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ABSTRACT: Non-thermal plasma activation of light alkanes is an encouraging decarbonization strategy to produce chemi-
cals or fuels from abundant and/or flared carbon sources. However, prolific carbon growth on both the catalyst and elec-
trode has limited its practicality, requiring additional knowledge of the carbon structure and growth mechanism before
breakthroughs are realized. Here, visual evidence is provided for nonuniform diamond-like carbon (DLC) microstructures
that materialize in a coaxial dielectric barrier discharge (DBD) reactor flowing ethane and He at 278 K. Through a connec-
tion to known behaviors of DBD microdischarge patterns, the microstructure spacing was controlled by altering the applied
voltage (AV) of the plasma or the burning voltage (Ub). Additionally, carbon valorization through nitrogen incorporation
from N2 was explored as an orthogonal solution to carbon mitigation, with N/C values >0.25 achieved and both sp? and sp3

C-N bonding observed in the microstructures.

1. Introduction

The development of carbon-neutral technologies for point-
source conversion of gaseous alkanes (e.g., biogas and
shale gas) to energy-dense products and green hydrogen
has received considerable attention in recent years.l-®
Nonthermal plasma stimulation has emerged as a promis-
ing solution owing to its ease of coupling with renewable
sources of electrical energy combined with its unique abil-
ity to reform natural gas at ambient conditions through
inelastic collisions with high-energy electrons.” In a typical
setup, an annular dielectric barrier discharge (DBD) plas-
ma is combined with an appropriate catalyst in either a
one- or two-stage process, resulting in enhancements to
both the overall activity and product selectivity.”-10 How-
ever, plasma-driven C-H and C-C bond scission in light al-
kanes leads to the uncontrolled formation of coke, which
negatively affects the performance of both the catalyst and
the plasma and presents a major barrier to commercial
implementation.t212 Thus, achieving an advanced under-
standing of carbon deposition in plasma reactors and de-
veloping strategies to mitigate this issue are critical steps
toward the realization of an industrial plasma-catalytic
process for light alkane valorization.

Direct conversion of primary natural gas components (e.g.,
methane, ethane, propane, and nitrogen) through nonox-
idative plasma is especially desirable for small, decentral-
ized processes where oxidative feeds such as steam or CO:
to mitigate coking may not be consistently available.!!
Numerous works have observed significant coking primar-
ily on exposed electrodes in nonoxidative plasmas, yet lit-
tle is known about the nature or formation mechanism of
the carbon deposits formed in these systems, particularly
for non-methane feeds.1113-15 Robertson et al. reported

that amorphous hydrocarbon (a-C:H) films formed by
plasma enhanced chemical vapor deposition (PECVD) are a
class of diamond-like carbons (DLCs) formed by a widely
accepted ion bombardment mechanism.¢ Here, the dia-
mond-like character of the carbon refers to its high degree
of sp3-hybridized C-C bonding and low hydrogen content,
which give it properties comparable to diamond despite its
amorphous structure.l® However, the low operating pres-
sures and parallel-plate electrode geometry for PECVD are
dissimilar to high-conversion plasma-catalytic systems,
thus requiring additional studies on the coking behavior of
atmospheric plasma reactors before comparisons can be
made between the two processes. The dynamics of micro-
discharges and the formation of heterogeneous patterns
within the plasma region are also important as they direct
the spatial distribution of electron density and may lead to
regions of enhanced or diminished carbon deposition
rates. Purwins et al. and Guikema et al. independently
demonstrated dissipative solitons (DSs), which are stable
and localized structures of pseudo-stationary current den-
sity that emerge at regular spatial intervals, resulting in
complex and tunable patterns of filaments within the
plasma.l’-1 However, a practical understanding of how
these plasma macrostructures influence reactor perfor-
mance through a connection to carbon deposition remains
unanswered.

Here, we report the previously unobserved formation of
filamentary DLC structures with long-range order that
form in parallel with a traditional DLC film on the inner
electrode. These self-organized DLC microstructures are
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Figure 1. Optical (a) and SEM (b,c) images of a-C:H microstructures grown in a 10 W plasma using a 5% ethane in helium feed at

100 mL/min for 120 minutes.

grown using a water-cooled DBD reactor, which provides
visual access to the plasma region and allows time- re-
solved observation of growth within the reactor. The char-
acteristic properties of the DLC microstructures are veri-
fied through X-ray Auger Electron Spectroscopy (XAES)
and carbon-hydrogen-nitrogen (CHN) elemental analysis,
which allows mechanistic comparisons to be made with
PECVD-synthesized DLC. Additionally, the incorporation of
nitrogen heteroatoms to the a-C:H network to form a-
C:H:N as a valuable secondary feedstock is explored as a
solution to offset the primary issue of undesirable carbon
formation.

2. Materials and Methods

2.1 Experimental Setup

The carbon formations were grown using a water-cooled
DBD reactor with a 5% ethane (Airgas 99.9% purity), 0%,
20%, 30% or 95% nitrogen (Airgas 99.999% purity), and
balance helium (Airgas 99.997% purity) feed at a total
flowrate of 100 mL/min and atmospheric pressure. The
water-cooled DBD reactor used here is a quartz tube (5
mm [D; 7 mm OD) with a cooling jacket/ground electrode
that extends 7.8 cm along the length of the tube for a total
discharge volume of 0.9 cm3 (Figure S1). A silica frit is lo-
cated at the effluent side of the cooling jacket to catch any
detached carbon microstructures and easily separate them
from the liquid products. The coolant is unaltered, ionized
tap-water that also serves as the ground electrode and has
been chilled to 278 K. The high voltage electrode is a tung-
sten rod (1.6 mm diameter) inserted through the center of
the tube and placed above the silica frit, resulting in a dis-
charge gap of 1.7 mm. Voltage is applied using an Infor-
mation Unlimited PVM500-2500T plasma generator, and
the charge on the DBD is measured using a 1.0 nF monitor
capacitor placed in series with the reactor. The waveform
of the applied voltage and charge on the DBD is measured
by an oscilloscope (Tektronix TBS1052C) with a 1000x
voltage attenuator (Tektronix P6015A), and the power
dissipated by the plasma is calculated by integration of the
charge-voltage plot as described previously.20

Before each batch of DLC is synthesized, the reactor is first
calcined in air at 823 K for at least two hours to remove
residual carbon deposits. Next, the reactor is purged using
helium for 10 minutes before switching to the desired feed.
The plasma power is then adjusted to the desired value
within #0.4 W during the first five minutes of time on
stream and maintained throughout. For the samples gen-

erated using a 10 W and 15 W plasma, microstructures are
grown for two hours. For samples generated at 5 W and
with an N: feed, the samples are grown for four and six
hours respectively to account for the slower growth rate.
Post formation, the vertical spacing of the microstructures
is measured using a cathetometer. Next, the liquid prod-
ucts are collected by dissolving in chloroform (ethanol
stabilized; ACS grade), filtering through the silica frit of the
reactor, and drying under vacuum overnight. The solid
hydrocarbon products are collected by washing with ace-
tone (ACS grade) and drying under vacuum overnight. To
avoid potential reactions with acetone, the nitrogen-
containing solid products are washed only with chloro-
form and dried under vacuum overnight.

2.2 Characterization

During the carbon growth stage, the plasma phase was
characterized by optical emission spectroscopy (OES)
probe (Ocean Optics USB2000+ XR1 spectrometer with
THORLABS F280SMA-A collimator and Ocean Insight
QP300-1-SR fiber optic cable). Each solid sample was
characterized by scanning electron microscopy (SEM),
attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR), Raman spectroscopy, CHN ele-
mental analysis, and XAES. The SEM used here is a Magel-
lan 400. FTIR measurements were performed on a Bruker
Vertex 70 FTIR with an ATR cell (Pike Technologies Gladi-
ATR) heated to 318 K. A post-measurement atmospheric
correction was applied to each FTIR spectrum to remove
atmospheric water and CO: signals. Raman spectroscopy
was performed using a Jasco NRS-5100 confocal Raman
microscope with a 532 nm excitation laser. The carbon,
hydrogen and nitrogen atomic fractions were determined
by CHN analysis using a Costech ECS 4010 EA system. Fi-
nally, XAES was conducted on a PHI VersaProbe II.

3. Results and Discussion

We begin by describing the carbon microstructures shown
in Figure 1 and Video S1, which were observed in an annu-
lar DBD reactor consisting of an internal tungsten driving
electrode and an outer water grounded electrode with the
quartz body as the dielectric barrier. The water electrode
doubles as a cooling jacket (Figure S1), which chills the
reactor to 278 K to minimize thermal reactions such as
thermal cracking of longer chain hydrocarbons that could
contribute to carbon deposition. Other details about the
experimental procedures can be found in Section 2. The 1-
2 mm long microstructures are observed when an ethane



feed is diluted to 5% in pure helium, and substitution of
the helium diluent with Nz was found to fully inhibit mi-
crostructure growth, instead resulting in the formation of a
thin film on the inner electrode. Time-resolved microstruc-
ture growth is shown in Figure 1a, which highlights the
pre-nucleation (0-15 minutes) and growth (15-120
minutes) stages. During the pre-nucleation stage, several
corona-like discharges are ignited on the inner electrode
for approximately 1-2 seconds each before they are extin-
guished. These appear as pinpoints of light on the tungsten
electrode and are caused by local electric field enhance-
ment due to surface roughness from the growing a-C:H
film.2122 After 15 minutes, the ephemeral discharges self-
order in regular intervals, forming permanent regions of
plasma that rapidly grow individual microstructures.
These basic stages are observed for all conditions investi-
gated that form microstructures, and the gas-phase carbon
balance for each experiment was between 85% and 95%.

The elemental composition and atomic structure of the
microstructures were obtained using CHN elemental anal-
ysis and the XAES D-parameter.23-27 Table 1 shows the hy-
drogen content and sp3 carbon fraction of the samples
grown with 0 % N2 in the feed at 5, 10 and 15 W (ON-5W,
ON-10W, and ON-15W). The low hydrogen content and
high sp3 fraction of each sample verify a DLC classification
based on definitions provided by Robertson et al.t¢ Thus,
the mechanism of formation is likely similar to the com-
monly accepted ion bombardment-subplantation mecha-
nism originally proposed by Lifshitz et al.1628 Briefly, this
mechanism involves the creation of dangling bonds on the
growth surface from hydrogen abstraction and surface
etching by CHx and H radicals.'®¢ This step is temperature
dependent, with surface etching rates increasing with in-
creasing temperature. Growth is propagated by tempera-
ture independent CHx radical addition to the dangling
bonds, which produces an amorphous sp3-carbon film with
a high hydrogen content near the surface.’¢ The balance
between surface etching and CHx radical addition dictates
the overall growth rate, which increases at lower tempera-
tures when chemical erosion by atomic hydrogen is mini-
mized.’® Low H% DLC is formed by the implantation of
high-energy ions, which perform subsurface hydrogen
abstraction to remove hydrogen content from underlying
layers and create crosslinked sp3 C-C bonds with desirable
mechanical properties.1® To increase the energy of the in-
cident ions and improve their penetration depth, DLC is
typically synthesized in PECVD at low pressures with the
substrate on the smaller surface area electrode.l® This
takes advantage of the negative DC self-bias that occurs
between the larger and smaller electrodes from residual
positive charges in the plasma.l® Considering the small
discharge area of each microstructure growth site com-
pared to the ground electrode, this process is likely con-
tributing to the low hydrogen content recorded in Table 1
and could help explain why DLC microstructures are form-
ing at atmospheric pressure. For a more detailed discus-
sion on the mechanism of a-C:H film growth, the reader is
directed to the excellent review by Jacob.2?

While traditional solutions address the issue of excess car-
bon deposition through mitigation, an orthogonal solution
is to compensate for the reduced process lifetime through
carbon valorization. As an abundant natural resource and a
major component of natural gas, nitrogen is a clear candi-

date for enriching carbon.2130-33 However, the incorpora-
tion of nitrogen heteroatoms into a carbon framework us-
ing thermal routes is both an economically and environ-
mentally expensive process that requires temperatures in
excess of 800°C and a pre-processed nitrogen source (e.g.,
ammonia from Haber-Bosch, pyridine, or melamine).3435
Thus, the direct conversion of N2 and natural gas to C-N
bonds at mild conditions using renewable energy is a sig-
nificant advancement toward decarbonization while simul-
taneously reconciling the ubiquitous issue of undesirable
carbon deposition in plasma reactors. PECVD studies that
produce a-C:H:N under non-thermal plasma conditions
have shown that changing the Nz/C ratio in the feed allows
the properties of the resulting film to be controlled.2130.36
In this work, the addition of N2 to the feed at 20%, 30%,
and 95% (20N-15W, 30N-15W, and 95N-15W) successful-
ly resulted in nitrogen-containing solids as well as a signif-
icant yield of liquid oligomers that condensed on the walls
of the reactor. The solid products were analyzed by CHN
(Table 1), and were found to have nitrogen/carbon ratios
between 0.06 (1:17) and 0.26 (1:4). To our knowledge, this
is the lowest temperature (278 K) ever reported for one-
pot carbon-nitrogen coupling directly from Nz. The oligo-
meric products collected were found to have higher nitro-
gen content than the solid products, with nitrogen/carbon
ratios (Table S1) ranging from 0.12 (1:5) to 0.33 (1:3). The
nitrogen content in all samples increased with increasing
nitrogen in the feed, which is consistent with the results
obtained by Silva et al. for deposition of a-C:H:N films with
Nz/CH4 plasma.3?

Table 1. Chemical structure properties of both a-C:H
and a-C:H:N microstructures grown with different N:
concentrations and plasma powers

H sp3 carbon N/C

Sample  01%) (%)  (bymole) o/t

ON-5W 41 81 0.00 0.00
ON-10W 56 71 0.00 0.78
ON-15W 53 61 0.00 0.43
20N-15W : : 0.06 0.00
30N-15W : : 0.16 0.27
95N-15W : : 0.26 0.28

SEM images of the pure hydrocarbon microstructures
(Figures 1b-c and S2) show a rough, ‘cauliflower-like’ sur-
face, which is typically seen in other types of plasma-
grown carbon structures.3’-4% [n contrast, the SEM images
of the a-C:H:N microstructures (Figure S3) show much
smoother features, which suggests they are composed of
viscous polymers rather than a glassy amorphous carbon.
The EDX spectrum of ON-15W shows a small oxygen peak,
which is an artifact of the adhesive substrate and not rep-
resentative of the sample (Figures S4a-b). However, the
EDX analysis of 20N-15W (Figure S4c) shows a much larg-
er oxygen peak, indicating a non-negligible oxygen content
is likely present in the sample. This is confirmed by ATR-
FTIR (Figure 2a), and originates from either amine capture



of CO2 or oxidation of residual chloroform solvent to form
halogenated carbonyls during storage.#* The residual chlo-
roform is seen as a chlorine peak in the EDX spectrum and
as a C-CI stretch (748 cm') in the ATR-FTIR spectrum
(Figure S5),42 and is likely retained in only the a-C:H:N
samples due to solvation in the polymeric phase. This also
implies the determined N/C mole ratios in Tables 1 and S1
are likely lower than the true values due to excess carbon
originating from residual chloroform. Finally, the EDX
spectrum of the 20N-15W sample shows a nitrogen peak,
which is absent for the ON-15W sample.
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Figure 2. ATR-FTIR (a) and Raman (b) spectroscopy compar-
ing a-C:H (ON-5W, ON-10W, ON-15W) and a-C:H:N (20N-15W,
30N-15W, 95N-15W) samples.

ATR-FTIR spectroscopy was performed on the microstruc-
tures to identify major functional groups and verify nitro-
gen incorporation in the a-C:H:N samples (Figure 2). The
ATR-FTIR spectra of the a-C:H microstructures (Figures 2a
and S5) revealed methyl C-H stretching (2954 cmt), meth-
ylene C-H stretching (2924 cm'; 2869 cm), methylene
scissoring (1454 cm), and methyl rocking (1375 cm),
which are typical for large, saturated hydrocarbons such as
DLC.43 All a-C:H samples showed the same features, and
the lack of additional vibrational peaks from heteroatoms
such as O, N, or Cl supports the EDX results that the a-C:H
microstructures contain exclusively carbon and hydrogen.
Additionally, no unsaturated features such as aromatic C-H
stretching, allyl stretching, or alkyne stretching are ob-
served, indicating the sp? phase is contained in regions of
graphite clusters (IR inactive) capped by sp? carbons ra-
ther than hydrogens.

The ATR-FTIR spectra of each a-C:H:N sample show simi-
lar features, and a representative spectrum is given in Fig-
ure 2a. The spectra contain all the same saturated hydro-
carbon features as those of a-C:H, in addition to N-H scis-
soring (1622 cm) from 1° amines,** carbonyl stretching
(1726 cm) from interactions with ambient air,** and sev-
eral features in the fingerprint region (<1400 cm) that
are assigned to C-N stretching.#* The amine and C-N fea-
tures confirm that the nitrogen atoms quantified by CHN
are indeed incorporated into the chemical structure of the
amorphous hydrocarbons rather than as an N: clathrate.
The lack of clear N-H stretching features above 3000 cm'!
is due to peak broadening from hydrogen bonding with
other amines.** Additionally, the shoulder at 2245 cm! in
Figure S5 can be assigned to nitrile functional groups.*¢
Although nitrile stretching is difficult to observe in this
ATR-FTIR system due to poor transmission of the ATR
crystal between 2300 and 1900 cm, nitrile groups are
expected to be present considering they have been ob-
served in large quantities from similar systems of hydro-
carbon-nitrogen plasmas.3?
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Figure 3. OES of plasma at 20 kHz. 20% N2 feed at 15 W (red)
and 0% Nz feed at 15 W (black) are shown. Remainder of feed
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Raman spectroscopy is a highly informative tool that has
been used extensively for studying the sp? carbon phase in
DLC.*” We used a 532 nm excitation laser to look at the D
and G bands in the microstructures (Figure 2b). The G
band (1560 cm) arises from stretching vibrations of sp?
carbon pairs in both rings and chains, and both its position
and shape are consistent for all samples analyzed.*” The D
band is a result of ring breathing modes of sp? atoms, and
its intensity is dependent on both the concentration of sp?
atoms and the degree of disorder in the ring*’
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erwise noted.

In amorphous carbons, the intensity ratio of the D to G
band (In/Ic) is taken as a measure of the size of the sp?
ring-phase, with Ip/Ic decreasing as the size of the graphit-
ic clusters decreases.*” Each sample has Ip/Ic values below
1.0 (Table 1), which combined with the lack of evidence for
alkene stretching in ATR-FTIR (Figure 2a) suggests that
the sp? phase is predominantly organized into small clus-
ters of ordered aromatic rings. Additionally, the D peak for
each a-C:H:N sample is blue-shifted by about 25 cm! com-
pared to the a-C:H samples. Although little is known about
the effect of nitrogen on the D-band, several works have
reported a similar blue-shift in the position of the D-band
upon incorporation of nitrogen into both graphene3132 and
DLC.36 This shift represents a change in the structure of the
graphitic regions of the a-C:H:N, suggesting that nitrogen
atoms incorporated into the aromatic rings are altering the
vibrational frequency of the ring breathing in the graphitic
phase. Thus, both ATR-FTIR and Raman spectroscopy to-
gether provide evidence that nitrogen is dispersed
throughout both the sp? and sp3 phases.

Optical emission spectra were taken at the onset of micro-
structure nucleation to characterize the plasma phase near
the growth site and identify the species present (Figure 3).
Although CHs and CH: radicals are not observable by OES,
emission lines associated with both the CH (B2X—X2II and
A?A—X?I1 transitions at 387 and 431.5 nm respectively)
and Cz Swan (d3Ily—a3Il, transitions with Av =1 and Av = 0
at 473.7 and 516.5 nm respectively) systems are observed
in both feeds, confirming the presence of carbon and hy-
drocarbon radicals near the growth surface for addition to
dangling bonds.*8 For nitrogen-containing feeds, additional
lines assigned to the N: second positive system, the N+
first negative system, and atomic nitrogen (N I; 746.8 nm)
are observed. The N I line proves the plasma is dissociating
Nz near the surface, producing reactive atomic nitrogen
that either combines with other gas-phase species or the a-
C:H:N surface to form carbon-nitrogen bonds. This process
of N or NHx radical addition to the surface is likely equiva-
lent to CHx radical addition proposed in the mechanism by
Lifshitz et al.28

Lastly, we sought to understand the processes governing
how these microstructures form and why they grow in
self-ordered patterns. The singular directionality of the

microstructure growth from the inner (tungsten) electrode
to the outer (quartz) dielectric suggests some dependence
on the electrode/dielectric properties. To demonstrate
this, the inner electrode was coated with either copper or
polyimide tape and compared with bare tungsten to evalu-
ate how the inner electrode material affects microstruc-
ture nucleation. Figures S7a-b shows similar microstruc-
ture growth on both copper and tungsten electrodes, sug-
gesting the metallurgy of the electrode does not play a ma-
jor role. However, the polyimide barrier in Figure S7c pre-
vented microstructure nucleation, instead promoting the
formation of a hydrocarbon film. This clear difference be-
tween metal and polyimide surfaces suggests the micro-
structures nucleate through the adsorption of plasma spe-
cies on metal sites, and thus require a metal substrate to
adhere and grow.

The microstructure spacing dependence on feed composi-
tion and applied voltage is given in Figures 4a-b. Each ex-
periment was performed at 100 mL/min total feed, with
5% ethane and the balance a variable mixture of helium
and Nz. As power and applied voltage are increased, the
spacing shows a small increase from 0.40 to 0.54 cm (Fig-
ure 4a). Additionally, when the ratio of Nz to helium in the
feed is increased, the spacing dramatically falls from 0.54
cm (0% Nz) to zero with the eventual formation of a ho-
mogeneous film at 95% N: in the feed (Figure 4b). These
results are consistent with a Type A microdischarge pat-
tern in a one-dimensional DBD observed by Guikema et
al.18 The authors of this study concluded that the spacing of
the microdischarges along a linear DBD was determined
by the area of the microdischarge footprint, which is a sur-
face discharge known to form at the dielectric barrier
(Figure 4c).18 Moreover, the spacing dependence on Nz in
the feed (Figure 4b) is consistent with a report from Call-
egari et al,, which showed a decrease in stationary micro-
discharge spacing with increasing gas breakdown voltage
(or burning voltage, Uy, if alternating current) from neon to
nitrogen.!® These trends provide evidence that the spacing
of microstructures is determined by the stationary DS pat-
tern before the microstructures begin to nucleate. Indeed,
the microdischarge footprints can be seen in Video S1 as
localized areas of carbon deposition that appear on the
quartz wall during the pre-nucleation stage, suggesting



that the locations of the microdischarges during prenucle-
ation and microstructure formation are linked.

4. Conclusions

In this study, self-ordered a-C:H and a-C:H:N microstruc-
tures were synthesized with an atmospheric pressure DBD
at 278 K. The nitrogen content of the microstructures was
found to increase up to 0.26 N/C with increasing N: in the
feed, and both aliphatic and aromatic C-N bonds were
formed in the a-C:H:N without the use of high tempera-
tures, harmful solvents, or expensive catalysts. Additional-
ly, the microstructures were found to only grow on metal
substrates, and the spacing of their formation was in good
agreement with a Type A microdischarge pattern deter-
mined by DS self-ordering behavior.18 Although the range
of conditions that facilitate microstructure growth appears
to be narrow, it is likely that other combinations of feed
composition, plasma properties, and reactor configuration
will result in similar structures. Thus, this knowledge of
time-resolved and spatially-defined carbon growths will
help inform microkinetic modeling and reactor design for
other hydrocarbon plasma technologies, particularly for
longer time-on-stream applications where carbon deposits
are significant. Although additional questions remain
about the impact of film growth versus microstructure
growth on process lifetime, the connection between elec-
tron density patterns and coke formation allows for great-
er control over carbon deposition in nonoxidative hydro-
carbon plasma reactors.
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