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ABSTRACT: Plasma catalysis is a promising method for synthesiz-
ing ammonia, utilizing dielectric barrier discharge (DBD) to supply
the energy required for N≡N bond cleavage. Although efficient, the
process is hindered by ammonia dissociation in the plasma zone,
which must be prevented. Micro- and mesoporous frameworks
can mitigate this issue by protecting the formed ammonia from
immediate decomposition. However, their effects extend beyond
porosity, as the presence of acidic sites significantly improves
ammonia yields, refuting the idea of a simple spectator or inert sup-
port. Here, we systematically evaluate five different MCM mate-
rials—MWW zeolites MCM-22, MCM-36, and MCM-56, as well
as mesoporous silicas MCM-41 and MCM-48—both as pristine
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materials and as supported NiO catalysts for plasma-catalytic
ammonia synthesis. To quantify the importance of the acidic properN
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ties of the catalyst, experiments were conducted at constant dis-
charge power and under a power-swing regime. In power-swing experiments, NiO/MCM-56, which has the highest amount of mod-
erate acidic sites, achieved 1.5 times higher ammonia concentration than the best-performing catalysts at constant discharge power. We
show that tailored acidic properties of the support further enhance the shielding effect, enabling efficient sorption-enhanced plasma-
catalytic ammonia synthesis by using plasma power modulation rather than external heating for ammonia desorption. Three distinct
properties required of a “good catalyst” are identified: porous structure, active phase location and, most importantly, surface acidity.
KEYWORDS: ammonia, plasma catalysis, sorption, supported catalyst, power-swing
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1. INTRODUCTION renewable energy sources. Combined with water electrolysis,
26
6

Ammonia is one of the most widely produced chemicals,1−3 pri-
marily through the conventional Haber–Bosch process.4,5 To
meet its high energy demands, this process relies heavily on fos-
sil fuels, resulting in significant CO2 emissions.6 Additionally,
ammonia production is highly centralized, as conventional pro-
duction is only profitable at a large scale, leading to additional
cost and CO2 emissions due to transport.7,8 While demand
from existing sectors is increasing, ammonia is also making
inroads into the energy sector as a hydrogen carrier,9−11 marine
fuel,12 and energy storage medium.13 Since the Haber–Bosch
process is already one of the largest sources of greenhouse gas
emissions and global energy consumption, it is of great impor-
tance to develop alternative methods for small-scale ammonia
production under milder conditions.14 Reaction systems using
non-thermal plasma have been widely researched for this
purpose.15−17 Plasma generates highly reactive species, such as
high-energy electrons, vibrationally and electronically excited
molecules, ions, and radicals, allowing efficient ammonia gener-
ation even at ambient conditions.18 Plasma systems have short
response times and can therefore operate on intermittent
atmospheric pressure plasma systems could enable clean,
carbon-free ammonia generation on a small scale.14,15,19

Despite this potential, plasma-catalytic systems are limited by
low energy efficiencies, mainly due to dissociation of produced
ammonia in the plasma region.15,20 In order to overcome this lim-
itation, microporous materials such as zeolites21−23 and metal–
organic frameworks,24 as well as mesoporous silicas,20,25−27 have
been tested. Research on the activity of porous materials for
DBD plasma-catalytic ammonia formation has mostly focused
on the textural properties of the materials. Gorky et al.23 studied
SAPO catalysts with different pore sizes and observed an
enhanced activity for SAPO-11(3.9 Å) and SAPO-34 (3.8 Å),
https://doi.org/10.1021/acscatal.6c00096
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but not for SAPO-56 (3.6 Å), as its pore size is smaller than the
kinetic radius of nitrogen. This finding demonstrated the impor-
tance of diffusion of active species into the pores of the material.
Similarly, Gorky28 compared the activities of zeolite 4A, zeolite
5A, and zeolite beta with respect to pore size.

The ability to form plasma is limited to the pores with diam-
eter greater than or equal to the Debye length.26 For atmo-
spheric dielectric barrier discharge (DBD) plasmas, the
threshold diameter is usually larger than the pore size of micro-
and mesoporous materials.29 Therefore, these materials can
shield the ammonia produced inside the pores from dissociation
in plasma,20,26,27 while still promoting diffusion of plasma-
activated species to the active sites.21,25,30,31 Wang et al.20 stud-
ied the shielding effect of MCM(Mobil Composition of
Matter)–41 support in a water-cooled DBD plasma reactor sys-
tem, which maintained the temperature at approximately 35 °C,
demonstrating improved ammonia yield due to the diffusion of
ammonia into the mesopores of the catalyst. However, this
effect may not be as pronounced in a typical DBD reactor sys-
tem, where, depending on the discharge power and the packing
material, the temperature in the discharge region can exceed
100 °C.32−38 To promote the shielding properties of the porous
support in such reactor systems, moderate acidic sites of
zeolites could be beneficial. Rouwenhorst et al.22 demonstrated
sorption-enhanced plasma-catalytic ammonia synthesis using
zeolite 4A. The adsorbed ammonia was recovered in situ using
temperature-swing, which doubled the energy yield. Similarly,
Arumuganainar et al.26 introduced acidic sites into pure mesopo-
rous silica SBA-15 by coating it with alumina using wetness
impregnation and recovered ammonia by temperature-
programmed desorption.

However, apart from those studies, research on the utilization
of acidic properties for plasma-catalytic ammonia production
remains scarce despite its potential. In addition to their high
surface accessibility, MWW zeolites are well suited for evaluat-
ing the influence of textural and acidic properties because of
their unique hierarchical structures.39 These zeolites consist of
MWW layers containing 10-ring medium pore size sinusoidal
channels and 12-ring cavities on the surface.40 The combination
of the channel system and multiple interlayer condensation
degrees results in a diverse MWW family of zeolites with differ-
ent levels of structural order and interlayer spacing.41,42 MWW
zeolites are synthesized from MCM-22(P), a layered precursor
that consists of stacked but not fully covalent 2.5 nm thick crys-
talline layers.43 These layers are held together by hydrogen
bonding and an organic pore-directing agent between them.44

MCM-22(P) can be further transformed into 3D zeolite
MCM-22 via calcination, as the organic pore-directing agent
is removed and the silanol groups between the layers are
fully condensed.45 Furthermore, MCM-22(P) can be trans-
formed via swelling with surfactant followed by pillaring into
MCM-3646 or via mild acid treatment into MCM-56. MCM-36
consists of microporous layers with amorphous silica pillars
that create mesopores between the layers, and can be tuned
by the surfactant size, used for swelling. On the other hand,
MCM-56 consists of randomly stacked MWW layers with
limited interlayer connectivity.46

To better understand the influence of the porous support on
DBD plasma-catalytic ammonia production, we studied the
activity of layered zeolites MCM-22, MCM-36, and MCM-56
and compared them with MCM-41. Additionally, mesoporous
silica MCM-48, which has distinct textural properties from
9888
MCM-41, was also tested. The porous supports were also used
to synthesize supported NiO variants of the catalysts. The
trends in catalytic performances of the tested materials were
explained using ammonia temperature-programmed desorption
and hydrogen temperature-programmed reduction. Three cata-
lysts with different acidic properties were then tested in the
power-swing experiments to demonstrate the effects of
sorption-enhanced plasma-catalytic synthesis of ammonia and
decouple the physical shielding from the sorption-enhanced
mechanism.

2. EXPERIMENTAL SECTION

2.1. Materials

Sodium hydroxide (NaOH, 50% solution in water) was purchased
from Acros Organics. Tetraethyl orthosilicate-TEOS (Si(OC2H5)4,
99.9%) was purchased from Thermo Scientific Chemicals.
Cetyltrimethylammonium chloride, CTAC (CH3(CH2)15N(Cl)(CH3)3,
25 wt % in water), hexadecyltrimethylammonium bromide,
CTAB(CH3(CH2)15N(Br)(CH3)3), sodium aluminate (NaAlO2:50–
56% Al2O3, 40–45% Na2O), ULTRASIL VN 3 (SiO2), LUDOX
AS-30 (colloidal silica, SiO2), hexamethyleneimine, HMI (C6H13N),
Ambersep 900 Ion Exchange Resin, and MCM-48 were purchased
from Sigma Aldrich. Ammonium hydroxide (NH4OH, 30–33%) was
purchased from Carl Roth, and nickel(II) chloride hexahydrate
(NiCl2·6H2O, 98%) was purchased from KEMIKA.

2.2. Porous Support Synthesis

MCM-22(P) was synthesized via the hydrothermal method. Deionized
water, 50% NaOH solution, and NaAlO2 were combined in a beaker
and mixed thoroughly. LUDOXAS-30 colloidal silica was then added,
and the mixture was stirred until a homogeneous gel was formed.
HMI was subsequently introduced to the gel. After 10 min of stirring,
the resulting mixture was transferred to a Parr autoclave and heated at
143 °C under stirring at 400 rpm for 5 days. The solid product was
recovered by filtration, washed with deionized water, and dried over-
night at 60 °C.

MCM-22 was obtained by a two-step calcination of MCM-22(P).
The sample was first calcined under a nitrogen atmosphere at 480 °C
for 3 h with a heating rate of 1 °C /min, followed by calcination in
air at 540 °C for 8 h at the same rate.

MCM-36 was synthesized from the precursor MCM-22(P). In the
first step, CTAB was converted to its hydroxide form (CTAOH,
CH3(CH2)15N(OH)(CH3)3) by ion exchange using Ambersep 900
Ion Exchange Resin. A 100 mL aliquot of 25 wt % CTAB solution
was mixed with 70 g of ion exchange resin and stirred for 4 h. The mix-
ture was then filtered to obtain the CTAOH solution. For the swelling
step, 1 g of MCM-22(P) was added to 4 g of deionized water, followed
by 20 g of the prepared CTAOH solution. The suspension was stirred
overnight at room temperature. The resulting mixture was decanted,
washed three times with deionized water, and dried. In the pillaring
step, the swollen material was mixed with 30 g of TEOS and heated
under reflux at 90 °C overnight. The mixture was separated by centri-
fugation, and the supernatant was decanted. The solid was left in an
inverted tube to evaporate any residual TEOS, then dispersed in
20 mL of deionized water, and stirred overnight. The product was
again separated by centrifugation, dried at 60 °C, and finally calcined
in air at 540 °C for 5 h with a heating rate of 1 °C/min.

MCM-41 was synthesized using a method described elsewhere.20

Briefly, 120 mL of CTAC was added to 600 mL of deionized water
with stirring. Separately, a second solution was prepared by mixing
135 mL of TEOS with 108 mL of NH4OH. This solution was then
added to the CTAC solution, and the resulting mixture was covered
with parafilm and stirred at room temperature for 1 h. The white pre-
cipitate formed was collected by filtration, washed three times with
https://doi.org/10.1021/acscatal.6c00096
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Figure 1. Schematic diagram of the plasma-assisted ammonia produc-
tion system. Adapted from ref 47. Copyright (2025) American
Chemical Society.
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deionized water, and dried overnight at 80 °C. Finally, the dried sample
was calcined at 550 °C for 5 h at a heating rate of 2 °C/min.

MCM-56 was prepared using a hydrothermal method. Deionized
water, 50% NaOH solution, and NaAlO2 were first combined in a bea-
ker and mixed thoroughly. ULTRASIL VN 3 was then added, and the
mixture was stirred until a homogeneous gel formed. HMI was subse-
quently added to the gel, and the mixture was stirred for a further
10 min before being transferred to a Parr autoclave. The autoclave
was heated at 143 °C with stirring at 400 rpm for 36.5 h. The solid
product was recovered by filtration, washed with deionized water,
and dried overnight at 60 °C. Finally, a two-step calcination was per-
formed: the sample was first calcined at 428 °C for 3 h under a nitro-
gen atmosphere with a heating rate of 2 °C /min, followed by
calcination in air at 540 °C for 8 h using the same heating rate.

2.3. Catalyst Synthesis

All catalysts were prepared using a modified precipitation method. The
appropriate amount of the nickel precursor to achieve a loading of 5 wt
% was dissolved in 300 mL of deionized water under stirring at room
temperature. To precipitate Ni2+ ions, a 1.0 M NaOH solution was
added dropwise until the pH of 9.6 corresponding to the quantitative
precipitation (estimated based on the solubility product value for
nickel(II) hydroxide − Ksp(Ni(OH)2) = 5.48 × 10−16) was reached.
Subsequently, 1.5 g of the porous support was gradually introduced
into the mixture while continuously monitoring and maintaining the
pH by further addition of the NaOH solution as necessary. An ultra-
sonic homogenizer was then used to improve the dispersion of the
support in the solution. The pH was rechecked, and additional
NaOH was added if required. As the dispersion of some supports
caused a drop in pH, it was important to monitor the pH through-
out the precipitation step to prevent nickel ions from returning
to the aqueous form. The resulting sample was separated by centri-
fugation, washed three times with deionized water, and dried over-
night at 80 °C. Finally, the dried material was calcined in air at
550 °C for 4 h with a heating rate of 2 °C/min to obtain the NiO
catalyst.

Calcined forms of the porous supports were used for the prepara-
tion of all catalysts, except for NiO/MCM-22(P), where the precursor
MCM-22(P) was used instead. Although the pore-directing agent
decomposes during calcination and MCM-22(P) is converted to
MCM-22, the sample is referred to as NiO/MCM-22(P) throughout
the manuscript to distinguish it from the sample prepared using the cal-
cined form of MCM-22.

2.4. Characterization Methods

Powder X-ray diffraction (PXRD) patterns of the samples were
recorded using a PANalytical X’Pert PRO diffractometer with a fully
opened 100-channel X’Celerator detector Plus and Cu-Kα radiation
with a wavelength of 1.5418 Å. PXRD patterns were collected in the
2θ range of 2–80° with a step size of 0.034° per 100 s. The obtained
patterns were analyzed using HighScore Plus 4.9 and subsequently
plotted with Origin 2018.

Nitrogen physisorption analysis was conducted using a Micromeritics
ASAP 2020 instrument. Before the experiment, the samples were
degassed under vacuum at 573 K overnight. Subsequently, N2
adsorption−desorption measurements were performed at −196 °C.

Scanning electron microscopy (SEM) analysis was conducted using
a Zeiss Supra 35 VP microscope equipped with an energy-dispersive
spectrometer (Oxford Instruments). An aperture size of 30 μm and
an electron high-tension voltage of 1.00 kV were used to analyze the
surface morphology, while energy-dispersive X-ray spectroscopy
(EDX) analysis was performed with an electron high-tension voltage
of 20.0 kV.

Transmission mode scanning transmission electron microscopy
(TSEM) analysis was performed using a field-emission scanning elec-
tron microscope (FE-SEM) Apreo 2S (Thermo Fisher Scientific,
Netherlands), equipped with a STEM3 + detector and an Ultim Max
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100 energy-dispersive spectrometer (Oxford, UK), at an accelerating
voltage of 30 kV and a beam current of 13 pA. Samples were pre-
pared by direct deposition on copper holey carbon TEM grids
(EMR, USA).

Scanning transmission electron microscopy (STEM) measurements
were performed using a JEOL JEM NEOARM-200F microscope
operated at 200 kV. Samples were prepared by direct deposition on
copper holey carbon TEM grids (EMR, USA). Images were collected
in scanning mode using a JEOL annular dark-field (ADF) detector.
Energy-dispersive X-ray spectroscopy (EDS) element distribution
maps were acquired using a JEOL JED-2300 energy-dispersive
X-ray analyzer.

Temperature-programmed desorption of ammonia (NH3-TPD)
experiments were conducted using a 3500 3Flex (Micromeritics).
Powder samples were pretreated in a helium flow (50 mL/min) at
500 °C for 2 h, with a heating rate of 10 °C /min. The samples were
then cooled to 50 °C at 90 °C/min in helium (50 mL/min) and held
at this temperature for 5 min before exposure to a 1% of NH3/Ar gas
mixture (50 mL/min) for 2 h. Subsequently, the samples were
degassed in helium (50 mL/min) for 1 h to remove residual physi-
sorbed ammonia and finally heated to 500 °C at 10 °C/min in helium
flow (50 mL/min). Peak deconvolution was performed using Fityk
software. Calibration is described in the Supplementary Information
(Figure S15, eqs S1 and S2).

Hydrogen temperature-programmed reduction (H2-TPR) was car-
ried out using a Microtrac BELCAT II chemisorber analyzer equipped
with a quadrupole mass spectrometer BELMASS II-62 (Microtrac,
Haan, Nordrhein-Westfalen, Germany). Before the measurements,
the samples were pretreated in an argon flow (50 mL/min) at 120 °C
for 1 h. The samples were then heated in a flow of 5.05% H2 in argon
(50 mL/min) up to 1000 °C for the NiO/MCM-36 sample and up
to 800 °C for other samples, at a heating rate of 20 °C/min. Peak
deconvolution of H2 consumption profiles was performed using Fityk
software. Calibration is described in the Supplementary Information
(Figure S20, eqs S3 and S4).

2.5. Plasma Reactor Setup and Conditions

Plasma-assisted synthesis of ammonia was carried out using a coaxial
dielectric barrier discharge (DBD) reactor. Figure 1 presents a sche-
matic of the experimental setup. The reactor comprised a quartz tube
with an inner diameter of 4 mm and a wall thickness of 1 mm,
serving as the dielectric barrier. A stainless-steel mesh, 20 mm in
length, was wrapped around the outer surface of the tube and acted
https://doi.org/10.1021/acscatal.6c00096
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Figure 2. Schematic illustration of the structures of various MCM
materials. Adapted from ref 52, available under CC-BY 4.0 license,
copyright (2021) Erigoni and Diaz, and ref 45, available under
CC-BY 4.0 license, copyright (2018) Schwanke and Pergher.
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as the ground electrode. A stainless-steel rod with a diameter of
2 mm was placed inside the tube to serve as the high-voltage elec-
trode, creating a 1 mm discharge gap between the rod and the
dielectric wall.

Plasma generation was driven by an AC sinusoidal high-voltage sup-
ply (maximum 30 kV peak-to-peak, frequency 11 kHz). The applied
potential was monitored using a Tektronix P6015A high-voltage probe,
while the voltage across the external capacitor (0.47 μF) was recorded
with a Tektronix TPP0101 probe. The discharge current was measured
with a Pearson 2877 current transformer, and the signals were simulta-
neously captured on a Tektronix MDO 3054 four-channel digital oscil-
loscope. The discharge power was quantified using the Q-U Lissajous
method. For catalytic experiments, an average of 40 mg of the pow-
dered NiO catalyst was packed into the discharge region, with a dis-
charge length of 10 mm and a discharge volume of 0.38 cm3, held in
place on both sides with quartz wool. No reduction step was performed
before the experiment. A feed gas mixture containing high-purity N2
and H2 was introduced at a combined flow rate of 40 mL/min and a
ratio of 1:3. Finally, the gaseous product mixture was analyzed in real
time by a Fourier-transform infrared (FTIR) spectrometer (Jasco
FT/IR-4200). The reactor temperature was not actively controlled
during operation but resulted solely from heating induced by the
plasma discharge. The temperature was monitored using a thermal
camera.47
3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization

3.1.1. PXRD. The structural properties of the catalytic
materials were examined using PXRD, N2 physisorption,
SEM, TSEM, and STEM. The PXRD diffraction patterns of
MCM-22, MCM-36, and MCM-56 (Figure S1) show the typi-
cal MWW topology. A decrease in the intensity of the MCM-
36 peaks compared to MCM-22 indicates the separation of
MWW layers.46,48

In the pattern of MCM-56, broadening of the diffraction
peaks is observed, indicating reduced crystallinity due to the
layer disorder caused by delamination.49 For the highly
ordered mesoporous silica materials, a characteristic significant
(100) peak at 2.3° for MCM-4150 and a peak (211) at 2.7° for
MCM-4851 are present.

In the MCM-41 diffraction pattern, two well-separated
additional characteristic peaks, (110) at 4.0° and (200) at
4.6°, can be identified, whereas the additional peaks of
Figure 3. BF TSEM images of the NiO/MCM-48 catalyst at 350,000× (left
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MCM-48 cannot be distinguished. The described structures
are shown in Figure 2.
After loading the MWW zeolites with NiO, no significant

decrease in the intensity of the peaks belonging to the support
is observed. In contrast, there is a significant decrease in the
intensity of the most distinct peaks for the mesoporous sup-
ports, indicating at least partial loss of long-range order, espe-
cially in the case of MCM-48. The diffraction peaks of NiO20

at 37.2° (111), 43.3° (200), and 62.9° (220) are broad and have
very low intensity (Figure S2), which might be attributed to
poor crystallinity but is more likely caused by the very small par-
ticle size, as shown by bright field (BF) TSEM analysis
(Figure 3).
3.1.2. N2 Physisorption. Nitrogen physisorption iso-

therms and pore size distribution curves of the catalysts and
pristine supports are shown in Figures S3 and S4. The isotherm
of MCM-22 corresponds to a type I isotherm, reflecting the
microporous nature of the material. The MCM-36 isotherm is
similar to that of MCM-22, with a gradual increase in the
amount of adsorbed nitrogen from a P/P0 of 0.2 due to the
presence of mesopores, created by pillaring with silica. This is
usually described as a hybrid between type I and type IV iso-
therms.46,48 This effect is even more pronounced in the case
) and 1000,000× (right) magnification.
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of MCM-56, where, in addition to the hybrid-type isotherm, a
hysteresis loop is observed due to the more pronounced meso-
porosity of the material and the presence of intercrystalline
voids. The differences in the porous structure between the three
tested pure MWW supports can be confirmed by the pore size
distribution curves (Figure S3). An increase of the intensity of
the peak at approximately 4 nm for MCM-36 compared to
MCM-22 demonstrates the presence of mesopores, generated
by the pillaring.53 In the case of MCM-56, the peak intensity
is even higher due to the disorder of the layers and the presence
of intercrystalline voids.54

MCM-41 and MCM-48 exhibit a type IV(b) isotherm, typi-
cal of materials with smaller-width mesopores.55 This is further
demonstrated by the pore size distribution (Figure S4) showing
high intensity peaks at 2.6 nm (MCM-41) and 2.5 nm (MCM-
48). The specific surface areas and total pore volumes of the
tested porous supports (Table S1) are consistent with the liter-
ature (MCM-22: 423–643 m2/g and 0.4–0.5 cm3/g,46,48,56,57

MCM-36: 487–686 m2/g and 0.2–0.8 cm3/g,48,58,59 MCM-41:
720–1240 m2/g and 0.9−1.1 cm3/g,20,60−62 MCM-48: 652–
1600 m2/g and 0.31–1.32 cm3/g,63−66 MCM-56: 211–700
m2/g and 0.2–0.5 cm3/g.43,49,58,67,68

After loading the porous materials with NiO, three different
effects on the specific surface area and total pore volume are
observed. For MCM-36 and MCM-56 catalysts, there is a
smaller decrease in the specific surface area, while no significant
differences in total pore volume are detected. This may indicate
that most NiO particles are located on the external or interlayer
surfaces rather than within the pores of the microporous layers.
Similarly, in pore size distribution curves, a decrease in the
intensity of the peak at approximately 3.7 nm can be observed
for both catalysts compared to the pure supports. For the
NiO/MCM-36 catalyst, a broad shoulder in the existing peak
ranging from 5 to 9 nm is present, indicating NiO in the pillared
area and partial pore blockage. The location of NiO particles
was further confirmed by H2-TPR, as discussed in Section 3.4.
The isotherm of NiO/MCM-36 shows a visible hysteresis loop,
most likely caused by partial pore blockage by NiO. Compared
to the pure supports, both the specific surface area and total
pore volume of the NiO/MCM-41 and NiO/MCM-48 catalysts
decrease significantly due to the mesopore blockage by NiO,
evidenced by the hysteresis loop in the isotherms of both cata-
lysts and by the shift of nitrogen adsorption towards higher rel-
ative pressure. This is also reflected in the pore size distribution
curves (Figure S4), where a significant drop in the peak just
under 3 nm and its shift towards smaller pore widths are appar-
ent for both materials. In contrast, the surface area slightly
increases after loading with NiO in both MCM-22 catalysts,
which could be due to the separation of crystal agglomerates
during the treatment. The same effect can be observed in the
pore size distribution curves as the intensity of the peak at
4 nm even increases compared to the pure support.

3.1.3. Electron Microscopy. Scanning electron micros-
copy was conducted to examine the surface morphology of the
samples. SEM images (Figures S5 and S6) show that MWW
zeolites and their corresponding catalysts consist of MWW
platelets with diameters of approximately 400 nm, forming
homogeneous microspherical particles with diameters between
5 and 9 μm. In the cases of MCM-22 and MCM-36, the platelets
are randomly oriented, displaying a typical dandelion-like mor-
phology,69 while the platelets in MCM-56 are thicker and more
interconnected. Figure 4 shows the spherical morphology of
9891
MCM-41 and MCM-48 particles with diameters of roughly 400
nm. Some isolated spherical MCM-48 particles are observed,
while MCM-41 particles are mostly agglomerated.
The differences between the structures of NiO catalysts are

more clearly distinguished in the TSEM images obtained in
high-angle annular dark-field (HAADF) mode (Figure S7).
Catalysts supported by MWW zeolites exhibit a more compact
structure with characteristically brighter, thicker layers, in con-
trast to MCM-41 and MCM-48 NiO catalysts. Furthermore,
comparison of the SEM images of the NiO catalysts and pure
supports (Figures 4 and S6) indicates no change in the sup-
ports’ morphologies during the Ni precipitation process. NiO
appears as an additional smaller domain on the otherwise
smooth surface of the platelets. To obtain more detailed infor-
mation on the morphology of NiO, STEM in annular dark-
field (ADF) mode and STEM-EDS elemental mapping were
used. As seen in Figure 5, NiO on the external surface is clearly
visible due to the contrast in thickness between the NiO layer
and the support. NiO is present as agglomerated and overgrown
nanoplates with thicknesses of 1 nm as demonstrated by
the embedded histogram in Figure 5b, forming a spider web-
like layer on the surface of the porous support (Figure 3).
Additionally, EDS elemental maps confirm that the layer of
nanoplatelets belongs to NiO. Similar observations were made
for all of the catalysts (Figure S8).
Additionally, elemental mapping based on scanning electron

microscopy energy-dispersive X-ray spectroscopy (SEM-EDX)
was used to determine the dispersion of NiO. Elemental map-
ping images (Figures S9−S14) demonstrate a mostly even dis-
persion of NiO, with the possible exception of a higher local
NiO concentration at the contact points between two agglom-
erated support particles. SEM-EDX was also used to determine
the loadings of NiO on the catalysts. The results are presented
in Table S2.

3.2. Plasma-Catalytic Performance

To compare the catalytic performances of the materials in the
DBD plasma-catalytic system, experiments were conducted at
several discharge powers ranging from 4 to 10 W, while main-
taining a constant total flow rate of 40 mL/min. Electrical diag-
nostics showed no significant influence on the plasma discharge
properties after packing either pristine supports or any of the
catalysts into the discharge region (Figures S21 and S22).
Increasing the discharge power raised the ammonia concentra-
tion in both the plasma-only system and the packed systems
(Figure S21), as more energetic electrons were produced,
enhancing the generation of active species in the plasma region.
However, increasing the number of energetic electrons leads to
energy losses through ineffective collisions, gas heating, and
enhanced ammonia dissociation, resulting in a decrease in
energy yield (eq S5) at higher discharge powers (Figure S23).
Figure 6 presents the catalytic performances of the tested

materials in relation to ammonia concentration. Compared with
the plasma-only reaction, the use of pristine porous supports
often significantly increases the amount of ammonia produced
on account of the shielding effect and synergistic effect between
plasma and the packed material. As previously reported,
Figures S21 and S25 microporous materials can improve the
efficiency of plasma-catalytic ammonia synthesis by promoting
the diffusion of reactive species towards the active sites and
into the pores. However, due to their reactivity and short life-
times, the penetration of reactive species is limited to 1 μm.22
https://doi.org/10.1021/acscatal.6c00096
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Figure 4. SEM images of MCM-41 (top left), NiO/MCM-41 (top right), MCM-48 (bottom left), and NiO/MCM-48 (bottom right) at 50,000×
magnification.
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The mesoporous silicas MCM-41 and MCM-48 exhibited the
best performance, achieving up to approximately 300 and
260%, respectively, of the ammonia concentration observed in
the plasma-only reaction under identical operating conditions.
The MWW zeolites MCM-36 and MCM-22 also enhanced
ammonia production, while MCM-56 performed worse than
the plasma-only reaction.

We now turn to the catalyzed reactions with NiO-loaded
supports, which generally perform better. At lower discharge
power, NiO/MCM-48 was the best-performing supported
NiO catalyst, yielding 2900 ppm of ammonia, which is approx-
imately 420% of the plasma-only experiment. At 10 W,
NiO/MCM-36 and NiO/MCM-41 showed the best perfor-
mance, each yielding 4600 ppm of ammonia. Although the
ammonia concentrations produced using these two materials
were nearly identical, the ammonia reaction rate (eq S6) over
NiO/MCM-41 reached 22.3 mmol h−1 gcat

−1, approximately
twice that observed over NiO/MCM-36.

Although it did not show the best catalytic performance over-
all, NiO/MCM-56 demonstrated the highest catalytic promo-
tion by NiO, yielding approximately 390% of the ammonia
concentration achieved using pristine MCM-56, while
the best-performing catalysts reached only 110 to 160% of
the ammonia concentration yielded by the pristine support.
The highest energy yield of 1.2 g/kWh was achieved by
9892
NiO/MCM-48 at 4 W (Figure S24). These seemingly ran-
dom trends are explained below, where we address how dif-
ferences in acidity alter performance trends, how the
function of acidic sites is dynamically verified, whether all
porous materials exhibit a shielding effect, and how these
effects act synergistically with NiO location.

3.3. Effect of Acidic Sites

The supports vary in the number and strength of acidic sites,
which influences their catalytic performance. Zeolites can con-
tain two types of acidic sites: Brønsted and Lewis. Brønsted
acids are molecular entities that can donate a proton to a base
or a corresponding chemical species. Substitution of Si4+ with
trivalent Al3+ generates a negative charge within the framework,
which requires compensation with a proton to maintain electro-
neutrality, generating Brønsted acidic sites. The proton is gener-
ally located at the oxygen atom of a bridging hydroxyl group
between Si and Al. On the other hand, Lewis acids are molecu-
lar entities that can act as electron-pair acceptors and form
Lewis adducts by sharing an electron pair with a Lewis base.
In zeolites, Lewis acidic sites are related to coordinatively unsat-
urated Al3+, such as extra-framework Al or framework tetrahe-
dral Al atoms.70−72

The total surface acidity of the pristine supports and fresh
catalysts was investigated by NH3-TPD. The resulting profiles
https://doi.org/10.1021/acscatal.6c00096
ACS Catal. 2026, 16, 9887−9901

https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00096/suppl_file/cs6c00096_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00096/suppl_file/cs6c00096_si_001.docx
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c00096


Figure 5. ADF-STEM images of the NiO/MCM-48 catalyst: (a) general view of the particle, (b) high-magnification image with visible NiO domains;
the embedded histogram shows the thickness of layers indicated by orange arrows, and (c) STEM image with corresponding EDS elemental maps for
Si (red) and Ni (green).

Figure 6. Ammonia concentrations in plasma-only and plasma-catalytic systems at (a) 4 W and (b) 10 W.
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Figure 7. NH3-TPD profiles of the pristine supports (top) and sup-
ported catalysts (bottom).
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are shown in Figure 7, while the deconvoluted peaks are shown
in Figures S16 and S17, with their corresponding temperatures
presented in Table S3. Furthermore, the amount of acidic sites
(Table S4) was determined based on the linear correlation
between the peak area and the volume of consumed ammonia
(Figure S15), as described in the Supplementary Information.
It had been reported in the literature that MWW supports,
highlighted in our research, contain both types of acidic
sites46,54,59,73 with dominating Brønsted sites.46,59 However,
based on NH3-TPD alone, the specific type of acidic sites could
not be determined. Therefore, the acidic sites were defined as
weak, moderate, and strong, based on their ammonia desorp-
tion temperature. Weak acidic sites with TPD peaks at 180 °C
correspond to physical adsorption, interaction with silanol
groups, and possible weak Lewis sites. As the temperature in
the DBD plasma reactor reached up to 210 °C, ammonia was
easily desorbed from these acidic sites. On the other hand, weak
to moderate Brønsted/moderate Lewis sites, considered as
acidic sites with moderate strength, demonstrated desorption
peaks in the temperature range of 180 to 350 °C. These acidic
sites are strong enough to enable ammonia adsorption under
the operating conditions, while still enabling the desorption
without the need for a significant increase. Finally, strong
Brønsted/moderate to strong Lewis sites, with desorption
9894
temperatures higher than 350 °C, provide strong ammonia
adsorption.
As expected, pure mesoporous silicas MCM-41 and MCM-

48 show either no ammonia desorption peak or only a negligi-
ble one, resulting from the structural defects.70 This could
explain the difference in activity of the mesoporous silicas com-
pared to the MWW zeolitic materials. As no ammonia is
adsorbed in MCM-41 and MCM-48, all produced ammonia
leaves the system. In contrast, some ammonia may remain
adsorbed on the moderate and strong acidic sites of the
MWW zeolites, leading to lower detected concentrations of
ammonia.
Even though MCM-36 and MCM-22 show similar NH3-

TPD profiles within the temperature range reached in the
plasma reactor, the total acidity of MCM-36 (106 μmolNH3/g)
is lower compared to MCM-22 (124 μmolNH3/g) due to the pil-
laring with silica, which could explain the better catalytic perfor-
mance in the continuous power regime, in addition to its partial
mesoporosity. Among the tested porous supports, MCM-56 has
the highest number of acidic sites, with a total acidity of
249 μmolNH3/g. Owing to its unilamellar structure, MCM-
56 has a high concentration of external Brønsted acidic sites,
corresponding to 12-ring half cavities on the surface,59 which
could explain the highest fraction (60.1%) of moderate sites
among the tested pristine supports. At a discharge power of 10
W, the temperature in the plasma reactor reached 210 °C, at
which only about 50% of ammonia is desorbed, based on the
area under the TPD profile. Due to the higher number of acidic
sites, the surface acidity of this material could more significantly
influence the activity. The lower concentration of ammonia
compared to plasma-only experiments could therefore be attrib-
uted to the acidity of the material. MCM-48, NiO/MCM-41,
and NiO/MCM-48 exhibited a single desorption peak, and their
deconvolution is not shown.
A clear difference between the two NiO/MCM-22 catalysts

can be observed. When Ni2+ precipitation was performed using
the MCM-22 precursor with the pore-directing agent still pres-
ent in the structure, the surface acidity of the resulting catalyst is
very similar to that of the pristine support with almost identical
fractions of strong and weak acid sites. In contrast, when MCM-
22 was used during the precipitation step, the acidic properties
of the catalysts change significantly compared to pristine
MCM-22. The weaker acidic sites shift towards higher desorp-
tion temperatures, which is reflected in a reduced fraction of
weaker acidic sites and the appearance of a significant fraction
(31.3%) of moderate acidic sites.
Loading MCM-36 with NiO has the greatest effect on the

stronger acidic sites, as the clear desorption peak at approxi-
mately 400 °C is replaced by a peak at 370 °C, assigned to
medium-strength acidic sites. For NiO/MCM-41 and
NiO/MCM-48, a single desorption peak appears at 171 and
176 °C, respectively, which can be attributed to weaker
Lewis acid sites related to nickel species or defects in the struc-
ture. In addition, the desorption peak at 353 °C present in the
MCM-56 profile appears to split into two peaks at 304 and
446 °C in the case of NiO/MCM-56. The peak at 446 °C
can be explained by the additional Lewis acid sites associated
with NiO.74,75

While the total acidity of NiO/MCM-22 and NiO/MCM-36
remains similar to the pristine supports, there is a noticeable
drop in total acidity of NiO/MCM-22P and NiO/MCM-56.
As both of these catalysts contain the highest amount of NiO
https://doi.org/10.1021/acscatal.6c00096
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on the external surface of the support, this occurrence could be
connected to interactions between Ni species and external
Brønsted acidic sites. Similarly, Balcar et al.73 reported a
decrease in the concentration of Brønsted acidic sites after load-
ing MCM-22 and MCM-56 with MoOx species.

To utilize the catalytic promotion by NiO and the acidic
properties of MCM-56 for potential sorption-enhanced
plasma-catalytic ammonia synthesis, power-swing experiments
were conducted using the previously described DBD reactor
system. Rather than introducing external heating to desorb
ammonia, the temperature inside the reactor was increased by
increasing the discharge power, taking advantage of the short
response times of plasma systems. At higher power, more elec-
trical energy is supplied to the plasma and is mainly absorbed by
electrons, which cause the gas heating through electron elastic
collisions. For the power-swing experiment, the total flow rate
was maintained at 40 mL/min with a N2 to H2 ratio of 1:3.
Initially, the discharge power was set at 8 W for 30 min to
achieve a stable ammonia concentration. The discharge power
was then increased to 16 W to raise the temperature to
275 °C, enabling ammonia desorption. In the final step, the
discharge power was reduced to 4 W to demonstrate possible
ammonia readsorption. In addition to the NiO/MCM-56
catalyst, NiO/MCM-22, which has a moderate number of
acidic sites, and NiO/MCM-41, with a very low number of acidic
sites, were tested in the power-swing regime. The results are
shown in Figure 8.

After increasing the discharge power to 16 W, a significant
overshoot in ammonia concentration was observed when the
reactor was packed with NiO/MCM-56, indicating the desorp-
tion of ammonia from the weak and moderate acidic sites of the
catalyst that had been adsorbed during the first phase of the
experiment. Additionally, a mirrored peak was observed during
the transition from the second to the final phase, caused by the
readsorption of ammonia. In contrast, the overshoot was very
minor with NiO/MCM-22 and absent with NiO/MCM-41.
Furthermore, the lack of the two mentioned peaks in a
plasma-only experiment proves that the overshoot is not a con-
sequence of the increase in discharge power. These results con-
firm that the poorer performance of NiO/MCM-56 compared
to NiO/MCM-41, NiO/MCM-48, and NiO/MCM-36 in the
Figure 8. Ammonia concentration during the power-swing experiments.
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continuous regime is due to the sorption of ammonia. Based
on the results of the power-swing experiment, two different
mechanisms can be observed. As NiO/MCM-41 contains a
negligible amount of acidic sites, it enables only physical shield-
ing of ammonia from dissociation in plasma, based on tempo-
rary pore confinement. Under the conditions presented, the
ammonia residence time within the MCM-41 framework is
therefore very short. In contrast, the moderate acidic sites of
NiO/MCM-56 interact with ammonia, enabling its retention
within the porous framework and demonstrating the sorption-
enhanced mechanism (Figure 9). With increased temperature
due to the increase in power, ammonia can then be recovered
in the second phase of the experiment. Based on the NH3-
TPD profiles, only 50% of adsorbed ammonia is desorbed at
10 W, while approximately 74% is desorbed at 16 W. As dem-
onstrated, the power-swing regime could be implemented for
sorption-enhanced plasma-catalytic ammonia production as an
alternative to the DBD plasma system combined with a thermal
desorption step, as presented by Arumuganainar26 and
Rouwenhorst.22

The potential catalytic effect of acidic sites through the pos-
sible stabilization of reactive intermediates was studied using
simple density functional theory (DFT) calculations described
in the Supplementary information. It was determined that the
interactions between acidic sites and NH, as well as N, are weak
and short-lived, corresponding to non-specific van der Waals
interactions. Consequently, the observed effect of the acidic
sites is primarily related to the sorption and temporary storage
of ammonia, rather than to a catalytic effect.
To show the stability under the employed conditions, the

spent NiO/MCM-56 catalyst was characterized by XRD, SEM,
and TSEM (Figures 10 and 11). By comparing the PXRD pat-
terns of pristine and spent MCM-56 and NiO/MCM-56, no vis-
ible changes in crystallinity can be observed. In the pattern of
spent NiO/MCM-56, the characteristic peaks of NiO remain
visible with no significant changes in intensity or width, indicat-
ing no significant change in the particle size. Additionally, no
peaks corresponding to metallic Ni are visible. A similar trend
is observed for all tested catalysts (Figures S18 and S19).
Furthermore, SEM analysis showed that the typical morphol-

ogy of MCM-56, consisting of interconnected platelets, is pre-
served without visible defects after exposure to plasma. NiO
can still be seen as an additional domain on the surface of the
support, while BF-TSEM images show that a thin layer of over-
grown NiO nanoplates is preserved on the surface of the
thicker, compact MWW layers of MCM-56.

3.4. Influence of Active Site Location and Porosity

To properly evaluate the shielding properties of the porous sup-
ports, both the adsorption strength of ammonia and its ability
to diffuse into the pores, as well as its residence time within
the framework, must be considered. However, since the temper-
ature in our reactor system exceeds 100 °C even at the lowest
discharge power, sustained confinement within the porous
framework is limited, especially for pure MCM-41 and MCM-
48, which have a negligible number of acidic sites, and MWW
supports with weak acidic sites. Consequently, the purely phys-
ical pore confinement effect is expected to be weak under these
reaction conditions. Therefore, the influence of the porous
structure is primarily associated with the location of NiO, with
the accessibility of the active sites to plasma-generated species
becoming critically important. The location of the active phase
https://doi.org/10.1021/acscatal.6c00096
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Figure 9. Schematic description of the sorption-enhanced mechanism during the power-swing experiment.

Figure 10. PXRD patterns of fresh and spent pristine MCM-56 and
NiO/MCM-56.
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has already been shown to influence the efficiency of plasma-
catalytic ammonia production, especially when using a porous
support. Wang et al.20 demonstrated improved efficiency of
the plasma-catalytic ammonia synthesis by designing a
Ni/MCM-41 catalyst with Ni particles located mainly on the
external surface area of the support, which enhanced plasma–
catalyst interactions. To determine the location of NiO sites
in the tested catalysts, H2-TPR was employed. The H2-TPR
profiles and deconvoluted peaks are presented in Figure 12,
while the temperatures of deconvoluted peaks are presented
in Table 1. Due to the more complex structures of MWW zeo-
lites compared to mesoporous silicas, the reduction peaks were
divided into three main groups, as already suggested in the liter-
ature,20 for easier comparison: NiO on the external surface of
the support (α), NiO confined at the pore window or at contact
points between 2 agglomerated support particles (β), and NiO
inside the pores of the support (ɣ). Both NiO/MCM-22 and
NiO/MCM-22(P) show two different α reduction peaks, which
could be explained by the random orientation of the micropo-
rous platelets, causing some of the NiO particles to be located
in the area between overlapping platelets, making them less
exposed. Although the positions of the reduction peaks are
9896
similar for both NiO/MCM-22 catalysts, the percentage of total
H2 consumption (Table S5) for the reduction of α and β NiO is
higher for NiO/MCM-22(P) (53% compared to 32% for
NiO/MCM-22). This confirms that the use of the MCM-22
precursor in the metal precipitation phase leads to a supported
catalyst with NiO particles better exposed to plasma, as the
pore-directing agent partially prevents Ni(OH)2 from accessing
the pores of the support.
Due to the pillared structure of the support, the NiO/MCM-

36 H2-TPR profile shows two ɣ NiO reduction peaks. The first
peak at 570.9 °C can be assigned to NiO located in the micro-
porous layers, while the second peak at 721.4 °C can be
assigned to NiO in the pillared area between the microporous
layers. The two different types of ɣ NiO particles account for
88% of the total H2 consumption. From the TPR profile of
NiO/MCM-41, one reduction peak for each NiO type can be
observed. Compared to MWW zeolites, the position of α NiO
is shifted towards higher reduction temperatures. MWW zeo-
lites contain Al, which interacts more strongly with NiO and
consequently enables easier reducibility of NiO, shifting the
reduction peak towards lower temperatures. Similar to
NiO/MCM-36, ɣ NiO particles represent 76% of the NiO par-
ticles. In the case of NiO/MCM-48, the proportion of ɣ NiO is
the highest among the tested catalysts at 98%. In the profile of
NiO/MCM-56, two different β reduction peaks can be
observed. One peak can be attributed to NiO at the entrance
to the pores of the microporous layers, while the second can
be attributed to NiO in the interlayer voids. Among all of the
tested catalysts, NiO/MCM-56 has the largest proportion of α
and β NiO particles at 68%. H2-TPR results confirm the trend
in catalytic promotion by NiO in the continuous experiments.
As the NiO–plasma interaction is the strongest among the cat-
alysts due to the exposure of NiO, the catalytic promotion by
NiO is the highest in NiO/MCM-56. On the other hand, cata-
lysts with mesoporous supports show the lowest catalytic pro-
motion by NiO due to weak plasma–NiO interaction, as most
of the active phase is located inside the micropores of the
plate-like crystals of the support.
The results clearly demonstrate that the catalytic perfor-

mance in plasma-catalytic ammonia production is governed
by the combination of surface acidity, porous structure, and
the location of the active phase, as summarized in Table 2.
Catalysts supported on mesoporous materials with low total
acidity (MCM-41 and MCM-48) exhibit superior performance
under a typical continuous power regime. However, using a
https://doi.org/10.1021/acscatal.6c00096
ACS Catal. 2026, 16, 9887−9901

https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00096/suppl_file/cs6c00096_si_001.docx
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c00096


Figure 11. SEM (top and middle rows) and TSEM (bottom row) of fresh and spent NiO/MCM-56 catalysts.
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catalyst with a high amount of moderate acidic sites and a large
fraction of exposed active sites, such as NiO/MCM-56, com-
bined with power-swing operation, can provide superior overall
results. Even though, the temperature in a typical DBD plasma-
catalytic system exceeds 100 °C, porous supports with optimal
acidic properties still enable ammonia adsorption, reducing
the probability of its dissociation in the plasma region and mov-
ing beyond the physical shielding of the porous material.

4. CONCLUSIONS

We aimed to systematically investigate the influence of porous
supports on DBD plasma-catalytic ammonia synthesis. To this
end, the activities of five different MCM materials were tested
both as pristine supports and as supported NiO catalysts. The
results showed that the supporting material affects catalyst activ-
ity through a combination of porous structure, active phase
location, and surface acidity.

By comparing the activity of pristine supports in a typical
continuous regime at fixed discharge power, the importance of
surface acidity was demonstrated, as pure mesoporous silicas
MCM-41 and MCM-48, with negligible acidic sites, outper-
formed the MWW zeolites. As MCM-56 contains more
moderate-strength acidic sites, it adsorbed a significant portion
of the produced ammonia. Under the applied conditions, less
than 50% of the adsorbed ammonia was desorbed, leading to
poorer performance compared to the plasma-only experiment.
However, this property can be utilized to enhance the shielding
effect, by adapting the operating conditions, as demonstrated by
the power-swing experiments. By increasing the discharge
power, the temperature inside the reactor increases, which
9897
enables ammonia desorption without the need for external heat-
ing, and thus utilization of the catalyst acidic properties for the
shielding effect. Using a power-swing regime, NiO/MCM-56
achieved the highest peak concentration (7100 ppm) after des-
orbing additional ammonia adsorbed during the reaction at
8 W. This concentration is 1.5 times higher than that achieved
by the best-performing catalysts among the materials tested in
the continuous regime.
Although the NiO supported by the mesoporous supports

showed the best overall activity for plasma-catalytic ammonia
production, the promotion by NiO was the lowest among the
tested materials due to poor interaction between the plasma
and the active phase. Owing to the mesoporous structure,
Ni2+ ions are more likely to migrate into the pores of the sup-
port during impregnation or precipitation, compared to
microporous supports. This was also demonstrated by com-
paring the properties of NiO/MCM-22(P) and NiO/MCM-
22 catalysts. Using the uncalcined MCM-22 precursor
resulted in a larger portion of the active phase on the external
surface and at the pore entrance, as well as different surface
acidity. The importance of active phase location was clearly
confirmed in the case of NiO/MCM-56, where the promotion
by NiO was almost four times higher than that of the pristine
support, achieving overall activity close to the best-performing
catalysts.
Although the power-swing regime requires further

optimization to improve energy efficiency, this research
clearly demonstrates the potential of such a sorption-enhanced
plasma-catalytic ammonia production system. More importantly,
we showed that the catalytic performance is determined by
porous structure, active phase location, and surface acidity.
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Figure 12. H2-TPR profiles (black solid line), the fitted curves (red dashed line), and the deconvoluted peaks of the catalysts.

Table 1. Temperatures of the Deconvoluted H2-TPR Peaks of the Catalysts

sample

peak temperature [°C]

α β ɣ

NiO/MCM-22 295.1 352.2 425.5 569.9
NiO/MCM-22(P) 295.9 352.9 419.0 571.8
NiO/MCM-36 353.2 489.6 570.9 721.4

NiO/MCM-41 402.3 504.8 640.8
NiO/MCM-48 489.1 637.2 721.0
NiO/MCM-56 352.2 419.2 489.0 571.2
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Table 2. Summary Table of Important Properties of the Catalysts and Their Performances in Plasma-Catalytic Ammonia
Synthesis

catalyst SBET [m2/g] Vtot [cm
3/g]

total acidity
[μmol/g]

moderate acidity
[μmol/g]

% of α + β
NiO

cNH3 [ppm]a

cmax,NH3 PS [ppm]b4 W 10 W

NiO/MCM-22 535 0.5 129 40 32.4 2406 3227 3906
NiO/MCM-22(P) 510 0.5 100 52.3 2126 3222
NiO/MCM-36 521 0.6 111 21 11.7 2079 4585
NiO/MCM-41 548 0.6 35 24.5 2252 4562 5271
NiO/MCM-48 515 0.5 37 1.8 2867 4190
NiO/MCM-56 361 0.6 219 159 67.5 1985 3984 7086

aAmmonia concentration during the continuous power experiment. bMaximum ammonia concentration during the power-swing experiment.
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Therefore, an efficient catalytic material would have to optimize
all of them simultaneously, while avoiding over-optimization of
any single property.
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