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Abstract

Atmospheric pressure non-equilibrium plasmas can form nitrogen oxide (NO,) compounds
directly from nitrogen and oxygen without a catalyst, and at lower catalyst temperatures than
would be possible without plasma. In this work, the oxidation of plasma-produced NO from an
Ar/N,/O, non-equilibrium atmospheric-pressure plasma-jet (APPJ) over a platinum-on-alumina
powder catalyst was investigated with in-situ infrared spectroscopy. Products downstream of the
catalyst bed were analyzed along with catalyst surface species. The catalyst was exposed to
plasma at both constant temperature and a cyclic temperature ramp in order to study
long-lasting and transient surface changes. Primary incident reactive species to the catalyst were
assessed to be NO and Os. Pt-Al,O5 at 350 °C increased oxidation of NO relative to Al,O3 or
an empty chamber. The surface state of Pt-Al,O3 evolves during plasma-effluent exposure and
requires upwards of 20 min exposure for stabilization compared to Al,O3. Once stable surface
conditions are achieved, thermal cycling reveals a repeatable hysteresis pattern in downstream
products. At low temperature, oxygen and NO, accumulate on the catalyst surface and react at
elevated temperatures to form NO,. Increasing plasma power and O,:N, ratio increases the
hysteresis of the heating relative to the cooling curves in the pattern of NO, formation. The
limitation on NO oxidation at high temperatures was assessed to be Pt-O which is depleted as
the catalyst is heated. Once stored species have been depleted, NO oxidation rates are
determined by incoming reactants. Two overlapping NO oxidation patterns are identified, one
determined by surface reactants formed at low temperature, and the other by reactants arriving
at the surface at high temperature. The plasma is responsible for providing the reactants to the
catalyst surface, while the catalyst enables reaction at high temperature or storage at low
temperature for subsequent reaction.

Keywords: plasma, catalysis, atmospheric pressure, NO,

1. Introduction fertilizers for large-scale agriculture. The preeminent
method of nitrogen fixation is the Haber—Bosch process for
Nitrogen fixation, the conversion of stable N; into reactive synthesizing ammonia using N, and H,, where Hj is derived
nitrogen species, is essential for production of artificial from CHy4 via the reverse water gas shift reaction [1]. The
Haber Bosch process is carbon intensive, responsible for 2%
of emissions worldwide per year [2]. Thus, green nitrogen
* Author to whom any correspondence should be addressed. fixation, the ability to create reactive nitrogen compounds
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with carbon-free energy generation technologies, has become
a topic of high interest in recent years.

Many advanced catalytic techniques are being evaluated,
such as electrocatalysis [3, 4] or photocatalysis [5]. One prom-
ising method is plasma catalysis [6]. Plasma catalysis, the
coupling of a plasma with a heterogenous catalytic reaction,
is being researched for several different applications includ-
ing air treatment [7], methane decomposition [8], and nitrogen
fixation, and shows promise for enhancing the catalytic yield
[9]. Plasma catalysis also opens the door for reactions at atmo-
spheric pressure, which is attractive for large-scale production.

In plasma catalysis, the plasma creates a variety of excited
gas species, electronically excited species, atomic radicals,
ions, electrons, photons, or intermediate gas compounds [10].
These species may interact with the catalyst and lower the
activation energy of reactions or improve product yields [8].
With the wide variety of species potentially arriving at the
catalyst surface, the interactions occurring can be complex.
The plasma may also contribute in other ways, such as surface
heating or catalyst morphology changes [11, 12]. Some stud-
ies have demonstrated a synergistic effect, where the sum of
products created by the plasma and created by thermal cata-
lysis alone is less than when the plasma is coupled with a
catalyst [1]. Lasting surface changes, which result in improved
catalytic performance even after the plasma is turned off, have
also been observed [13].

Plasma catalysis for nitrogen fixation has been focused on
two reactions, N, and H; to form NH;3 and N, and O, to form
nitrogen oxides (NO,). Both can contribute to fertilizer cre-
ation through the formation of nitrates [14]. In this work we
focus on the latter.

The formation of NO, by plasma alone is a well-known
process and has been investigated for the production of fertil-
izers as far back as 1903 with the invention of the Birkeland—
Eyde process [15]. Oxidation of N in the gas phase takes place
through the Zeldovich mechanism, with N reacting with O, or
O reacting with N, [16]. Without the presence of plasma this
takes place at the surface of a catalyst at high temperature and
pressure. With plasma, atomic N and O can be created through
electron impact dissociation at atmospheric pressure, allow-
ing for NO formation at more favorable conditions. Research
efforts are still ongoing into efficient plasma generation sys-
tems to create NO, directly in the plasma [16—18].

Recently, plasma catalytic formation of NO, has been
explored to improve on pure plasma formation. Ma et al
demonstrated a significant enhancement of NO formation with
a Pt-Al,O3 catalyst at lower pressures (3 torr), which was
attributed to the dissociation of vibrationally excited nitro-
gen on the catalyst surface [19]. However, it is unclear if
such processes take place at atmospheric pressure. NO, form-
ation through plasma catalysis has been demonstrated by
Patil et al with a packed bed dielectric barrier discharge
and various metal oxide powders [20]. They demonstrated
that the catalyst power can influence the plasma by creating
micro discharges that increase the product formation but did
not find evidence of enhanced N, cracking on the catalyst
surface [20].

Direct analysis of reactions on the catalyst surface have
remained scant. This is due to the difficulties imparted by
plasma—catalyst interaction at atmospheric pressure [21]. For
packed bed reactor systems, incorporating a diagnostic is tech-
nically difficult. Additionally, many standard techniques for
surface science require high vacuum, precluding their use with
atmospheric pressure plasma [21]. Thus, a detailed under-
standing of the surface reactions is still required for many
plasma catalyst interactions. This necessitates the ability to
separate the contribution of the plasma and the catalyst to
any given reaction. For the interaction of N,/O, based plas-
mas with catalysts at atmospheric pressure, it is still unclear
how the plasma influences reactions on the catalyst surface,
and what contributions to the overall reaction are due to the
plasma or the catalyst.

In this work, we employ a reactor developed by Knoll et al
which allows for in-situ surface characterization of the cata-
lyst under plasma exposure [22]. We investigated the coup-
ling of a N/O, atmospheric pressure plasma over a Pt-Al,O3
catalyst for the oxidation of N,. The catalyst is compared to
bare support material and an empty chamber to understand
its contribution to the interaction and products. An overview
of the coupling at constant catalyst temperature is presented
first, followed by a description of coupling when the catalyst
temperature is cycled so that any changes to catalyst perform-
ance may be identified. By comparing the coupling with con-
stant catalyst temperature or thermal cycling the individual
roles of plasma or catalyst are separated. Additionally, transi-
ent, and long-lasting catalyst alterations are effectively separ-
ated. These findings provide a valuable method for effectively
studying plasma—catalytic reactions and separating transient
surface changes from long-lasting ones that may lead to cata-
lyst activation.

2. Experimental design

2.1. Plasma source

The plasma jet used in this work is an annular-ring type
dielectric-barrier discharge atmospheric pressure plasma jet
(APPJ) developed by Zhang et al [23] and is illustrated in
figure 1, along with the entire experimental setup. It consists
of a 1 mm tungsten pin inserted into a quartz tube with interior
diameter of 3 mm. A copper ring placed around the end of the
quartz tube serves as the ground electrode. The characteristics
of this jet have been thoroughly detailed [23-25]. In this work,
the plasma jet was fed with a feed gas of N, and O, backed by
Ar. The jet is operated at 14.3 MHz with a duty cycle of 20%.
This operating frequency was found in prior work to maxim-
ize power dissipation in the plasma for this APPJ with similar
gas flow conditions [8].

Two gas compositions were primarily used in the work
described here. The first with an N,/O, ratio similar to air;
2.5sccm Ny, 0.5 scem O,, and 200 scem Ar. The second with a
higher O, percentage, 0.5 sccm N5, 2.0 sccm O, and 200 sccm
Ar. These will be termed as N, rich and O, rich respectively for
the rest of this work. Under both conditions, the plasma was
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Figure 1. Plasma catalyst reactor diagram. Nozzle orifice to powder distance is 5 mm.

operated primarily at 2 W. Plasma power in this work refers
to the power dissipated in the plasma, which was calculated
by subtracting the stray power from the total power in the cir-
cuit. This technique has been previously detailed in work by
Li et al [8].

2.2. Reaction chamber and catalyst

The reaction chamber in this work is a modified high tem-
perature reaction chamber (Harrick Scientific) which has been
previously described [8, 22]. The chamber has a total internal
volume of approximately 1.5 cm™> and houses a stainless-
steel cup to hold catalyst powder. The catalyst cup can be
heated from below and the temperature is monitored with a
thermocouple. The chamber itself is water cooled. The reactor
lid has two openings. One of these openings houses a win-
dow for diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) measurements. The other opening fea-
tures a ceramic feed through which holds the end of the APPJ
(see figure 1). Gas flows through the plasma jet and towards
the catalyst located 5 mm from the orifice. The composition
of the flux of plasma-generated reactive species depends on
operating conditions. At the flow rates employed in this work
(200 sccm) the time it takes a gas species to travel from the
nozzle to the powder surface is estimated to be around 40 ms.
After passing through the catalyst bed, the gas flows out of
the reaction chamber carrying any formed products with it.
Unexcited gas may also be flowed through ports in the reaction
chamber; however, this was not employed in this work.

In this work, 5 wt% Pt on ~y-Al, O3 catalyst was used. The
catalyst was purchased from Sigma Aldrich, product number
205974. Characterization of the same product number by Chen
et al and Engelbrecht et al indicate that this catalyst has a sur-
face area of ~100 m? g~! with a pore size of ~9 nm and a Pt
particle diameter of ~5 nm [26, 27]. The surface area charac-
teristics of the bare Al,O3; material are unknown. The Al,O3

particle size for both Pt-Al,O3 and Al,O3; was assessed to be
between 37 and 74 pm in diameter through sieving. Stainless-
steel mesh was used to prevent catalyst powder from falling
through the bed outlet.

2.3. Downstream gas and in-situ operando surface analysis

Plasma-—catalyst interactions were analyzed in one of two
ways, catalyst surface characterization or characterization of
gas species downstream of the plasma—catalyst interaction.
In-situ operando surface characterization was carried out with
a DRIFTS compartment (Harrick scientific) to which the reac-
tion chamber was inserted. The entire apparatus is located in
an FTIR spectrometer (Shimazdu, IR-Tracer 100) which is fit-
ted with a high sensitivity MCT (MgCdTe) detector. Two KBr
windows on the reaction chamber lid allow for IR light to pass
through. Changes in IR absorbance patterns can be ascribed to
adsorbed species on the catalyst surface. DRIFTSs spectra were
recorded with 4 cm™~! resolution, with a 20 scan average for a
good balance of signal sensitivity to noise. As the exact calib-
ration factors for surface species coverage to signal intensity
was not known, DRIFTS analysis is only qualitative.
Characterization of downstream gas species was performed
with the same FTIR spectrometer equipped with a high sensit-
ivity, 16 m path-length gas cell (Pike Technologies). Gas from
the reaction chamber outlet flowed through 30 cm of tubing
before mixing with a stream of 1 slm Ar to reduce the resid-
ence time within the gas cell. This mixture then flowed along
another 80 cm of tubing before entering the gas cell, for a total
transfer time between reactor and measurement cell of around
2 s. FTIR spectra were recorded at higher resolution, 0.5 cm ™!
resolution, with 10 scans averaging. Gas species densities were
quantified using species IR cross-section data taken from the
HITRAN database [28]. Both DRIFTS and downstream FTIR
spectra were taken in real time. Since only one measurement
can be performed at a time, every experiment was performed
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twice. Prior to performing any experiment (DRIFTS or down-
stream gas), gas lines were evacuated to 1073 torr, and the
reaction chamber was purged with Ar for 30 min to minimize
interference due to water or other impurities.

The nature of the experimental setup means that immedi-
ate reactive species flux to the catalyst surface has not been
quantified. However, results from the literature with similar
plasma generation devices are drawn upon to qualitatively
inform how reactive species fluxes may shift between different
experimental conditions. Details are covered in section 4.1.

For experiments involving thermal cycling, the powder
bed was initially exposed to plasma for 5 min at 100 °C to
ensure stability of the powder surface. It was then heated under
plasma exposure from 100 °C to 350 °C at 10 °C min~' with a
1 min dwell time at end temperatures to compensate for small
overshoots in the set temperature. For all experiments, the
catalyst was not heated beyond 350 °C. This was to avoid the
formation of gaseous platinum oxide, which could redeposit
further down the gas lines, contaminating the set-up. Oxide in
bulk typically does not sublimate below 800 °C [29, 30], but
nanoparticles may form gaseous PtO at 400 °C [31, 32].

3. Experimental results

3.1. Analysis of downstream gas-phase products

Gas phase characterization was performed to understand how
the coupling of the plasma with catalyst influences the plasma
products. First, the species produced in an empty chamber
were analyzed, to gain an understanding of what is created
in the plasma. Next the catalyst was exposed to the plasma
at constant temperature, to understand how downstream spe-
cies evolve with time. Finally, the catalyst was thermal cycled
under plasma exposure to help separate the contribution of
plasma and catalyst to the product densities.

3.1.1. Overview of gas-phase products.  Gas phase charac-
terization was performed to determine and quantify products
produced by the plasma—catalytic reaction. Figure 2 shows an
example of an FTIR spectrum of downstream gas products
during exposure of the empty chamber to plasma of various
powers and feed gas compositions. These spectra were recor-
ded with the catalyst temperature at 25 °C. Only three down-
stream IR visible reactive oxygen—nitrogen species (RONS)
are visible at the conditions shown: NO,, NO, and N,O. Other
species such as O3, N,Os, and HNO; appear at lower power for
O, rich conditions, however their spectral profile is not shown
here. Spectral features were converted into densities through
Beer’s law, shown in equation (3.1),

A =xiC 3.1)

where C is the concentration, x the IR cross section, A absorb-
ance, and / is the total IR path length.

IR cross sections for the respective species were obtained
through the HITRAN database [28]. Error in the relative shift
in densities of a compound is very small. However, as the gas

0.35 /F
25°C e
Empty Chamber
0.30 { —— 0, Rich, 3.5 W NO,
—— 0, Rich, 2W
0.25 1 — Ny Rich, 2 W o NO
NO, 2
B il
S 0.20 -
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Figure 2. FTIR spectra of downstream gas products from plasma
exposure to an empty chamber at 25 °C. Spectral intensity of
downstream species varies linearly with concentration. NO, and NO
increase with O,:N; ratio and plasma power, N,O varies little. H,O
results in noise from 1200 cm™" to 2000 cm ™.

densities were not calibrated with calibration gas, error may
be present in the quantification. Thus, discussion in this paper
primarily focuses on relative shifts in product densities.

IR features corresponding to CO, and H,O are also vis-
ible in all conditions. CO, and H,O are attributed to trace
atmospheric contamination and are not further analyzed in this
work. No RONS are seen downstream without plasma for all
catalyst temperatures and gas flow conditions evaluated in this
work. This is expected as catalyst temperatures employed in
this work are too low for thermal NO formation [19]. In this
work NO, is defined as the sum of NO, NO,, HNOs, and
2xN,0s. However, NO and NO, and N,O are typically the
only species seen downstream.

Initial product quantification focused on yields of species
that are formed by the plasma in the gas phase. This was
to verify how reactions in the plasma varied with plasma-
power and O,/N,%. Figure 3 shows the effects of changing
the plasma-gas mixture and plasma power on plasma products
in an empty chamber. O, rich plasma allows for higher depos-
ited power before arcing to the chamber walls, thus the range
shown is larger. Additionally, at a higher powder bed temper-
ature, the plasma plume begins to arc at a lower power, likely
because of a higher gas temperature within the reaction cham-
ber. When O,:Nj ratio is increased, more NO, appears down-
stream, with O3z beginning to appear below 1 W at 25 °C.
When plasma power is increased, NO takes up a larger por-
tion of total product regardless of the jet gas. Total RONS spe-
cies densities increase almost linearly with increasing plasma
power, shown by the NO, curves. Species other than NO, NO,
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Figure 3. Variation of plasma produced NOy species with
increasing power deposited in the plasma jet with no catalyst
present. Exposure time was 15 min. (a) Ny rich feed gas, 25 °C
powder bed. (b) O; rich feed gas, 25 °C powder bed. (c) N; rich
feed gas, 100 °C powder bed. (d) O rich feed gas, 100 °C powder
bed. (e) N, rich feed gas, 350 °C powder bed. (f) O, rich feed gas,
350 °C powder bed.

and N,O are only seen at very low power for O, rich plasma
at 25 °C, where small quantities of O3 and N,Os are measur-
able. Increasing temperature results in a shift from NO, to NO
for both gas feeds. Because the products are measured down-
stream of the reaction chamber, the measured densities may
differ from the fluxes impinging on the catalyst surface, even
for empty chamber conditions shown in figure 3. This is dis-
cussed further in section 4.1.

The effect of variation of plasma power on measured
product densities with the Pt-Al,O3 catalyst in place is shown
in figure 4. A smaller power range is shown for Pt-Al,O3 than
for the empty chamber in figure 3. The power was restricted
with the catalyst present to avoid arcing, which may affect the
catalyst in unknown ways and reduce experimental repeatabil-
ity. Arcing was less of a concern for an empty chamber, as tests
could be repeated quickly, with less time and material lost in
the event of arcing. Again, increasing O,:Nj ratio increases the

Pt-Al,O,

N, Rich 0, Rich

1.6

26°C
1'4-—v—NOx —+— 04 ]
121 « No —— N,O5
101—=—NO, » HNO, T
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00] e4% e)]i——+ f)
0 1 2 3 4 50 1 2 3 4 5
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Figure 4. Variation of plasma produced NOy species with
increasing power deposited in the plasma jet over Pt-Al,O3.
Samples were exposed for 30 min at each power starting at the
lowest power and moving to the highest, for 25 °C, then 100 °C,
then 350 °C. The N; rich and O, rich data are taken from a separate
powder sample. NOy from the empty chamber is shown for
comparison. (a) Nj rich feed gas, 25 °C powder bed. (b) O; rich
feed gas, 25 °C powder bed. (¢) N; rich feed gas, 100 °C powder
bed. (d) O; rich feed gas, 100 °C powder bed. (e) N, rich feed gas,
350 °C powder bed. (f) O, rich feed gas, 350 °C powder bed. For
comparison, total NOx measured for the empty chamber is shown as
well.

amount of NO, seen downstream. For Pt-Al,O3 at low tem-
perature, NO eclipses NO, at high plasma power, similar to
an empty chamber. At very low power, NO is more promin-
ent for N, rich plasma than O, rich. After around 1.5 W, O,
rich plasma is more effective at both NO and NO, production
at low temperature. At 350 °C, both NO, and NO increase
with power for N, and O, rich plasma. This effect is especially
prominent for O, rich plasma. Total RONS species densities
rise linearly with increasing plasma power for all conditions.
No species other than NO, NO, and N,O are seen.

To get a better idea of the species that form with a greater
O; surplus, an O,/Ar plasma was interacted with an unexcited
stream of N»/O,/Ar in the empty reaction chamber. Figure 5
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Figure 5. Variation of downstream species with powder bed
temperature for an empty chamber. Gas flow conditions here are not
consistent with the rest of this work, and include an argon-backed
(400 sccm) unexcited gas flown into the reaction chamber along
with the plasma gas. The pattern of density variation with
temperature is consistent with all N2/O»/Ar plasma variations tested.
(a) 3.5 W plasma power. (b) 1.5 W plasma power.

shows these results. This gas flow configuration is not used
elsewhere in this work. However, it gives a better understand-
ing of how species such as O3 vary with powder bed temper-
ature. Figure 5(b) shows that, for low-power plasma, O3 drops
rapidly with increasing powder bed temperature. It should be
noted that the temperatures displayed in this work are not rep-
resentative of the gas temperature. The flow rates employed
are too high for equilibration with the powder-bed set tem-
perature. While the gas temperature will certainly impact gas
phase reactions, especially concerning O3 [23], the degree of
gas heating due to flow through the powder bed was not eval-
uated in this work.

3.12. Plasma-catalyst interaction at constant temperature.
The catalyst powder was exposed to plasma at a constant tem-
perature for extended periods of time to understand its inter-
action with the plasma at steady state. Experiments were per-
formed with both Pt-Al,O3 and Al,Oj3 to characterize the role
of Pt. Three temperatures were chosen to analyze, 25 °C,
100 °C, and 350 °C. At 25 °C and 100 °C, Pt is not active
for NO oxidation with O,, at 350 °C it is [33].

A comparison of downstream product densities for Pt-
Al O3, Al,O3, and an empty chamber during exposure to N,
or O, rich plasma is presented in figure 6. Only three down-
stream species were seen in the FTIR spectra, NO,, NO, and
N,O. The density of N,O is much lower than the densities of
NO and NO; under all conditions. Additionally, N,O hardly
varies with conditions and as such is not analyzed further in
this work.

For the empty chamber, the measured density plateaus and
becomes stable quickly, within 5 min. However, densities take
longer to stabilize with Al,O3, with 20 min being typical. Pt-
Al,O3 requires even more time, 40 min at 350 °C for N, rich

gas and 50 min at 350 °C for O; rich gas. At low temperatures,
downstream densities do not appear to have stabilized after
even 60 min for Pt-Al,Os. This is especially noticeable for O,
rich plasma.

Downstream densities of NO and NO, are consistent for
both 25 °C and 100 °C for all conditions and materials. For
Al,O3 and the empty chamber, 350 °C results in a drop in NO;
production, with an increase in NO production. This shift is
more prominent for N; rich plasma. For N rich plasma over
Pt-Al,05 at 350 °C, both NO and NO, increase relative to low
temperatures. For O, rich plasma over Pt-Al,03 at 350 °C,
NO; increases dramatically relative to low temperatures while
NO is lessened. In contrast to Al,O3 or an empty chamber,
NO; density with Pt-Al,Oj is highest at 350 °C. The down-
stream product densities with N, rich plasma over Pt-Al, O3
are the same for all three temperatures for the first 15 min
of exposure. After 15 min, densities at 350 °C rise rapidly.
This pattern is not as evident with O, rich plasma, however a
change in the slope of product increase does occur after around
10 min. Figures 6(10) and (11) show that the initial rapid rise
in density from plasma-on is similar with both Pt-Al,O3 and
bare Al,Oj3. After this, the slope remains positive for Pt-Al, O3
while Al,O3 levels off.

To tabulate the overall enhancement of reactive nitrogen
production, the total N in all downstream species was summed
for each temperature and material according to equation 3.2
below:

Niot = NO; +NO + 2 % N,O. (3.2)
This value is shown in figures 6(19)—(24). At 25 °C and
100 °C there is slightly less Ny, and Oy after 1 h compared
to Al,O3 and an empty chamber. At 350 °C there is a minor
enhancement of Ny, for Pt-Al, O3 relative to Al,O3, around
10% for Nj rich plasma and around 20% for O, rich plasma.
Total bound oxygen, Oy, was calculated according to
equation (3.3) below, and is also shown in figures 6(25)—(30)

Ot = 2 NO, +NO + N, 0. (3.3)

For Oy, the differences between materials are pronounced.
For 350 °C, Pt-Al,03 shows a higher value than Al,O5; and
an empty chamber. For N, rich plasma, Pt-Al,O3 at 350 °C
and empty chamber at 25 °C have a similar O, value. For O,
rich plasma, Pt-Al,O3 has a larger Oy, value than for all other
conditions.

3.13. Plasma-catalyst interaction under thermal cycling.

Steady state data may not be sufficient for understanding
the changes to the catalyst that occur under plasma expos-
ure. Temperature variation is useful for visualizing changes
to the catalyst that may affect its performance, such as catalyst
activation demonstrated in the work of Li ez al [13]. Thermal
cycling of the catalyst powder under plasma exposure was
employed to identify these changes. Thermal cycling may also
help determine what the relative contributions of the plasma
and the material surface are to the downstream gas products.
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Figure 6. Densities of downstream gas products during long-term plasma exposure to Pt-Al,O3, Al,Os3, or an empty chamber with powder
bed temperatures of 25 °C, 100 °C, and 350 °C. 2 W plasma used throughout. Empty chamber only presents 20 min of exposure. (1)—(3)
NO3, Nj rich. (4)—(6) NO, O, rich. (7)-(9) NO, N; rich. (10)—(12) NO, O, rich. (13)-(15) N,O, N rich. (16)-(18) N,O, O rich. (19)—(21)
Oot, Ny rich. (22)—(24) Oyo, O rich. (25)—(27) Niot, N2 rich. (28)—(30) Nio(, O3 rich.

The standard pattern for these experiments was to cycle the
material, either Pt-Al,O3 or Al,O3, from 100 °C to 350 °C at
afixed rate, e.g. 10 °C min~—', repeatedly, with no gap between
the cycles. 100 °C was chosen because downstream products
for 25 °C and 100 °C are roughly equivalent (figure 6) and
below 100 °C the cooling system of the reaction chamber
cannot cool at 10 °C min~—'. Thermal cycling is a technique
common in the evaluation of catalytic reactions that has not
been widely applied to plasma catalysis [34]. First presen-
ted is thermal cycling carried out in an empty chamber to
see what interactions may be occurring regardless of catalyst
powder. Next, a comparison of thermal cycling with Pt-Al, O3
and Al,O3 is shown for an understanding of the role of Pt.
Finally, thermal cycling of Pt-Al,O3; under different plasma
conditions is shown, to discern the role of the plasma.

Figure 7 shows downstream densities captured during
thermal cycling with no catalyst powder. NO and NO, increase
and decrease respectively as temperature is raised for both
feed gas compositions. The decrease in NO; is likely caused

by destruction of oxidizers like O3 on the hot surface of the
powder cup or due to gas heating. A slight hysteresis pattern
is apparent, particularly for NO, density with N rich plasma.
The reason for this hysteresis is unknown, but may indicate
a surface interaction that changes the state of the catalyst-cup
walls. O, rich plasma shows an increase of NO and NO, rel-
ative to N rich plasma for the same power.

Figure 8 shows downstream NO, and NO products during
thermal cycling under constant exposure to plasma for both
Pt-Al,O3 and Al,O3;. Downstream products with Pt-Al,O3
strongly show temperature-dependent formation, with NO,
and NO densities rising rapidly as the temperature is raised
to form a hysteresis loop. Four thermal cycles were performed
for both feed gas configurations. For Pt-Al, O3, the size of this
hysteresis loop increases across the first 3 cycles and becomes
reproducible after the third. Al;O3; on the other hand, has a
near identical pattern for all four cycles. The changes taking
place during these first three cycles have been analyzed in
[35]. However, the present work focuses on conditions where
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Figure 7. Production rate of downstream products during thermal
cycling of an empty powder cup under constant plasma exposure.

2 W plasma. 10 °C min~! as the heating and cooling rate. Cycles
were consecutive with no gap in between, and only the third cycle is
shown. (a) NO; measured with O rich plasma. (b) NO, measured
with N rich plasma. (¢) NO measured with O, rich plasma. (d) NO
measured with N rich plasma.

the surface has stabilized and thus only the third cycle is
analyzed.

For N, rich plasma, no sharp NO, increase occurs for Al,O3
during the temperature ramp. A slight shift towards NO is
seen at higher temperatures, consistent with figure 6, but there
is no obvious change during the temperature ramp. At lower
temperatures, twice as much NO and slightly more NO, is
present downstream with Al O3 than Pt-Al,O3. After 280 °C,
downstream NO, for Pt-Al,Oj3 rapidly eclipses that of Al,Os3,
with NO, showing the larger difference. O, rich plasma over
Al,O3 shows clear hysteresis, with both NO and NO; increas-
ing around 225 °C and peaking around 275 °C. The hysteresis
pattern for Al,O3 and Pt-Al,Oj3 is not similar, suggesting a
different reaction mechanism.

While both gas flow conditions show temperature depend-
ent product formation over Pt-Al,Os, the hysteresis loop is
more pronounced with O, rich conditions. For NO,, the start
of the hysteresis loop occurs at a lower temperature for O,
rich (~250 °C) than Nj rich plasma (~280 °C). The increase
in NO, density is also steeper for O, rich plasma. NO, density
peaks at 325 °C for O, rich plasma and 350 °C for N, rich
plasma. NO density also rises at a slightly lower temperature
for O, rich plasma, with a shallower curve. With increasing
0,:Nj ratios, downstream NO, is boosted at all temperatures.
This is shown in figures 8(e) and (f), where the rolling sum
totals across the full cycle are shown. Total NO, production is
3x larger for O, rich across the whole cycle, while NO totals
are around 30% larger.

Figure 3(d) indicates that increasing plasma power for O,
rich plasma significantly changes the NO flux to the catalyst
surface. To investigate these effects, 2 W and 3.5 W power
for O, rich plasma was applied to the catalyst during thermal
cycling, and results are displayed in figure 9. Densities of
both NO and NO, have a consistent pattern during catalyst
cooling for high and low power. NO, heating curves change
significantly as the power is raised, with the temperature of
product-formation lowering as the power increases. From 2 W
to 3.5 W the temperature of NO, increase drops around 50 °C.
NO; downstream density also peaks 50 °C earlier for 3.5 W
plasma, 275 °C compared to 325 °C. Low temperature NO;
does not vary across power, consistent with the empty cham-
ber results in figure 3(d). NO heating curves show a distinct
peak at low temperature, in the range of 150 °C. This peak is
also seen with 2 W N,-rich plasma but is more easily visu-
alized in figure 9(b) as it increases with plasma power. NO
density also rises at a slightly lower temperature for 3.5 W
plasma, with a shallower curve. Total NO and NO, produced
during the cycle increase by a similar amount for 3.5 W vs 2 W
plasma.

To determine the importance of the non-excited component
of the gas stream during thermal cycling, namely O,, Pt-Al, O3
was exposed to 3.5 W O, rich plasma for three thermal cycles.
This was followed by a fourth thermal cycle with the plasma
turned off. In the plasma off cycle, O, flow was either constant
or shut off. The results are shown in figure 10. In both cases
there is an initial drop in downstream density due to turning off
the plasma (near 100 °C). After this drop a hysteresis pattern
is present with a clear temperature dependence of the product
formation. The ratio of NO, to NO changes when O is extin-
guished. With no O, flow, there is a 100% increase in peak NO
and a similar decrease in NO;, compared to leaving the O, flow
on. The lower panels of figure 10 show the rolling sum totals
for when O, is either flowing or cut off. Total NO, is almost
identical for both conditions, suggesting that while the oxida-
tion state of the products changes, the release propensity is not
affected by O;.

Downstream measurements are not sufficient to gain a com-
plete understanding of the surface mechanisms taking place on
the catalyst surface. Thus, characterization of surface absorbed
species with DRIFTS was carried out as detailed in the next
section.

3.2. Analysis of surface species

Real time characterization of IR sensitive species adsorbed
on the catalyst or support surface was accomplished with
DRIFTS. Examples of DRIFTS spectra are shown in figure 11.
Quantitative calculations of surface coverage for DRIFTS
peak heights were not attempted in this work. Absorbance
peaks were approached qualitatively, with variations in peak
height assumed to correspond to changes in surface coverage.
Figure 11 shows the surface species present upon heating to
high temperature under pure Ar flow with no plasma. Negative
peaks present in the region 1000-2000 cm™', as well as the
wide band present 2500-3500 cm ™! are attributed to surface
water that is removed as the catalyst is heated [8, 22]. These



Plasma Sources Sci. Technol. 32 (2023) 125001 M Hinshelwood and G S Oehrlein

Pt-ALO, ALO,
NO, NO NO, NO

Real Cycle 3
Time a) b) c) d)

F2 W -

I
o o o

-
[ D) |

Rate (molecules /s) x10"

© o
=

6o
o —a— Heat, O, Rich f) 0) h)
o 50 [ —a— Cool, O, Rich [ [

; 4.0 | —— Heat, N, Rich

5 —— Cool, N, Rich

= 3.0 3

c

S 20

[&]

3 1.0

e

o 0.0 el

700 150 200 250 300 350 100 150 200 250 300 350 100 150 200 250 300 350 100 150 200 250 300 350
Temperature (°C) Temperature (°C)

Figure 8. Production rate of downstream products during thermal cycling of Pt-Al,O3 or Al,O3 under constant plasma exposure. 2 W Nj
rich or O, rich plasma was used. 10 °C min~! was used as the heating and cooling rate. Cycles were consecutive with no gap in between.
(a) NO; production rate, Pt-Al,O3. (b) NO production rate, Pt-Al,O3, multiplied by 2.5 for greater clarity. (c) NO, production rate, Al,Os.

(d) NO production rate, Al,O3, multiplied by 2.5 for greater clarity. (e) Rolling sum NO,, Pt-Al, O3 (f) Rolling sum NO, Pt-Al,Os. (g)
Rolling sum NO,, Pt-Al,03 (h) Rolling sum NO, Al,Os3.

NO

=~ 4.0 —
o -
x 35ime
@ 3.0} |
$ 25¢
3 2.0} 2.5x 7f'.4'.
U o
@ p
it - 7:,“ l‘é
E’ 1.0}
2 05
g i

0.0k .
o 7p[Totals [ =—Heat, 3.5 W
© 60 —u— Cool, 3.5W
x - h\h —a—Heat, 2W
% : i —a— Cool, 2 W
Ao M S
5 a0}
g 2.0f
E 10- ==
£ ool s

100 150 200 250 300 350 100 150 200 250 300 350
Temperature (°C)

Figure 9. Production rate of downstream products during thermal cycling of Pt-Al,O3 under constant O, rich plasma exposure at either
2 W or3.5W. 10 °C min~! was used as the heating and cooling rate. Cycles were consecutive with no gap in between; the third cycle is
shown. (a) NO; production rate. (b) NO production rate, multiplied by 2.5 for greater clarity. (c) Rolling sum NO,. (d) Rolling sum NO.



Plasma Sources Sci. Technol. 32 (2023) 125001

M Hinshelwood and G S Oehrlein

Cycle 4: Plasma Off, Previously 3.5 W
- NO
A 0,0n

-
(o))

1.4} NO;

121 bt ALO,

08 | O, Rich

0.6}
0.4¢
0.2¢
0.0¢

A
£ Heat —a—
LA
‘ ]

FEN

Av 4 ¥

A A

Rate (molecules /s) x10'7

1.6}
1.4}
1.2}
1.0}
0.8}
0.6}
0.4}
0.2}
ool .

100

Production Total x10"®

300 100 200

Temperature (°C)

200

Figure 10. Production rates of NOy after three thermal cycles of
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rate. (b) NO production rate. (c) NO; rolling sum totals. (d) NO
rolling sum totals.

peaks increase and decrease linearly with temperature. Other
features in the region of 3700 cm~! and 3250 cm ™! are attrib-
uted to hydroxyl groups [36—40] and potentially C—H [41-43]
or H-N [41, 44] bonds respectively. These features are quite
noisy and are not related to NO,. Thus, this work will focus
on the spectral region of 1000-2000 cm~! where NO; related
peaks appear. With the ignition of plasma, absorbance peaks
form in this region. Most peaks correspond to species bonded
to the alumina support. Peaks at 1550 cm~! and 1255 cm ™!,
are attributed to monodentate nitrate (NO3 ) on alumina [45—
54]. 1550 cm~! and 1255 cm™! have the same variation pat-
tern. 1313 cm™! is more difficult to classify. Al,O3 based
peaks in the range of 1313 cm™! have been attributed to both
nitrite and nitrate in the literature [49, 55-57]. Based on the
peak stability, nitrate may be more likely, as nitrite is typically
reduced at 350 °C [48, 58]. However, the peak is also convo-
luted with overlaps from 1350 cm~! and 1255 cm™!* Based
on [49, 51] this peak is classified as bidentate nitrate in this
work. A shoulder at 1235 cm~! can be seen in some condi-
tions, which is attributed to bidentate nitrite [45, 50, 51, 56, 57,
59]. The peak at 1770 cm ™! can be attributed to Pt-NO [48, 60]
and is not seen for Pt at elevated temperature. Additionally, the
peaks at 1440 cm~! and 1350 cm ™! are attributed to solvated
nitrate, resulting from the interaction of water impurities in the
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Figure 11.: (a) DRIFTS spectra of Pt-Al,Oj3 catalyst at 350 °C with
no plasma (bottom) and pure Ar flow, 25 °C with N rich plasma
(middle), and 350 °C with N; rich plasma (top). Plasma power was
2 W. The no-plasma spectra was taken after heating to 350 °C with
a background spectra at 100 °C. The plasma spectra were captured
after 45 min of exposure to fresh catalyst at the referenced
temperature, with a background spectrum at the referenced
temperature. (b) Spectral region 1000-1900 cm ™!, prominent
absorbance peaks are highlighted. (c) Chemical structure of
observed species.

feed gas with nitrate on the alumina surface [49, 51-53, 61].
An overview of the relevant peaks is also shown in table 1.

3.2.1. Surface species evolution at constant temperature. The
evolution of surface peaks on Pt-Al,O3; and Al,Oz under
plasma exposure at constant temperature were evaluated
to correlate with the downstream data shown in figure 6.
Figure 12 shows the primary surface species over time for both
Pt-Al,03 and Al,O3 under exposure to N; rich plasma con-
ditions. The peaks are broadly similar for both materials. The
negative peak at 1670 cm~! was assessed to be due to removal
of water from the surface as it varies linearly with temperature
and appears if the catalyst is heated in pure Ar. The intensity
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Table 1. Assignment of vibrational frequencies for adsorbed species on Pt-Al,O3 or Al,O3 surface.

Vibrational frequency (cm™")

Surface species—Platinum (reference)

1770 NO [46, 58]
Surface species—Alumina (reference)
1670 H,0 [22]
1550 Monodentate Nitrate [43-46, 48, 60-62]
1313 Bidentate Nitrate [46, 48]
1255 Monodentate Nitrate [43, 44, 48, 58, 60]
1440 Solvated Nitrate [47, 49, 50]
1350 Solvated Nitrate [51, 59]
1235 Bidentate Nitrite [43, 48, 49, 54, 55, 57, 61, 62]
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Figure 12. DRIFTS absorbance peak heights after 45 min of 2 W,
Ny rich plasma exposure. Exposures were conducted at 25 °C,
100 °C, and 350 °C. The background spectrum was taken at the
temperature of test immediately before plasma exposure. Columns
are for different materials, rows for different temperatures. For
frequency assignment, see table 1. (a), (b) 25 °C, Pt-Al,O3 and
AL 03. (c), (d) 100 °C, Pt-Al,03 and AlOs. (e), (f) 350 °C,
Pt-Al,O3 and Al,Os.

of this peak depends on the initial background spectra. For
350 °C exposure, the background was taken at 350 °C and thus
most water was already removed from the surface. For Al,Os3,
no peak is seen at 1770 cm™!, supporting the interpretation
of that peak as Pt-NO. Nitrate species on Pt-Al,O3 at 350 °C
(figure 12(f)) increase faster than for all other conditions. The
nitrite shoulder at 1235 cm™! is initially present at low tem-
peratures before being subsumed by nitrates at 1313 cm ™! or
1255 cm~!. Solvated nitrate decreased with temperature, con-
sistent with the elimination of water. The most prominent trend
across temperature is the decrease of water solvated nitrate.
Monodentate nitrate appears to increase in expense of solv-
ated nitrate.

Pt-NO builds up rapidly on the Pt surface at 100 °C, while
nitrate peaks are lower than for Al,O; for the same temper-
ature. This suggests that some NO, storage is in the form of
Pt-NO at these temperatures.

It must be emphasized that each curve in both figures 6
and 12 represents a fresh sample and exposure. Exposing a
sample at 100 °C and then shifting to 350 °C does not neces-
sarily result in comparable peak-height shifts. This is further
explored when discussing thermal cycling of catalyst samples
under plasma exposure.

3.2.2. Surface species evolution during thermal cycling.

Surface analysis during thermal cycling was employed to
understand what surface processes take place during the prom-
inent hysteresis visible in the downstream product measure-
ments. Figure 13 shows surface species evolution during the
third thermal cycling of Pt-Al,O3 or Al,O3 under 2 W Nj-
rich plasma. The overall surface species are the same for both
materials, with the exception of Pt-NO. The most prominent
pattern for both materials is the solvated nitrate—monodentate
nitrate shift that takes place with changing temperature. This is
presumably due to water leaving the surface. Al,O3 seems to
show a greater response of solvated nitrate to temperature, sug-
gesting weaker water attachment. Aside from a shift between
water solvated and monodentate nitrate, peaks related to the
support do not show any drastic changes with temperature. Pt-
NO on the other hand, begins a steep decrease when heated to
175 °C and levels off at around 250 °C. A hysteresis pattern is
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Figure 13. DRIFTS absorbance peaks during the third thermal
cycle of Pt-Al, O3 or Al,O3 under plasma exposure to 2 W N-rich
plasma. Background spectra were taken at 100 °C before the start of
plasma exposure/cycling. For frequency assignment, see table 1. (a)
Pt-Al, O3 heating. (b) Pt-Al,O3 cooling. (c) Al,O3 heating. (d)
Al,O3 cooling.

evident with Pt-NO, with the peak increasing at a slower rate
during catalyst cooling.

Figure 14 shows the third cycle for O, rich plasma. Solvated
nitrate is less prominent for O, rich plasma than Nj rich
plasma. This suggests that O, rich plasma is more effective
at water removal, or that oxidation may prevent the adsorp-
tion of water. Al,O3 hardly shows water-solvated nitrates at
all. A slight Pt-NO peak is apparent with O, rich plasma, but
it is greatly diminished compared to the Nj rich case. No clear
indication of NO, release is apparent in the surface species. A
small decrease in all nitrate peaks appears to be taking place
during heating for Pt-Al,O;. While this decrease is repeat-
able, occurring in cycles 2—4, its magnitude makes attribution
to any surface process difficult. Besides this and a decrease
in solvated nitrate, the spectra for Al,O3 and Pt-Al,O3 are
quite similar, despite the drastic differences in downstream gas
results.

4. Discussion

4.1 Species flux to the catalyst surface

Before discussing the plasma catalyst interaction in full, it is
useful to obtain an accurate picture of the incoming species
flux arriving at the surface. Our measurement apparatus in this
work only permits the quantification of species far downstream
of the plasma source. However, significant research on plasma
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Figure 14. DRIFTS absorbance peaks during the third thermal
cycle of Pt-Al, O3 or Al,O3 under plasma exposure to 2 W O,-rich
plasma. Background spectra were taken at 100 °C before the start of
plasma exposure/cycling. For frequency assignment, see table 1. (a)
Pt-Al, O3 heating. (b) Pt-Al,O3 cooling. (c) Al,O3 heating. (d)
Al,O3 cooling.

species production in similar jets has been conducted and will
be drawn upon to inform the discussion herein.

Prior work with the same APPJ has shown that NO is the
primary RONS species which forms in the plasma generation
zone (the space between the needle tip and the ring electrode),
from the reaction of O and N, or N and O, [62]. This reaction
occurs at short timescales, within the region near the needle
tip and the electrode [62, 63]. The primary loss mechanism of
NO in the plume and effluent (the regions of the plasma plume
extending past the nozzle) is the formation of NO,, with back
reaction of N and NO to N, and O also being prominent close
to the jet or at high ratios of N,:0, [62, 64, 65]. Atomic O is at
its largest concentration near the plasma nozzle, where plasma
power dissipation is highest [25, 62, 63]. As the gas moves
away from the nozzle, O is quenched through the formation
of NO, NO,, and O3 [62]. O3 densities increase past the end
of the plasma plume, as other ROS species diminish. Once O
is depleted, oxidation of NO is caused by O3 [65]. For more
information, readers are referred to the work of Gaens et al
and Schmidt-Bleker et al [62, 65].

In the setup used in this work, the gas flow exiting the
nozzle is 200 sccm, and gas must travel 5 mm to reach the
top of the 6 mm diameter powder bed. Based on these val-
ues, the estimated travel time of a reactive species between
formation and impingement is around 40 ms. Given the short
lifetimes of O and N it is unlikely for significant amounts of
either one to reach the catalyst surface. The same is true for
electronically and vibrationally excited species. Thus, for the
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conditions employed in this work, we assume that the primary
species impinging on the catalyst surface for both N, and O,
rich conditions are NO and O3, with some NO,.

The fact that no O3 is seen downstream is likely the res-
ult of its destruction by NO, at longer timescales [66], form-
ing NO; and N,Os [65]. Figure 5 supports this conclusion, as
O3 and N,Os decrease as the temperature of the powder cup
increases, while NO; and then NO rise. This decrease is likely
due to destruction of O3 with elevated powder cup temperature
and suggests that O3 destruction by NO, is significant when
NO density from the plasma is high. It also suggests that this
destruction likely occurs in the vicinity of or after the catalyst
bed. O3 destruction may take place both on surfaces and in the
gas phase. Figure 6 shows the same shift away from NO, with
temperature for both empty chamber and when the powder bed
is filled with Al,Os3. If a surface was required for O3 decom-
position, one would expect this shift to be more significant for
a full powder bed.

Figure 3 shows that NO flux increases with both power and
O, ratio in the jet. O3 likely also increases with O, admixture
to a plasma jet, as higher densities of O, in the plasma gas mix-
ture increases the rate of production of O radicals and vibra-
tionally excited O, species [13, 62]. Prior work from this group
has shown O3 increase with plasma power for O,/Ar plasma
at the same flow rates and time scales, however the increase is
not linear [8]. O3 has also been shown to increase slightly with
plasma power for an Ar plasma flown into humid air [64]. In
our case, H,O impurities are not thought to greatly affect NO,
generation within the plasma. Figures 13 and 14 show that
the feature due to H,O at 1670 cm~! does not show a major
shift across heating and cooling during cycle 3, suggesting
that little water is reintroduced to the surface from impurities
in the feed gas. Additionally, the consistency of downstream
gas measurements across hours of experimental time suggests
that any H,O impurities in the feed gas are invariant with
time.

4.2. Contribution of plasma and catalyst at constant catalyst
temperature

Figure 6 shows that catalyst temperature has a large effect on
the gas species measured downstream of the plasma catalyst
interaction for both Pt-Al,O3 and Al,O3. Only N>;O shows
minimal variation with powder bed temperature or catalyst
material, likely because N,O does not readily adsorb onto Pt,
thus all N,O is formed in the gas phase and merely passes
through the catalyst powder [67]. NO, shows the most pro-
nounced change with temperature for both O, rich and N,
rich conditions. At 25 °C and 100 °C, Pt-Al,O3 results in
less NO, downstream compared to Al,O3 or an empty cham-
ber. This may be due to 60 min not being long enough to
reach steady state surface coverage or from dissociation on
the catalyst surface, which will be touched on again in section
4.3.2. At 350 °C, NO, decreases for Al,O3 or an empty cham-
ber due to Oz destruction. This decrease is smaller for O,
rich plasma, likely due to a surplus of oxidizing species in
the gas phase. For N, rich plasma, it is unexpected that NO

increases over Pt-Al, O3 at 350 °C, as elevated NO, suggests
that NO is being oxidized. This may be due to changes on
the catalyst surface, as densities at 350 °C initially track with
low temperature before a divot which occurs at 15 min. This
will be explored in section 4.3.2. The initial rise in down-
stream density does not vary significantly between Pt-Al,O3
and Al,Oj3. This may partially be due to the residence time of
the gas cell, as the rise in downstream density for an empty
chamber is not instant. Figures 6(10) and (11) show how the
slopes of NO increase diverge significantly for the two mater-
ials after the initial rise. The difference in adsorption charac-
teristics between the materials only affects a fraction of the
produced reactive species and is thus best observed over long
time scales.

NO; production increases over Pt-Al,O3 at 350 °C. This
can be seen in figures 6(19)-(24), with total captured oxy-
gen increasing by around 50% for Pt-Al, O3 relative to Al,O3
for Ny rich and O; rich plasma. Figure 4 clearly shows
the oxidative ability of platinum. The oxidation effect com-
pletely changes how the downstream NO:NO, ratio varies
with power. At 350 °C, NO; and NO both increase with power,
whereas for low temperature NO, plateaus. When Pt is active
for NO oxidation, Pt-O can form from the interaction with O,
or plasma produced ROS like O3. This may compensate for
the high temperature destruction of gas phase oxidizers like
O3, allowing NO, to rise with plasma power. When Pt is not
active for oxidation, NO varies with power much like an empty
chamber.

Oxidation of NO over Pt with dissociated O, is a well-
known phenomenon in the temperature range of 150 °C-
350 °C [33, 47, 68]. Both the Langmuir—Hinshelwood
and Eley—Rideal mechanism can take place [33, 68, 69].
Interestingly, with N, rich plasma, the oxidation capability of
low temperature plasma in an empty chamber is similar to that
of high temperature Pt-Al,O3. This suggests that O3 in the gas
phase is a potent oxidizer in the gas phase. However, when
0,:N; ratio is increased this is no longer true and surface oxid-
ation becomes dominant. The oxidation capability of Pt can
also be seen in the DRIFTS data, where nitrate peaks increase
rapidly for Pt-Al,O3 at 350 °C under N, rich plasma expos-
ure (figure 12(f)). Pt is known to catalyze nitrate formation on
Al,O3 based NO, adsorbers [58]. Nitrates were the primary
surface species to build up in during plasma exposure although
there appeared to be the presence of a nitrite shoulder initially
at low temperatures. Nitrite formation is known to proceed
nitrate formation on Pt-Al,O3 [58, 70, 71], however at high
temperatures this may occur too quickly to resolve.

Total captured nitrogen (figures 6(25)—(30)) also shows a
small increase for Pt-Al,O; relative to Al,O3 or an empty
chamber at 350 °C. This can also be seen in the NO, curves
from figure 4. It is not clear what causes this increase. It
is unlikely that the catalyst enhances oxidation of nitrogen
through surface reactions, as all excited nitrogen species
would be quenched at these time scales [62]. Additionally, the
temperature is too low to cause nitrogen dissociation on the
surface [19]. It may be that Pt allows for oxidation from NO
into more stable species.
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Based on this analysis the contribution of the plasma at
steady state is as a provider of reactant species to the cata-
lyst surface, particularly NO and oxygen. The catalyst allows
for the oxidation by O, and O3 at high temperatures where
without catalyst they would not be active.

4.3. Contribution of plasma and catalyst during thermal
cycling

Thermal cycling of the catalyst under plasma exposure,
as shown in figures 8-10, further clarifies the temperature
dependence of the reactions on the catalyst surface. It also
allows the separation of transient and long-lasting changes that
take place on the catalyst surface.

4.3.1. Transient changes to the catalyst. In the first cycle
of plasma exposure, the amount of NO, formed downstream
at high temperatures is low, almost none for N, rich condi-
tions. In subsequent cycles, NO, density at high temperatures
increases and the hysteresis loops become stable and reprodu-
cible. This effect must be due to long-lasting surfaces changes
taking place on the catalyst and is analyzed in [35]. For the
purposes of this work, only cycles where the hysteresis pattern
becomes reproducible are analyzed. It is immediately clear
that this reproducible NO, hysteresis is due to transient effects,
with NO, being stored at low temperatures and released as the
temperature is raised. There is no sign of the type of catalyst
activation seen in the work of Li er al [13]. When the catalyst
is cooled in each cycle, the downstream densities drop to the
same level.

Some desorption is apparent from the hysteresis seen for
Al,O3 under plasma exposure (figure 8). The hysteresis pattern
is completely different from that of Pt-Al,O3, being complete
by 350 °C. Only NO hysteresis is present for Al;O3 under N,
rich plasma exposure, and both NO and NO, appear to have an
identical release pattern for Al,O3 under O, rich plasma. This
suggests that NO, formation is connected with the release of
NO. Pt clearly catalyzes this release and catalyzes NO oxid-
ation to NO,, delaying the appearance of NO downstream.
Platinum must then be essential to the storage of NO, and oxy-
gen at low temperatures and its subsequent reaction/release at
high temperatures. L Castoldi et al have shown that Pt can cata-
lyze the release of NO, on Al, O3 based adsorbers, so this result
is not surprising [58, 72].

The nature of the storage and release changes with
plasma composition, and therefore species flux to the sur-
face. Figures 8(a) and 9(a) show that the hysteresis loop of
NO; increases in size with increasing O,:N, ratio and plasma
power. NO, O,, and likely O3 flux to the surface is higher
for these conditions. Thus, the amount of NO and oxygen
adsorption at low temperatures influences the amount of NO
and NO, formed at high temperatures. Oxidizers are particu-
larly important for NO, hysteresis, as figure 8(b) shows that
NO is similar between N, rich and O, rich plasma. Oxygen
bound to Pt must be the primary contributor to the increased
hysteresis of NO,, or else O, rich plasma would show large
NO hysteresis.

Figure 9(a) shows that at 280 °C, the NO, density starts
to decrease for 3.5 W O; rich plasma. This is likely due to a
depletion of both NO and Pt-O. Figure 10 shows how released
species change when O, flow is cut off, with a shift away
from NO, towards NO. This suggests that Pt-O is depleted
first and with no continued oxygen source, NO is released
without oxidizing. The initial oxidation is likely covered by Pt-
O deposited at low temperatures, from oxidizing species in the
plasma. Unfortunately, Pt-O is not directly DRIFTS visible, so
oxidation state cannot be confirmed from the data presented
here.

Figure 8 also shows that temperature of product formation
increase is lowered with O, rich compared to N rich plasma at
the same power, suggesting a dependence on surface coverage
of RONS or oxygen. A larger release of NO, for conditions
with higher flux of reactants to the surface is understandable,
as reactant surface coverage is higher. The exact mechanism
by which surface coverage changes the start of the hysteresis
loop is unclear and requires more investigation.

The primary pattern seen in DRIFTS during thermal cyc-
ling (figures 13 and 14) is a repeatable shift from solvated to
monodentate nitrate. It is unclear why the peak at 1313 cm™!
ascribed here as bidentate nitrate, does not participate in this
shift. This pattern does not correlate with any aspect of the
downstream gas results.

Storage and release of NO, on trap catalysts such as Pt-
Al, O3 or Pt-Ba-Al, 03 has been widely studied. NO, storage is
typically attributed to formation of nitrites and nitrates [45, 48,
58, 68, 73, 74]. NO, release is attributed to NO formed from
nitrite and nitrate decomposition, at low and high temperat-
ures respectively [48, 58, 72, 73]. Nitrate decomposition takes
place from 300 °C to 500 °C and so would only be beginning
in our temperature range [48, 58, 73]. For O, rich 2 W plasma,
nitrate peaks do appear to decrease slightly at the end of the
temperature ramp. However, this is unlikely to be a major con-
tributor to the downstream hysteresis seen. Pt-NO shows the
strongest correlation with downstream hysteresis, with a sharp
decrease during heating followed by a slower rise during cool-
ing. The Pt-NO decrease temperature occurs before the down-
stream spike, and appears to be consistent with NO oxidation
which typically begins at 150 °C over Pt-Al,O3 [33, 75, 76].
The heating curves for downstream NO show a small peak at
around 150 °C for both O, and N, rich conditions (figure 9).
This peak correlates well with the initial peak during nitrite
TPD in the work of Castoldi et al [58]. DRIFTS data does not
appear to show the presence of nitrites during thermal cycling
at conditions tested here.

Examples from the literature of NO adsorbed on reduced
Pt-Al, 03 indicate that NO desorption in the 200 °C-300 °C
range could be due to Pt-NO bonds [77] and that Pt-NO may
make a significant contribution to NO, storage on reduced Pt-
Al,O5 [48]. However, in our results, highly oxidizing con-
ditions show the most NO, storage, and Pt-NO is hardly
evident on the surface for 2 W O, rich plasma, shown in
figure 14. The lack of a clear correlation suggests that there
is a species gradient within the catalyst bed. Further invest-
igation is necessary to accurately make an assignment. What
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is clear is that at a certain catalyst temperature, a significant
amount of NO becomes available for reaction on the catalyst
surface.

Based on this analysis, the separate contributions of plasma
and catalyst during thermal cycling are described. During
thermal cycling, the plasma contributes reactant species at low
temperature, both NO and oxidizers such as O3. The catalyst
is able to store these reactants through platinum oxidation and
NO storage, making them available for subsequent reaction at
high temperatures in a way that would not be possible with
plasma alone.

4.3.2. NO adsorption and destruction on the catalyst surface.
As shown in figure 8, at lower temperatures, more NO and
NO; is present downstream with Al,O3 than Pt-Al,O3. Based
on the hysteresis profile, NO, seems to be absorbed in greater
quantities on Pt-Al,O5 at low temperatures than on Al,Os.
However, destruction of NO may also be occurring, and
may contribute to differences seen between materials under
plasma exposure at constant temperature or during thermal
cycling.

To get a better idea of the contribution of adsorption or
destruction to suppressed downstream NO, at low temper-
ature, the total NO, produced across four cycles was com-
pared to the extrapolated steady-state total at 350 °C for the
same length of time. These results are shown in figure 15.
The steady-state totals were taken from figure 6. Theoretically,
if all the NO, arriving at the surface is released, the cyc-
lical and steady state totals should be the same at the high
point of each cycle. Discrepancies between the two curves
could be due to NO destruction or storage of NO, that is
never released. Figure 15 shows that for Al,Os, a similar
amount of NO, is formed at steady state and across mul-
tiple thermal cycles, 1.54 x 10" and 1.46 x 10" respect-
ively for Nj rich plasma and 2.36 x 10'° and 2.37 x 10"
respectively for O, rich plasma. The cyclic curve is also mostly
straight, meaning little repeatable absorption and release. It
seems that beyond what may be destroyed in both cases, Al,O3
seems to store little, despite DRIFTS results in figures 12—
14 showing nitrate build up on the surface. This may sug-
gest a gradient of NO, adsorption within the powder bed
for A1203 .

The difference between steady state totals at 350 °C over
Pt-Al,O3 or Al,O3 suggests greater destruction over Al,Os.
Steady state totals for N, rich and O, rich plasma over Pt-
Al O3 are 1.72 x 10" and 2.79 x 10'° respectively. This sug-
gests an instability in the plasma produced NO, for the times-
cales studied here, which Pt at high temperatures may com-
pensate for. It may be that Pt is able to catalyze the oxidation
of NO that would otherwise be destroyed.

The cyclical curves for N, and O, rich plasma over Pt-
Al,O3; show a repeated oscillation after cycle 2, indicative of
an adsorption and release of NO,. Figure 15(a) shows that
N, rich cyclical and steady-state totals grow further apart
over time, with the final total of 1.1 x 10'® and 1.72 x 10"
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Figure 15. Downstream rolling sum totals of NO, for all four
thermal cycles under plasma exposure compared to steady state
exposure for the same length of time. 2 W plasma. Temperature over
time is plotted. (a) Pt-Al,O3, N; rich plasma. An extrapolation of
cycle 1 and cycles 2—4 is shown. (b) Al,O3, N rich plasma. (c)
Pt-Al, 03, Oy rich plasma. An extrapolation of cycle 1 and cycles
2-4 is shown. (d) Al,O3, O; rich plasma.

respectively. This may suggest a continued destruction of NO
at low temperature. By the time the third cycle is reached,
downstream hysteresis patterns, and the amount of NO,
formed at high temperature, become repeatable. If steady state
and cyclic data continue to grow apart at this point, overall
NO loss may be due to destruction rather than adsorption. For
O, rich plasma (figure 15(c)) after the first two cycles, cyclic
and steady state totals increase at similar overall rates, shown
by the dashed red line. This suggests a cease of change in
permanent storage, and possibly NO destruction if any was
occurring.

The main difference between the Pt-Al,O3 surface at O,
rich and Nj rich conditions is the presence of Pt-NO in
DRIFTS for N rich plasma (figure 13). This Pt-NO peak is
greatly diminished at low temperature with O, rich plasma,
suggesting that NO is outcompeted by oxygen for adsorp-
tion sites on Pt, and that Pt is mostly oxidized. Metallic Pt
may contribute to NO destruction at low temperatures. This
could explain why the extrapolation of cycles 2—4 for N, rich
plasma over Pt-Al,O3 has a lower slope than corresponding
Al,Os totals, which is not true for O, rich plasma. It appears
that this destruction is a slower process than oxidation at high
temperatures, which results in a higher steady-state total for
N, rich plasma at 350 °C.
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4.4. Summary of plasma-catalyst interaction

From section 4.1 it is determined that the critical flux to
the surface consists of NO, Oz, and O,. All three increase
with increasing O,:Nj; ratio in the feed gas while increased
power primarily boosts NO and potentially Oz as well. At
low temperatures, near 100 °C, Pt-O is built up from disso-
ciative adsorption of O, as well as oxidation via O3 and NO,
which are potent oxidizers [33, 78, 79]. The influence of O;
and NO, means that surface coverage of Pt-O is expected to
increase with O,:Nj ratio and plasma power. NO, is absorbed
on the surface potentially as Pt-NO or aluminum nitrites and
nitrates, it may also be destroyed. The amount of destruction
appears to increase with the presence of metallic Pt at low tem-
peratures. However, more investigations are required for this
topic.

As the temperature increases, the catalyst becomes active
for oxidation of NO. Soon after, depending on the conditions,
a large amount of NO is activated on the surface resulting in
the start of the hysteresis loops. This NO is oxidized to NO,
on Pt leading to a NO,; increase downstream. An increase in
downstream NO follows both because NO flux to the surface
is no longer stored and because Pt-O is depleted. With Pt-O
depleted, incoming oxygen cannot replenish it fast enough to
maintain full oxidation.

The transient changes in downstream NO and NO, from
stored species overlap with a separate increase from the system
changing its steady state production values of NO,. Near the
highest temperature of the heating cycle, stored reactants on
the surface have been depleted, and steady-state oxidation of
the incident NO and oxygen fluxes takes place. As the surface
cools, it becomes less active for NO oxidation or desorption,
leading to a buildup of NO, and oxygen on the catalyst sur-
face. There is no point during cooling where NO, increases.
The overlap at elevated temperature between reactant adsorp-
tion and NO oxidation activity must be very small for the con-
ditions tested here.

Thus, there are two mechanisms for NO oxidation demon-
strated in this system for the Pt-catalyst. The first is stable,
caused by NO and O, arriving at the surface at high temper-
ature, and results in the steady state values shown in figure 6.
This process dominates the initial part of the cooling cycle.
The second is transient and results from reactants stored at
low temperatures subsequently reacting at high temperatures
to form NO, and which leaves the surface. Low temperat-
ure Pt-O coverage is critical for this second oxidation path-
way meaning that plasma ROS flux to the surface has greater
influence.

The different pathways of NO, formation can be visual-
ized by plotting NO vs NO, production as shown in figure 16.
As conditions are changed such that total O, and O3 flux to
the surface increases at lower temperatures (increased power,
0,:N; ratio) NO; and NO production during heating becomes
further decoupled. The closer the slope is to one, the lower
the oxidation rate, indicating a dearth of surface oxygen and a
dependence on incoming O, and O3 for NO oxidation. A high
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Figure 16. Comparison of NO; vs NO production during thermal
cycling at different powers and jet gas compositions. NO, and NO
become further decoupled as the power and O,:Nj ratio increases.
Arrows indicate the thermal cycle path. (a) 2 W, N; rich plasma.

(b) 3.5 W, O3 rich plasma. (¢) 1 W, Ny rich plasma. (d) 2 W, O, rich
plasma.

positive slope indicates a significant surplus of surface oxygen
compared to surface NO,. As the Pt-O is depleted, the slope
decreases, even turning negative for O, rich plasma at 3.5 W. If
the surface was only depleted of NO, the slope would remain
vertical. This indicates that depletion of Pt-O at high temper-
atures is faster than its formation, even with O, rich plasma.
Once the cooling begins, the slope approaches 1, indicating
that NO oxidation is now dependent on incoming O, and ROS
species. NO; hysteresis loops get larger for increasing plasma
power and O,:N, ratio in the plasma feed gas. This increase is
in large part due to Pt-O, which allows for the rapid oxidation
of NO until its depletion.

Figure 17 illustrates what is believed to be occurring during
thermal cycling, based on the results presented in this work.
For the sake of simplicity, in this example NO, is assumed to
be stored on the Pt surface as Pt-NO. The primary contribu-
tion of the plasma is as an NO and O; source that is forced
to penetrate the catalyst material. The processes that determ-
ine the exact composition of downstream products depend
on the nature of the surface with which NO, O3, and O,
react. The temperature dependence of product formation and
degree of NO oxidation is the result of two overlapping oxid-
ation pathways, one for stored reactants, and the other for
reactants arriving at high temperature. For certain conditions,
NO may also be destroyed on the catalyst surface at low
temperature.
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Figure 17. Diagram of the dominant surface processes taking place
on Pt-Al,O3 during thermal cycling under plasma exposure. (a) NO,
O3 and O, adsorb at low temperature and are stored as Pt-NO and
Pt-O. NO may also be lost (b) As the temperature increases, surface
NO and O react to form NO; and desorb. (c) Depletion of reactants.
Oxidation becomes dependent on immediate flux to the surface. (d)
The catalyst returns to low temperature (a).

5. Conclusion

In this work, an evaluation of the interaction of an N,/O,/Ar
APPJ with a downstream Pt-Al,O3 catalyst was explored.
Both surface and downstream product characterization were
compared to evaluate the effectiveness of the plasma—catalyst
coupling. We record an enhancement of NO oxidation with
plasma and catalyst vs the plasma alone or plasma plus bare
support material at 350 °C. This is attributed to the oxidative
ability of Pt, which increases the total oxygen present in down-
stream products at high temperatures compared to Al,O3. The
change in O/N ratio of the products at 100 °C and 350 °C,
for Nj rich plasma, is 1.1-1.2 for Pt-Al,O3 and 1.2-1.0 for
Al»Os3. As short-lived reactive species such as O or N are likely
quenched before reaching the catalyst surface, total NO, pro-
duction is mostly unchanged from the presence of Pt-Al,O3 or
Al,Os3. The differences in total NO, that do occur may be due
to destruction of plasma produced NO rather that additional
NO formation.

By thermal cycling the catalyst under plasma exposure, the
contributions of the surface and plasma to the overall reac-
tion could be isolated. Thermal cycling results in a hyster-
esis pattern with elevated product formation at high temper-
atures. This hysteresis is a transient change and not the res-
ult of catalyst activation. This pattern is primarily due to NO,
storage at low temperatures which then reacts upon temper-
ature increase. Surface analysis demonstrates that the change
in intensity of Pt-NO during thermal cycling correlates best
to downstream gas data. No other surface species have a
marked decrease during heating to suggest desorption or reac-
tion. However further analysis and comparison with the liter-
ature results in an unclear picture of which surface species is

responsible for NO, storage in this system. Two overlapping
NO oxidation pathways exist during thermal cycling. One is
due to steady state oxidation at high temperature, and the other
due to oxidation of stored reactant species.

Primary reactive species fluxes to the surface are assessed to
be NO and Oj3. Increasing O3 flux to the surface at low temper-
atures enhances oxidation at high temperatures. Pt-O surface
coverage appears to be key to maintaining a high oxidation
percentage but is quickly depleted. Looking forward, the abil-
ity to separate the effects of plasma and catalyst for systems
where complex reactions and long-lasting surface changes
may be taking place will be useful for the analysis and devel-
opment of many reactions. Other observations make it clear
that great care must be taken for correlation of product and
surface analysis, which may be obscured due to gradients of
adsorbed surface species throughout the catalyst powder bed.

The results presented in this work may be promising
for tuning the downstream species for N,/O, plasma cata-
lyst coupling. They also represent an effective experimental
approach for isolating the effects of plasma and catalyst in a
coupled system. We are hopeful that these principles can be
applied to other plasma catalytic mechanisms in the future.
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