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ABSTRACT: The roles of gas phase, gas−surface interface, and
material properties of the catalyst must be understood to fully realize
future applications of plasma-assisted catalysis (PAC) for pollution
remediation. This requires understanding of fundamental processes
contributing to plasma−catalyst synergy, including determination of
molecular temperatures. Optical emission spectroscopy (OES) was
employed for gas-phase processes in H2 and CH4 inductively coupled
plasmas in the presence of catalytic TiO2. TiO2 introduction has a
minimal effect on the rotational temperature of H2 [TR(H2)] in
100% H2 plasmas but reduces TR(H2) by ≤300 K in 100% CH4
plasmas. Time-resolved OES studies echo energy partitioning results
and reveal further kinetic details on H2 formation and the impact of catalysts on gas-phase processes. Comprehensive analysis of the
catalyst before and after plasma exposure reveals H2 plasmas act as etching systems whereas competing etching and deposition
processes occur under some conditions in CH4 plasmas.

1. INTRODUCTION
Plasma-assisted catalysis (PAC) has recently gained attention
in the plasma community because of its enormous potential to
enhance feed gas conversion.1−3 Generally, PAC describes the
coupling of a plasma with a catalyst for enhanced processing of
the input gas stream either to convert the feed gas mixture to
another gas mixture or to grow a material from the precursor
gas. For example, in plasma-enhanced chemical vapor
deposition (PECVD) systems used for fabrication of carbon
nanostructures, a hydrocarbon plasma is typically brought into
contact with a catalyst (usually Ni, Fe, or Co).4 PAC, however,
is more traditionally used to describe waste gas stream
processing such as for the abatement of volatile organic
compounds5−7 or hydrocarbon reforming for the production
of value-added chemicals such as syngas or methanol.8−10

Significant efforts have been devoted to the design and
development of catalysts in conventional thermal reforming
processes;11−13 yet, the knowledge of selecting appropriate
catalysts for plasma reforming processes is still limited.
Jurkovic et al. examined methane partial oxidation processes
in plasma utilizing several types of zeolite- and metal-based
catalysts.14 Their results highlight the effects of catalyst choice
on conversion, product yield and selectivity, and coking for the
overall process. Zeng et al. examined the addition of promoters
(e.g., K, Mg, and Ce) to a Ni/Al2O3 catalyst for enhanced
plasma−catalytic biogas reforming.15 Although the conversion
of CH4 and the yield of H2 were improved with the addition of
promoters, increased carbon deposition was also observed.
These studies demonstrate that the plasma/catalyst

combination generates synergistic effects that can enhance

conversion, product selectivity, and energy efficiency. Im-
portantly, it has been suggested that the observed plasma/
catalyst synergy results from a combination of the change in
discharge behavior induced by the catalyst and change in the
catalyst activity assisted by the plasma.16 Brune et al.
investigated the change in filamentary behavior in a packed
bed dielectric barrier discharge (DBD) during dry reforming of
methane, correlating their observations with conversion
efficiencies and material analyses.17 Differences in conversion
efficiencies between each metal-based catalyst (Co, Cu, and
Ni) were explained by through differences in electrical
behavior of the discharge and material surface properties.
Chawdhury et al. found that an Fe/γ-Al2O3 plasma/catalyst
combination nearly doubled methane conversion and meth-
anol yield compared to a plasma without a catalyst, whereas a
Cu/γ-Al2O3 catalyst enhanced selectivity of Cn (n ≥ 2)
oxygenates.18 As catalyst/discharge coupling significantly
affected CH4 conversion, plasma emission was explored to
gain insight into gas-phase reactions occurring at the catalyst
surface. Decreased emission intensity for several species in the
presence of the catalyst indicates some reactive plasma species
may adsorb on the catalyst surface. The authors suggest that
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enhanced plasma−catalyst performance arises from a combi-
nation of plasma−surface and plasma gas-phase reactions plus
changes in discharge properties (e.g., enhanced electric field).
Direct adsorption of gas-phase CHx radicals is central to
methanol formation. Thus, understanding the underlying
mechanisms associated with hydrocarbon reforming processes
is crucial to its development.
To improve the utility of PAC, it is crucial to understand

and optimize the underlying physicochemical mechanisms for
their desired applications. Although many studies have focused
on parametric optimization for increasing gas conversion
efficiency,19−22 relationships between plasma parameters and
performance are ultimately poorly understood, making it
tedious and time-consuming to try to reproduce similar results
in different reactor setups. Few studies have addressed
fundamental aspects of PAC systems. Specifically, the need
for fundamental insight into this field requires an under-
standing of plasma generation and general operating
conditions, catalyst selection (including consideration of both
chemical and physical properties), and the interactions
between the plasma and catalyst. Importantly, an under-
standing of how the plasma affects the catalyst properties and
vice versa must also be construed to address current challenges
with implementing PAC technologies. As such, fundamental
investigations that probe the molecular-level processes in PAC
are central to improving PAC processes.
Knowledge of the roles of gas-phase radicals and radical−

surface interactions is key to understanding overall plasma
chemistry. To further illuminate the effect of the catalyst on
the plasma environment, it is vital to investigate the gas-phase
chemistry of the plasma both with and without a catalyst.
Specifically, an understanding of how energy is partitioned into
vibrational, rotational, and translational modes provides insight
into formation mechanisms, decomposition pathways, and
overall plasma chemistry. Figures of merit such as rotational
and vibrational temperatures (TR and TV, respectively)
describe the energetics of species within the plasma system.
One study that examined the impact of a catalyst on internal
plasma temperatures measured TR and TV of CH A2Δ → X2Π
in a packed bed DBD using optical emission spectroscopy
(OES).23 Nozaki et al. found that although TR(CH) was
dependent on the catalyst bed temperature, TR(CH) remained
unchanged upon addition of the catalyst to the reactor.23 The
explanation for this observation lies in the assumption that the
rotational equilibrium of CH A2Δ is reached within its
radiative lifetime and that the R branches display a similar
intensity distribution with or without the catalyst. In contrast,
TV(CH) increased significantly with bed temperature only
when the Ni catalyst was present. Specifically, the relative
intensity of the ν(2,2) vibrational band remained independent
of bed temperature, but decreases in the ν(0,0) and ν(1,1)
vibrational bands were observed as the bed temperature
increased only with the catalyst present. Consequently, the
decreased contributions of the ν(0,0) and ν(1,1) vibrational

bands to the overall spectral structure result in the observed
increase in vibrational temperature in the presence of the
catalyst. As the electric and optical properties (e.g., reduced
field strength, average electron density, and rotational
temperature) were not affected by the presence of the Ni
catalyst,23,24 the authors hypothesize that the CH A2Δ ν(0,0)
and ν(1,1) states selectively react on the Ni surface.
We have previously investigated energy partitioning trends

of CH A2Δ → X2Π and H2 d
3Πu → a3Σg

+ in CH4-based low-
pressure, inductively coupled plasmas as functions of plasma
parameters.25,26 An overview of the internal temperature values
and parameter trends determined from 100% H2 and 100%
CH4 plasmas and sans catalyst is displayed in Table 1. Notably,
TV(CH) was higher than TR(CH) regardless of gas mixture,
pressure, or power, and both TV(CH) and TR(CH) decreased
with increasing pressure, suggesting collisional quenching.
TR(CH) values were also nominally much higher than TR(H2)
values in a 100% CH4 plasma system (Table 1).
Moreover, studies using a 100% H2 plasma reveal relatively

low TR(H2) values (∼500−550 K) with virtually no trends
with respect to system pressure and power.26 These disparate
values and trends may be attributed to a combination of the
differences in species densities, radiative lifetimes, and their
excitation pathways. In this work, we expand on these
fundamental studies by introducing a TiO2 catalyst to H2
and CH4 plasmas. We examine the impact of the plasma on the
catalyst by exploiting chemical and morphological character-
ization techniques to assess the material prior to and post
plasma exposure. Additionally, we investigate the impact of the
catalyst on gas-phase chemistry via OES, which allows us to
nonintrusively probe the energetic and kinetic characteristics of
the system. TR and TV are measured for three excited-state
species (CH, H2, and OH) and are discussed in comparison to
values obtained without a catalyst.

2. EXPERIMENTAL SECTION
2.1. Plasma Reactor. Inductively coupled plasmas were

generated in a glass tubular reactor by coupling of radio-
frequency (rf) power through a Ni-plated Cu induction coil
(Figure 1). Substrates were placed on a glass slide in the center
of the coil region, and the reactor was evacuated to base
pressure (∼15 mTorr) with a 400 L/min rotary vane pump.
The system pressure (p) was monitored with a Baratron
capacitance monometer and ranged from 100 to 200 mTorr for
the experiments described herein. CH4 (Air Products, >99.97%
purity), H2 (Airgas, 99.9%), and Ar (Airgas, >99.999% purity)
were used as precursor gases with gas flow maintained by mass
flow controllers (MKS). The applied rf power (P) ranged from
25 to 125 W and was controlled with an Advanced Energy
RFX-600 rf power supply via a matching network at 13.56
MHz. A replaceable quartz window on the inlet half of the
reactor was used to monitor relative species densities directly
above the substrate. All other OES studies described herein
utilized a second quartz window centrally affixed to the

Table 1. Internal Temperature Values and Trends from 100% H2 and 100% CH4 Plasmas, sans Catalyst (Reported
Previously)25,26

100% H2 100% CH4

TR(H2) TR(H2) TR(CH) TV(CH)

internal temp value range (K) ∼500−550 ∼500−700 ∼1750−2350 ∼2280−3440
press. increase (100 → 200 mTorr) no trend increases decreases decreases
power increase (25 → 125 W) no trend decreases trend dependent on system pressure trend dependent on system pressure
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downstream end of the reactor, allowing for coaxial collection
of plasma emission along the length of the reactor.
2.2. Gas-Phase Analyses. Steady-state emission experi-

ments employed an Avantes AvaSpec-3648-USB2 multi-
channel spectrometer with an integration time of 50 ms and
100−150 averages. This spectrometer comprises four channels
each linked to a 3648-pixel charge-coupled detector providing
a detectable wavelength range of 187−1016 nm with a 0.1 nm
resolution. Energy partitioning trends for H2 d

3Πu → a3Σg
+ and

CH A2Δ → X2Π are reported as functions of plasma applied rf
power and pressure. Figure S1 shows representative emission
spectra for these two transitions and the corresponding fits for
determination of TR and TV. Under some plasma parameters,
OH A2Σ+ → X2Π emission was observed, and TR(OH) and
TV(OH) were subsequently calculated. A Boltzmann plot was
used to calculate TR(H2), described in detail previously.26 For
these calculations, ln(Iλ4/S) is plotted as a function of the
upper state rotational energy (E), where I and λ are the
intensity (au) and wavelength (nm) of a specific emission line,
respectively, and S is the Ho nl−London factor. A representa-
tive Boltzmann plot for calculating TR(H2) is shown as an inset
in Figure S1a. TR(CH,OH) and TV(CH,OH) were determined
with LIFBASE.27 A thermalized distribution was assumed for
computing TR, and a representative best fit of the vibrational
state populations was determined by manual manipulation of
the vibrational histogram. TV values were further calculated by
the summation of the vibrational populations weighted by
Boltzmann’s constant (kB). For all TR and TV values reported

in this work, the error was determined from the standard
deviation of n ≥ 3 trials.
For time-resolved optical emission spectroscopy (TR-OES)

data collection, an AvaSpec-ULS4096CL-EVO spectrometer
(10 μm slit; 0.5 nm spectral resolution) was employed for
enhanced temporal resolution (1.67 μs integration time; 1
average). Data collection started before plasma ignition and
lasted for ∼4 s after ignition. The emission intensity for H2
(601.8 nm) was monitored as a function of time in H2 and
CH4 plasmas.

2.3. Material Preparation and Characterization. TiO2
substrates were prepared from a methanol suspension of
commercial TiO2 AEROXIDE P25 nanopowder (Acros
Organics, 21 nm primary particle size) drop cast onto ∼3
cm × 3 cm glass slides (VWR), p-type ⟨100⟩ silicon wafers
(Wacker-Chemitronic GMBH), or pressed KBr pellets (Sigma-
Aldrich, FTIR grade). One substrate was placed in the center
of the coil region of the reactor for OES experiments (Figure
1). KBr pellets with TiO2 were used for Fourier transform
infrared spectroscopy (FTIR) (Nicolet Magna 760). The
spectrometer was purged with N2 gas for several hours before
spectra were collected (4 cm−1 resolution; 256 averaged
scans). Atmospheric and baseline corrections were applied to
all spectra to suppress signals arising from water vapor or CO2.
Silicon wafer substrates were further characterized by using
scanning electron microscopy (SEM) (JEOL JSM-6500F with
a field emission source; 15.0 kV accelerating voltage; ∼10 mm
working distance). Glass slide substrates were used for all other
characterization methods. X-ray photoelectron spectroscopy
(XPS) [PHI-5800 with a monochromatic Al Kα X-ray source
(1486.6 eV photons)] was performed before and after plasma
exposure. CasaXPS v2.3 software was used to evaluate all high-
resolution XPS data with peak FWHM constrained to ≤2.0 eV.
High-resolution C1s spectra were charge corrected by setting
the C−C/C−H component to 284.8 eV for all samples.
Raman spectroscopy data were collected with an Olympus IX-
73 optical microscope with an OndaxTHz-Raman laser source
(5 mW, 532 nm laser, 1.2 μm spot size). Raman signals were
collected in a backscattering geometry, passed through a
Horiba iHR-550 imaging spectrometer, and detected on a
Synapse back-illuminated deep depletion charge-coupled
device. Individual spectra were acquired for 30−60 s across a
1 mm × 1 mm sample area.

Figure 1. Schematic for glass barrel style ICP reactor detailing
substrate placement in coil region and quartz window positions for
collection of emission spectra. OES spectra were obtained both
coaxially and in the coil region.

Figure 2. Raw OES spectra of H2 plasma (p = 100 mTorr, P = 100 W, and t = 30 s) collected coaxially without a substrate and with a TiO2
substrate: (a) full spectral range and (b) expanded view of the 260−340 nm range.
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3. RESULTS
A major focus of this work is to investigate fundamental
plasma−catalyst interactions in environmentally relevant
systems. Our multipronged approach toward unravelling
complex PAC environments involves an investigation of both
the gas-phase processes and an analysis of the catalyst’s
chemical and morphological properties. Raw OES spectra of a
H2 plasma (10% Ar) show emission arising from atomic and
molecular hydrogen species and Ar species (Figure 2a). With a
TiO2 substrate present, additional spectral peaks are observed,
arising from OH and CO emission (Figure 2b). As these
species are not detected above experimental noise in the
substrate-free system, OH production likely occurs through
removal of oxygen from the TiO2 catalyst, and the small
amounts of CO(g) also likely arise via interaction of gas-phase
species with adventitious carbon on the catalyst surface.
Further spectral comparison via inert gas actinometry

elucidates details about relative densities of excited-state
species (denoted here with brackets, e.g., [OH]). For these
studies, emissions from OH (309.0 nm), Hα (656.5 nm), H2
(601.8 nm), and Ar (750.4 nm) were monitored. Actinometry
studies were performed for several power conditions in H2
plasmas (p = 100 mTorr) both with and without TiO2 for 5
min immediately following plasma ignition. Measurements
were made at two locations: in the coil region directly above
the substrate (cross-sectional) and downstream (coaxial).
Figure 3a shows [OH] as a function of time (p = 100
mTorr and P = 100 W) with and without TiO2 present in the
reactor. Notably, [OH] is nearly zero without the substrate;
however, when TiO2 is introduced into the plasma, [OH] is
initially greater than the no substrate system and then
decreases as a function of time. After ∼2 min of plasma on
time, the [OH] is within error of the no substrate system and
essentially zero for all P studied. Actinometry results from the
coil region demonstrate that [OH] may be only slightly
elevated compared to the coaxially collected data, suggesting
that when OH is formed from plasma−substrate interactions, it
likely remains intact as it travels downstream in the reactor.
Actinometric analysis of hydrogen species in the plasma

provides insight into the impact of TiO2 on gas-phase
properties. [H2] remained relatively constant as a function of
time (Figure S2), and both the addition of the catalyst and the
measurement location essentially have no effect on [H2]. Yet,
the atomic hydrogen density is significantly elevated in the coil
region compared to the coaxially collected data (Figure 3b).

This is expected given the constant source of H2 gas, which can
dissociate to form H in the coil region of the reactor.
Moreover, [H] does not change appreciably during the 5 min
data collection time. This suggests that H2 decomposes in the
coil region and H is not likely to recombine to form H2 there,
but it may undergo deexcitation or other recombination
processes as it continues downstream, leading to the lower
density observed with coaxially collected OES data (Figure
3b). With the TiO2 substrate, [H] measured coaxially (i.e.,
downstream) is slightly lower than the substrate-free system,
albeit within error. In the coil region, however, [H] is
significantly lower in the presence of the catalyst, indicating
that H atoms are likely interacting with the substrate (e.g., to
produce the observed OH(g)).
To gain further insight into the plasma−substrate inter-

actions and gas-phase processes, the energetics of plasma
species can be evaluated as functions of plasma parameters.
TR(OH) and TV(OH) values were determined via spectral
simulation with LIFBASE, where all fits had peak correlation
(PC) values ≥0.89. OES data collected 30 s after plasma
ignition were used for determination of TR(OH) and TV(OH)
because the OH emission signal was prominent at this time
point. Unfortunately, raw OH data could not be analyzed at
low P (P = 25−50 W) or high p (p = 200 mTorr) because of
limited signal intensity under these conditions. Figure 4 shows
a representative fit of the OH A2Σ+ → X2Π transition (p = 100
mTorr, P = 100 W), giving rise to TR(OH) = 2550 K and
TV(OH) = 4600 K and with a PC value of 0.96. Although PC
values are fairly high for each individual spectrum, indicating
reasonable agreement between the experimental data and
corresponding simulation, standard deviation weighs in as high
as 16% in some cases, as listed in Table 2. Although
challenging to illicit trends from these data, we can ascertain
an order of magnitude for TR(OH) and TV(OH) and can
compare these values to TR(H2) in the same plasma system
and other TR(OH) and TV(OH) values reported in the
literature.28−31

To better understand these gas-phase trends and the impact
of plasma processing on the catalyst, the substrates were
analyzed before and after plasma exposure. Figure 5 shows
representative FTIR spectra of untreated (UT) and H2 plasma
treated (p = 100 mTorr, P = 100 W, and t = 5 min) TiO2
substrates. The adsorption bands at 3400 and 1630 cm−1 are
assigned to stretching bands for O−H surface hydroxyl groups
and H−O−H physically adsorbed water, respectively.32

Figure 3. Relative density from OES spectra collected coaxially and in the coil region of the reactor as a function of time in an H2 plasma (p = 100
mTorr and P = 125 W) with and without a TiO2 substrate for (a) OH and (b) Hα.
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Symmetric and asymmetric stretching of −CH2 is observed in
the 2830−2990 cm−1 region for the UT material.33 The large
absorption band below 1000 cm−1 is assigned to Ti−O−Ti
stretching vibration of the interconnected octahedral [TiO6].

32

Some differences worth noting appear when comparing the
two spectra. First, the disappearance of the −CH2 peaks and
the significant reduction of the O−H stretching band after
plasma exposure suggest removal of impurities or cleaning of
the material surface by the plasma. Moreover, narrowing of the
Ti−O−Ti stretching absorption band post plasma exposure
suggests the creation of a more uniform lattice environment
and removal of excess impurities.

We employed XPS to further investigate the chemical
composition of the surface of our catalysts before and after H2
plasma exposure. Survey scans conducted on all substrates
showed the presence of titanium, oxygen, and carbon
prompting the collection of high-resolution data for the Ti2p,
O1s, and C1s binding environments for each spot. Elemental
compositions, listed in Table 3, show a decrease in the amount

of carbon after H2 plasma exposure. The amount of titanium
decreases slightly at high P and longer plasma exposure times
(P = 100 W, 125 W, t = 5 min and P = 125 W, t = 10 min).
Additionally, an increase in %O is noted after H2 exposure at
all conditions except for P = 25 W and t = 5 min. This increase
likely arises from the creation of surface oxygen vacancies
(verified with high-resolution O1s data, Figure 6), which can
allow for increased interactions with atmospheric oxygen. We
have previously noted a similar increase in %O with treatment
time for SnO2 nanoparticles exposed to a 100% H2O plasma.34

Representative high-resolution Ti2p, O1s, and C1s XPS spectra
prior to and post H2 plasma exposure (p = 100 mTorr, P = 150
W, and t = 1 min) are shown in Figure 6. High-resolution Ti2p
spectra of the UT TiO2 material (Figure 6a) show peaks for
Ti2p3/2 and Ti2p1/2 at binding energies of 458.8 and 464.7 eV,
respectively, corresponding to surface titanium in the Ti4+

oxidation state.35,36 In some cases, Ti4+ was reduced (i.e., Ti3+

or Ti3+ and Ti2+ binding environments noted in addition to
Ti4+) after H2 plasma exposure, whereas in other cases, the Ti2p
binding environment remained nominally unchanged post H2
plasma exposure (i.e., only Ti4+ binding environments
present). Reduction of Ti4+ was not dependent on plasma
parameters and was somewhat inconsistent between spots on a
single sample and/or different samples produced under the
same plasma conditions. Figure 6d shows an example of a Ti2p
high-resolution spectrum of a spot where Ti4+ is reduced to
Ti3+ (457.8 and 463.6 eV) and Ti2+ (456.7 and 462.4 eV)
oxidation states. The primary contribution to the O1s spectra in
the UT TiO2 arises from lattice bound oxygen (or bound to
Ti4+) (529.2 eV) (Figure 6b), with a smaller peak assigned to
oxygen adsorbed to the material surface, such as hydroxyl
species (531.5 eV).35,37 When Ti is reduced, an additional
binding environment appears after hydrogen plasma exposure
at 530.5 eV, corresponding to oxygen vacancies (e.g., Ti2O3).

37

Here, an increase of adsorbed surface oxygen post H2 plasma
processing (Figure 6e) is also observed, presumably as a result
of the plasma creating oxygen vacancies within the TiO2 lattice,
which ultimately decreases the relative contribution of bound
oxygen or the increase in adsorbed atmospheric oxygen
species.35,38 High-resolution C1s spectra for the UT material

Figure 4. Representative emission spectrum collected coaxially for
OH A2Σ+ → X2Π in a H2 plasma with a TiO2 substrate (p = 100
mTorr and P = 100 W).

Table 2. TR(OH) and TV(OH) Values Obtained from a H2
Plasma with a TiO2 Substrate

a

p (mTorr) P (W) TR (K) TV (K)

100 75 3680 (150) 4020 (40)
100 2940 (480) 4430 (250)
125 3370 (290) 4360 (180)

150 75 3740 (130) 4110 (40)
100 3520 (450) 4310 (220)
125 3680 (230) 4150 (20)

aValues in parentheses represent the standard deviation calculated
from the mean of n ≥ 3 trials.

Figure 5. FTIR spectra of untreated and H2-plasma-treated (p = 100
mTorr, P = 100 W, and t = 5 min) TiO2 substrates.

Table 3. XPS Atomic Composition Data for a TiO2
Substrate Exposed to a 100% H2 Plasma (p = 100 mTorr)a

plasma exposure time
(min)

P
(W) C [%] O [%] Ti [%]

10.9 (2.3) 63.6 (1.4) 25.5 (1.2)
1 125 5.6 (0.4) 68.7 (0.9) 25.7 (0.6)
5 25 9.6 (1.9) 65.0 (1.4) 25.3 (0.6)

75 5.2 (0.5) 70.3 (0.9) 24.5 (0.9)
100 4.8 (0.9) 72.0 (1.1) 23.2 (0.8)
125 3.4 (0.6) 75.9 (3.5) 20.7 (2.9)

10 125 3.2 (0.5) 76.2 (1.5) 20.6 (1.5)
aErrors are the standard deviation of the mean of three measurements
on n ≥ 2 samples.
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(Figure 6c) show binding environments for −C−C/−C−H
(284.8 eV), −C−O−R/−C−O−H (286.3 eV), and −CO
(288.7 eV). The reduction in percent carbon after plasma
exposure suggests removal of adventitious carbon (Table 3).
Although it is difficult to elucidate specific binding environ-
ments with the low C signal, we believe binding environments
attributed to −C−C/−C−H (284.8 eV) and −C−O−R/−C−
O−H (286.3 eV) are still present in the H2 plasma treated
material (Figure 6f).
As H2 plasmas are generally considered etching systems, we

also investigated the impact of a clearly depositing system (i.e.,
100% CH4 plasmas) on the catalyst. XPS atomic composition
data (Table 4) demonstrate a significant increase in %C post

CH4 plasma exposure. Moreover, the %C on the surface is
highly dependent on plasma parameters. For example, a TiO2
substrate exposed to a 100% CH4 plasma at fairly mild
conditions (p = 100 mTorr, P = 25 W, and t = 30 s) results in
51.2% C, whereas 91.7% C is measured under more intense
depositing conditions (p = 200 mTorr, P = 125 W, and t = 2
min). Consequently, this drastically changes the O and Ti

atomic compositions at the material surface. Interestingly, a
slight increase in %Ti is observed from the samples treated for
30 s compared to those exposed to the plasma for 2 min,
except at p = 200 mTorr and P = 125 W where no Ti was
detected. Generally, the %C increases with P except for the
case of p = 100 mTorr and t = 2 min, wherein the atomic
compositions for P = 25 and 125 W are within error of each
other. Notably, the reported error is also larger for this set of
conditions, indicative of the significant variation in atomic
surface composition for these samples. The lack of a clear
increase in carbon content with P (at p = 100 mTorr and t = 2
min) suggests carbon-containing species are not depositing on
the catalyst surface. Although the exact processes contributing
to the changes in surface chemistry remain unclear, these
results likely indicate competing etching and depositing
regimes occurring in this system.
Further details about the types of films deposited or the

possible etching processes occurring in CH4 plasmas can be
elucidated from the high-resolution XPS spectra. Figure 7a
shows high-resolution Ti2p spectra of an UT TiO2 substrate
and TiO2 substrates after a 2 min exposure to a 100% CH4
plasma under several pressure and power conditions. As stated
above, binding energies for Ti2p3/2 and Ti2p1/2 are present at
458.6 and 464.2 eV, respectively, corresponding to surface
titanium in the Ti4+ oxidation state35,36 Additionally,
contributions from the Ti3+ binding environment are noted
at 457.9 and 462.5 eV for materials treated at p = 200 mTorr
and P = 25 W.35 High-resolution O1s spectra (Figure 7b) show
contributions from lattice bound oxygen at 530.2 eV and
adsorbed oxygen species at 532.1 eV for the UT material and
after CH4 plasma exposure.39,40 The TiO2 substrates exposed
to a CH4 plasma have an additional peak at 533.3 eV,
corresponding to oxygen singly bound to carbon in ethers.40

Notably, the spectrum acquired under conditions with no
detectable Ti in the elemental composition data (p = 200
mTorr and P = 125 W) shows no lattice bound oxygen species,
only adsorbed oxygen species and oxygen bound to carbon.
High-resolution C1s spectra (Figure 7c) display three specific

Figure 6. High-resolution Ti2p (a, d), O1s (b, e), and C1s (c, f) XPS spectra for untreated (top row) and H2-plasma-treated (bottom row) TiO2
substrates (p = 100 mTorr, P = 125 W, and t = 1 min).

Table 4. XPS Atomic Composition Data for a TiO2
Substrate Exposed to a 100% CH4 Plasmaa

plasma
exposure
time

p
(mTorr)

P
(W) C [%] O [%] Ti [%]

10.9 (2.3) 63.6 (1.4) 25.5 (1.2)
30 s 100 25 51.2 (4.4) 48.1 (4.3) <1%

125 87.9 (2.8) 9.1 (2.0) 3.0 (0.8)
200 25 84.8 (1.2) 14.9 (0.8) <1%

125 91.3 (2.1) 7.7 (1.6) <1%
2 min 100 25 77.4 (6.4) 17.6 (4.4) 5.1 (2.0)

125 61.9 (12.8) 27.8 (8.7) 10.3 (4.2)
200 25 78.4 (2.4) 18.1 (1.3) 3.6 (1.3)

125 91.7 (0.4) 8.4 (0.4)
aErrors are the standard deviation of the mean of three measurements
on n ≥ 2 samples.
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binding environments corresponding to −C−C/−C−H (284.8
eV), −C−O−C/−C−O−H (286.6 eV), and −CO (288.7
eV).39 After CH4 plasma exposure, the −CO contribution
decreases significantly, regardless of treatment parameters.
Moreover, with p = 200 mTorr, the −C−O−R/−C−O−H
contribution increases dramatically relative to the p = 100
mTorr treatment, dominating the spectra for both low- and
high-P treatments.
Raman data (Figure 8) also demonstrate the presence of an

amorphous hydrocarbon film on the TiO2 after CH4 plasma
exposure. Figure 8a shows Raman spectra for UT TiO2 and
TiO2 treated with a 100% CH4 plasma (p = 200 mTorr) at
different P. Anatase TiO2 has six Raman-active modes (3 Eg +
2 B1g + 1 A1g).

41,42 The three Eg modes correspond to the
high-intensity band at 136 cm−1 and the lower-intensity bands
at 196 and 638 cm−1. Additionally, the doublet band at 515
cm−1 corresponds to the A1g and B1g modes, and the band at
∼396 cm−1 belongs to the B1g mode.41,42 Peaks at 429, 608,
and 1100 cm−1 arise from the glass substrate. Figure 8a
demonstrates carbon deposition via the appearance of the D-
band and G-band for plasma parameters associated with the
most intense deposition conditions in our CH4 plasma systems
(high p, high P). In conjunction with the presence of the D-
band and G-band, the more intense deposition parameters also
appear to coincide with overall minimized TiO2 bands.
Figure 8b displays an expanded view of the Eg band at ∼135

cm−1. The Eg peaks correlate to the symmetric stretching
vibration of O−Ti−O in TiO2;

43,44 thus, they are very sensitive
to local oxygen coordination surrounding the metal ion. Here,
we note a general shift and broadening of the Eg peak at ∼135
cm−1 to higher wavenumbers for the plasma treated substrate
relative to the untreated TiO2. For example, the higher P
plasma treatment (P = 125 W) results in the largest Eg peak
shift, 7 cm−1, whereas the milder plasma treatments (P = 25 W
and P = 50 W) result in less peak shifting, 1−3 cm−1, relative

to the untreated TiO2. Nevertheless, these data demonstrate
that CH4 plasma exposure affects the underlying material
beyond deposition of an amorphous hydrocarbon film over the
surface of the material.
Figure 8a further demonstrates that carbon deposition

throughout the material is observed via the appearance of the
D-band and G-band for plasma parameters associated with the
most intense deposition conditions (high p, high P). In
conjunction with the presence of the D-band and G-band,
these deposition parameters also appear to coincide with
overall minimized TiO2 bands. Figure 8c shows an expanded
view of the D-band/G-band region for untreated TiO2 and
TiO2 post CH4 plasma exposure at p = 200 mTorr and several
P conditions. Notably, the D-band and G-band are only
present in the spectra acquired from the P = 125 W plasma-
treated substrate.
As substrate morphology can impact overall PAC

interactions, we used SEM to evaluate material morphology
of the UT and plasma-treated TiO2 materials. A representative
SEM image of the UT material (Figure 9a) highlights the
porous morphological nature of the TiO2 nanoparticle
agglomerates. Figures 9b and 9c show representative SEM
images of the catalyst after exposure to 100% H2 (p = 100
mTorr, P = 100 W, and t = 5 min) and 100% CH4 (p = 150
mTorr, P = 125 W, and t = 2 min) plasmas, respectively. The
morphology characteristic of the UT TiO2 material does not
change appreciably after plasma exposure, regardless of p or P,
for the parameter space reported herein.
Clearly, H2 and CH4 plasmas differentially impact the

resulting catalyst chemistry; thus, we compare and contrast the
impact of the catalyst on gas-phase chemistry in these two
systems. We have previously investigated energy partitioning
trends of TR(H2) in H2 and CH4 plasmas (no substrate) to
elucidate probable mechanisms of H2 formation.26 Here, we
utilized TR-OES to further delve into these fundamental

Figure 7. High-resolution (a) C1s, (b) O1s, and (c) Ti2p spectra of TiO2 substrates prior and post CH4 plasma exposure (t = 2 min).

Figure 8. (a) Raman spectra of TiO2 substrates [untreated and treated with a 100% CH4 plasma at three applied rf powers (p = 200 mTorr and t =
2 min)]. Expanded views of the (b) Eg peak and the (c) D-band/G-band region. The asterisk (∗) represents the signal from the glass slide
substrate.
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processes by studying the first few seconds immediately
following plasma ignition in H2 and CH4 plasmas with and
without TiO2. Figure 10 shows a comparison of the temporal
emission profiles of H2 in the two plasma systems with and
without a catalyst. In a 100% H2 plasma, the rise to maximum
intensity and subsequent steady-state emission for H2 (Figure
10a) occurs within the first 0.1 s of plasma ignition.
Conversely, the rise to a steady state for H2 takes several
seconds in a CH4 plasma without a substrate. The overall
characteristics of the temporal profiles do not change
appreciably upon the addition of a TiO2 substrate to the
100% H2 plasma (Figure 10c). In contrast, the TiO2
dramatically alters the temporal profile of H2 emission in the
100% CH4 plasma (Figure 10d). Here, the temporal profile
mirrors the 100% H2 plasma system, with a sharp rise within
<0.1 s. These TR-OES data provide essential insight into
plasma ignition processes and potential species formation
mechanisms; however, evaluation of species energetics is also a
key component to understanding fundamental plasma
processes during PAC.
TR values of excited-state H2 are plotted in Figure 11 as a

function of P for both H2 and CH4 plasmas with and without
TiO2. At p = 100 mTorr (Figure 11a), TR(H2) values have a
narrow range of ∼500−550 K, display minimal power
dependence, and remain constant with and without a TiO2
catalyst in the 100% H2 plasma system. Conversely, the

TR(H2) values in a 100% CH4 plasma without a substrate at p
= 100 mTorr (Figure 11a) decrease with increasing P, with
TR(H2) = ∼580 and ∼500 K at P = 25 and 125 W,
respectively. Addition of the catalyst results in a notable
decrease in TR(H2), with values of ∼400−480 K and minimal
P dependence at p = 100 mTorr. Similar trends are noted in
the higher-pressure system (p = 200 mTorr) (Figure 11b) with
TR(H2) values elevated somewhat by ∼100−200 K for the
CH4 plasma system (no substrate). Overall, TR(H2) values at p
= 200 mTorr for a 100% H2 plasma are similar to those at p =
100 mTorr. Nevertheless, at P ≥ 50 W, TR(H2) values are
reduced slightly compared to the no substrate system.
Numerical values for all conditions studied with TiO2 are
listed in Table 5 and range from ∼400−700 K over the entire
parameter space. TR(H2) values for the no substrate systems
(both H2 and CH4) have been previously reported.26

To further demonstrate the impact of the catalyst on energy
partitioning, TR(CH) is plotted as a function of P at two
different pressures in Figure 12a, and TR(CH) values for the
entire parameter space are reported in Table 6. At p = 100
mTorr, TR(CH) values are decreased by ∼100−200 K with a
TiO2 catalyst except at P = 50 W. Interestingly, an increase in
system pressure to ≥150 mTorr results in TR(CH) values
comparable to those in the no substrate system. Notably,
TR(CH) values also decrease concomitantly with an increase in
system pressure, a trend we previously reported for 100% CH4
plasmas without a substrate.25 These results demonstrate the
significant impact that catalysts can have on rotational energy
partitioning in PAC systems.
Additionally, we determined TV(CH) for the same

parameter space (Table 6), where values range from
approximately 2000 to 3100 K. Figure 12b shows TV(CH)
for a CH4 plasma system without and with a TiO2 substrate at
two different pressures. At p = 100 mTorr, TV(CH) is
significantly reduced (∼300−1200 K) upon addition of the
catalyst to the discharge. This trend generally holds true at
each pressure (p = 100−200 mTorr). Pressure and power
trends for TV(CH) are also worth noting here as TV(CH)
values generally decrease with increasing p for CH4 plasmas.
The P dependence demonstrates a more complex trend
wherein TV(CH) decreases with increasing P at low p (p = 100
mTorr) but increases with P at high p (p = 200 mTorr). This
trend has been discussed previously.25

4. DISCUSSION

As noted in the Introduction, the applicability of PAC is
limited by a lack of knowledge of the fundamental processes
contributing to plasma−catalyst synergy. Understanding the
roles of both the catalyst and plasma as well as the interactions
occurring at the plasma−catalyst interface in a PAC system can
help the community bypass trial-and-error approaches toward
optimizing plasma−catalyst systems and establish a more
informed method for optimization toward a desired
application. Thus, the goal of this work is both to elucidate
the impact of the catalyst on the fundamental properties of the
plasma discharge and to understand the effect of plasma
exposure on the catalyst’s properties. Here, we utilize a
nanostructured TiO2 catalyst to report on effects on
fundamental plasma processes in low-pressure, inductively
coupled H2 and CH4 plasmas. Chemical and morphological
properties of the catalyst prior to and post plasma exposure
were assessed in addition to the gas-phase studies as a more

Figure 9. Representative SEM images (50000×) of (a) untreated, (b)
H2-plasma-treated (p = 100 mTorr, P = 125 W, and t = 5 min), and
(c) CH4-plasma-treated (p = 150 mTorr, P = 125 W, and t = 2 min)
TiO2 substrates.
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holistic approach toward elucidating the molecular level
processes occurring in these inherently complex PAC systems.
A previous study from our lab employed OES to examine

the gas phase of H2 plasmas during processing of SnO2
nanomaterials.28 In that study, excited-state OH and Sn
species were observed in the gas phase only when a substrate
was placed in the discharge. Similar observations are reported
here where raw OES spectra of H2 plasmas show the presence
of OH and CO species when a TiO2 substrate is placed in the
discharge (Figure 2b). XPS atomic composition data (Table 3)
also show a significant reduction of carbon post H2 plasma
exposure, suggesting that adventitious carbon is removed from
the material surface during plasma processing and is likely the
source for the gas-phase CO species. Given that we do not see
OH* without a substrate, OH* formation likely occurs
through removal of oxygen from the substrate. To elucidate
further details about these plasma−surface interactions, we
utilized inert gas actinometry to measure relative species
densities as functions of plasma parameters (Figure 3),
revealing that [H] is not affected by the catalyst when
emission is collected coaxially along the length of the reactor.
Conversely, [H] in the coil region shows an overall increase
compared to the coaxially collected data, presumably resulting
from the continuous flow of H2 that can dissociate to H* in the
coil. Interestingly, when a TiO2 substrate is placed in the
discharge, [H] is significantly reduced only in the coil region of
the reactor. Shirazi et al. found that H atoms originating either
from dissociative adsorption of H2 or CH4 or from H atoms
produced in the bulk plasma can be readily adsorbed on a Ni
catalyst.45 Thus, the significant decrease of [H] directly above

the substrate may be a result of adsorption of H atoms on the
TiO2 catalyst surface. Conversely, [OH] was similar in both
the coil and coaxial data, indicating that once OH* forms in
the coil region it persists as it continues downstream in the
reactor. One additional noteworthy observation from the
Figure 3 actinometry data is that [OH] decreases to nearly
zero over the 5 min treatment time. In H2 plasmas, the only
source of oxygen is the TiO2 substrate, thereby serving as a
limiting reagent for OH species production, especially if
surface oxygen were removed from the substrate through
plasma processes.
FTIR and XPS results further corroborate the H2 plasma

OES data. For example, FTIR data (Figure 5) suggest the
creation of a more uniform lattice environment and removal of
carbon and oxygen species. Additionally, high-resolution XPS
data demonstrate increases in the −Ovac and −Osurf binding
environments (Figures 6b and 6e) and reduction of Ti4+

(Figures 6a and 6d) after plasma exposure. Although Ti4+

was not always reduced, an increase in the −Ovac and −Osurf
binding environments was always observed post plasma
treatment. Changes in atomic composition (Table 3) are
noted after 1 and 5 min of plasma exposure (P = 125 W), but
atomic compositions are within error for the 5 and 10 min
plasma treatments, indicating significant changes to the
catalyst’s surface chemistry likely occur within the first few
minutes of plasma exposure. Together, the OES and materials
characterization data suggest etching of surface oxygen by the
hydrogen plasma. It is thus useful to consider which gas-phase
species act as etchants in this system to further illuminate
potential etching mechanisms.

Figure 10. Temporal profiles of H2 emission in a H2 plasma (a, c) and a CH4 plasma (b, d) without a substrate (a, b) and with a TiO2 substrate (c,
d) at p = 100 mTorr and P = 125 W.
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Both hydrogen and argon plasma treatments have been used
widely as a preparation method for catalyst reduction;
consequently, several investigations of the primary etching
pathways within these systems have been reported.46−49 For
example, one study suggests the products of electron-mediated
reactions with ethanol may be the primary reducing agents in
Ar plasmas.48 Moreover, a recent review of plasma catalyst
preparation states that both hydrogen radicals and electrons
are strong reducing agents for metal catalysts in H2 plasmas.49

A previous study from our lab provided a discussion on the
potential etchants of SnO2 nanomaterials in low pressure,
inductively coupled rf H2/Ar plasmas, concluding that H*
acted as the primary etchant.28 Given the similar parameters
utilized in this study, we believe H* acts as the primary etchant
here as well. Moreover, the significant decrease in [H] when
the catalyst is in the plasma (Figure 3b) indicates that
hydrogen atoms interact with the substrate to form OH or
other species (e.g., H2).
One approach to discerning key mechanistic processes

occurring in our plasma systems includes determination of
internal molecular plasma temperatures and trends. For
example, TR(OH) and TV(OH) were calculated for the
100% H2 plasma system with TiO2 as OH is an etch product
that also changes with plasma parameters. Importantly, a non-
Boltzmann distribution behavior is expected for OH A2Σ+, H2
d3Πu, and CH A2Δ in low-pressure plasmas because the
collisional time frame is on the same order as the radiative
lifetimes.30,50,51 As such, the rotational states have no time to
relax before undergoing radiative decay. Thus, TR values
measured in our systems can be used to elucidate formation
mechanisms because TR becomes an image of the formation
process rather than the kinetic temperature. Furthermore,
some formation mechanisms can favor production of high or
low rotational excited states which can drastically change TR
and ultimately provide insight into understanding mechanistic
phenomena occurring in our systems.30

TR(OH) values cover a fairly large range (∼2900−3700 K),
and TV(OH) values are routinely higher (∼4000−4400 K).
Although the representative emission spectrum of the OH
A2Σ+ → X2Π transition in Figure 4 shows a high PC value
(0.96), our associated experimental error does not allow clear
conclusions regarding energy partitioning trends from these
data. Nevertheless, we can compare the range of these values to
those reported in the literature. Stuckert et al. determined
TR(OH) and TV(OH) in H2O and H2 plasmas with SnO2
nanomaterials under similar pressure and power ranges.28

Reported TV(OH) values were ∼3450−4020 K, and TR(OH)
values ranged from ∼1800 to 5400 K, with typically higher
TR(OH) values reported in the H2 system compared to the
H2O system. Notably, these values generally align with those
reported herein. A study by Sarani et al. suggests vibrational−
rotational populations of OH can be formed via different
mechanisms of generation for excited-state species with
different J levels.29 The authors suggest lower rotational states
(J < 13) are produced in their system (atmospheric pressure
DBD plasma jet, Ar/water vapor mixtures) through a
combination of direct electron impact excitation from the
ground state and dissociative excitation, resulting in TR(OH) =
625 K. Meanwhile, the 13 < J < 25 states are characterized by a
higher rotational temperature [TR(OH) = 5000 K], suggesting
dissociative excitation as the main pathway for OH A2Σ+

formation. Other reported TR(OH A2Σ+) values range from
∼450 to 3700 K with TV(OH A2Σ+) = ∼6000 K.30,31 A critical

Figure 11. TR(H2) data as a function of applied rf power for 100% H2
and 100% CH4 plasma systems without (open symbols) and with
(closed symbols) a TiO2 substrate at (a) p = 100 mTorr and (b) p =
200 mTorr. Values for TR(H2) without a substrate were previously
reported in ref 26.

Table 5. TR(H2) (K) Values in 100% H2 and 100% CH4
Plasma Systemsa

H2 plasma CH4 plasma

p
(mTorr)

P
(W)

no
substrateb TiO2

no
substrateb TiO2

100 25 520 (10) 520 (5) 575 (5) 470 (10)
50 520 (5) 530 (5) 535 (5) 460 (10)
75 515 (5) 540 (5) 520 (5) 440 (5)
100 510 (5) 530 (5) 515 (5) 455 (10)
125 510 (5) 525 (5) 505 (5) 495 (30)

150 25 530 (20) 540 (20) 605 (10) 460 (20)
50 525 (5) 545 (10) 590 (15) 450 (10)
75 530 (5) 550 (15) 565 (5) 470 (5)
100 525 (5) 525 (5) 560 (5) 455 (15)
125 525 (5) 525 (5) 535 (5) 450 (10)

200 25 535 (15) 520 (15) 690 (20) 420 (70)
50 535 (5) 500 (10) 605 (5) 480 (15)
75 530 (5) 490 (5) 590 (5) 465 (10)
100 525 (5) 500 (10) 585 (5) 455 (10)
125 525 (5) 490 (5) 560 (5) 470 (5)

aValues in parentheses represent standard deviation calculated from
the mean of n ≥ 3 trials. b“No substrate” values reported previously in
ref 26.
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review of TR(OH) determination by Bruggeman and co-
workers demonstrates that even at atmospheric pressure,
rotational population distributions of OH A2Σ+ provide an
image of its formation process.30 Thus, although many of these
literature values arise from atmospheric pressure plasma
systems, the wide range of TR(OH) values reported likely
evolve from different formation processes.
TR(OH) values are also much larger than TR(H2) or

TR(CH) values reported herein. In a related study by Cruden
et al., rotational temperatures of five molecular species (i.e.,
CF, CN, CO, C2, and SiF) were measured in a low-pressure
(30 mTorr) inductively coupled CF4-based plasma system.52

The authors determined that SiF, produced solely from
plasma−surface interactions with the reactor wall, had a higher
rotational temperature (∼2300 K) than those for molecules
produced primarily from gas-phase reactions (e.g., CF and CN,
∼1250 K). Species produced via a combination of gas-phase
and plasma−surface interactions (identified as CO and C2)
exhibited intermediate TR values of 1600 and 1800 K,
respectively. Their results suggest that species produced as
etch products leave the surface with significant internal
energies and further supports the elevated TR(OH) values
measured in our systems.

On the basis of our materials analyses and the measured
TR(OH) and TV(OH) values in our plasmas, we determined
probable mechanistic pathways for OH* formation, depicted
in reactions 1 and 2, where “•” represents an active site on the
material surface.

H (g) 2H (g)2* → * (1)

H (g) TiO (s) OH(g) TiO(s) e2* + → + • + −
(2a)

OH(g) e OH (g) e+ → * +− −
(2b)

One reason we included H2 plasmas in our PAC studies is that
hydrogen species comprise a significant component of CH4
plasma decomposition. As such, it is important to determine
how these species interact with the catalyst. Precursor
dissociation in CH4 plasma discharges generally leads to an
array of product species such as CHx, H, H2, and C2.

53,54

Consequently, several groups have previously reported on
energy partitioning of CH or C2 in CH4 plasmas.55−58 Electron
impact dissociation of CH4 is the dominant pathway for
generating these species in the plasma with either subsequent
radical recombination reactions to form higher order hydro-
carbons or further electron impact dissociation.9,59 Specifically,
reactions 3−5 are hypothesized to be the primary routes for

Figure 12. (a) TR(CH) and (b) TV(CH) as a function of P for a 100% CH4 plasma without (open triangles) and with a TiO2 substrate (closed
triangles). Values for TR(CH) and TV(CH) without substrate were previously reported in ref 25.

Table 6. TR(CH) and TV(CH) Values in a 100% CH4 Plasma with a TiO2 Substrate
a

TR (K) TV (K)

p (mTorr) P (W) no substrateb TiO2 no substrateb TiO2

100 25 2280 (20) 2030 (30) 3440 (20) 3100 (150)
50 2210 (10) 2180 (20) 3420 (60) 3020 (50)
75 2210 (10) 2050 (20) 3340 (60) 2980 (60)
100 2150 (20) 1930 (50) 3180 (60) 2570 (50)
125 2240 (20) 1760 (50) 3140 (40) 2550 (80)

150 25 1910 (20) 2030 (30) 2610 (10) 2680 (70)
50 1960 (10) 1980 (20) 2910 (20) 2480 (50)
75 2070 (10) 1970 (10) 3310 (60) 2620 (40)
100 2010 (10) 1930 (40) 3090 (30) 2690 (30)
125 1980 (40) 1880 (20) 3010 (110) 2680 (120)

200 25 1790 (30) 1850 (30) 2280 (260) 2060 (10)
50 1810 (10) 1860 (10) 2340 (10) 2060 (10)
75 1880 (10) 1900 (10) 2680 (10) 2230 (10)
100 1930 (10) 1850 (10) 2790 (10) 2180 (20)
125 1880 (10) 1790 (20) 2810(80) 2110 (10)

aValues in parentheses represent standard deviation calculated from the mean of n ≥ 3 trials. b“No substrate” values reported previously in ref 25.
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CH4 decomposition. Simulation of DBD methane plasma
conversion showed that reaction 3 accounts for ∼79% of
electron impact dissociation of CH4 and reactions 4 and 5
account for ∼15% and ∼5%, respectively.60

CH e CH H e4 3+ → + +− −
(3)

CH e CH H e4 2 2+ → + +− −
(4)

CH e CH H H e4 2+ → + + +− −
(5)

Although formation of CH has been directly related to CH4
decomposition,58 interpretation of energy partitioning results
should also consider the relevant amount of discharge power
converted to rotational and vibrational excitation of other
species in the plasma. For example, H2 is an important
component to CH4 plasma chemistry utilized for production of
amorphous hydrocarbon films deposited via PECVD.53,54,61,62

Furthermore, hydrogen production via hydrocarbon reforming
has received much attention as an alternative energy
source;63,64 thus, we sought to combine TR(H2) values with
energy partitioning trends for CH in CH4 systems.
Our previous study included investigations of TR(H2) trends

and discussion on probable excitation mechanisms for H2 in
100% H2 and 100% CH4 plasmas sans catalyst.26 These data
are depicted by the open symbols in Figure 11. Notably,
TR(H2) values (no substrate) are typically higher in 100% CH4
plasmas (∼500−700 K) compared to 100% H2 plasmas
(∼500−550 K). Although discernible differences between
TR(H2) values and trends in these two plasma systems have
been discussed in detail previously,26 the TR-OES studies
performed here lend additional insight into formation
mechanisms. Temporal profiles of H2 emission in a 100% H2
plasma and a 100% CH4 plasma without TiO2 (Figures 10a
and 10b, respectively) demonstrate clear differences in
formation rates. With a TiO2 substrate in the system, little
changes for the 100% H2 plasma, whereas a dramatic change in
the H2 temporal profile is observed for the CH4 system (Figure
10d). The H2 energetics in these two systems with the catalyst
support these TR-OES results. Specifically, in the 100% H2
plasmas, TR(H2) values are not significantly altered by the
presence of the TiO2 (Figure 11), suggesting TiO2 does not
affect H2 excitation pathways in H2 plasmas. Contrarily,
TR(H2) values in the 100% CH4 plasma decrease by ∼100−
200 K in the presence of the catalyst, strongly indicating the
catalyst plays a significant role in H2* formation processes in
CH4 plasmas.
Density functional theory (DFT) calculations have recently

been used to investigate the interactions of hydrogen species
with catalysts and hydrogenation mechanisms in PAC
systems.45,65,66 In one such study, Shirazi et al. examined the
diffusion of H atoms to the surface and into the bulk of
Ni(111) for different amounts of H atom surface coverage.45

Their results suggest the H atom coverage on the catalyst can
strongly influence reaction kinetics. For example, when a
threshold H atom surface coverage is surpassed, adsorption of
H atoms or dissociative adsorption of H2 or CH4 becomes an
endothermic and, thus, unfavorable process. In this case,
associative desorption of H2 or the consumption of surface
bound H atoms by another reactant will occur to release active
sites for further adsorption of species. A higher rate of H atom
diffusion to a subsurface also gives rise to a higher H atom
adsorption on the surface, resulting in the reduction of surface
bound H atoms, and increases the rate of hydrogenation.

Indeed, another study by these authors showed that catalytic
hydrogenation reactions proceed faster in the presence of high
H coverage.65 Furthermore, the adsorbate surface coverage is
highly dependent on PAC reaction conditions. Thus, changes
in plasma parameters can result in significant changes to the
surface chemistry and ultimately modify the reaction kinetics at
the catalyst surface.
Similar to TR(H2) in the 100% CH4 plasma, TR(CH) also

decreases upon the addition of a TiO2 catalyst (Figure 12a,
100 mTorr). Here, TR(CH) values are reduced by ∼100−200
K except at P = 50 W, where TR(CH) values are within error
for the no substrate and TiO2 substrate systems. The addition
of a substrate to the plasma may impact rotational cooling
pathways by providing an extra surface for collisional cooling,
leading to the lower TR(H2) and TR(CH) values. Rotational
relaxation is a relatively fast process as fewer than ten collisions
are typically required to reach equilibrium.67 Thus, although
TR(CH) decreases with the addition of the catalyst to the
discharge at p = 100 mTorr, at p = 150−200 mTorr TR(CH)
values for the catalyst systems are generally within
experimental error of the no catalyst system, indicating that
gas-phase rotational cooling processes are likely the principal
processes occurring at these increased pressures.
Our data clearly demonstrate the impact of a TiO2 catalyst

on rotational energy partitioning for H2 d
3Πu and CH A2Δ in

CH4 plasmas; yet, rotational excitation pathways via electron
impact have threshold energies (∼0.01−0.1 eV) much lower
than activation energies of heterogeneous catalysis reactions.68

Consequently, the internal energy of rotationally excited
species is too low to induce thermal catalysis in plasma.
Vibrationally excited species, on the other hand, have threshold
energies (∼0.1−1 eV) close to or greater than activation
energies in catalysis reactions and are typically not de-excited
before they reach the catalyst surface (unlike ions and
electronically excited species).68−70 As such, vibrationally
excited species can strongly influence plasma−surface inter-
actions in PAC systems. Numerous studies have focused on
elevating the vibrational energy of reactants to enhance
dissociative adsorption in catalytic reactions. To date, these
studies have mainly focused on CH4

71−75 and N2
76−79 because

of their applications in H2 generation via methane reforming
and NH3 synthesis, respectively. Because dissociative adsorp-
tion of CH4 and N2 becomes the rate-limiting steps in catalytic
reactions,68 an understanding of how energy is partitioned into
vibrational degrees of freedom and how to ultimately control
that energy is key to enhancing conversion rates in PAC
systems.
TV(CH) measured in our plasmas without and with a TiO2

substrate in the discharge indicates TV(CH) is significantly
decreased (∼2550−3100 K) upon addition of the catalyst. We
have previously illustrated a similar trend in 100% N2 plasmas,
where TV(N2) was measured without and with two different
catalysts: TiO2 and zeolite NaY.80 In these studies, TV(N2)
decreased by ∼400−1000 K with either catalyst in the
discharge. Moreover, when our reactor was lined with multiple
catalytic zeolite substrates, the observed decrease in TV(N2)
was profoundly enhanced. These results suggest that vibra-
tionally excited molecules leave the surface with some energy
loss, resulting in the observed reduced TV(N2) values.
Notably, an important piece of surface relaxation mecha-

nisms involves the adsorption of the excited species onto the
catalyst surface.1,81 Dombrowski et al. described a precursor-
mediated mechanism in which vibrationally excited methane
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molecules first trap on the catalyst surface via physisorption
before chemisorption or desorption occurs.82 Depending on
the vibrational lifetime and nature of the adsorbate/catalyst
interaction, the molecule may either desorb with increased
vibrational energy from energy exchange with the catalytic
surface or the molecule may become vibrationally quenched by
the surface interaction. Several studies showed that vibration-
ally excited methane molecules interact more favorably with
catalytic Ni surfaces than ground-state molecules and that
ultimately these plasma−catalyst interactions lower the
reaction barrier for C−H dissociation of CH4.

23,24,83 One
study measured TR and TV of CH A2Δ in a packed bed DBD
reactor filled with SiO2 pellets only and SiO2 with 3 wt %
loading of Ni catalyst to elucidate a better understanding of
plasma−catalyst synergies in CH4 reforming systems.23,24

Their OES results show that although TR(CH) remains
unchanged by the introduction of the catalyst, the Ni catalyst
significantly increases TV(CH) with catalyst bed temperatures
but was essentially independent of bed temperature without
the catalyst. Specifically, a close examination of the emission
spectra for the CH A2Δ → X2Π band reveals the intensity of
the v(0,0) and v(1,1) vibrational bands are decreased at
elevated bed temperatures, whereas the relative intensity of the
v(2,2) vibrational band is independent of bed temperature.
These results suggest that vibrationally excited CH reacts
selectively on the catalyst surface, resulting in intensity changes
of the v(0,0) and v(1,1) vibrational bands and, consequently,
the observed elevated TV(CH) values.

23 This synergistic effect,
however, was only observed when the catalyst bed temperature
exceeded 400 °C.
Another study by Tu et al. examined the impact of TiO2 on

TR(N2) and TV(N2) in a N2-packed bed DBD.84 Similar to the
results presented in the Nozaki et al. study of TV(CH),

23 Tu et
al. found that TV(N2) increased from ∼2300−2800 K to
∼3200−4100 K with the catalyst in the discharge.84 Upon
catalyst packing, the authors also observed a change in the
discharge behavior from a filamentary discharge to a
combination of surface discharges on the catalyst and micro
discharges generated in void spaces between TiO2 pellets. The
authors suggest changes in discharge behavior and concom-
itant increase in TV(N2) from catalyst packing coincide with
changes in the electron energy distribution function, wherein
there is nominally a shift in the distribution to higher energy
electrons.
Our results differ from the studies by Nozaki et al.23 and Tu

et al.84 in that TV displays the opposite behavior when the
catalyst is placed in the discharge (i.e., TV decreases upon
catalyst introduction). Possible explanations for these differ-
ences may be related primarily to the differences between the
two plasma systems. The DBD systems operate at atmospheric
pressure whereas our system operates at much lower pressures.
At atmospheric pressure the collisional time is typically shorter
than the radiative lifetime of the species of interest.30 Thus, in
our systems fewer collisions are likely to occur compared to the
DBD systems. With the addition of a substrate, there is a
greater likelihood of productive plasma−surface collisions,
effectively quenching the CH excited states.
Furthermore, the catalyst in our system occupies only a

small amount of the total volume, whereas the DBD reactors
are packed with pellets, allowing more surface area for plasma−
catalyst interactions. These interactions can be complex when
the catalysts lie within the discharge zone as a variety of species
can interact with catalyst. Interactions between the plasma and

the catalyst can be viewed from two perspectives: (1) the
influence of the catalyst on plasma characteristics and (2) the
influence of the plasma on the catalyst. The presence of a
catalyst could significantly enhance the electric field, especially
around contact points between the pellets/electrodes.68,85

Several simulation studies have verified that a packed bed
reactor could achieve a higher electric field compare with a
nonpacked one.86,87 A higher electric field generally leads to a
higher electron energy, which could promote decomposition.
Additionally, if the catalyst does indeed enhance the average
electron energy, then this enhancement could depend on the
amount of catalyst in the discharge. The electron temperature
(Te) measured from OES lines in our system (described
previously88) indicates that Te ranged from ∼2.4 to 2.7 eV in
CH4 plasmas, independent of pressure and power. Moreover,
the presence of the TiO2 catalyst does not appreciably affect
Te, further suggesting the change in TV(CH) noted in our
systems may not arise from a change to the plasma discharge,
but rather may be related to vibrational quenching from
plasma−surface interactions. Similarly, Nozaki et al. noted that
the reduced field and electron density were not affected by the
presence of a Ni catalyst in their simulations, indicating that
plasma−catalyst reactions were the primary cause for the
observed changes in TV(CH).

24

Herrera et al. further explored synergistic behavior of
plasma−catalyst systems in a N2/H2 packed-bed DBD reactor
with three types of transition-metal catalysts on Al2O3 support
(i.e., Fe/Al2O3, Ni/Al2O3, and Co/Al2O3).

89 Their results
demonstrate the metal-on-oxide support catalysts had no
significant effect on the plasma’s electrical or optical properties
compared to the same system with just the Al2O3 support
substrate. These results bolster the argument that the observed
synergy results from plasma modification of the catalyst surface
rather than catalyst modification of the bulk plasma properties.
Indeed, plasmas can significantly alter the chemical and
morphological properties of catalytic materials in PAC
systems; thus, changes to the catalyst properties will, in turn,
have an effect on the overall PAC processes.
Our XPS (Table 4 and Figure 7) and Raman data (Figure 8)

from catalysts exposed to CH4 plasmas indicate that although
amorphous carbon film deposition occurs, the plasma also
modifies the underlying substrate under some parameter
conditions. High-resolution Ti2p spectra show reduction of
Ti from Ti4+ to Ti3+ at p = 200 mTorr and P = 25 W (Figure
7a), and Raman spectra (Figure 8b) indicate the presence of
oxygen vacancies within the material. Indeed, high-resolution
O1s data (Figure 7b) show an increase in adsorbed oxygen
species after CH4 plasma exposure, also indicative of oxygen
vacancies.35,38 Overall, these results imply concomitant etching
and deposition processes occur within the CH4 plasma system.
Interestingly, some studies suggest carbon deposition is
significantly reduced by synergistic effects during PAC,68,90

and plasma treatment has been used as a preparation method
for catalysts to reduce coke formation.49,91,92 This plasma
treatment step serves to reduce the metal catalyst and results in
higher metal dispersion and catalyst reactivity.90 Plasma
treatment for catalyst preparation in PAC systems has been
studied primarily with respect to selectivity and conversion
efficiencies;90 thus, fundamental questions regarding the
synergistic effects remain unanswered. These ideas could be
further explored via a more holistic experimental approach
utilizing gas-phase diagnostics and materials analysis to gain
additional insight into synergistic plasma−catalyst interactions.
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5. SUMMARY

As evidenced from our data, the presence of a catalytic material
can drastically alter the gas-phase chemistry of the plasma.
Within a CH4 plasma, differences in species energetics and
kinetics are observed with the introduction of a TiO2 catalyst.
Although the catalyst did not affect TR(H2) in H2 plasmas,
pronounced decreases in TR(CH, H2) and TV(CH) are
observed in the CH4 plasmas. TR-OES studies support the
H2 energy partitioning results and reveal further details
regarding the impact of the catalyst on H2 formation processes.
Although disentangling the exact processes from the data
presented herein presents numerous challenges, literature DFT
studies have demonstrated that surface H atom coverage can
strongly influence catalytic hydrogenation processes.45,65

Because adsorbate surface coverage may be highly dependent
on plasma parameters, future investigations should consider
these aspects.
Materials characterization reveals an amorphous hydro-

carbon film is deposited in the CH4 plasma, although
competing etching processes may also be occurring under
some conditions. Conversely, materials analysis post H2 plasma
exposure reveals that the plasma acts primarily as an etching
system. As PAC systems are extremely complex and
convoluted, it is difficult to determine whether the catalyst
has more influence on the plasma characteristics or the
plasma’s impact on the catalyst promotes changes. Ultimately,
much work remains to be done to deconvolute plasma−
catalyst synergies. Although this work emphasized the
importance of analyzing both the gas phase and catalyst in
PAC systems, additional data on gas−surface interactions are
vital to the future of this emerging technology. For example,
our imaging of radicals interacting with surfaces (IRIS)
technique measures a molecule’s propensity to scatter from
substrates may provide more evidence for how plasma species
interact synergistically with catalysts. Future work should
include a holistic experimental approach focused on elucidat-
ing interactions at the plasma−surface interface by combining
gas-phase diagnostics, IRIS, and comprehensive materials
characterization.
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