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The synergistic combination of solid catalysts and plasma for the synthesis of ammonia has recently
attracted considerable scientific interest. Herein, we explore MgTiOs, CaTiOs, SrTiOs, and BaTiOs
perovskites as effective catalysts for the synthesis and decomposition of ammonia via cold plasma. MgTiOs
perovskite, which contains the most electronegative alkaline metal of all the studied perovskites, resulted in
the highest ammonia synthesis rate with a value of 12.16 umol min™* m™, which is around 50 times the
value of only plasma, 0.24 pmol min™t. The high electronegativity of Mg can be assisting the dissociation of
the triple nitrogen covalent bond. This intrinsic property of Mg perovskite added to the homogeneity of the
plasma arising from the dielectric constant value of this perovskite might be synergistically responsible for
the high ammonia synthesis rate observed. Interestingly, ammonia production over MgTiOz perovskite is
almost double the performance of traditional oxides and some microporous crystals. We also explored the
ammonia decomposition reaction due to the possibility of the importance of the reversible reaction owing
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to the electron collision with the ammonia molecules formed. Ammonia decomposition increased as
plasma power increased. This points out the benefit of running at low plasma power and the need to
design plasma reactors where the newly formed ammonia molecules can be removed from the reaction
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system to avoid further electron collision. The highest ammonia decomposition yield was 44.37% at 20 W
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Introduction

Ammonia is an essential chemical for food security due to its
use in fertilizers. Ammonia synthesis is currently performed
at industrial scale through the Haber-Bosch (HB) process,
which typically occurs at energy-intensive conditions of
temperature and pressure (~500 °C and 500 bar). In fact, it is
considered the most energy-consuming process in the
chemical industry. Global ammonia production for 2018 was
~249.4 million tons, consuming 1-2% of the world's energy,
using 2-3% of the world's natural gas output, and emitting
over 300 million metric tons of CO,."” With such energy
condition requirements, the HB process is only economically
viable at large-scale plants that demand huge -capital
investments and access to continuous electric power to keep
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corresponding to an energy vield of 5.06 g-NHs kW h™.

the process continuously running.*> Consequently, ammonia
synthesis is currently highly centralized, hampering the
access of farms in remote areas to affordable fertilizers.®

Based on the above, the development of simplified
alternatives to the HB process at milder conditions and
compatible with intermittent electric power (e.g. from
renewable energy sources) is a critical step toward small-
scale, decentralized ammonia production. However, the
implementation of this technology to fully replace fossil fuels
for electricity, heat and transportation will be only feasible
until there is an effective energy storage and distribution
technology. Based on this premise, herein we employ non-
thermal plasma catalysis as an alternative and transformative
process that leverages renewable electricity to produce
ammonia with high selectivity.

Plasma catalysis is highly appealing as an alternative route
to activate the “source gas”’ by collision with electrons. This
can be exploited to help activate strong bonds (e.g. C-H bond
in CH, and N=N bond in N,). Initial forays® have indicated
the potential of plasma to facilitate catalysis under mild
conditions.”™"" However, optimizing catalysts for plasma-
assisted reactions is challenging due to the high complexity
of plasmas and plasma-catalyst interactions.” The latter are
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not well understood but are known to engender synergy,'* i.e.
higher performance (e.g. better conversion or selectivity) than
the sum of the individual performances of the plasma and
the catalyst when choosing a suitable plasma-catalyst
pair.”'*  Considerable research using metal-based
catalysts">™"® and different plasma regimens including
vacuum®®?® and atmospheric conditions?** 3¢ has been
documented. However, a major challenge is still the rational
tailoring of a catalyst that can exploit the benefits of the
plasma surroundings. The development of superior
performance catalysts for plasma-assisted ammonia synthesis
requires novel robust materials tailored specifically for
plasma.

Perovskites are potentially suitable and appealing
materials for plasma catalysis. Perovskites are synthetic
compounds that have an orthorhombic crystal structure
identical to that of the naturally occurring mineral with the
same name and that share a structurally similar chemical
formula. The typical molecular composition of perovskites is
ABX;, where A and B represent metal ions (A is usually larger
than B) and X is oxygen. In their crystal structure, B and X
form a BXg octahedron, where B lies in the center and X
locates at the vertex of the octahedron. The BXy octahedrons
link each other, forming a network structure in three-
dimensional space by sharing the same X corners.”” These
materials form a polar unit cell due to the distorted
dimensional structure inside the bulk.”® This polar unit cell
can generate a spontaneous and permanent electric
polarization in the presence of an external electric field.>**"
Deformation caused by cationic substitution can further tune
these properties such as phase stability by strain relaxation.*
Moreover, a ferroelectric phase can transform into a non-
ferroelectric phase when the temperature exceeds a particular
value. This phase transformation temperature is called Curie
temperature (7.).>° Above T, the crystal structure of ABXj
perovskites transforms to a cubic structure with minimal
polarization, which is defined as the paraelectric phase.*
Perovskites have emerged as one of the most promising and
efficient low-cost energy materials for various optoelectronic
and photonic device applications as well as robust catalysts.
The unique physical properties of perovskite materials such
as high-absorption coefficient, long-range ambipolar charge
transport, low exciton-binding energy, high dielectric
constant, ferroelectric properties, etc. make them highly
attractive for such applications. Perovskite-type catalysts have
been evaluated for plasma VOC removal®* due to their
enhanced stability and activity. Furthermore, it has been
documented that the discharge could be effectively enhanced
by introducing a perovskite-type catalyst due to the high
dielectric constant.>>?® Most of the existing plasma research
on porous materials conclude on the potential benefits such
as the formation of microdischarges,>”*' short-lived species
inside the pores,®”*® and increase of the lifetime of the latter
species in the pores, making them available for subsequent
surface reactions.*® Apart from the advantages mentioned
above, perovskites are appealing materials for ammonia
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synthesis due to their (1) high dielectric constants that might
benefit the plasma homogeneity which has been identified as
a key challenge in the plasma field; (2) readiness to dissolve
hydrogen®>*® (this property can be modified with the
chemistry of the perovskite); (3) weak bonding with
nitrogen;** (4) high chemical stability in the presence of
water and some hydrocarbons, which are typical impurities
in natural gas wells (hydrogen for ammonia production is
typically obtained from steam reforming of methane®); (5)
their low acidity (specially for alkaline earth titanates) which
has been pointed out to be beneficial for both thermal*® and
plasma catalytic synthesis of ammonia;***” and (6) the
presence of a functional porous crystalline structure. This set
of unique features make perovskites highly attractive phases
for the synthesis of ammonia via plasma.

Herein, we demonstrate that MgTiO;, CaTiOj3, SrTiO;, and
BaTiO; perovskites exhibited enhanced catalytic performance
for the synthesis and decomposition of ammonia assisted via
cold plasma.

Fig. 1 shows the general structure of the perovskites
employed in this work: (a) MgTiO; (hexagonal),*® (b) CaTiO;
(orthorhombic),” (c) SrTiO; (cubic)*® and (d) BaTiOs
(cubic).>!

Results and discussion

Plasma catalytic ammonia synthesis using alkaline-earth
metal perovskites

To test our central hypothesis on the potential of perovskites
as effective catalysts for plasma catalytic ammonia synthesis,
we evaluated the catalytic performance on a dielectric barrier
discharge (DBD) reactor for four commercially available
perovskites: MgTiO3, CaTiO3, SrTiO; and BaTiO; (perovskites
containing alkaline earth metals). The results are
summarized in Fig. 2. The experiments were carried out at a
total flow rate of 25 sccm and different feed flow ratios
ranging from 1:6 to 3:1 ratio of nitrogen to hydrogen (N,:
H,). Interestingly, at the best performance ratio, ie., 1:1
ratio, MgTiO; surpasses the catalytic performance of the rest
of the perovskites. Fig. 2 also shows the impact of the
plasma-activated gas phase on the synthesis rate, since the
ammonia production is affected by the available species
present to interact with the perovskite catalyst. The
performance of the four perovskites containing alkaline earth
metals at 1:1 ratio can be seen in Fig. 2b. The value for
only plasma in Fig. 2b is expressed in umol min™". For the
plasma only reaction, there is no catalyst packed in the
cross section of the DBD. When there is no packed
perovskite in the cross section of the reactor the W
electrode is in there anyway. In this case, W was selected
due to its inertness for plasma catalytic ammonia synthesis.
The reaction in this case is taking place in the gas phase,
the walls of the reactor and possibly on the electrode®!
(surface area of 8.07 x 10> m?®). Our previous experimental
modelling work suggests that when a catalyst is packed in
the reactor, the effect of the surface area of the catalyst

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1cy00729g

Published on 08 June 2021. Downloaded on 8/11/2021 10:56:36 PM.

Catalysis Science & Technology

View Article Online

Paper

Fig. 1 General structure of the different perovskites employed in this study: (a) MgTiO3z (hexagonal), (b) CaTiOs (orthorhombic), (c) SrTiO3z (cubic)

and (d) BaTiO3 (cubic).
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Fig. 2 (a) Ammonia synthesis rate as a function of feed flow ratio for the studied perovskites, (b) ammonia synthesis rate for different alkaline

earth metal perovskites at a 1:1 flow ratio and total flow rate of 25 sccm.

overcomes the others including the reactor wall effect.>!
Moreover, the type of discharge when having only an
electrode compared to when there is a porous material
packed in the cross section transitions from filamentary to
microdischarge. All this makes a straight comparison based
on the surface area challenging.

The catalytic activity shown by the perovskites was in the
order (MgTiO; (12.24 pmol min™" m™) > BaTiO; (9.07 umol
min™' m™) > SrTiO; (6.95 pmol min™" m™) > CaTiO; (5.84
umol min™ m™)), which is in good agreement with the
highest electronegativity alkaline-earth metal element within
the perovskites to perform best: (Mg (1.31) > CaTiO3 (1.00) >
Sr (0.95) > Ba (0.89)).”* These values are on the Pauling scale
which is unitless. It can be observed that Mg exhibits the
highest electronegativity value as compared to the other

This journal is © The Royal Society of Chemistry 2021

metals. Therefore, a plausible explanation for MgTiO;
perovskite performing better than the other perovskites is
that it can weaken the triple covalent nitrogen bond, hence
acting synergistically with the external electron excitation
provided by the plasma to help with the nitrogen triple bond
dissociation. Moreover, previous reports on both thermal and
plasma catalysis have demonstrated the use of Mg-based
catalysts for ammonia synthesis (see state-of-the-art table in
the ESIf file, Table S1). As can be observed in Table S1,f Mg-
based catalysts show an ammonia synthesis rate ranging
from 3 pmol min™* m™ to 32 pmol min™* m™ for the case of
thermal catalysis, while for plasma catalytic ammonia
synthesis with Mg-based catalysts in a DBD, the ammonia
synthesis rates are higher and range from 36.1 pmol min™"
m™ to 73.4 umol min™" m™. A direct comparison cannot be

Catal. Sci. Technol, 2021, 11, 5109-5118 | 5111
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done due to the type of reactor, reaction conditions and
different thermal and plasma reaction pathways. However, an
apparent synergistic effect of Mg with plasma seems to lead
to higher ammonia production. Here in, optical emission
spectroscopy (OES) analysis shows experimentally the
synergistic effect of plasma + MgTiO;. In this analysis, the
pivotal nitrogen excited species show higher intensities when
employing plasma and the perovskite as compared to only
plasma (Fig. S1t). Recyclability is a key feature of any catalyst
intended for potential commercial application. Based on this,
we performed 3 cycles for MgTiO;. MgTiO; was shown to be
a robust catalyst with the first cycle synthesis rate value of
13.06 + 0.34 umol min™" m™ and 3rd cycle value of 11.08 +
0.84 umol min™" m™ which results in only ~15% catalytic
decay (Fig. S21). Moreover, from the surface area analysis we
can observe minimal losses in surface area after plasma
exposure. The largest loss in surface area was noted in
CaTiO; (ca. 10%) followed by MgTiO; (ca. 6%). BaTiO; and
SrTiO; showed no appreciable loss in surface area after use.

Of all of the previously mentioned advantages of
perovskites, the only property that we found to have an
evident correlation with catalytic performance was the
dielectric constant. Nevertheless, the other properties can be
potentially beneficial for plasma catalysis. For instance,
porous crystalline structures have been shown to be
beneficial as catalysts for ammonia plasma synthesis (see ref.
23, 24 and 53). The effect of hydrogen recombination®' as
postulated by our group has been found to be important in
this work since a limited presence of hydrogen results in
higher ammonia production.

The effect of plasma on the tested perovskites

Fig. 3 shows the powder X-ray diffraction patterns of the
fresh and spent perovskite catalysts. Fresh MgTiO;
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Fig. 3 Powder X-ray diffraction patterns of the studied perovskites: (a)
MgTiOs, (b) SrTiOs, (c) CaTiOs, (d) BaTiOs. F, fresh perovskite catalyst;
S, spent perovskite catalyst.
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crystallizes in the hexagonal crystal system.>® Fresh CaTiO;
exhibited an orthorhombic habit. Both fresh SrTiO; and
BaTiO; samples crystallized in a cubic symmetry. The
experimental XRD patterns are in agreement with previous
reports.”>>’

All the catalysts preserved their crystalline structure after
plasma exposure, confirming their remarkable structural
stability. Of all the studied catalysts, MgTiO; is the only
perovskite which shows a slight decrease in the relative
intensity of XRD peaks when comparing the fresh vs. spent
catalyst. This can be attributed (in part) to the known
enhanced adsorption ability of Mg for NH;. FTIR on the
spent perovskites was useful to explain this slight difference
in XRD peak intensity for the fresh vs. spent Mg perovskite.
We found that the intensity of the Ti-O-Ti asymmetric
stretching®® observed in all spent perovskite samples around
500 cm™ is lower for the spent Mg-based perovskite as
compared to the other perovskites (Fig. S31), which may
correlate with the lower XRD intensity peak of this spent
sample. The lower intensity of this stretching band suggests
stronger interaction of Ti-O-Ti with ammonia. For instance,
it has been demonstrated that among MgCl,, CaCl,, and
BaCl, adsorbents confined on porous alumina, MgCl, salt
had the highest total ammonia capacity in the 25-300 °C
temperature range.>”

Fig. 4 shows representative SEM images of the fresh and
spent perovskite catalysts. Table S2 summarizes their average
crystal sizes. The SEM images suggest no morphology change
in all fresh and spent perovskite catalysts. Regarding the
average crystal size, SrTiO;, CaTiOz, and BaTiO; showed a
slight increase in average crystal size for the spent catalysts as
compared to the fresh catalysts. In the case of MgTiO;, an
opposite trend was observed. The average crystal sizes were in
the ~0.8-2.5 pm range and 0.9-2.2 pm range for the fresh and
spent catalysts, respectively. Moreover, there is a reciprocal
trend in the size of the crystal with the size of ion contained in
the perovskite crystal lattice. For instance, Mg>", the smallest
ion of the group, ~145 pm, exhibited the largest perovskite
crystals, while Ba*", the largest ion of the group with an atomic
radius of 253 pm, displayed the smallest crystals.

Since MgTiO; exhibited the best catalytic performance of all
studied catalysts, we carried out additional experiments on this
perovskite. Fig. 5 shows the ammonia synthesis rate vs.
ammonia energy yield for MgTiO; at the same 1:1 (N,:H,)
ratio and 1:0.5:0.5 (N,:H,:He) ratio. The specific energy
input (kJ L™") for the three power values studied (5 W, 10 W
and 20 W) are also delimited. We observed an increase in the
intensity of all the nitrogen-activated plasma species, including
H,, when increasing the power from 5 W to 20 W, which
correlates with the increase in ammonia synthesis rate increase
from 5 W to 20 W (Fig. S47). We chose the 1:1 ratio due to the
better catalytic performance observed for this feed ratio as
shown in Fig. 2. Moreover, under plasma environment limiting
the amount of hydrogen with respect of the stoichiometic
amount needed (ie., N,:H,, 1:3) results beneficial. One
should recall that it is easier to break the H, than to activate

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Representative SEM images of the studied perovskites: (a)
MgTiOs3 fresh, (b) MgTiOs spent, (c) SrTiOz fresh, (d) SrTiOs spent, (e)
CaTiOs fresh, (f) CaTiOs spent, (g) BaTiOs fresh, (h) BaTiOsz spent.

the triple nitrogen bond due to the energy required for each
process. One of our central hypotheses®' is that an optimal
catalyst for plasma-assisted ammonia synthesis is one that
delays the recombination of adsorbed hydrogen radicals (H*)
into molecular hydrogen (H,), allowing them to instead bind to
adsorbed nitrogen plasma activated species (N**™**9) to form
NH*. The possible excess of H atoms due to their easy
production in plasma can favour the hydrogen recombination,
which at the same time negatively impacts the main pathways
for ammonia production. This can possibly explain the better
performance observed at the 1:1 ratio.

The ammonia energy yield

Since we are employing an electron-based process, it is
important to evaluate the energy employed. In this
manuscript, the specific energy input (SEI) in kJ L™ is

This journal is © The Royal Society of Chemistry 2021
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defined as the measured power in kW divided by the input
flow ratio to the reactor in liters per minute:

SEI (kJ L") = Power (kW)/Flow rate (L min™") x (60 s/1 min)

From Fig. 5, it is clear that the lowest energy yield is obtained
at the higher number of watts; however, the highest ammonia
synthesis rate is observed at the highest power of 20 W. The
highest synthesis rate for MgTiO; at 20 W was 22.84 pmol
min™ m™? and 19.02 umol min™* m™? with and without He,
respectively, while the highest energy efficiency was observed
for the 5 W experiment, being 8.16 g-NH; kW h™" and 7.26 g-
NH; kW h™ for MgTiO; with and without He, respectively
(the formulas employed for ammonia synthesis rate and
energy yield can be found in the ESIf eqn. S1 and S2).

As already mentioned, some of the catalytic experiments
were carried out in the presence of He. The main motivation
for using He are the previous reports showing that the addition
of He in a glow discharge plasma (0-8%) enhances the
ammonia formation up to 45%.%° The effect of He has been
explained by the increase in the electron temperature 7,..°”®

To determine the benefit of He without the perovskite in
the chamber we also ran the plasma-only reaction with and
without He. Details for the plasma-only reaction with and
without He are shown in Fig. S5.f As can be seen in Fig. S5}
the addition of He results in the increase of ammonia
production when using different feed ratios. Interestingly,
when diluting the 1:1 (N, : H,) mixture to 1:0.5:0.5 (N,:H,:
He) and the 1:3 (N, : H,) mixture to 1:1.5:1.5 (N, : H,: He), it
is evident that the hydrogen content is limited. The limited
hydrogen content might have a positive impact on the
ammonia production due to its direct effect on the hydrogen
recombination reaction as demonstrated by our group for

Catal. Sci. Technol., 2021, 11, 5109-5118 | 5113
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this reaction.”™*> Moreover, we collected the OES for plasma
+ MgTiO; with and without He dilution, where we were able
to observe a slight increase only in the intensity of the N,
(337.1 nm) plasma-activated species in the presence of He at
20 W. While the increase is small, one should recall that the
He dilution was kept to a minimum (Fig. S67).

The frequency effect on the ammonia production

To determine the frequency effect on the ammonia synthesis,
we conducted experiments at a 1:1 (N,:H,) ratio at a total
flow rate of 25 sccm while maintaining a constant applied
voltage of 10 kV and having 0.1 grams of MgTiO; packed in
the reaction chamber (Fig. 6). From this figure, the ammonia
production (synthesis rate) reaches a maximum at the
frequency of 21 kHz with a value of 12.59 pmol min™ m™>,
whereas the ammonia synthesis efficiency, i.e., energy yield,
reaches the highest value of 4.56 g-NH; kW h™' at the
frequency of 27 kHz. At higher frequency there is a possibility
of increasing the synthesis efficiency due to the resonance
effect of the dielectric barrier discharge that can contribute
to the homogeneity of the discharge.®®

Ammonia decomposition: the power effect

The high-power (20 W) experiments display the highest
ammonia production synthesis rates. Nevertheless, while this
high power can help the production of plasma-excited
nitrogen species, it can also lead to detrimental plasma-
generated processes, such as an enhanced ammonia
decomposition rate. This inference agrees with the lower
electron impact dissociation energy for H, and NH;
compared to N,, 4.5 eV for hydrogen® and 9.8 eV for
nitrogen,®® while the N-H bond dissociation energy of NHj; is
4.67 eV with the following possible routes:**
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Fig. 6 Effect of the applied frequency on the ammonia synthesis rate
and the energy yield for MgTiOs.
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NH; — NH, + H, AH = 4.67 eV
NH; — NH + H,, AH = 4.38 eV

NH; — N + H, + H, AH = 7.63 eV

To follow the ammonia decomposition as a function of the
plasma power, we performed reactions at a total flow rate of
25 sccm at a ratio of 40:1 (N,:NH;) for safety and at a
constant power of 5 W, 10 W and 20 W. It should be noted at
this point by the reader that the ammonia production and
decomposition concentrations are not within the same range,
preventing us to make a direct net plasma ammonia
synthesis vs. decomposition comparison. The ammonia
decomposition yield can be expressed as:*

DY _ MNH3 (ln) - MNH3 (Out)
NH; MNH3 (ln)

) x100(%)

where M represents the sccm of ammonia. From Fig. 7 it can

be observed that ammonia decomposition increases as the
number of watts increases. OES analysis shows that the peak
intensity of the nitrogen-activated species is higher for a
higher number of watts, which confirms the ability of the
plasma to weaken the triple nitrogen bond and its capability
of breaking the ammonia formed (Fig. S71). The highest
ammonia decomposition yield was 44.37% at 20 W
corresponding to an energy yield of 5.06 g-NH; kW h™". The
importance of these results resides in the understanding of
the reaction to improve the current catalyst and reactor
design. The need of process intensification is evident where
the produced ammonia can be adsorbed to prevent future
electron collision and decomposition. This would allow
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Fig. 7 Ammonia decomposition yield as a function of time for
different applied powers for MgTiOz perovskite.
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highly competitive ammonia synthesis rates, a prospect that
can be potentially achieved with a plasma membrane reactor.

Comparison with other catalysts at similar plasma reaction
conditions

Finally, to compare the performance of the best-performing
perovskite, in this case MgTiO;, with other common
materials employed in plasma catalytic ammonia synthesis
such as zeolites (SAPO-34), MOFs (ZIF-67) and oxides, we
performed the ammonia reaction at similar conditions when
employing different materials as catalysts for ammonia
synthesis. In Fig. 8, the experimental data collected at a 1:3
N,:H, ratio supports our central hypothesis related to the
dielectric constant. Our hypothesis postulates that materials
that have high dielectric constants such as perovskites can
lead to an enhancement of the plasma discharge or
homogeneous plasma.?"**> The plasma homogeneity induced
by the presence of perovskite can result in a higher
probability of having electrons with the energy necessary to
activate the N, molecule. Therefore, a reduction in the
required energy might be achieved as the power directed for
reactant activation might be employed more efficiently, since
plasma-awakened material properties might be exploited.
Then, if the material intrinsic properties, such as hydrogen
solubility and surface N, binding energies (studied by our
group previously’"?>?®), can be merged dynamically, in
principle the ammonia production can be boosted by orders
of magnitude. In this case, MgTiO; contains the element with
the highest electronegativity value of the group IIA elements,
Mg, which helps in the dissociation of the triple nitrogen
covalent bond, while the value of the dielectric constant for
Mg perovskite leads to a greater homogeneity of the plasma.
The synergy of both properties resulted in the observed
ammonia production for this group IIA perovskite. Values for
dielectric constants are shown in Fig. 8 for ZIF-67,°® ZIF-8,°°

This journal is © The Royal Society of Chemistry 2021

SAPO-34,*” fumed silica,®® Mg0,*® MgTiO;,”*’" CaTiO;,””
SrTiO;,”*> and BaTiO;.”*> When comparing with the available
literature, the ammonia energy yield is enhanced when
employing perovskites and a continuous plasma discharge
was achieved (see Fig. S8 and Table S37).

Clearly the best-performing  perovskite, MgTiO3
outperforms conventional porous materials. Specifically,
ammonia production over the Mg-based perovskite is almost
double the performance of traditional oxides, such as silica.
These results confirm our key hypothesis on the importance
of the dielectric constant and the use of perovskites as
promising catalysts for plasma ammonia synthesis.

Conclusions

In summary, we demonstrate that MgTiO; perovskite, which
contains the most electronegative alkaline metal of all
studied perovskites, leads to the highest ammonia synthesis
rate. The high electronegativity of Mg assists in the
dissociation of the triple nitrogen covalent bond. This
intrinsic property of Mg perovskite together with the
homogeneity of the plasma induced by the dielectric constant
value of this perovskite is responsible for the high observed
ammonia synthesis rate. The ammonia production over the
Mg-based perovskite is almost double the performance of
traditional oxides, such as silica, and some microporous
crystals. By exploring the ammonia decomposition reaction,
we observed an increase of the ammonia decomposition with
plasma power increase. The highest ammonia decomposition
yield was 44.37% at 20 W corresponding to an energy yield of
5.06 g-NH; kW h™". This points out the benefit of running at
low plasma power and the need to design plasma reactors
where the newly formed ammonia molecules can be removed
from the reaction system to avoid further electron collision, a
perspective that can be achieved through process
intensification by the use of a plasma membrane reactor.
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Experimental setup

The catalytic activity was studied in a custom-designed
dielectric barrier discharge (DBD) setup. The setup comprises
four parts - the reactor core, emission spectrum capture
setup, electrical characterization setup, and the gas
chromatograph (GC) - to follow the catalytic activity. The
complete setup is reported elsewhere.”* The reactor core
comprises the reactor chamber only. To perform catalytic
tests, nitrogen and hydrogen gases were fed to the reactor
using mass flow controllers. The gases exiting the reactor are
sent directly to the GC. The quantification was performed
using an Agilent 7820A GC equipped with an HP-PLOTU
column (30 m x 0.32 mm x 10 pm) and a TCD detector and
with hydrogen gas as carrier. The gases were bubbled in
deionized water to ensure that all ammonia is captured and
to perform titration as an alternative method of
quantification. The high voltage power supply was connected
to the reactor using Litz wire and alligator clips. The inner
electrode is made of a tungsten rod (2.4 mm diameter) and is
placed at the center of the quartz tube with an L.D. of 4 mm
and O.D. of 6.40 mm. The fittings are chosen to be made of
perfluoroalkoxy (PFA) to avoid any arc formation. The outer
electrode is made of tinned copper mesh and acts as the
ground electrode. The length of the plasma zone is
approximately 7 ecm. The impedance of the chamber was
matched to deliver maximum power. The gases flow through
the annulus and two quartz frits are placed carefully such
that they do not cause any pressure increase. 100 mg of
catalyst was loaded as a fine powder in the reactor. The
reactor was purged with a mixture of nitrogen and hydrogen
to remove oxygen after the reactor was sealed. The plasma-
catalyst intersection zone is only 5 cm long. The catalyst was
packed in the overlap area between the inner and the outer
electrodes. The reactions were carried out at different N, and
H, feed flow ratios with a total flow rate of 25 sccm at a
constant frequency of 25 kHz and average applied voltage
Vpi-pk Of 12.5 kV + 2.6 kV (see Lissajous plot and calculations
in the ESI} file, Fig. S9a and b). The average bulk
temperature of the reactor was measured to be approximately
171.7 °C (+ 4.9 °QC). It is important to mention that in this
work we did not control the temperature in any way or
introduce any cooling means. To determine the ammonia
synthesis rate, the exhaust gas was sent to the gas
chromatograph calibrated for ammonia synthesis. The
calibration curve details are provided in Fig. S10 and Table
S4.f The reactor was connected to an oscilloscope to obtain
the current and voltage waveforms. A Tektronix 2048 series
oscilloscope was used along with a Tektronix P6015A high-
voltage probe having a 1000x voltage reducing rating. The
current was measured using a 10x current reducing probe to
obtain the waveforms. The energy delivered to the reactor
was calculated based on these measurements. Details on
ammonia quantification reports are presented in Fig. S11.f
The light emitted from the discharge was led through an
optical system and the emission spectra of the glow region
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were measured at the center of the tube. The measurements
were  recorded using a  dual-channel  UV-vis-NIR
spectrophotometer in scope mode (Avantes Inc., USB2000
Series). The spectral range was from 200 to 1100 nm, using a
line grating of 600 lines per mm and resolution of 0.4 nm. A
bifurcated 400 um fiber optic cable was employed. A schematic
diagram of the reactor setup is presented in Fig. S12.}

Catalysts

The studied catalysts were purchased from Alfa Aesar and
ACROS Organics: MgTiO; (Alfa Aesar, 11398, magnesium
titanium oxide, 99% (metal basis)), CaTiO; (Alfa Aesar, 11397,
calcium titanium oxide, 99+% (metal basis)), SrTiO; (Alfa
Aesar, 11399, strontium titanium oxide, 99+% (metal basis))
and BaTiO; (barium titanate(wv), 99%, ACROS Organics™).
Before evaluating their catalytic performance, all catalysts were
pretreated via two different methods, thermal pretreatment at
200 °C in an oven overnight and hydrogen plasma
pretreatment with H, at a total flow rate of 20 sccm for 10
minutes at 8 kV pk-pk and constant frequency of 27 kHz.

Catalyst characterization

For surface area analysis, 200-500 mg of sample was loaded
for analysis on an ASAP 2020 surface area and porosity
analyzer. Prior to analysis, samples were degassed at 150 °C
for 3 h under vacuum. Isotherms were collected at 77 K. The
surface areas for the fresh and spent perovskites are shown
in Table S5.f The textural properties of fresh and spent
perovskite catalysts are presented in Tables S6 and S7;f
respectively.

FE-SEM images were collected on a JEOL ISM-700F
instrument with an accelerating voltage of 15 kV.

X-ray diffractograms for fresh and spent perovskite
catalysts were collected on a Siemens Kristalloflex810 unit
operated at 25 mA, 30 kV, and CuKa radiation.

A Summit FTIR spectrometer (Nicolet) with an Everest
diamond ATR attachment (Nicolet) and DTG detector was
used to collect the spectra for the as-received powders. A
range of 400-4000 cm™' with a step size of 4 cm™ was
collected for all samples.
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