia synthesis (PAAS) operates under ambient conditions and supports distributed renewable
energy storage, yet traditional PAAS catalysts suffer low efficiency and high costs.
= Novel cascade porous Co-doped biochar catalysts (Co-PB) are fabricated from waste heavy bio-oil with uniform
cobalt dispersion and abundant carbon-cobalt bonding.
= Co-PB accelerates interfacial electron and radical transfer, reaching an ammonia synthesis rate of 1.605 mmol/g-h
with outstanding cycling stability.
= Economic and environmental evaluations verify the great application prospect of this waste-derived catalyst for

sustainable green energy storage.
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Plasma-assisted ammonia synthesis (PAAS) enables the production of
ammonia at ambient temperature and pressure by utilizing high-energy
free electrons to break N=N and H-H bonds. This process leverages green
electricity and hydrogen, offering an efficient and distributed alternative for
renewable energy storage. However, conventional catalysts used in PAAS
(Al,05, metal-organic frameworks, molecular sieves, etc.) suffer from low
efficiency, poor cycling performance, and high cost. Herein, we design and
develop novel cascade porous biochar-based catalysts (Co-PB) derived
from waste heavy bio-oil through catalytic pyrolysis by using cobalt nitrate
as a pyrolysis catalyst, giving rise to a highly porous structure with
uniformly distributed Co in Co-PB. The good mobility of heavy bio-oil
ensures homogeneous C-Co bonds, which further enhances the transfer
kinetics of the interfacial electron and the radical. As a result, Co-PB
achieves a high PAAS rate of 1.605 mmol/g-h and exhibits excellent stabil-
ity and cyclability under harsh electric fields. Economic and environmental
assessments highlight the significant potential of PAAS for sustainable
hydrogen and electricity storage.

INTRODUCTION

Ammonia is a crucial chemical feedstock and one of the most produced
inorganic materials globally."” Owing to its unique advantages of high hydro-
gen storage density (17.7 wt%), cleanliness, efficiency, and renewability,
ammonia is also universally appreciated as zero-carbon fuel and hydrogen
carrier.”® However, the conventional ammonia synthesis—Haber-Bosch (H-B)
process requires extremely harsh conditions, such as temperatures up to 500
°C and pressures ranging from 200 to 500 bar.” The centralized H-B process
consumes 2% of the world's energy and emits more than 420 million tons of
CO, annually, posing a significant challenge to achieve the global carbon
neutrality."®'" As a result, there has been a growing interest in developing
emerging green and low-carbon technologies for ammonia synthesis using
renewable energy sources. These technologies include photocatalytic
ammonia synthesis,"”'* electrochemical ammonia synthesis,”*'’" chemical
looping ammonia synthesis,'””' and biological nitrogen fixation.”*" While
these green and distributed alternatives offer the potential for hydrogen and
renewable energy storage through ammonia, the low ammonia synthesis
rates severely limit the development of these methods.”**

The plasma-assisted ammonia synthesis (PAAS) can be coupled with
distributed renewable electricity to synthesize ammonia using H, and N,
through a zero-carbon process at ambient pressure.”””" This process even
has a higher theoretical rate of ammonia synthesis than that of the H-B
process, providing a green and efficient alternative for ammonia
synthesis.®**" Unlike the H-B process, PAAS excites molecules into radicals
using high-energy electrons to enhance the reaction on catalysts. As a result,
PAAS does not require harsh conditions of high temperature and pressure to
promote N, dissociation. **** PAAS can be accomplished using only ele-
ctricity for plasma generation, which can effectively integrate with renew-
able electricity from solar and wind. This enables PAAS to be applied in
remote areas, saving the cost and energy consumption for ammonia
transportation. **°

Currently, the widely used catalysts in PAAS include Al,05 ™" Si0, *%
mesoporous molecular sieves,” and metal-organic frameworks.”"*” These

catalysts possess porous structure and large specific surface area, which
increase the number of active sites. However, a drawback is the difficulty in
modulating the pore structure to improve the PAAS performance. Moreover,
these materials generally have high costs and their structures are prone to
collapse and inactivate under prolonged exposure to strong electrics.**

In recent years, it has been increasingly recognized that the electronic
structure of the catalyst surface plays a decisive role in the activation of reac-
tants (especially N,) and the stabilization of intermediates during the plasma
catalysis. By tailoring the electronic properties of the catalyst, the adsorption
and conversion efficiency of high energy electrons, excited species, and free
radicals can be optimized, thereby enhancing the ammonia synthesis perfor-
mance.” For example, the defect engineering can reconstruct the electronic
density of states of active sites, enhance the charge transfer, and thus
promote the dissociation of the N=N bond. More importantly, the plasma
itself can induce strong metal support interactions at low temperatures, lead-
ing to significant charge redistribution between the metal species and the
support; this plasma driven electronic effect has been demonstrated to
markedly improve the catalytic activity.”” In non noble metal systems, strate-
gies such as heteroatom doping or the construction of metal carbon cova-
lent bonds (e.g., Co—C bonds) to modulate the surface acidity and electron
donor ability have also been proven effective in increasing the efficiency of
plasma catalytic ammonia synthesis.“*" Nevertheless, most reported elec-
tronic modulation methods still rely on complex multi step synthesis or
expensive raw materials, and the synergistic mechanism between the elec-
tron transfer pathway and plasma discharge characteristics remains poorly
understood. Therefore, the development of a catalyst preparation strategy
that combines structural tunability, low cost, and efficient electronic modula-
tion is of great significance for advancing PAAS technology.

Heavy bio-oil (also known as bio-tar), a waste product from biomass pyrol-
ysis, can be utilized as an ashless source to prepare biochar. This offers the
advantage of removing the original biomass skeleton and easily regulating
the framework structure of the obtained biochar.”® Meanwhile, the main recy-
cle solution for waste heavy bio-oil is combustion for heat supply, causing
serious pollution and energy loss.” Therefore, converting heavy bio-oils into
valuable biochar is a prospective way to address this challenge. Porous
biochar, prepared from heavy bio-oil, is an inexpensive material with easily
regulated pore structure and large specific surface area. The interconnected
graded pores (micro-, meso-, macro-pores) in biochar can enhance the mass
transfer of free radicals, while the high surface area of biochar can increase
the number of active sites, making biochar a promising PAAS catalyst.
However, as far as we know, biochar-based catalysts made from heavy bio-
oil for PAAS have not been reported yet. Therefore, it is of great significance
to explore simple and efficient methods to develop high-performance biochar-
based catalysts for PAAS from heavy bio-oil.

In this study, we develop a high-performance biochar-based cobalt cata-
lyst (Co-PB) for PAAS by directly preparing it from the co-catalytic pyrolysis
of heavy bio-oil—an industrial waste. Cobalt, as a co-catalytic pyrolysis cata-
lyst, promotes the pyrolysis of heavy bio-oil and results in a biochar frame-
work with a more pronounced porous structure. The co-catalytic pyrolysis
method also brings about a more uniform distribution of the active cobalt
metal, thereby enhancing the PAAS performance. This is a "dual-function
strategy” approach for catalyst design. The PAAS performances of catalysts
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Figure 1. Schematic diagram of the green ammonia industry using the distributed renewable electricity (wind, solar, etc.): valorizing heavy bio-oil, an industrial by-product,
for green ammonia synthesis, aiming to break the limits of the centralized Haber-Bosch process.

prepared using different methods demonstrate the superiority of the co-
catalytic pyrolysis. The impact of the co-catalytic catalyst on the structural
properties, morphology, and PAAS performance of the products is thoroughly
investigated. This study successfully elucidates the mechanism behind the
enhancement in PAAS performance of Co-PB through systematic characteri-
zations and multi-scale modeling. The analysis of the economic and environ-
mental competitiveness of an ideal PAAS plant demonstrates its high poten-
tial for practical applications. The preparation of Co-PB catalysts for PAAS
from heavy bio-oil not only avoids the cost and environmental hazards of
catalytic cracking treatment, but also provides a proven strategy for future
green ammonia synthesis process (Figure 1). The dielectric barrier discharge
(DBD) plasma employed for the PAAS experiments is described in detail in
the Supporting Information (Figure ST).

MATERIALS AND METHODS
Catalyst preparation

In a typical experiment, 10 g heavy bio-oil (an industrial by-product from
the pyrolysis of rice husk obtained from a biomass processing plant in
Nanjing, China) was mixed thoroughly with 0.5 g of Co(NO3),'6H,0 (Sigma-
Aldrich, 99.999%). This mixture was then placed in a quartz boat and
subjected to pre-carbonization in a tube furnace under Ar atmosphere. The
temperature was increased at a heating rate of 5 °C/min until reaching
500 °C, and kept at that temperature for 1 hour. Subsequently, the mixture
was cooled down naturally to room temperature and ground into powder. The
pre-carbonized powder was further mixed with various ratios of NaOH
(Aladdin, 98%), ground well, and placed in a clean alumina boat. The mixture
was then subjected to carbonization in a tube furnace in Ar atmosphere, with
the temperature increasing at a heating rate of 10 °C/min until reaching
800 °C, and held at that temperature for 2 hours. After cooling down naturally
to room temperature, the resulting powder was fully ground into fine powder.
The neutralization of the obtained powder was performed using 2 M HCI
solution (Aladdin) to achieve a pH of 7. The product was then washed with
distilled water to remove salts and impurities. Finally, the obtained sample
was dried at 80 °C for 12 hours to obtain biochar. This biochar was named as
Co-PB-x, where Co-PB represents the porous biochar prepared by co-
catalytic pyrolysis, and x denotes the mass ratio of NaOH to the pre-
carbonized product. The samples were further reduced in H, atmosphere at
500 °C. PB-x was also synthesized without the addition of Co(NO3),"6H,0 at
the initial stage, while keeping other steps constant.

Co-PB-3-IM (impregnation) was prepared using the impregnation method
(IM). PB-3 was added to a solution of Co(NO3),-6H,0 in a specific mass ratio
and stirred for 3 hours at 60 °C. The resulting sample was incubated for a
period of time and then dried at 100°C for 36 hours. Subsequently, it was

calcined in Ar at 500 °C for 5 hours. Co-PB-3-IM was then reduced at 500°C
in H, atmosphere.

Co-PB-3-DL (direct loading) was prepared using the direct loading method.
The powders of PB-3 and Co(NO3),'6H,0 were ball-milled at 500 rpm for
6 hours in a specific mass ratio. The samples were then reduced at 500 °C in
H, atmosphere.

Catalyst characterization

X-ray diffraction (XRD) was used to analyze the crystal structure of the
catalysts. XRD patterns of the catalysts were collected using a Bruker D2
Phaser with a Cu target, a voltage of 40 V and a current of 40 mA. X-ray
photoelectron spectroscopy (XPS) was carried out on a Thermo Scientific
ESCALAB Xi+ spectrometer, which utilizes an Al K, X-ray (h,=1486.65 €V)
source with an energy of 30 eV and a power of 100 W (10 kV and 10 mA). The
morphology of the samples was characterized using a scanning electron
microscope (SEM, Hitachi Regulus 8100) and the elemental analyses of the
samples were performed using an energy dispersive X-ray spectrometer
(EDX) as an attachment to SEM instrument. Transmission electron
microscopy (TEM) images of the samples were obtained using a FEI Talos
F200x instrument. Fourier transform infrared (FT-IR) spectra were obtained
on a Thermo Scientific Nicolet iS20 spectrometer. The Brunauer-Emmett-
Teller (BET) surface area of the samples was determined by N, adsorption-
desorption isotherms on a Micromeritics ASAP 2460 instrument. The
samples were vacuum degassed for 8 hours at 150 °C prior to the BET test.
Temperature-programmed  desorption of ammonia (NH;-TPD) was
performed on a Micromeritics AutoChem Il 2920. Co-PB-3 (100 mg) was
dried from room temperature to 500 °C with a temperature ramp of 10 °C
min”", then rinsed in 50 mL min™" of pure He for 1 hour, and cooled to 50 °C.
After purging in a gas mixture of 10% NHas/He at a gas flow rate of 50 mL
min™' for 1 hour, the sample was replaced with pure He (50 mL min™") for
1 hour to remove the physically-adsorbed NHs. The non-isothermal desorp-
tion of NH; was carried out in pure He at a heating rate of 10 °C min™' over a
temperature range of 50-800 °C.

Reaction apparatus and conditions

The dielectric barrier discharge (DBD) experimental setup is shown in
Figure S1. The coaxial DBD reactor used in this experiment consists of a
dielectric corundum tube with a length of 480 mm, an inner diameter of
10 mm and an outer diameter of 15 mm. A stainless steel rod with a length of
300 mm and a diameter of 5 mm was used as a high-voltage electrode,
connected to a high-voltage power supply (CTP-2000K, 40 kHz, Nanjing
Suman Electronics Co Ltd, Nanjing, China). The low-voltage electrode is a
200 mm long piece of externally wrapped stainless steel mesh that is
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grounded to create a plasma discharge gap that is 2.5 mm wide and 200 mm
long. The DBD reactor is heated by an externally wrapped tube furnace, and a
fixed microporous substrate carries 0.1 g catalyst powder at the lowermost
portion of the high-voltage electrode. The charge—voltage (Q—U) Lissajous
curve calculation of output power is described in Supplementary Method 5
after the power supply is connected to an oscilloscope to obtain it. The corre-
sponding circuit design is provided in Figure ST1. H, and N, were supplied
through a gas cylinder (Praxair, 99.99%), and the flow rate was controlled by a
mass flow controller. The gas was well mixed before introducing into the DBD
reactor. In general, if not otherwise specified, the reaction temperature was
200 °C, the N, and H, flow rates were both 50 ml min™, the plasma output
power was 10 W, and the reaction rate was the average rate of the steady-
state reaction for 3 hours. For the cycling experiments, each experiment was
performed for 3 hours in the same reaction conditions as previously
described. Afterwards, the samples were removed and placed in air for
3 hours before the next experiment.

RESULTS AND DISCUSSION
Preparation and characterization of Co-PB catalysts

The preparation process of Co-PB-x is shown in Figure 2A, where Co-PB
represents the porous biochar obtained using the co-catalytic pyrolysis and x
is the mass ratio of NaOH to the pre-carbonized product. During the pre-
carbonization process, water and small molecules were removed from the
heavy bio-oil, leading to an uniform distribution of Co in the product. In the
secondary carbonization process, NaOH and Co act as activators, synergisti-
cally promoting the formation of the porous structure with three-dimensional
interconnections. Moreover, for comparison, various biochar-based catalysts
were also prepared by using different methods (see experimental section),
such as PB-x, Co-PB-x-IM (impregnation) and Co-PB-x-DL (direct loading). It
was found that the as-prepared catalysts presented different morphologies.
Scanning electron microscope (SEM) image (Figure 2B) revealed a particle
shape with nanoscale size for PB-3, and the accumulation of these particles
formed numerous tiny holes and pores. In contrast, the pore structure of PB-
1 is less dense, and the surface is relatively smooth (Figure S2). The Bruno-
Emmett-Teller (BET, Table ST, Figure S3) result also indicates that the PB-3
has larger specific surface area, mainly attributed to the predominant pore-
forming effect of NaOH, leading to an increase in specific surface area and
total pore volume.” Figure 2C depicts the micro-structure of Co-PB-3-IM,
which closely resembles with that of PB-3, indicating that the impregnation
loading does not significantly alter the micro-structure of biochar.

As compared with other catalysts, the Co-PB-3 exhibits a more wrinkled
and porous hollow structure (Figure 2D), which is beneficial for the reactions
occurring on the catalyst. Moreover, the BET result reveals a larger specific
surface area and hierarchical pore distribution (Figure S3). This unique struc-
ture can facilitate the process of gas mass transfer and increase the concen-
tration of active site, and thus enhancing the performance of PAAS. The
energy dispersive X-ray (EDX) elemental mapping of Co-PB-3 suggests a
uniform distribution of Co in the support (Figure S4). The EDX spectra also
indicated that the Na® and CI" species from the preparation process were
completely washed out. Figure 2E shows the TEM images of Co-PB-3 with
atomically resolved HR-TEM images along the directions of (111) and (200),
displaying clear lattice fringes with spacing of 0.205 and 0.177 nm, respec-
tively, which are in good accordance with the reference values of the XRD
pattern for Co-PB-3 (Figure 2F). XRD patterns of Co-PB-3 and PB-3, revealed
that no distinct characteristic peak of carbon was detected from both of
them, suggesting a disordered structure of amorphous carbon that generally
could give rise to an excellent porous structure and remarkable charge stor-
age capacity.”

PAAS performance of the developed catalysts

To evaluate the PAAS performance of the as-prepared catalysts, a
comprehensive evaluation was conducted (Figure 3A). Detailed information
can be found in the reactor section of the experimental sections. The amount
of the synthesized ammonia was measured by monitoring the change in
conductivity of the absorption liquid (Supplementary Method 1). The accu-
racy of this conductivity method was verified by UV spectrophotometry (see
Supplementary Method 6 and Figures S12—S13), and the deviation between

the two methods was less than 1%, confirming the reliability of the conduc-
tivity-based NH; quantification. Results show that PB-1 exhibits the lowest
ammonia synthesis rate, while a gradual improvement in the performance
was obtained for PB-2 and PB-3, respectively, primarily attributed to the
gradual enlargement of the pore structure and increase in the specific surface
area, resulting in an enhancement on the gas transfer and adsorptive hydro-
genation reactions.”"* However, PB-4 shows a decrease in performance due
to the diminution in specific surface area of the porous carbon.

Overall, during the activation process, the generation of new micro-pores
(pore opening) and the enlargement in pore size take place. The amount of
activator used affects the activation reaction kinetics. Higher dosage of acti-
vator not only can lead to a more complete activation but also can increase
the erosion of the activated carbon. When the activator dosage ratio is fewer
than 3, the pore opening effect dominates, resulting in an increase in the
specific surface area as well as the total pore volume. However, when the
ratio is larger than 3, the pore expansion effect takes the dominant. Conse-
quently, an excessive amount of NaOH leads to more severe erosion of the
activated carbon. This erosion causes the collapse of the carbon skeleton
around certain micro-pores, resulting in the transformation of some micro-
pores into meso-pores or even macro-pores. As a result, the specific surface
area and pore volume of the activated carbon continuously decrease.”®*

By adding the Co metal into biochar matrix, the PAAS performance is
greatly improved. This is mainly due to that the transition metal can reduce
the energy barrier of the surface hydrogenation-ammonia production reac-
tion. Additionally, the utilization of a less nitrophilic metal-like Co favors the
formation of intermediates and desorption of NHg, suppressing the decom-
position of ammonia, and thus breaking the linear relationship.”*" Compared
to the direct loading (DL) of Co, the impregnation method (IM) leads to a
more evenly distribution of Co, leading to the better PAAS performance of Co-
PB-3-IM over Co-PB-3-DL.

By comparison, it can be found that the catalyst prepared by co-catalytic
pyrolysis (Co-PB-3) shows much better performance than that of Co-PB-3-
IM, which is most probably ascribed to the following factors. Firstly, the addi-
tion of cobalt nitrate during the initial stage ensures a more uniform distribu-
tion of Co and enhances the bonding between Co and C. The XPS results
indicate that the Co-C bond was formed only during the co-catalytic pyroly-
sis (Figures. 3B & C, NIST XPS database), accelerating the charge transfer
between Co and biochar, and thus improving its catalytic performance.”** To
get more information about the enhancement of the performance, the atomic
migration on the surface of the catalyst and its synergistic mechanism were
evaluated through density-functional theory (DFT) calculations as described
in the Supplementary Method 2. The introduction of defects in the porous
biochar increased the number of available valence electrons at the cavities,
enabling stronger covalent bonding with the loaded clusters. Based on this
(structure optimization is schematically shown in Figure S5), when compar-
ing the processes of nitrogen fixation and hydrogenation for ammonia gener-
ation, Co-PB-3 exhibits a lower hydrogenation energy barrier, resulting in the
improved PAAS performance (Figure 3D). To gain deeper insight into the
reaction mechanism, we further discuss the possible plasma-induced reac-
tive species and their roles in NH5 formation. In the atmospheric-pressure
DBD plasma, high-energy electrons collide with N, and H, molecules, gener-
ating a variety of reactive species including N atoms, H atoms, excited N,, and
NHx (x = 1,2) radicals.”**' These gas-phase species can be adsorbed onto the
catalyst surface, where they undergo successive hydrogenation steps to form
NHs. Our DFT calculations (Figure 3D) show that Co-PB-3 significantly lowers
the energy barrier for key hydrogenation steps (e.g.,, N + H — NH), which is
consistent with an Eley—Rideal type mechanism where gaseous or weakly
adsorbed radicals react with surface-bound intermediates. The enhanced
electron transfer between Co and the carbon support (Figures 3E & S6) likely
facilitates the activation of adsorbed N, and the stabilization of NHx interme-
diates, thereby promoting the overall conversion. According to the findings
presented in Figures 3E & S6, it can be observed that there is an obvious
occurrence of charge accumulation (yellow area) and charge reduction (cyan
area) between the Co-cluster and the carbon substrate in Co-PB-3. This
phenomenon suggests that a greater number of valence electrons from Co-
clusters are transferred to the carbon substrate in Co-PB-3, leading to the
formation of stronger chemical bonds between Co clusters and biochar.
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Figure 2. (A) Schematic plot of the route to fabricate Co-PB-x: Co-PB is the biochar obtained using co-catalytic pyrolysis with the addition of cobalt nitrate as catalyst. SEM
images of the catalysts prepared from the different methods: (B) PB-3, (C) Co-PB-3-IM, (D) Co-PB-3; (E) TEM images of Co-PB-3; (F) XRD patterns of Co-PB-3 and PB-3.

Secondly, the FT-IR patterns in Figure 3F indicate a transition from the  and further leading to the generation of more H adsorption sites. Conse-
primary alcohol (R-CH,-OH, 1034 cm™) in Co-PB-3-IM to the secondary  quently, the adsorption capacity for H radicals is greatly enhanced, thereby
alcohol (R-CH(R)-OH, 1126 cm™) in Co-PB-3. This implies that the co-  improving the PAAS performance of Co-PB-3.
catalytic pyrolysis method results in more alcohol groups being pyrolyzed, Thirdly, the co-catalytic pyrolysis reduces the strength of the acidic centers
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Figure 3. The PAAS performance of the different catalysts (A) Measured NH; synthesis rate of various catalysts: PB-1, PB-2, PB-3, PB-4, Co-PB-3-DL, Co-PB-3-IM and Co-PB-3.
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reaction pathway of PAAS on Co-PB-3-IM and Co-PB-3. (E) Charge differential density plot of Co-PB-3. (F) FTIR spectra of Co-PB-3. (G) NH,-TPD profiles of Co-PB-3 and Co-PB-3-IM.

on the catalyst surface, which facilitates the process of ammonia desorption.
The NHs-TPD profiles (Figure 3G) show the chemical desorption peaks of
NHj at different acidic sites, and the acidity of these sites is listed in Table S2.
The total number of acidic sites in Co-PB-3 (0.493 mmol g™') is significantly
lower than that in Co-PB-3-IM (0.950 mmol g™'), showing a substantial
reduction in strongly acidic sites. This reduction not only favors the desorp-
tion of the generated NH; from the catalyst's surface, but also inhibits the
decomposition of ammonia on the catalyst's surface. Fourthly, Co-PB-3
displays the improved performance of electric field characteristics, as indi-
cated by the increased area of the Lissajous graphs under constant inputs
(Figure S7). This increase correlates with the prominent improvement in the
discharge efficiency of Co-PB-3.

Lastly, numerical simulations based on finite element analysis (FEA) were
conducted to investigate the mass transfer characteristics of Co-PB-3 and
Co-PB-3-IM (Supplementary Method 3), as depicted in Figures 4A-D. The
average mass transfer rates (Figure S8) indicate that the transfer rates of gas
radicals in Co-PB-3 are considerably higher than those in Co-PB-3-IM. This
difference can be attributed solely to the distinct micro-pore structures of the
two catalysts. The enhanced gas radical transfer of Co-PB-3 enables a
greater number of radicals to interact with the active sites. Additionally, it
facilitates more gas radicals to react within the small discharge gaps of the

catalyst particles, consequently leading to the improved PAAS performance.

To further understand the mechanism of PAAS, we conducted experi-
ments to measure the ammonia synthesis rate at different ratios of Hy/N,
(Figure 4E). Results show that the optimum ratio of H,/N, for the PAAS reac-
tion is 1:1, which is consistent with several recent reports that also found the
optimal ratio to be non stoichiometric (e.g., 1:1 or 2:1) because of the easier
dissociation of H, compared to that of N, in plasma.”** In the theoretical
reaction, NHs is formed from H, and N, according to the equation 3H, + N, —
2NHj, resulting in a stoichiometric ratio of 3:1. However, the decisive step
limiting the reaction rate is the dissociation of N=N (945.6 kJ-mol™), which is
much more difficult than that of H-H (391.0 kJ:-mol™). Consequently, the
dissociation percentage of N, is lower than that of H, under the same plasma
discharge power. This necessitates a higher proportion of N, in the feed to
balance the generation of N and H radicals, leading to an optimal H,/N, ratio
of around 1:1.

Figure 4F illustrates the impact of temperature on the PAAS performance.
In the absence of catalyst, the PAAS rate remains relatively constant regard-
less of the temperature. This is attributed to the absence of non-homoge-
neous surface reactions but the predominant presence of homogeneous
plasma phase reactions, which are independent on the temperature change.
However, for catalysts such as PB-3, Co-PB-3-IM, and Co-PB-3, increasing
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dard conditions were applied except for the dependent variable.

the temperature enhances the performance of PAAS. This is because higher
temperature promotes the non-homogeneous phase reaction on the catalyst'
s surface, and therefore enhances the surface hydrogenation for ammonia
production. Furthermore, the increased temperature accelerates the desorp-
tion process of NH; generated by the reaction on the catalyst's surface. This
greatly reduces the impact of ammonia decomposition and results in an
increased rate of ammonia synthesis.®® A more in-depth analysis of the
temperature effect on PAAS can be understood from the following perspec-
tives. First, although NH; synthesis is an exothermic reaction and lower
temperatures favor higher equilibrium yields, the PAAS process is kinetically
controlled. At low temperatures (<300 °C), NH; synthesis is primarily
attributed to the adsorption of plasma-generated N radicals and their subse-
quent hydrogenation, a kinetically dominated process rather than one
constrained by thermodynamic equilibrium.” Therefore, the observed
increase in synthesis rate with temperature in the range of 50—200 °C is
entirely consistent with kinetic principles. Second, the elevated temperature
accelerates surface hydrogenation reactions (Arrhenius behavior). For Co-PB-

3, this effect is more pronounced because the Co—C covalent bonding facili-
tates electron transfer from Co to the carbon support (Figures 3E & S6) and
lowers the energy barriers for key hydrogenation steps (Figure 3D), making
the surface hydrogenation more temperature-sensitive. Third, the elevated
temperature has been shown to promote NH5 desorption from the catalyst
surface, alleviating product inhibition and exposing more active sites for
further N, activation and hydrogenation.

It is important to note that the N=N bond dissociation still relies on high-
energy electrons from the plasma, not on thermal activation. Temperature
therefore acts as a kinetic modulator rather than a direct driver of N, activa-
tion, and the observed synergy between plasma and Co-PB-3 is primarily
manifested through temperature-enhanced surface hydrogenation and
desorption steps.

As the total gas flow rate rises, the PAAS rate also improves, especially at
lower total gas flow rates (Figure S9). It is apparently a result of the increase
in the number of radicals as the total gas flow rate grows. The slower
increase of PAAS rate at higher total gas flow rates is caused by, on the one
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hand, the limited plasma output power that gradually reduces the proportion
of the dissociated gas. On the other hand, the higher gas flow rate may
induce a reduction of the PAAS rate because of the energy loss as more radi-
cals are removed by the newly introduced gas before they can participate in
the reaction in time.

To evaluate the cycling performance of Co-PB-3, we conducted a series of
tests over 24 cycles (Figure 4G). The PAAS performance shows a very slight
decline after the 6th cycle, which could be attributed to the occupation of
some active sites by free radicals. However, the performance remains stable
thereafter. To determine the impact of plasma discharge on the surface func-
tional groups and crystalline phase structure of Co-PB-3, we analyzed the
FTIR spectra and XRD patterns before and after the cyclic

reactions (inset images of Figure 4G). The results reveal that the FTIR
spectra and XRD patterns are almost identical: all characteristic peaks show
no shift, and no new peaks indicative of structural collapse or metal aggrega-
tion were detected, indicating that the plasma discharge does not affect the
surface and crystal structure. Furthermore, the PAAS performance of Co-PB-
3 remains steady throughout the 40 hours reaction (Figure S10). In summary,
Co-PB-3 demonstrates a tendency to maintain its original structure and
shows good stability during the cycling experiments, making it a potential
candidate for the industrial decentralized ammonia production.

Although we cannot directly quantify the fraction of electrons contributing
to N, activation at this stage, several lines of indirect evidence suggest the
improved electron utilization efficiency on Co-PB-3. First, the Lissajous
curves (Figure S7) show that Co-PB-3 exhibits a larger discharge area than
that of Co-PB-3-IM under the same input power, indicating a higher

discharge power and thus a greater number of high-energy electrons avail-
able for molecular activation. Second, the charge differential density analysis
(Figures 3E & S6) reveals the stronger electron transfer from the Co clusters
to the carbon substrate in Co-PB-3, which facilitates the electron donation to
the adsorbed N, and N-containing intermediates. These observations collec-
tively imply that Co-PB-3 enables more efficient use of plasma-generated
electrons for N, activation. Future work using in situ optical emission spec-
troscopy (OES) with actinometry will be pursued to quantitatively determine
the electron energy utilization efficiency.

To highlight the superiority of the developed Co-PB-3 catalyst, the energy
efficiency is also compared with the reported data. Using the measured
discharge power (10 W, from Lissajous analysis, Supplementary Method 5)
and the NH; synthesis rate over Co-PB-3 (1.605 mmol-g™-h™, Figure 3A), the
energy yield (EY) is calculated to be 2.73 g-NHs/kWh (0.0446 mmol/kJ). The
specific energy input (SEl) under the typical conditions (total flow of
100 mL/min, discharge power of 10 W) is 6 kJ/L and the steady-state NH;
concentration is ~6550 ppm (vol/vol). Compared with typical DBD plasma-
catalytic systems reported in the literature (e.g., Ni/Al,05 ~0.3-0.5 g/kWh, Co-
MOF ~0.4-0.6 g/kWh), the energy yield of Co-PB-3 is competitive."*"'

Supplementary experiments with different catalyst loadings (100—200 mg)
revealed an optimal loading of 150 mg, giving an NHj synthesis rate of
2438 pumol-g™h™, which is even higher than the rate obtained with 100 mg
loading (see Table Sb).

Economic and environmental analysis of different ammonia synthesis
processes
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To evaluate the technical and economic feasibility of PAAS, we carefully
carry out an analysis on the competitiveness of ammonia synthesis using
plasma nitrogen fixation in terms of CO, emissions and costs.” Four differ-
ent routines including both H-B and PAAS processes for ammonia synthesis
were taken into account for a systematic comparison, as illustrated in Figure
5A. The feeding hydrogen is generated by using different technologies, such
as Water-Gas Shift Reaction of coal (WGSR), Steam Reforming of methane
(SMR), and electrolysis of water (EC). In Figure 5B, we present the overall
carbon emission of various technological options, considering their variation
with the carbon emission per unit of electricity generated. Here, the 'H-B
process' benchmark refers to the SMR+HB route (H, from steam methane
reforming followed by the Haber-Bosch process; see Figure 5A for all four
routes). The detailed implications and calculations can be found in Supple-
mentary Method 4 and Tables S3-S5. Currently, if using the fossil fuel-based
electricity, the carbon emission of PAAS in our lab scale is not competitive
compared with that of the H-B process, using either SMR or EC for hydrogen
production. However, if the PAAS rate is maintained within a 10-fold increase
in catalyst amount, its environmental friendliness will be able to compete with
that of the H-B process utilizing coal (average carbon emissions for North
American and OECD electricity in 2017).%° Additionally, when the electricity is
primarily sourced from CO,-free renewable sources like solar and wind (<0.05
kgcoZkWh"), the carbon emission will be comparable to that of SMR + HB,
without consuming fossil fuels (as shown in the inserted figure in Figure 5B).
Moreover, by considering the economic and environmental cost savings
achieved in the catalyst preparation process using heavy bio-oil, the carbon
emission can be further reduced below those of the H-B process with WGSR
or SMR.

Figure 5C presents a preliminary assessment of the economic competi-
tiveness of the PAAS process. The analysis aims to evaluate the potential of
PAAS plants for industrial applications under ideal conditions, with a simpli-
fied approach that does not consider investment costs, chains, and specific
steps. Without factoring in the cost of carbon (carbon price is 0), the PAAS
process is currently not competitive compared to the H-B process. However,
as environmental awareness continues to grow, the environmental and
economic competitiveness of the PAAS process is improving. Considering
the carbon price in Sweden, the 10-fold enhanced PAAS with SMR process
can already compete with the H-B process. In the future, as the carbon price
increases, the economy of the PAAS process will surpass that of the H-B
process, indicating its full capability to compete at this stage. In short, the
small-scale and distributed PAAS plant, powered entirely by renewable elec-
tricity, is highly attractive considering the global trend towards carbon
neutrality. Moreover, the PAAS also provides an efficient alternative for
renewable energy storage in the remote area, such as mountainous solar
power and off-shore wind power.

CONCLUSION

In conclusion, we have successfully developed a cascade porous biochar-
based metal catalyst from the waste heavy bio-oil for PAAS by using a simple
co-catalytic pyrolysis method. This method eliminates the energy consump-
tion in the metal loading process for the PAAS catalysts. Co acts as pyrolysis
catalyst, causing a reconfiguration of the micro-morphology to form a more
sparse and porous hollow carbon skeleton structure. Meanwhile, it also acts
as active site for PAAS, enhancing the ammonia synthesis performance. The
improved performance can be primarily attributed to the enhanced mass
transfer kinetics, resulting from the loose and porous structure. Furthermore,
the co-catalytic pyrolysis process leads to a more uniform distribution of the
metal and reduces the strength of the surface acidic sites, facilitating the
synthesis and desorption of NHs. The catalyst, Co-PB-3, exhibits excellent
stability and cycling performance, maintaining its structure and performance
for a flow period of up to 40 h and 24 cycles. This study demonstrates the
significant potential of this porous biochar-based metal material as an effec-
tive catalyst in the field of PAAS, paving a new avenue for electricity and
hydrogen storage. These findings provide a promising approach for the
industrial application of PAAS and highlight its feasibility as a future alterna-
tive for zero-carbon ammonia synthesis process.
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