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Abstract
Herein, we demonstrate the catalytic activity of microporous Silico Alumino Phosphate 
(SAPOs) crystals for the assisted plasma synthesis of ammonia. SAPOs can aid as effec-
tive catalysts for the synthesis of ammonia via non-thermal plasma using an atmospheric 
dielectric barrier discharge (DBD) reactor. We studied three prototypical zeolites having 
crystallographic limiting pore apertures of 3.4 Å (SAPO-56), 3.8 Å (SAPO-34) and 3.9 Å 
(SAPO-11). We describe a fundamental insight on the effect of the Si/Al ratio and the pore 
size on ammonia synthesis rate for the different SAPOs. The resultant SAPO-11 displayed 
ammonia synthesis rates as high as 0.19 micromoles  NH3/ min  m2 at 20 watts, approxi-
mately 1.5 times better compared to other SAPOs. The results indicate that ammonia syn-
thesis is promoted by a lower Si/Al ratio (< 0.25) of the SAPO. Moreover, we observed that 
SAPO-34 (3.8 Å) and SAPO-11 (3.9 Å) which allow diffusion of  N2 (3.6 Å) in to the pores 
lead to a higher ammonia yield. The lower intensity observed in optical emission spec-
troscopy (OES) for SAPO-34 suggests the diffusion of plasma activated species onto the 
surface and the pores. Proving the importance of porosity in plasma catalysis.
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Introduction

The production of ammonia is integral for food security due to its use in fertilizers. The 
typical industrial synthesis is currently done through the Haber–Bosch (HB) process typi-
cally at 500 ºC and 500 bar, which is the highest energy-consuming process in the chemical 
industry. Global ammonia production consumes 1–2% of the world’s energy, 2–3% of the 
world’s natural gas output, and emits 450 million metric tons of  CO2 annually [1, 2]. With 
such high energy and reaction condition requirements, the HB process is only economi-
cally viable at large-scale plants that demand enormous capital investments and access to 
continuous electric power to keep the process continuously running [3, 4]. Consequently, 
ammonia synthesis is currently centralized, hampering the access to farms in remote areas 
to affordable fertilizers. The inevitability of substituting fossil fuels and the climate change 
motivates to progress toward more sustainable methods for  N2 reduction based on clean 
energy. Electron-mediated technologies have currently gained attention for the sustainable 
production of ammonia. Thus, looking for an alternative is important to continue the pro-
duction of sustainable ammonia to satiate the present demand.

In this respect, plasma catalysis offers a possible new alternative for small scale decen-
tralized synthesis of ammonia. However, non-thermal plasma technology requires more 
knowledge of suitable materials that can take advantage of the rich gas chemistry offered. 
Currently, there is an increased interest in porous materials and the rational engineering of 
a catalyst for cold plasma environments is emerging as a highly promising strategy to lead 
to sustainable ammonia production [5–8]. Specifically, the presence of high energy elec-
trons in plasmas can excite ground state gas molecules that then can react efficiently on the 
surface of selected materials at lower temperatures and pressures as compared to thermal 
catalysis [9]. In fact, it has been reported that the presence of a suitable active catalyst for 
plasma environments can enhance the ammonia production and selectivity [10–18].

With benefits such as low temperature and atmospheric pressure in plasma catalysis, 
there is the need to improve our current knowledge of optimum catalysts for such purpose.

Based on previous reports, MOFs with high surface areas exhibited high ammonia 
synthesis rates, however the catalyst stability degraded when subjected to multiple cycles 
in plasma environment showing amorphization [19]. The MOFs sensitivity arises due to 
presence of organic linkers in the backbone of the catalyst’s structure [19, 20]. Hence, it 
is important to explore and tailor catalysts such as inorganic microporous catalysts with 
higher stability such as zeolites. The catalyst stability is an important feature to perform 
multiple cycles, making zeolites a potential candidate as catalyst for plasma catalytic 
ammonia synthesis.

Recently, the adsorption of ammonia over inorganic microporous materials have been 
explored, specifically the ammonia adsorption on the zeolite 4A during plasma catalytic 
ammonia synthesis which escalates the ammonia yield by reducing the ammonia decom-
position in the plasma environment [6]. Furthermore, there is a need to have a better under-
standing on how different porous materials perform when exposed to plasma due to the 
occurrence of plasma awakened properties or interactions.

The use of crystalline microporous materials is highly appealing for plasma ammonia 
synthesis. Attributes that make them attractive for such application are (1) high thermal 
and chemical stability, (2) high surface area that increases the probability of active sites for 
reaction, (3) pore size within range for improved diffusion of guest molecules (reactants 
and products) during reaction, and (4) the possibility of geometrical electric field enhance-
ment [21]. Recently, our group demonstrated the use of microporous crystalline materials, 
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including metal organic frameworks [20], and zeolites [20, 22, 23] as catalysts for the syn-
thesis of ammonia via plasma. In these reports, we found that the surface area play an 
important role in the observed catalytic performance. In this contribution, we explore the 
plasma catalytic synergy between the pore size, and the Si/Al ratio influencing the  syn-
thesis of ammonia by employing three different pore apertures 3.4 Å (SAPO-56), 3.8 Å 
(SAPO-34) and 3.9 Å (SAPO-11) belonging to Silico Alumino Phosphate (SAPO) zeolite.

Experimental Methods

Synthesis of SAPOs

SAPO-56. The synthesis method for SAPO-56 was reported in our previous work [24]. It 
was crystallized via hydrothermal synthesis from a starting gel with the molar composi-
tion of SAPO-56 of 2TMHD ∶ 0.6SiO2 ∶ 0.8Al2O3 ∶ 1P2O5 ∶ 40H2O . Briefly, a mixture 
of phosphoric acid, DI water, and aluminum hydroxide hydrate was stirred for 1 h at room 
temperature. Then, LUDOX AS-40 and TMHD were subsequently added to the solution 
and stirred for 24 h with a lid cover at room temperature. The resultant gel was transferred 
to a Teflon lined stainless steel autoclave and aged at 200 °C for 96 h. The autoclave was 
kept in the fume cupboard to cool down to room temperature. The solid gel was centrifu-
gated and washed 3 × with DI water. The sample was dried at room temperature overnight 
before calcining at 400 °C for 20 h with a heating rate of 1 °C/min.

SAPO-34. We synthesized SAPO-34 crystals similarly to our previous report [25]. 
The starting gel ratio for SAPO-34 powder was 1Al2O3 ∶ 1P2O5 ∶ 0.3SiO2 ∶ 1TEAOH ∶

1.6DPA ∶ 250H2O . Accordingly, the appropriate amount of aluminum isopropoxide was 
dissolved in DI water contained in a 100 mL beaker and allowed to become a homogenous 
solution by stirring for 1 h. Phosphoric acid was then added dropwise to the mixture and 
stirred for 2 h. Colloidal silica was also added to the solution and stirred for 3 h. Tetraethyl 
ammonium hydroxide (TEAOH) employed as a structure-directing agent (SDA) was added 
into the mixture. The solution was stirred for 30 min before adding dipropylamine, which 
was used as secondary structure directing agent. The beaker was then covered by a lid and 
kept at 50 °C on a hot plate for 3 days. The sample was aged at 220 °C for 6 h in a Teflon 
lined stainless steel autoclave. After cooling to room temperature, the resultant gel was 
centrifuged and washed 3 × with DI water before drying at ~ 100 °C in an oven overnight. 
The powder was calcined in an MDI tube furnace at 400 °C with a heating/cooling rate of 
0.8 °C/min for 4 h in a continuous flowing air with a flowrate of 100 sccm.

SAPO-11. SAPO-11 was obtained from Chemie India Pvt. Ltd. Nandesari, Baroda, 
India.

Characterization Methods

The SAPO crystals were characterized by powder X-ray diffraction (XRD), with a Bruker 
Discovery D8 HR-XRD, with Cu Kα radiation (λ = 1.54 Å) ranging from 10 to 40° angles 
for confirming the XRD pattern on the employed catalyst. (See supplementary informa-
tion Figure S1) JEOL JSM-7401F scanning electron microscope was used to study the 
morphology of the crystals. The Si/Al ratios were estimated with the XRF system (Bruker 
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AXS Tracer IV-SD). (See supplementary information Table  S1.) The physico-chemical 
properties for employed catalysts are presented in Table 1.

Ammonia Synthesis Reaction Setup

The ammonia synthesis reaction on the studied SAPO crystals was performed in an in-
house designed Dielectric Barrier Discharge (DBD) reactor [20, 26, 27]. This plasma reac-
tion system can be divided into four major sections; (1) the catalyst packing zone, (2) the 
emission spectrum capture system (OES), (3) the oscilloscope and (4) the Gas Chromato-
graph (GC) for quantifying ammonia. The complete set up is shown in Fig. 1. To perform 
the tests, pure Nitrogen and Hydrogen cylinders were employed, they were connected to 

Table 1  General properties of the SAPOs employed in this study

Topology: CHA = Chabazite; AFX = Silico-Aluminophosphate-fifty-six; AEL = Aluminophosphate-eleven

Catalyst SAPO-34 SAPO-56 SAPO-11

Topology CHA AFX AEL
Framework

Crystal System Trigonal Hexagonal Orthorhombic
Fresh Surface Area (m2/g) 425 598.3 178
Pore Size Å 3.8 3.4 3.9
Pore Volume (cm3/g) 0.25 0.25 0.25
Avg. crystal size (μm) 1–2 15–20 1.5
Si/Al ratio 0.15 0.55 0.06

Fig. 1  Representation of the DBD reactor and equipment’s employed in this study
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the reactor through mass flow controllers. The exit of the reaction system was connected 
to a GC for online gas quantification. The quantification was performed using an Agilent 
8860 A GC connected with a HP-PLOTU column (30 m × 0.32 mm × 10 μm) and hydrogen 
gas as carrier. The high voltage power supply was connected to the reactor using Litz wire 
and clips. The inner electrode made of tungsten rod (2.4 mm diameter) was placed at the 
center of the quartz tube with an I.D. of 4 mm and O.D. of 6.40 mm. The outer electrode 
made of tinned copper mesh acted as the ground electrode. The length of the plasma zone 
was ~ 6 cm. The gases flowed through the annular region and two quartz frits were placed 
carefully to avoid any material displacement and to do not cause any pressure increase. 
100 mg of each SAPO were loaded as fine powder in the system. The SAPOs were packed 
in the overlap area between the inner and outer electrodes. The light emitted from the dis-
charge was led through an optical system and the emission spectra of the glow region were 
measured at the center of the tube. The measurements were recorded using a dual chan-
nel 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/mm and resolu-
tion of 0.4 nm. A bifurcated fiber optic cable with 400 μm was employed. The experiments 
were carried out with a total flow rate of 25 sccm, the optimum flow rate for achieving the 
highest ammonia synthesis rate based on our previous investigations [22, 23] with different 
feed ratios including nitrogen rich 3:1  (N2:H2), equimolar 1:1(N2:H2), and hydrogen rich 
1:3(N2:H2) content, at applied voltage of 12.1 ± 0.8  kVpk-pk. The average bulk temperature 
during plasma catalytic operations was monitored using an Infrared thermometer (Fluke-
62) at three different locations before averaging, also described in our previous report [27]. 
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 volt-
age probe having a 1000X voltage reducing rating. The current was measured by a 10X 
current reducing probe to get the waveforms. The energy delivered to the reactor was cal-
culated based on these measurements.

Results and Discussion

The morphology of employed catalysts (SAPOs) was analyzed using Scanning Electron 
Microscopy (SEM). See Fig.  2. Figure  2a shows a SEM of SAPO-56 displaying large 
15–20-micron hexagonal plate shapes, which is a major characteristic of SAPO-56 [28, 
29]. Figure 2b shows a standard SEM of SAPO-34 crystals displaying small and uniform 
cubic shapes with sizes of 1–2 microns. Finally, Fig. 2c shows very small SAPO-11 crys-
tals of less than 0.1 microns with spherical like morphologies forming aggregates of 1.5 

Fig. 2  SEM images for the fresh catalyst employed in this work, a SAPO-56, b SAPO-34, c SAPO-11
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microns. Details on SEM for SAPOs after plasma exposure are provided in Figure S2 (Sup-
plementary Information).

The XRD for the fresh samples is presented in Fig. 3. The XRD pattern displayed in 
Fig. 3 correspond to that of the literature and it can be observed that SAPO-11 present the 
lowest degree of crystallinity. Interestingly after plasma reaction the characteristic peaks 
for each zeolite showed a remarkable improvement in crystallinity by an increase in inten-
sity. See supporting information Figure S1 for spent XRD data. The presented observation 
demonstrates the plasma-catalyst synergism experimentally, where the plasma active spe-
cies collide with the zeolite surface and re-arrange the crystalline planes.

Plasma Catalytic Activity: Ammonia Synthesis

The plasma catalytic ammonia synthesis rates were conducted at different plasma pow-
ers ranging from 5–20 Watts to identify the best performing condition for the employed 
SAPOs. The reactions were repeated in triplicates and operated at 92  °C (Average bulk 
temperature) and atmospheric pressure. The best performance was observed at equimo-
lar feed ratio (1:1)  N2:H2. (All the feed ratios conducted are provided in Figure S3.) To 
understand the catalytic effect of the microporous materials and differentiate it from the 
only plasma effect, all the catalysts were tested at a total flow rate of 25 sccm as shown in 
Fig. 4. SAPO-11 (3.9 Å) displayed ammonia synthesis rates of 48.3 micromoles of  NH3/
min gcat at high plasma power (20 Watts). While comparing the catalytic performance 
(at the same reaction conditions) for other catalysts reported by our group such as zeolite 
beta [23], zeolite 5A [23], alumina [23, 30], silica [23, 30] and ZIF-67 [20]. It is evident 
that SAPOs display higher ammonia synthesis rates at high plasma power and when data 
is normalized with surface area SAPO-11 shows a greater ammonia production per meter 
square than any other material here reported. When looking at the employed catalysts, it is 
observed that SAPO-34 (3.8 Å) and SAPO-11 (3.9 Å) displayed the highest performances 
at all the tested powers, both materials favoring the free path of Nitrogen (3.6 Å) through 
their pores. Another contributing factor to the higher performance of SAPO-11 could be its 
low crystallinity (higher entropy) providing more grain boundaries that could act as active 
sites for the plasma-activated species being generated in the gas bulk. Also reported in the 
literature and theoretically applied in sensors, grain boundary/defects facilitates effective 

Fig. 3  X-ray diffraction pattern for the fresh catalysts employed in this work, a SAPO-56, b SAPO-34, c 
SAPO-11
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electronic transport for catalytic reactions by generating large quantities of active sites for 
the absorption of ammonia molecules [11].

OES and Electrical Analysis

Optical emission spectra of the DBD  N2 and  H2 species were measured to get a better 
understanding of the role of the gas phase species in the plasma synthesis of ammonia. The 
collected emission spectra presented are for the equimolar feed ratio. We performed this 
analysis aiming to understand the behavior of plasma species with different SAPOs. Inter-
estingly, Fig. 5a, b show the lowest intensity observed for Nitrogen and Vibrational Nitro-
gen species in the gas phase for SAPO-11 which delivered the highest ammonia synthesis 
rate. Further, Fig. 5c, d confirmed the presence of  Hα Balmer and  Natomic species suggest-
ing the dissociation of  H2 and  N2 by electron collision.

The low intensity observed for SAPO-11 could suggest that the excited species (NH and 
 N2,  N2

+,  Hα,  Natomic) generated by the plasma excitation are diffusing through the pores and 
interact with the zeolite surface. The details for full OES spectrum and Lissajous curve can 
be found in Figure S4.

Plasma Catalytic Activity: Morphology and Acidity E"ects

The pore size effect can be observed in Fig. 6 a, b. where the normalized ammonia synthe-
sis rate is plotted against the pore size. It is denoted that above 3.6 Å the nitrogen can pass 
through the pores and the performance of the catalytic material is no longer limited by the 
pore size.

Once the pore size is not a limiting factor the ammonia synthesis seems to be directed 
by the nature of the material surface, for the case of the SAPO structure that can be denoted 
as the Si/Al ratio. When looking at the Si/Al ratio, we observed that the highest ammonia 
synthesis rate is observed in SAPO-11, with the lowest Si/Al ratio. It has been reported 

Fig. 4  a Ammonia synthesis rate performance normalized with amount of catalyst loaded for the studied 
SAPO crystals (this work) at 1:1  (N2:H2) feed ratio and plasma power (5–20 Watts), b Ammonia synthesis 
rate performance normalized with surface area for the studied SAPO crystals (this work) at 1:1  (N2:H2) feed 
ratio and plasma power (5–10 Watts)
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Fig. 5  Emission spectra collected during plasma catalytic ammonia synthesis at equimolar feed ratio 
 N2:H2 ratio when employing a NH and  N2 band at 337.1 nm, b  N2

+ band at 391.4 nm, c  Hα Balmer series 
656.37 nm, d  Natomic (746.7 nm) for all employed catalysts in this work

Fig. 6  Ammonia synthesis rate vs. Pore size (Å) evaluated at 1:1  (N2:H2) feed ratio at a 5 Watts vs. b 10 
Watts plasma power and total flow rate of 25 sccm
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that a lower value of the Si/Al ratio lead to greater acidity. Our measured Si/Al ratio for 
the studied zeolites can be found in the Supporting Information (see Table S1.) Acidity has 
been reported to improve the ammonia production in plasma catalysis [31]. During plasma-
catalysis, it is well documented [18–21] that the formation of several important active spe-
cies is done in the gas bulk. Thanks to the very nature of plasma the highly dependent 
material specific steps such as gas dissociation in a metal surface are not a critical step 
in plasma-catalysis. Hence materials such as zeolites with no metal active centers can be 
employed in plasma catalysis. In fact, the active sites in pristine SAPOs are dynamically 
distributed between Lewis Acid Sites (LAS) and Brønsted Acid Sites (BAS) driving the 
adsorption and recombination that governs the reaction kinetics in the plasma-catalysis 
systems. (see Table S2.). In the literature, it has been reported that the synergistic interac-
tion between adsorbate and pristine zeolites such as SAPOs induces frustrated Lewis pair 
which further favors molecular adsorption of competitive polar adsorbates due to their inef-
fective orbital extension in their fixed framework [22].

Figure 7 displays the normalized ammonia synthesis rates using the measured surface 
areas (micromoles  NH3/ min  m2) vs Si/Al ratio. The highest synthesis rate for ammo-
nia was observed over SAPO-11 at Si/Al of ~ 0.06, followed by SAPO-34 with a Si/Al 
of ~ 0.15.

The lowest ammonia synthesis rate for ammonia was observed over SAPO-56 having 
high Si/Al ratio (~ 0.45) with a small pore size that led to diffusion limitations that explain 
the lower performance observed. SAPOs exhibited remarkable performance compared to 
the materials employed in literature; see state-of-the-art table (Table S3.)

The Zeolite Lifetime

Plasma catalytic ammonia synthesis was carried out in three different cycles to compare 
the SAPOs stability at various plasma power (5–20 Watts). The ammonia synthesis per-
formance was reduced at the 2nd and 3rd cycles among all SAPOs presented in Fig.  8. 
Interestingly, in the case of SAPO-11 that has the highest ammonia synthesis performance, 
the yield was reduced the most, dropping 21.63% in the 3rd cycle, followed by SAPO-56 
with an average reduction of 19.05%. The catalytic performance was observed to be more 
stable in SAPO-34 among all zeolites, with an average reduction (%) of 13.95% at the  3rd 

Fig. 7  Compares the ammonia 
synthesis rate vs measured Si/
Al (ratio) for several catalysts 
evaluated at the same 1:1  (N2:H2) 
ratio when employing the same 
reaction system at 20 Watts 
plasma power
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cycle. The XRD patterns collected from spent catalyst (Figure S1) can be correlated with 
the catalytic stability, it can be observed that the more crystalline materials tend to be more 
stable resulting in a lower activity drop. The enhancement of crystallinity and surface re-
arrangement could increase the stability of the catalytic performance and it is more evident 
in SAPO-56. In the literature, it has been reported that after plasma exposure, the number 
of weak acid sites in zeolites decreases [32]. Specifically, for the case of long plasma expo-
sure (100 h) a reduction in the number of Brønsted acid sites and an increase in the number 
of Lewis acid sites in zeolites (ZSM-5) is reported [33], resulting in an evident lower per-
formance in ammonia synthesis rate after multiple cycles, as presented in this work.

Conclusions

Herein, we demonstrate the plasma catalytic synergism between SAPOs with different 
textural properties and their influence on ammonia synthesis rate under atmospheric DBD 
plasma discharge. The highest normalized ammonia synthesis rate was observed for SAPO-
11 (3.9 Å) followed by SAPO-34 (3.8 Å), both materials with pore sizes above the kinetic 
diameter of nitrogen (3.6 Å). From OES we observed a low intensity for  N2,  Hα and  Natomic 
lines suggesting the diffusion of plasma activated species inside the pores and accessing 
the surface area resulting in greater ammonia production. Both surface area and Si/Al ratio 
played an important role towards ammonia formation. With competitive pore sizes, 3.8 Å 
(SAPO-34) vs 3.9 Å (SAPO-11), the Si/Al played a major role in the superior performance 
of SAPO-11. The presented work provides experimental analysis on prototypical SAPOs 
which will aid in further tailoring catalysts for designing an optimum complex material 
such as membranes for plasma catalytic ammonia synthesis.
Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11090- 023- 10397-w.
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