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ABSTRACT: We demonstrate a more than 50-fold enhancement in the upconversion of methane to higher order hydrocarbons by
discharging a nanosecond-pulsed plasma across Au nanoparticles. Here, the enhancement occurs as a result of the local field
enhancement provided by the nanoparticles. The transient nature of the pulsed plasma enables the structure of these delicate
nanoparticles to be preserved during the plasma discharge by producing a low-temperature plasma. Plasma emission spectroscopy
shows signatures of the C2 Swan bands with and without the presence of these nanoparticles. Mass spectrometry demonstrates that
methane is converted into higher order hydrocarbons with different groups of peaks representing species with molecular masses of
35−45, 45−60, and 60−70 amu, corresponding to C3, C4, and C5 species, respectively, under plasma discharge conditions.
Electrostatic simulations show that a 3−4× enhancement in the field is produced at the nanoparticle surfaces. The exponential
relation between electric field strength and plasma formation gives rise to a 50× increase in highly reactive, plasma-initiated radical
species that are responsible for driving the methane upconversion process. This upconversion is important for several applications
including mitigation of greenhouse emissions and improving the combustion of natural gas.
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■ INTRODUCTION

Due to the greenhouse effect and wide abundance of methane,
conversion into other useful chemicals like syngas (CO and
H2) or higher order hydrocarbons has been pursued by many
researchers.1−5 However, the high dissociation energy of C−H
bonds makes such conversion challenging and numerous
methods, such as oxidative or nonoxidative catalytical
reactions6,7 and thermal coupling,8 have been studied. Plasma
discharges contain high-energy radical species that provide
another approach for methane upconversion and reforming,
which has been investigated using several different plasma
generation techniques, including microwave plasma,9 dielectric
barrier discharge plasma,10,11 and spark discharge.12 However,
methods to improve the efficiency and selectivity of this
process are still very much needed in order to make this a
viable approach for practical applications.
In addition to the mitigation of greenhouse gas emissions,

the upconversion of methane to higher order hydrocarbons
presents an important mechanism for enhancing the

combustion of natural gas. While CH4 is cheap, abundant,
and relatively clean to burn, it has the highest ignition
threshold and lowest burn rate among all n-alkanes (i.e.,
CnH2n+2), thus reducing its combustion robustness; a well-
known problem in natural gas-burning systems. Several groups
(including our own) have used transient plasma to enhance the
ignition and burning of fuels that are present in natural gas,
with CH4 being the dominant one.13−21 In contrast, C2H4 is
one of the most readily combustible hydrocarbons due to its
highly energetic CC bond and its high diffusivity (i.e.,
relatively low molecular weight), and a stoichiometric C2H4/
air flame burns twice as fast compared to a stoichiometric
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CH4/air flame. These prior investigations demonstrate that
transient plasma can be used to achieve combustion under very
lean fuel: air ratios, and hence lower greenhouse gas (GHG)
emissions. However, the mechanism of this enhancement is
not fully understood. The plasma-driven upconversion
reported here presents one potential mechanism underlying
this enhanced combustion of natural gas.
The formation of a plasma discharge consists of a series of

several sequential processes, starting from electron emission,
followed by acceleration and gas ionization, and ultimately
leading to (and driving) chemical reactions.22 Electron
emission from discontinuous ultrathin metal films (i.e.,
nanoislands) has been studied as far back as 1962 by
Neugebauer and Webb, who reported a deviation of electron
conduction from Ohmic behavior on this kind of substrate.23

The mechanism of electron emission from thin metal films was
attributed to electric field emission at first.24 However, later
works on these discontinuous ultrathin metal films revealed the
importance of the contribution of long-lifetime hot electrons,
which have a relatively high probability to reach the
nanoparticle surfaces in this process.25−28 In addition,
nanoscale sharp features, such as carbon nanotubes and
semiconductor nanowires, have been known for their capability
to enhance local electrostatic fields and, hence, field-emission
of electrons.29−34 Our group reported enhanced plasma
emission spectra in Ar on metal nanoparticles due to this

local field enhancement, and we have ruled out the possibility
that such an enhancement originates from plasmon-resonant
(i.e., optical) effects.35

In the work presented here, we explore the upconversion of
methane to higher order hydrocarbons by discharging a
nanosecond pulsed plasma across Au nanoparticles. This
upconversion process is monitored using mass spectrometry
and plasma emission spectroscopy. The local field enhance-
ment provided by the nanoparticles underlying, which is
responsible for the 50-fold enhancement of this process, is
quantified using electrostatic simulations based on high-
resolution transmission electron microscopy (HRTEM)
images of the Au nanoparticles.

■ METHODS
Plasma is generated by a nanosecond high-voltage pulse (Figure 1c),
which consumes far less energy in the creation of the plasma than
conventional RF sources. The transient nature of the plasma
necessitates that very little current is drawn in creating the plasma.
Here, once the streamer is formed, the applied electric field drops to
zero before a significant amount of current (or electric power) can
flow. Furthermore, this transient plasma is more gentle to the delicate
nanoparticles, as compared with conventional RF plasmas. The high-
voltage pulses are produced by a pulse generator (SSPG-20X,
Transient Plasma Systems, Inc.) with a rise time of 5−10 ns, as shown
in Figure 1c. After gaseous molecules are ionized, the output voltage

Figure 1. (a) Experimental setup of the coaxial reactor in which mass spectrometry data were taken. (b) Schematic diagram of a glass-slide reactor
for plasma emission spectrum collection. (c) Typical waveform of a high-voltage pulse. (d) Cross-section and (e) real picture of a glass-slide reactor
for our spectrum observation experiment.
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drops quickly before a considerably large current flow can be formed,
limiting the power that is drawn in the creation of this plasma.
These high-voltage nanosecond pulses are applied to a coaxial

reactor with an inner electrode wire diameter of 0.025 in., an outer
diameter of 1.5 in., and a length of 30 in., as illustrated in Figure 1a.
Products from the reactor are then analyzed by mass spectrometry
(Pieffer, GSD 301) to characterize products formed by discharging
plasma in flowing CH4. Figure 1b shows a photograph of a smaller
reactor setup, referred to as a glass-slide flow reactor, which enables
observation of plasma emission spectra, which consists of two copper
electrodes separated by an approximately 5 mm gap inside a glass-
slide flow reactor. We deposit nanoparticles using electron beam
evaporation of metal films with a nominal thicknesses of 5−10 nm in
between Cu electrodes, which are not thick enough to form
continuous films and instead create island-like structures36−38 The
gas flow rate during these measurements was held constant at 100
sccm, while the plasma power spanned a range from 4.6 to 35 W for
these measurements. Glass-slide reactors were also fabricated without
Au nanoparticles as a comparison in order to evaluate the effect of
nanoparticles. The plasma discharge observed in air (see Figure 1e)
produces purple light that corresponds to the C−B transition in
nitrogen.39,40 The glass-slide-based reactor has a low profile and fits
easily underneath our high numerical aperture microscope objective
lens, enabling plasma emission spectra in the visible wavelength range
to be obtained with high collection efficiency, as illustrated in Figure
1b. Based on the linear relationship between the C2 Swan band
emission and C2 radical species concentration, as established by
Goyette et al.,41 we can use the Swan band spectral intensity as a
proxy for CH4 conversion.

■ RESULTS AND DISCUSSION

Figure 2 shows a comparison of the plasma emission spectra
obtained in a CH4 gas environment by discharging the
nanosecond pulsed plasma both with and without nano-
particles. Here, copper electrodes are used both with and

without nanoparticles deposited in between. We observe
several sets of Swan bands, which correspond to C2 (diatomic
carbon) species42,43 indicating that in addition to reducing
CH4 (i.e., a high barrier reaction), C2-species are formed,
presenting the exciting possibility of converting an abundant
greenhouse gas into an energy-dense hydrocarbon fuel. Figure
2b shows the integrated area (i.e., plasma emission intensity)
plotted as a function the nanosecond peak pulse voltage both
with and without nanoparticles. At 9 kV, the plasma emission
intensity obtained with nanoparticles is 50X larger than that
obtained without nanoparticles. Below 9 kV, we only observe
plasma emission with Au nanoparticles, indicating that
enhancement factors much higher than this are created by
the local field enhancement of the nanoparticles. In a previous
study carried out in argon, enhancement factors of more than
1000-fold were observed with the presence of the nano-
particles.35 Above 9 kV, the plasma emission is larger for the
electrodes without nanoparticles, where the applied field is
strong enough to initiate a plasma from the bulk electrodes.
Here, the Au nanoparticle film creates a shunt of the externally
applied field applied between the copper electrodes.
Effectively, this film behaves as a conducting film at high
voltages and an insulating film at low voltages.
Figure 3b shows the electric field enhancement observed on

discontinuous Au nanoparticles in response to the nanosecond

high-voltage pulse. Here, we performed quasi-static electro-
magnetic simulations using the COMSOL Multiphysics
solutions package. The TEM image shown in Figure 3a is
used to define the spatial extent of the Au nanoparticles.
Floating boundary conditions were used in which the electric
potential of each nanoparticle is freely varying. An extremely
fine mesh (physics-optimized) was used to accurately model
the short lengths over which electric fields decay near the
nanoparticle surfaces. The electric field enhancement created
by the Au nanoparticles is plotted in Figure 3b in response to
an externally applied DC voltage. It should be noted that these
are full 3D simulations, and we are plotting a 2D cross section
in the plane of the glass surface. These simulations exhibit a

Figure 2. (a) CH4 emission spectra (Swan band) on different
substrates with and without Au nanoparticles and (b) their voltage
dependence. Here, both configurations utilize copper electrodes.
“Glass” refers to copper electrodes on a bare glass slide, whereas
“AuNP” refers to the addition of Au nanoparticles deposited on the
glass slide in between the copper electrodes.

Figure 3. (a) HRTEM image of Au nanoparticles and (b) quasi-static
simulations of the relative electric field enhancement produced by the
Au nanoparticles.
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three- to fourfold enhancement in the local electric fields on
the nanoparticle surfaces. Since plasmas are generally initiated
by field-emission of electrons which depends exponentially on
the local E-field, this 3−4 fold increase in the local field can
easily increase the plasma density by 50× under the same
externally applied voltages, as observed in Figure 2b. Here, a
quasi-static simulation was used to treat these nanosecond
high-voltage pulses, which is justified because the timescale
over which charge is redistributed in these metal nanoparticles
is on the order of 50 fs. Therefore, the pulse rise time (i.e., 5
ns) is 5 orders of magnitude slower than this, justifying the use
of the quasi-static simulations. Raman spectroscopy of the
nanoparticles performed after plasma-driven methane con-
version shows no peaks corresponding to carbon deposits (i.e.,
D-band or G-band). This indicates that there is no formation
of coke, soot, or other carbonaceous deposits on the
nanoparticles during the methane upconversion process.
Figure 4 shows the mass spectrometry data demonstrating

the formation of C3 (e.g., C3H8 (44 amu)), C4 (e.g., C4H10 (58

amu)), and C5 (e.g., C5H12 (70 amu)) hydrocarbon species
under plasma excitation of CH4. Here, we believe the
formation of C2 species, as observed by the Swan bands
plotted in Figure 2a, plays an important role in the
upconversion of these single C atom species to higher order
hydrocarbons. Hydrogen is also detected in the product gases,
as shown in Figure S4. The data shown in Figure 4 illustrate
our ability to convert two abundant greenhouse gases CH4 to
higher order hydrocarbons that have a much higher energy
density than methane. The reaction pathways of several related
reactions (including the upconversion of methane) have been
studied, proposing the initial formation of single carbon
radicals, like CH3 and CH2, by the deprotonation of methane.
Various combination pathways have been discussed to
generate C2 molecules and radicals, such as CH3 + CH3 →
C2H6 and CH3 + CH2 → C2H4 + H2. These C2 radicals and

molecules will further combine to produce longer hydrocarbon
chains.44−47 A summary of the potential reaction pathways can
be found in Figure S5.
Figure 4b shows the integrated area in the mass spectra

plotted as a function of the pulse repetition rate (i.e.,
frequency). Here, a linear relationship can be seen for all
products within the tested frequency range. This result is not
surprising since the plasma density is generally proportional to
the pulse repetition rate.
Many difficult and interesting reactions have been driven by

plasma (e.g., N2 reduction with water to ammonia and CO2
reduction to hydrocarbons). However, the main factor limiting
the practical application/adoption of this approach is the lack
of energy efficiency and prohibitively high voltages needed to
initiate the plasma discharge. This nanoparticle-based
approach enables these plasma-driven reactions to take place
at lower voltages and potentially lower power (i.e., higher
efficacies). Integral to this approach is the nanosecond pulses
that preserve the integrity of the delicate nanoparticle
nanostructures. Finally, this general approach ensures that
the reaction takes place near the surface of the metal
nanoparticles, which may open up a new avenue for catalyst-
assisted plasma chemistry.

■ CONCLUSIONS
In conclusion, we demonstrate a more than 50-fold enhance-
ment in methane upconversion to higher order hydrocarbons
using a transient plasma discharged across an array of metal
nanoparticles. Here, local field enhancement at the nano-
particle surfaces provides a mechanism for increasing the
plasma discharge. Through this mechanism, plasma-driven
chemical reactions can be enhanced or initiated under lower
field conditions. Quasi-static electric field simulations are
performed based on HRTEM images and predict local field
enhancement factors of 3−4 fold near the nanoparticle
surfaces. Since the plasma initiation depends exponentially
on the peak electric field strength, this 3−4 fold increase in the
local electric field strength can result in a more than one order-
of-magnitude increase in the generation of plasma at a given
applied external field strength. Due to the linear relationship
between the C2 Swan band emission intensity and C2 radical
productivity, we can conclude a similar enhancement in
methane conversion into higher order hydrocarbons. This
general approach can potentially be used to intentionally limit
(or confine) plasma driven reactions to catalytic surfaces to
improve catalytic selectivity.
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