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We report a very low energy cost for NO radical formation found in atmospheric spark discharge.
For this purpose non-equilibrium air discharges working in spark and glow regimes were studied
showing the optimum performance in the vicinity of the spark-to-glow transition. The minimum
energy cost for NO production of about 80 eV /molecule (calculated based on the total direct current
power applied to the discharge) is achieved in the spark regime before the transition, whereas the
maximum NO yield (of about 10* part per million) corresponds to the glow regime. Based on the
estimated power absorbed in plasma the energy cost below 4 eV /molecule is achievable in the spark
regime, which is close to the Zeldovich reaction enthalpy of NO formation (about 3 eV /molecule).
The result implies that the energetic efficiency of a single spark likely exceeds that of the modern
Haber-Bosch cycle (with energy cost of about 5 eV/molecule in the case of ammonia, according
to Patil et al., Catalysis Today, 256 (2015) 49). The found low energy cost is associated with the
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Ecologically friendly production of the N- containing
compounds at the atmospheric conditions is of a great
importance, which is dictated by the abundance of (hard
to dissociate) molecular nitrogen in the atmosphere and
by the necessity to replace the existing Haber-Bosch pro-
cess. The latter process is used for N- containing com-
pound production since the beginning of XX-th century
featuring high energy consumption and high COy emis-
sion [1, 2] which still should be overcome.

Low-temperature discharges are considered as a suit-
able alternative for N- compounds production, due to the
high chemical reactivity resulted by a non-equilibrium
between the electrons and heavy particles [3]. Vibra-
tional excitation of molecular species may additionally
reduce the energy barriers for the key processes in these
discharges, such as dissociation [4].

Energy cost (EC) for a single molecule production is
defined as a ratio between the energy spent and the num-
ber of particles generated, which also can be expressed
via the applied power and the gas flow (see supplemen-
tary data 1):

EC ~1.4-10*- P/(vF), (1)

here EC is in eV per molecule (eV/mlc notation is used
below), P is the applied power (in W), v is the production
yield (in part per million, ppm), F' is the total gas flow
(in standard liter per minute, slm).

Atmospheric pressure discharges play special role in
gas reforming since they may convert industrial gas
mixtures without additional pressure reduction. The
EC values for NO, production typically less than
100 eV /mlc have been reported in the atmospheric spark
(53eV/mlc), propellor-arc (37eV/mlc) [5] and glow
(36eV/mlc) [6] discharges. It is also known that the
atmospheric spark discharge reveals lower EC values
of NO, production (89eV/mlc) [7] than those found
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FIG. 1. The discharge schematics (a), voltage re-pulsations in
a single plasma cycle in the glow regime (b), laser-absorption
spectrum of the NO %7 (v = 0) < TI(v” =0) transition (c)
and the appearance of LIF signal in the reactor (d).

in spark-glow mixtures [8]. What is related to NO
generation, rather close values were found in spark
(<100eV/mlc) [9], rotating glow (78eV/mlc) [10] and
coaxial plasmatron (35eV/mlc) [11] discharges, includ-
ing the particular cases of spark (=20eV/mlc, found
only at the end of plasma pulse) [5] and atmospheric arc
(= 16eV/mlc) [12] discharges.

NO radical production in plasma is often associated
with so called Zeldovich mechanism [1, 3]: Na(X,v)+0
— NO+N (R1), O2(X,v)+N — NO+O (R2) where vi-
brationally excited molecules (v) are of a great impor-
tance. The reaction R1 normally dominates, as O is
easier to dissociate. Apart from the electron impact dis-
sociation, Oy photolysis, Oz+hrv — 040 (R3), may also



play important role in O atom production, especially in
spark discharges [9]. In low pressure non-equilibrium
plasma energy cost of NO production can be as low as
the enthalpy of Zeldovich reaction R1 (AH =~ 3¢V /mlc)
[4, 13], whereas in the atmospheric air discharges the
question about reaching this limit remains opened.

In this Letter we demonstrate the benefits of us-
ing spark-to-glow transition in atmospheric air discharge
for energetically efficient NO production. The plasma
system where discharge can operate in corona, spark,
subnormal and normal glow regimes has been utilized
(Fig. 1(a)). The discharge regimes listed above have al-
ready been revealed in the previous studies [14, 15].

A custom generator consisting of a regulated direct
current (DC) power supply, push-pull generator with
pulse width modulation (PWM), diode rectifier and
reservoir capacitor has been implemented [16]. The use
of PWM assured enhanced discharge control and plasma
stability at higher gas flows [17]. The discharge has been
sustained between two Cu electrodes (2 mm in diameter)
in a quartz tube with 14 mm inner diameter and 10 cm
height (in the upcoming dry air flow). The system was
placed into a sealed chamber with sub-atmosphere pres-
sure (& 0.95 bar). The corresponding electrical circuitry
is available in supplementary data 2.

In the glow regime the plasma is defined by PWM pro-
cess leading to voltage re-pulsations within each plasma-
on time (see Fig.1(b)). In the spark regime the plasma
is represented by short (~20ns) events randomly dis-
tributed in time. The spark rate measured at 1kHz of
PWM frequency and 10W of DC power gives 240 +40
spark/s (see supplementary data 3), which is consistent
with previous studies [15].

The optical transition between two NO electronic
states, 25T (v/ =0) < 2II3/5(v” =0), is exploited for NO
ground state density detection using laser-induced flu-
orescence (LIF) spectroscopy. A dye laser pumped by
a pulsed YAG:Nd laser (with 10ns pulse duration) has
been used for excitation. The NOII3/5(v” =0) ground
state has been excited at = 226.87 nm corresponding to
the rotational bandhead of the Py branch [18]. The
laser wavelength has been fixed based on the laser-
absorption spectrum of NO recorded prior to measure-
ments (Fig.1(c)). The LIF signal has been measured
3mm above the discharge tube (see Fig.1(d)) by ac-
quiring the entire 227 (v = 0) — 2II(v” = 2) NO emission
band using an intensified charge coupled device (ICCD)
synchronized with the laser system (for details see sup-
plementary data 4).

The density (n;) of species in the ground state (j) de-
tected using single photon excitation process involving
fluorescence between the excited (i) and intermediate (k)
electronic states reads [19, 20]:

Ifluor (Av + Qz)

_C
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(2)

where C is a constant, Ifjuer and Ij,s are the fluores-
cence and the laser beam intensity, A; and @Q; are the
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FIG. 2. The discharge photographs (a) and NO fraction pro-
duced (b) as a function of DC input power. The following
abbreviations are used: C- corona, C-S- corona-sparks, S-
sparks, Tr.- transition, SG- sub-normal glow, G- normal glow.
Camera exposure values (in s™') are parenthesized in the (a)
case. Typical error bars are given for corona and glow regimes.

radiative and quenching losses in the (i) state, h is the
Planck’s constant, v;; is the frequency of the fluorescence
photons, A;x is the spontaneous emission coefficient for
i — Kk transition, Bj; is the absorption coefficient for
j — i transition. In our case [ ¢yor o I}, with £ =1.01,
corresponding to a non-saturated LIF case.

The NO number density has been calibrated in Ar/NO
gas mixture without plasma where the fluorescence scales
linearly with NO admixture (fitting error < 2%). A ratio
of the NO ground state populations in the air and Ar
cases, based on Eq. (2), yields:

o Iorr Ai+ Qi

LI O.ILIF.LO (3)
e AY+QY

b
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Ii;gp 7

where n denotes number density, ”0” superscript corre-
sponds to the Ar case (calibration), Irrr = Ifiuor/lias,
7 is the effective lifetime of the i state limited by colli-
sional quenching and radiative losses.

The quenching coefficients were carefully compared in
the air and Ar cases. Since the quenching of NO by
Ar is not well defined in literature [21], the lifetime of
the 2%+ (v/ = 0) state has been measured directly giv-
ing 21.5+ 3.9 ns. In dry air the main NO quencher is Oq
[22-24] giving the corresponding lifetime of 1.09 £ 0.03 ns
(not measurable due to the long laser pulse in our case).
The A; was neglected as it is nearly two orders of mag-
nitude smaller than Q; [25]. The gas temperature (T gqs)
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FIG. 3. The discharge performance presented in the coordinates EC - input power (a) and EC - NO fraction (b), NO fraction
- total flow (c) and NO fraction - PWM frequency (d). The Energy cost - NO production routes are sketched in the inset of

(b) panel (for abbreviations refer to the caption of Fig. 2).

above the quartz tube is assumed equal to 300 K based
on the gas thermalization time measured at low pres-
sure [26]; this leads to a fixed relative populations of the
2H1/2 and 2H3/2 states of NO. If this assumption breaks
the contribution of the lower state (*II; /2) decreases re-
sulting in overestimation of total ground state density.
In the Boltzmann approximation, the density overesti-
mation may be about 10 % at Tyus is 400K and as high
as 15 % if Tgqs reaches 500 K.

We found that both the discharge appearance
(Fig. 2(a)) and the NO production (Fig. 2(b)) evolve dra-
matically as a result of DC power increase: the corona
regime, spark regime, transition interval, subnormal and
normal glow regimes are clearly observable. The dis-
charge emission is mainly composed by the Ny, NO and
OH ro-vibrational bands with last two being much more
pronounced in the glow regime (see supplementary data
5).

The measured NO fraction covers nearly 4 orders of
magnitude in our case (Fig. 2(b)) being vanishingly small
in the corona case, rapidly increasing afterwards and sat-
urating in the glow regime. As a result of the discharge

instabilities in the corona regime, the applied discharge
power, the corona-spark boundary as well as the NO frac-
tion itself are poorly defined (error is roughly 50 %). The
NO fraction reveals local maximum before the transition
point (at about 10 W, 0.2slm), corresponding to efficient
coverage of the gas volume by sparks (Fig.2(a)) and pos-
sessing low energy cost (see Fig. 3). The error of the NO
fraction in the late spark, transition and glow regimes
is mainly defined by the laser energy variations (roughly
10% from the mean value). The calibration procedure
induces additional error which is defined by the gas flow
controllers (about 10%). The net error for the NO frac-
tion based on Eq.(3) estimated using so-called square
root sum method [27] taking into account both the laser
and calibration errors is about 17 % in our case.

At low gas flow EC drops by about 3 orders of mag-
nitude (compared to corona case) reaching a minimum
before the spark-to-glow transition (in Fig. 3(a) the tran-
sition point is somewhat shifted toward the higher power
values at high gas flow). Looking at these data in the
NO fraction- EC coordinates (Fig.3(b)) we can see that,
after the first minimum (spark regime), EC grows rapidly
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FIG. 4. Summary of vibrational and rotational temperatures
measured in the discharge core using several molecular excited
states, such as No C?II,, NO A2%t OH A?Y" and Nj
B2xt. (In the legend B, HF, LF, and Av. symbols denote
Boltzmann plot, high-resolution fitting, low-resolution fitting,
and average value for both gas flows, respectively).

during the transition interval showing no increase in the
NO production and, after a little decrease, retains its
(vertical) growth in the glow regime. All in all, a clear
W-shape is formed for each gas flow value (see inset in
Fig.3(b)). The minimum EC value of about 80eV/mlc
is found (at 5slm of the total gas flow). The second min-
imum at the beginning of the glow regime has roughly
twice higher EC and, thus, not beneficial energetically.

The NO fraction is also strongly affected by the gas
flow and the PWM frequency (see Fig.3(c,d)). Remain-
ing stable at low gas flow (< 0.3slm), it slowly decreases
afterwards. At high gas flow sparks reveal instabilities
likely induced by gas turbulence increasing the break-
down voltage. The NO fraction also drops considerably
when frequency is > 1kHz (Fig.3(d)). At low frequency
sparks become hard to ignite due to the low residual ion
density at longer plasma-off time, which is not enough
for stable plasma ignition. Also, when plasma-on time is
shorter than the reservoir capacitor charging time (fre-
quency is > 2kHz) [16], both glow and sparks reveal hard
ignition (Fig. 3(d)).

Physical mechanisms behind the found trends can be
clarified after a detailed consideration of ro-vibrational
excitation in the discharge. The rotational (T,.:) and
vibrational (T,i.) temperature data measured during
the plasma-on time clearly indicate the presence of non-
equilibrium in the discharge core: TN2 >TNO > T, in
the glow case (see Fig.4). In this case the rotational spec-
tra were fitted using a specially developed code based on
simulated datasets. The simulated spectra were synthe-
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FIG. 5. Normalized NO (A?X T —X?IT (0,2)) emission spectra
in the glow (a) and spark (b) regime. Gas flow is 0.2slm.
Single temperature fit reveals a nearly perfect thermalization
in the glow case whereas an overexcited tail is clear in the
spark case. The same band corresponding to different T ;p,
is shown for reference. Spectral resolution is about 30 pm.

sized using LIFBASE software (v 2.1.1) [28]. The tem-
perature error is defined by a simulation step, which was
equal to 100 K in most cases. By additional fitting of the
behavior of spectral residuals the final temperature error
has been further reduced in each case. For the Tf}\%r the
Boltzmann fitting error is used as the final temperature
uncertainty.

In Fig.4 T44s is associated with the value of about
2000-2500 K since it corresponds to rotational equilib-
rium between numerous molecules. The found gas tem-
perature values agree well with the previous works deal-
ing with glow discharges [29, 30]. TN? = eradually in-
creases with the applied power, whereas TY? is roughly
about 4000 K. The obtained T,;, values in the glow
regime (5000-7000K) exceeds the ones found in the DC
glow previously [30], however, maintaining a jump to-
ward the lower T, in the spark regime (T, is about
3500 K in our case). The proximity of TuNﬁ)r and TN? in
both glow and sparks cases points out the importance of
the vibrational channel for NO excitation, in addition to
translational-rotational (T-R) exchange.

Spark regime reveals higher degree of non-equilibrium:
Tyas is lower in this case (=1400K, see supplementary
data 6), whereas TN increases up to about 4500 K.
Much lower gas temperature (no higher than 600 K) in
a pure transient 100 ns spark regime has been reported
by Machala et al. [30], which, together with our results
contradict with a fast gas heating found by Pai et al. [15]
where gas temperature elevation up to several thousands
K during 30 ns spark has been measured. Only one (No)



rotational emission band has been used for T,,; in the
last case, though.

Low gas temperature observed in the spark regime
in this work should likely be associated with slow
vibrational-vibrational ~ (V-V)  and  vibrational-
translational (V-T) energy transfer. Based on the
available data [31], the estimated time constants for
these processes in the nitrogen case are equal to at least
few hundred ns (V-V) and few us (V-T), which are
much longer than the spark duration. The suggested
non-equilibrium strongly corroborates with the measured
rotational spectra of NO showing thermal distribution
in the glow case (with Ty of NO =~ 3000K) but
having a clear non-thermal shape in the spark case
(see Fig.5). Thus, high vibrational excitation of NO
possibly possessing a Treanor-like [32] distribution may
be suggested for the spark regime. We could not localize
the value for T, for NO solely based on spectra fitting,
however, its lower limit we believe is roughly 10* K.

The reactions R1 and (to a less extent) R2 likely as-
sisted by O2 photolysis (R3) [9] represent the most prob-
able pathway for NO generation in the spark regime.
In the glow regime higher vibrational excitation may
additionally increase No dissociation (e.g. via No +
No(X,v = 45) — No + N + N [33]). The other processes,
such as dissociative recombination (e~ + Nj — N + N)
may also be important, as supported by the presence of
N;r rotational emission band in glow regime in our case,
which is absent in sparks.

The EC values given in Fig. 3 are based on the total DC
input power applied to the plasma system. The fraction
of this power absorbed in the glow plasma is n ~41 %,
whereas the power fraction absorbed by sparks in only
n ~4.3+0.8%. The energy absorbed solely by sparks is
calculated as a product of a single spark energy (based
on the current-voltage waveform integration) to the spark
repetition rate. The (small) amount of NO produced by

corona discharges appearing between the spark events is
normally negligible, as corona discharge possesses very
small currents (mA range) as compared to the spark cur-
rents (20 A typically), so the power is mainly channelized
to sparks.

In terms of the spark- absorbed power (P,,s = nP)
the minimum EC found in this work (~80¢V/mlc) cor-
responds to only about 3.5+0.7eV/mlc, according to
Eq. (1). This energy is very close to the enthalpy AH of
the Zeldovich reaction R1, at the same time lying below
the value for the industrial Haber-Bosch cycle [1]. The
corresponding NO production rate is about 1.5- 108571,
which is still one order of magnitude lower than the value
found in Ar- dominated atmospheric jet [34].

The comparable energy cost has only been found so far
in the low pressure microwave discharges without [4] and
with catalysis [13], or in Ar plasma jet [34]. In the atmo-
spheric air spark discharge [9] the noticeably higher EC
values were observed, most likely because of intensive gas
heating. Another reason for underestimated efficiency of
spark discharges in the literature may be a poor spark
rate estimations. By contrast, the low EC obtained in our
case is related to the combination of high electron and vi-
brational excitation, contribution of photolysis, and low
gas heating provided by ns-scale spark duration.

Concluding, a spark discharge possessing vibrational-
translational non-equilibrium allows efficient NO radical
generation at a near-the-limit energy cost. In order to
increase NO production yield the additional challenges,
such as increasing of spark repetition and density as well
as elimination of extra power losses, should be overcome
by further discharge modifications, including better vol-
ume coverage at higher spark rates.
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