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Abstract

The resistance of a TiO, anatase (001) surface to coke formation was studied in the
context of dry reforming of methane using Density Functional Theory (DFT)
calculations. As carbon atoms act as precursors for coke formation, the resistance to
coke formation can be measured by the carbon coverage of the surface. This is related to
the stability of different CH_(x = 0 — 3) species and their rate of hydrogenation and
dehydrogenation on the TiO, surface. Therefore, we studied the reaction mechanisms
and their corresponding rates as function of the temperature for the dehydrogenation of
the species on the surface. We found that the stabilities of C and CH are significantly
lower than those of CH, and CH,. The hydrogenation rates of the different species are
significantly higher than the dehydrogenation rates in a temperature range of 300 —
1000 K. Furthermore, we found that dehydrogenation of CH,, CH, and CH will only
occur at appreciable rates starting from 600, 900 and 900 K, respectively. Based on

these results, it is clear that the anatase (001) surface has a high coke resistance, and it
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is thus not likely that the surface will become poisoned by coke during dry reforming of
methane. As the rate limiting step in dry reforming is the dissociative adsorption of CH,,
we studied an alternative approach to thermal catalysis. We found that the temperature
threshold for dry reforming is at least 700 K. This threshold temperature may be
lowered by the use of plasma-catalysis, where the appreciable rates of adsorption of

plasma-generated CH, radicals result in bypassing the rate limiting step of the reaction.

1 Introduction

The anthropogenic increase of the greenhouse effect by the emission of greenhouse gases
has led to changes in the global climate."* NASA reports that nine of the warmest years
in the last 136 years occurred post the year 2000, and the 10" warmest year is 1998.°
From all greenhouse gases CO, and CH, contribute the most to the anthropogenic
greenhouse effect.” The average global tropospheric CO, concentration has increased
from 280 ppm in 1750 to 404 ppm in December 2016°, and the average global
tropospheric CH, concentration has increased from 722 ppb in 1750 to 1844 ppb in
September 2016°. The major challenge in fighting the global climate change is the
decrease of the greenhouse gas concentrations, while the global population keeps

growing and the global economy keeps developing.

Several mitigation strategies exist to decrease the greenhouse gas concentrations. The
most obvious strategy is the reduction of the emission itself. However, it will be
necessary to combine this strategy with the conversion of CO, and CH, to value-added
chemicals, as this will result in a strong decrease in greenhouse gas concentrations and
reduce our dependence on fossil fuels. Dry reforming of methane is a highly attractive
process from an environmental point of view as one uses waste gases to form chemical
feedstock. Indeed, the combination of CO, and CH, allows the use of low-grade natural
gas that is obtained as by-product at oil platforms, which is otherwise flared, or one can
use biogas as a renewable feedstock for the chemical industry. In dry reforming of

methane, CO, is used to oxidize CH, to syngas, i.e., a mixture of CO and H,:
CH, + CO, - 2C0O + 2H,  AH35 = 59 kcal.mol™?

Syngas can then be utilized for the chemical synthesis of fuels, e.g. through the Fischer-

Tropsch synthesis.” Furthermore, oxygenated products such as methanol, ethanol and
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aldehydes can be synthesized from syngas.” Other uses of syngas are its direct
combustion", and the use of the water gas shift reaction to increase the H, content and
use the hydrogen in the Haber-Bosch process to generate ammonia. However, it would
also be beneficial to directly form value-added chemicals, apart from syngas, through

dry reforming of methane.

The most popular catalysts for dry reforming are nickel-based catalysts.”"* The main
problem for commercialisation of dry reforming is that these catalysts are prone to coke
formation.”""* Wang et al. reported that the coke formation probability is inversely
related to the dominance of the CH oxidation pathway over the CH reduction pathway."”
These pathways are in turn dependent on the relative stability of the different CH,
species and the relative rates of hydrogenation and dehydrogenation of the CH_ species.
Based on the tendency of nickel-based catalysts to be poisoned by the formation of coke,
it is necessary to study different materials with respect to their resistance to coke
formation. In this contribution we report on the hydrogenation and dehydrogenation
reactions of different adsorbed CH_(x = 0 — 3) species on a titanium dioxide anatase
(001) surface, as studied using Density Functional Theory (DFT) calculations. Based on
the results presented in this paper, it is evident that the anatase surface has a high coke
resistance, and will thus not be prone to deactivation by coke formation on the surface.
In thermal catalytic dry reforming of methane TiO, is not used as catalyst, but rather as
support for catalytic metal particles. It is reported to increase the coking-resistance of
the catalyst.”™ However, it is reported that the presence of TiO, is important for the
catalytic activity of the catalyst, e.g. neither pure Pt nor pure TiO, shows appreciable
conversions for dry reforming of methane.” The activity of the Pt/TiO, catalyst is
assigned to the activation and conversion of CO, on the TiO, support by adsorption on a
Lewis base center, while the methane is activated on the metal surface™ forming CH_

and H species.

The available CH_ species adsorbed on the surface will play an important role in the dry
reforming of methane. Indeed, in our previous studies we demonstrated that the
adsorption and the reduction of CO, greatly depends on the availability of oxygen
vacancies in the anatase (001) surface.” The reduction of CO, is found to be impossible
on the defect-free surface, while oxygen vacancies significantly reduce the energy
barrier, and can result in exothermic dissociation of CO,. However, during the reduction

of CO, the oxygen vacancies are healed, and thus a regeneration mechanism is required
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to continue the CO, reduction. The CH_ species adsorbed on the surface will act as
reductants, and can form oxygenated products such as formaldehyde, methanol and CO,
depending on the reaction rates and on the availability of the different CH_ species on

the surface.

Furthermore, due to the high endothermicity and energy barriers of dry reforming, high
temperatures and a catalyst are required to obtain significant conversions of CH, and
CO, at an acceptable rate. Other challenges than the high energy requirement relate to
the state of the catalyst, including sintering, sulphur poisoning, coke formation and
maintaining a sufficiently high activity.” It is therefore opportune to pursue alternative
technologies. A combination of a non-thermal atmospheric plasma with a catalyst, i.e.,
plasma-catalysis, is a promising technique, since the plasma will activate the gas
mixture, inducing reactions at lower temperatures, while the catalyst can reduce the
activation barriers and increase the selectivity.” Due to the high complexity of the
plasma-catalytic system, the exact mechanisms are far from understood.”™ Wei et al.
reported that the rate limiting step in both dry and steam reforming of methane on
nickel is the dissociative adsorption of CH,.”" Previously, we also studied the adsorption

of methane derived radicals, formed in a plasma,”®

and the effect of oxygen vacancies
on the adsorption.” Here, we study the effect of the use of plasma-catalysis on the
temperature threshold of dry reforming on an anatase (001) surface using DFT
calculations. The combination of a plasma with TiO, allows the activation of methane in
the plasma discharge, generating CH_and Hradicals which will adsorb and react on the
TiO, surface.”” Note that under real conditions is is likely that the TiO, surface is
partially covered by OH groups, as water is known to dissociatively adsorb on the (001)
facet. The results presented in this work give thus insight in the reaction mechanisms of

plasma-catalysis on pristine TiO,. Furthermore, the results form an initial step for a

study of the dry reforming of methane on a TiO, supported metal catalyst.

In the next sections we address whether or not TiO, is prone to coke formation, which
can deactivate the surface, and how the temperature dependence of the dry reforming of
methane changes by comparing thermal and plasma catalysis.

2 Computational details

All calculations are performed at the DFT-GGA level using the Vienna ab initio simulation

package (VASP).””" For the treatment of the exchange and correlation, the Perdew-
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Burke-Ernzerhof (PBE) functional was applied,” using plane wave basis sets and the
projector-augmented wave method” as implemented in VASP. We have corrected the
PBE functional with long-range dispersion interactions by applying the Tkatchenko and
Scheffler method” as implemented in VASP.* The stoichiometric anatase (001) surface
was modelled using a (2x2) supercell containing 48 atoms corresponding to four TiO,
layers. We fixed the bottom layer of the surface at the bulk positions and the simulation
box was created to maintain a vacuum layer of ~16 A between adjacent surfaces to
prevent the influence of neighbouring slabs on the calculated energies and reactions.
The sampling of the Brillouin zone was performed using a 6x6x1 k-points grid for the
surface models whereas only the gamma-point was taken into account for the molecules
and the radicals. An energy cut-off of 440 eV was used. Geometry optimizations were
performed with the conjugate gradient method, with the endpoint criterion for the

residual forces set to 0.03 eV.A™. Spin polarization was applied for all calculations.

Since TiO, is a strongly correlated metal-oxide, standard GGA typically fails to describe
the electronic structure, and in particular the electronic structure of defect states. This
can be resolved either by applying hybrid functionals (which are, however, very time
consuming in comparison to GGA) or by employing the DFT+U approach. For the latter,
however, the results tend to be very dependent on the specific choice of the U-parameter.
Therefore, to keep the results transparent and feasible, we have chosen to employ the

GGA-approach.

Note that the most stable anatase TiO, surface is the (101) facet. We have here chosen to
model the (001) surface instead, as this significantly reduces the computational effort
required to obtain initial insight in the surface reactions on the anatase surfaces, while
still providing the fundamental information this study aims at. The root cause for this
major difference in computational effort is the number of TiO, layers required for
convergence, which is higher for the anatase (101) surface than for the (001) surface.
Furthermore, due the high symmetry of the (001) surface, the possible adsorption
configurations are significantly reduced compared to (101), further reducing the

computational cost.

For the same reason, we have chosen to model the unreconstructed surface, instead of;
e.g., the (001) 1x4 reconstruction. Note however, that oxygen stabilizes the
unreconstructed surface, and in the dry reforming reaction CO, will act as an oxygen

source such that the unreconstructed surface is stabilized during the reaction.
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As mentioned above, the unreconstructed (001) anatase surface may contain OH surface
groups, possibly affecting the reaction pathways. We here focus solely on the accessible
pathways on the pure TiO, surface, in order to limit the number of possible reactions

and adsorption configurations.

Vibrational analysis was performed with the finite difference method implemented in
VASP. The calculations included the displacements to both the adsorbed molecules and
the top layer of the TiO, surface. These results were used for the thermodynamical
analysis, as performed with the TAMKIN tool.” All reported energies are corrected for
the zero-point energy. TAMKIN was used for the determination of the Gibbs Free
Energy and reaction rate constants applying Transition State Theory. To determine
resistance to coke formation and the available CH_ species, we calculated the
corresponding dehydrogenation minimal energy pathways (MEP) with Nudged Elastic
Band (NEB)“™.

The colour code for the different elements of the configurations shown in all figures
below is as follows: Ti = light gray, O = red, H = white, C = dark gray. In all reported
energy values, negative values for *H and ¢G indicate exothermic and exergonic
processes, respectively, and positive values for *H and *G indicate endothermic and
endergonic processes, respectively. Below, we report the half-lives of the calculated

reactions; the conversion from the half-lives, t.,, to the reaction rate constants, k, can be

1/2°

done as follows:

In the case of the non-activated adsorption of the radicals, we have calculated the rate
constant using kinetic gas theory. The half-life of non-activated adsorption on a specific

adsorption site is calculated as follows:

_ In 2
Yaas =TT
i *A*C

where M is the mass of the gas-phase species, A the surface area of one adsorption site
and C the concentration of the gas phase species as based on the results of Snoeckx et

32
al.”.
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For the desorption linked to the non-activated adsorption, the rate constant is calculated

using the following equation®:

des =

kb *T Ggas + Gsurf - Gads + SlD—trans *T
*exp| — R+T

where G, G, G

gas? surf? ads?

and S correspond to the Gibbs free energy of the gas-phase

1D-trans
species, the surface left behind after desorption, and the adsorbed configuration, and the
entropy contribution of the translational degree of freedom perpendicular to the surface,
respectively. Thus the transition state corresponds to the system in the state where the
desorbed molecule is far away from the surface, i.e., when the molecule no longer
interacts with the surface. The entropy of this transition state is identical to that of the
gas-phase radical, except for the entropy contribution of the translational degree of

freedom perpendicular to the surface that is removed.

3 Results and discussion

3.1. CH x = 1 - 3) dehydrogenation:

X

Thermodynamics

As starting geometries for the dehydrogenation reactions of the different CH_species (x
= 1 - 3), we took the most stable adsorption configurations as reported in our previous
work.” The configurations and reaction products after dehydrogenation are shown in
Figure 1. After dehydrogenation of CH, and CH, the hydrogen is either bonded to the 2-
coordinated oxygen, O,, or to the first subsurface 3-coordinated oxygen, O, (see Figure
1). For the CH dehydrogenation only the O, configuration is found to be stable. The
reaction enthalpy is corrected for the zero-point energy. All reactions are found to be

endothermic, as indicated in the figure.
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sfsq
-+

0.74 eV 1.62 eV
CHs — Ozc CHz - Ozc

EpE

0.72 eV 1.49 eV 1.27 eV
CHs — Osc CH: - Osc CH - Osc

Figure 1. Side view of the most stable adsorption configurations of the CH,
species (x = 1 - 3) (top-row), and top-view of the reaction products after
dehydrogenation. The second row corresponds to reaction products where H
is bonded to O,, while the third row corresponds to H bonded to O,. The
reaction enthalpies are given below each configuration. In the first structure
of the second row we indicate a two-coordinated oxygen O,, and a three-

coordinated O, .

In Figure 2 the Gibbs free energy of reaction is given for the different dehydrogenation
reactions at temperatures ranging from absolute zero to 1000 K. All reactions are found
to be endergonic at all considered temperatures, and thus the equilibrium will lie
towards the hydrogenated reactants. The temperature only exerts a small influence on
the relative stabilities between the reactants and reaction products, with a maximum

difference of -0.1 eV between absolute zero and 1000 K for CH, — O,,.
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0K 300K 400K 500K 600K 700K 800K 900K 1000K
Temperature (K)

Figure 2. Gibbs free energy of reaction for dehydrogenation of the CH_species
(x = 1-3) with hydrogen either adsorbed at the O,  atom bonded to the CH_,

radical or to the O, site neighbouring the reaction site. (see Figure 1)

However, if the reaction products, i.e. CH , and H, further separate and move to their
individually preferred sites through hydrogen diffusion, the relative stability of the
dehydrogenated radical increases compared to the radical, as is shown in Figure 3. In
this case there is no distinction between the binding site of H, as it will be bonded in its
most stable configuration, i.e., bonded to the O, atom. The relative stability of the O,
and O, binding sites for the H atom is -0.67 eV, coinciding with the value found by
Hussain et al.* The increased stability of the end products results in an exergonic
reaction for the CH, dehydrogenation, from a reaction free energy of 0.10 eV at absolute
zero to -0.29 eV at 1000 K. CH, and CH dehydrogenation remain endergonic, even when

the reaction products are separated.

The overall dehydrogenation reaction can also be made more favourable if it results in
the formation and desorption of hydrogen gas. However, as is the case for the separation
of the reaction products to their preferred binding sites, the dehydrogenation of CH,and
CH remain endergonic over the entire considered temperature range (see Figure 3). On
the other hand, for the dehydrogenation of CH,the reaction becomes exergonic between
500 and 600 K. Thus both the desorption, and the product separation results in a shift of

the equilibrium towards CH,. (see Figure 3)
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—a— CH; (seperated) CH, (seperated) | —e— CH (seperated)
..... Y CH3 (HZ) CH2 (HZ) ceerofeen CH (HZ)

0K 300K 400K 500K 600K 700K 800K 900K 1000K

Figure 3. Relative stability of the CH_ radical with his dehydrogenated
counterpart CH , + H after product separation (solid lines) and with his

dehydrogenated counterpart CH_, + 0.5 H, (dotted lines).
3.2. Hydrogen diffusion

We have determined the minimal energy pathway for the hydrogen diffusion, between
the O,, binding site and the O, binding site, as shown in Figure 4. The entire diffusion
pathway connecting the most stable sites consists of a consecutive diffusion from O, to
O,, followed by diffusion from O, to O, .Thus in Figure 4 only half the pathway is shown,
the total pathway is symmetric over the O, configuration (final state in Figure 4). Both
reaction steps are taken into account for the half-lives given in Figure 4. At elevated
temperatures, hydrogen diffusion occurs rapidly. For instance, at 600 K the half-life
equals 4.5 ps. As the hydrogen can diffuse rapidly over the surface, it is possible to have
both CH, and CH, species to be present on the surface, as the equilibrium of the
dehydrogenation reaction of CH, can be pushed to CH, by the removal of the resulting
H-atom, either by diffusion or by reaction of hydrogen to form one of the end-products of
dry reforming. Based on the thermodynamics, i.e., the higher relative stability of CH,
and CH, versus CH and C, both the CH, and CH, species will be readily available on the
surface for other reactions to occur, while CH and C will become hydrogenated and will
not play a significant role in the reactions. In the next section we will show that also the

kinetics of the process corroborates this interpretation.
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Reaction coordinate
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1E+00
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1E-03 +
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2
Ay 1E-06 4
-
\%
1E-09 +
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200 300 400 500 600 700 800 900 1000

Temperature (K)

Figure 4. a) Minimal energy pathway (MEP) for H-diffusion O, to O, and b)

half-life for the H-diffusion to occur.
3.3. CH_(x =1 - 3) dehydrogenation: Kinetics

3.3.1. CH, dehydrogenation

In Figure 5 the minimal energy pathways and half-lives for the dehydrogenation of CH,
and the hydrogenation of CH, is given with the abstracted H bonded to O, and O, . The
energy barrier for the dehydrogenation is significantly lower when the abstracted
hydrogen is bonded to the O, compared to when it is bonded to the O, . The barriers for
dehydrogenation are 1.26 eV and 2.94 eV, respectively. The high barrier for the O, route
will prevent the dehydrogenation from occurring at an appreciable rate even at 1000 K,
where the half-life for the reaction is equal to 0.47 s. Instead, dehydrogenation through
the O, pathway will proceed at elevated temperatures. The hydrogenation is always
faster than the dehydrogenation, but this will be partially counteracted by the diffusion
of hydrogen away from the reaction site. The energy gain by the diffusion of hydrogen
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Figure 5. a) Minimal energy pathway (MEP) as calculated with NEB for the
dehydrogenation of CH,, and b) the half-life for the hydrogenation of CH, and

300 400 500 600 700 800 900 1000

Temperature (K)

the dehydrogenation CH,.

In Figure 6 the minimal energy pathways and half-lives for the dehydrogenation of CH,
and the hydrogenation of CH are given with the abstracted H bonded to O, and O, . Also
in the case of CH, we find that the O, route is the more viable route compared to the O,
route. However, the reaction rate for the dehydrogenation of CH,, even at elevated
temperatures, is significantly lower than for the dehydrogenation of CH,, e.g. at 600 K
the half-life is 4x10* times greater than for the CH, dehydrogenation, and at 1000 K it is
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700 times greater. Similar to CH,, the hydrogenation reaction of CH, is significantly
faster than the dehydrogenation. When hydrogen diffuses away from the reaction site to
stabilize the reaction products, we find that CH, stays significantly more stable than the
dehydrogenated products, thus indicating that the dehydrogenation reaction will halt at
the CH, radical.

a)

30 | —MEPO,, — MEPO,,

—_ [\S]
0 N
T T

Energy (e)V)
o

0.0

Reaction coordinate

*— Dehydrogenation O,
—*— Dehydrogenation O,,
—*— Hydrogenation O,,

—*— Hydrogenation O,

200 300 400 500 600 700 800 900 1000
Temperature (K)

Figure 6. a) Minimal energy pathway (MEP) as calculated with NEB for the
dehydrogenation of CH,, and b) the half-life for the hydrogenation and

dehydrogenation reactions.

3.3.2. CH dehydrogenation
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In Figure 7 the minimal energy pathways and half-lives for the dehydrogenation of CH
and the hydrogenation of C are given. For CH the dehydrogenation can only result in

the abstracted hydrogen to end up at O,, as the configuration with H bonded to O,, is

200
found to be unstable. The reaction rate of the dehydrogenation and hydrogenation of CH
is very similar to that of CH,. Also in this case we find that the hydrogenation is
significantly faster than the dehydrogenation reaction. As for CH, dehydrogenation, the
diffusion of H to a more stable adsorption site will not result in a higher stability of the

reaction products, i.e., C and H, compared to the CH radical.

a) 2.0

Energy (e))
A

o
Sy
T

——MEP

o
o

Reaction coordinate

——Dchydrogenation
—— Hydrogenation

200 300 400 500 600 700 800 900 1000
Temperature (K)

Figure 7. a) Minimal energy pathway (MEP) as calculated with NEB for the
dehydrogenation of CH with hydrogen bonded to O,, and b) the half-life for

the hydrogenation and dehydrogenation reactions.

The probability of coke formation on a catalyst surface is dependent on the coverage of
the surface by carbon atoms”, as these carbon atoms are found to be the precursors for

coke.”"” Due to the low stability of both CH and C on the surface, and the low ratio in
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dehydrogenation-to-hydrogenation rates of the CH_ species, we can conclude that

anatase (001) exhibits no tendency to become poisoned by coke formation.
3.4. Plasma-catalysis

We also studied the influence of the use of plasma-catalysis on the rate-determining step
of thermal catalytic dry reforming of methane, i.e., the dissociative adsorption of CH, on
the catalyst surface. The dissociative adsorption of CH, is an endothermic process, for
which the adsorption energy on anatase (001) is equal to 0.48 eV. The corresponding
activation barrier is equal to 0.77 eV. In Figure 8 it is seen that the temperature must
exceed 900 K before the half-life of dissociative adsorption of CH, drops below 1 ms. An
appreciable rate of adsorption will only be obtained at temperatures of 700 — 900 K,
while the half-life of adsorption is equal to ~10™ s for the considered temperature range
(300 — 1000 K). The temperature threshold for the dry reforming reaction can be
lowered by removing the rate limiting step in the reaction. In plasma-catalytic dry
reforming of methane this is accomplished by electron impact dissociation of CH, to

32,33

different CH, radicals in the plasma phase.

In Figure 8 we show the average waiting time for the adsorption of CH,
(x = 0 — 3) and H per unit cell, based on the average densities of these species as
calculated by Snoeckx et al.”, and the average waiting time for desorption of these
species on both the hydrogenated and the clean surface, all in a temperature range of
300 — 1000 K. We only show the cases for which the half-life of reaction is lower than
1000 s. Thus, the C and CH desorption are not shown, as the half-life of desorption in
the considered temperature range is always larger than 1000 s. The influence of the
temperature on the rates of adsorption, and thus on the half-life of adsorption, is
negligible for all species, compared to the temperature influence on desorption, as k_,_
depends on the square root of the temperature, while k _ depends on the temperature as
follows ~ T.exp(-1/T). This causes the desorption of CH, on both the clean and the
hydrogenated surface to become faster than the adsorption above 500 K, and the
desorption of CH, on the hydrogenated surface will only be observed significantly above
800 K and on the clean surface will only be observed above the considered temperature
range. Hydrogen desorption as a radical will occur through the adsorption configuration
with the hydrogen on the O, site, as the combination of hydrogen diffusion with
desorption is faster than the direct desorption of H from the O, site. At 700 K, the
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average waiting time of desorption will be around the ms range, and it becomes faster
than adsorption above 800 K. As can be seen from the average waiting time for the
different species to adsorb on a unit cell, the adsorption of C and CH are slower than 10
s, while the adsorption of CH,, CH,, and H are faster than 0.1 ms. Thus these latter
species will be readily available on the surface. Especially CH, and H will be present all
over the surface, and can diffuse easily starting from 500 K and 400 K (see Figure 4),
respectively. We approximate the diffusion of CH, by assuming desorption and

readsorption on the surface.

The adsorption of CH,, CH, and H is significantly faster at all temperatures than the
dissociative adsorption of CH,, and their half-life of adsorption is lower than 1 ms in the
considered temperature range. Therefore, we can conclude that the plasma-catalytic dry
reforming results in a lower temperature threshold for the dry reforming of methane

than in thermal reforming.
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Figure 8. Half-lives of adsorption (X-Ads, black), and desorption on the clean
(X-Des, red) and hydrogenated (X-Des-H, green) surface for CH,, CH,, CH, C
and H.

4 Conclusion

We have studied the tendency of a pristine anatase (001) surface to become poisoned by
coke formation during dry reforming of methane into value-added chemicals. For this
purpose we applied DFT calculations with the PBE exchange-correlation functional with
long range dispersion energy corrections of Tkatchenko and Scheffler”. To enable a
direct comparison with experiments, certain important aspects would additionally need
to be addressed in the calculations, including the presence of OH-groups on the surface,
the relative stabilities of the (001) and (101) surfaces and the possible surface

reconstruction of the (001) facet.

The readily available methane derived radicals are CH,, CH,, and H, since further
dehydrogenation is thermodynamically and kinetically limited. The stability of CH and
C is limited, and the hydrogenation of the different CH_ is found to have appreciable
rates over the complete temperature range of 300 — 1000 K, while the half-lives for the
dehydrogenation are found only to be lower than 1 ms at 600, 900 and 900 K for CH,,
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CH, and CH, respectively. This will result in a low carbon coverage during dry reforming
on the anatase (001) surface, which is advantageous as carbon would act as precursor

for coke formation.

We found that the rate limiting step in dry reforming of methane, i.e., the dissociative
adsorption of CH,, results in a temperature threshold of 700 — 900 K. However, in
plasma-catalytic dry reforming, this step can be circumvented by the adsorption of
plasma generated CH, and H radicals, for which the half-life of adsorption of CH,, CH,
and H will be below 1 ms over the complete temperature range, 300 — 1000 K. Thus, by
means of plasma-catalysis the temperature threshold can be lowered, and the overall

reaction will be determined by the rate of the surface reactions.
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