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Carbon source

ABSTRACT The use of mild oxidants in chemical vapor deposition

Oxygen source

Graphene growth

(CVD) reactions has proven enormously useful. This was also true for the
CVD growth of carbon nanotubes. As yet though, the use of mild
oxidants in the CVD of graphene has remained unexplored. Here we
explore the use of (0, as a mild oxidant during the growth of graphene

over Ni with (H, as the feedstock. Both our experimental and

theoretical findings provide in-depth insight into the growth mecha-
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nisms and point to the mild oxidants playing multiple roles. Mild
oxidants lead to the formation of a suboxide in the Ni, which suppresses
the bulk diffusion of C species suggesting a surface growth mechanism. Moreover, the formation of a suboxide leads to enhanced catalytic activity at the substrate
surface, which allows reduced synthesis temperatures, even as low as 700 °C. Even at these low temperatures, the quality of the graphene is exceedingly high as

indicated by a negligible D mode in the Raman spectra. These findings suggest the use of mild oxidants in the CVD fabrication as a whole could have a positive impact.
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chemical vapor deposition (CVD), there

was great hope for the use of Ni as a cat-
alyst given its immense success as a catalyst
for carbon nanotube (CNT) fabrication. How-
ever, Ni has a high carbon solubility at ele-
vated temperatures' as well as high carbon
diffusivity® making the controlled CVD growth
of graphene over Ni somewhat challenging.
This led to the emergence of Cu as a cata-
lyst which allows a greater degree of growth
control due to its significantly lower carbon
solubility at elevated temperatures. That
along with the challenges of implementing
Ni as a catalyst meant most researchers
turned to Cu as a catalyst for graphene
growth.*> Nonetheless, some studies using
Ni as a catalyst continue and some of the
challenges are beginning to be overcome.
For example, the use of Ni—Mo alloys can
lead to the formation of large area homo-
geneous monolayer graphene,®’ or in the

I n the early days of graphene synthesis by

SON ET AL.

case of Ni—Au alloys, low temperature
growth of graphene at 450 °C is possible.

In terms of the growth mechanisms un-
derlying CVD graphene formation using Ni
catalysts, while numerous growth modes
have been proposed, two primary mecha-
nisms seem to have been identified. In the
first, carbon species are formed by the
catalytic decomposition of the hydrocarbon
feedstock which then dissolve C species in
to the bulk Ni substrate forming a stable
Ni—C solution which upon initial cooling
leads to a condensed graphene layer form-
ing on the surface and is known as the
segregation step. With further cooling phase-
second proposed mechanism, graphene for-
mation can occur entirely at the Ni catalyst
surface probably at step edges, i.e., segrega-
tion does not occur. This second mechanism
is argued to occur at low temperatures®'®
and has also been identified to occur when
using alcohol as the hydrocarbon feedstock.”
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Figure 1. Schematic diagram of graphene growth over a NiO, surface. CO, serves as the mild oxidant in the reaction and

provides the means to form NiO, at the surface.

Both these graphitization mechanisms are in agree-
ment with the formation mechanisms identified in
segregation studies in which Ni had been preloaded
with C atoms by ion implantation.>'" Those studies
identified graphene formation by surface precipitation
and through surface nucleation at step edges. Thus, it
seems depending on the synthesis conditions one of
these two graphene formation processes dominates
when using Ni as the substrate/catalyst.

Aside from the usual synthesis parameters (e.g.,
temperature, cooling rate, feedstock type, hydrogen
concentration etc.), another option that can alter
growth is by the introduction of a gaseous oxidizer.
The use of weak oxidizers in enhancing carbon nano-
tube growth was enormously successful. Early work
employed water vapor to form remarkably long CNTs,
the so-called “super growth” of CNTs.'? This lead to
numerous studies with oxygen containing gases in the
CVD growth of CNTs. The studies showed that oxygen
containing gases have the ability to modulate the CNT
structures'>~'® as well as prolong the life of the catalyst
particles and prevent their sintering.'>'®"” In addition, it
is argued that weak oxidizers prevent amorphous carbon
build up that can poison the catalyst particles and
interfere with sp? carbon growth. Of the weak oxidizing
gases explored, CO, showed great promise and is super-
ior to water vapor in that its flow rate is more easily
controlled and it does not condense in pipelines at room
temperature.'® Despite the success of weak oxidizers to
enhance CVD grown CNT, thus far few, if any, such studies
have been explored for the CVD synthesis of graphene.

In this study we focus on the use of Ni as a catalyst/
substrate and the use of weak oxidizers during the
CVD growthwater process (Figure 1). Most of the study
investigates the use of CO, rather than H,0, although
preliminary studies with H,O are also presented. We
choose CO, not only for its superior control in the
reaction as compared to H,0, but also for the utilization
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of CO, regarded as the major contributor of a greenhouse
gas. Thus, if such a CVD process using CO, gas where to
be scaled up this could be considered environmentally
friendly assuming CO, from the atmosphere were used.

RESULTS AND DISCUSSION

To unambiguously determine if graphene is pre-
sent, we use Raman spectroscopy after transferring
the material to Si/SiO, substrates. Three primary
peaks at ca. 1350 cm™' (D mode), ca. 1600 cm™'
(G mode) and ca. 2700 cm ™' (2D mode) can be used to
determine the presence of graphene. We detect these
signatures for samples fabricated with or without the
presence of CO, in the reaction as can be seen in
Figure 2 which shows a typical Raman spectrum for
graphene fabricated with or without CO, during the
CVD reaction. A rather obvious feature when compar-
ing these two spectra is that of the relative intensity
of the D mode between the spectra. In the case of the
CVD reaction with no CO,, the D mode is relatively
high as compared to the G mode (Ip/lg ~ 0.42). The
D mode is a forbidden transition that becomes al-
lowed due to defects (broken symmetry) and thus the
Ip/lg can be used as a means to evaluate the quality
of graphene. The high Ip/lg for samples produced
without CO, indicates a very defective material. This
is not unexpected since in this case the graphene
synthesis occurred at the relatively low temperature
of 700 °C. Typically, graphene synthesis over Ni using
methane as the feedstock occurs at 900—1100 °C.
However, when CO, is used in the reaction, the D mode
can hardly be discerned (Ip/Ig ~ 0.02) indicating that the
presence of CO, leads to high quality graphene. The I/l
and the fwhm of the 2D can be used to evaluate the
number of layers.'® In the case of the no CO, being used
in the reaction the /,p/lg and the fwhm of the 2D values
are 0.56 and 100 cm ™', respectively, suggesting few layer
graphene of more than 10 layers. With CO, introduced
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Figure 2. (a) Raman spectra for graphene growth using CO, with CH, (red) and CH, without CO,. The large D mode at ca.
1350 cm ™" without CO, is easy to see. This indicates the quality of the graphene produced with CO, in the reaction is
significantly better. (b) TEM image of a cross section showing few layer graphene (grown with CO, and CH,) over the Ni

substrate.
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Figure 3. (a) Raman spectra showing the effect of CO, concentration on graphene growth growth. (b) Comparison of low
temperature growth (500 °C) with and without CO, in the reaction. With CO,, the D mode is reduced indicating improved

graphene formation.

into the reaction the /,p/lg drops to ca. 0.68 and
the fwhm of the 2D is ca. 80 cm™' suggesting few
layer graphene between 3 and 5 layers. Moreover,
the width of the 2D mode suggests AB stacked few
layer graphene.'® We also looked at the reaction time
dependency with respect to layer number for 10, 20,
and 30 min reactions (with CO,). No dependence was
observed as shown in figure S2 in the Supporting
Information. We also explored the role of CO, ratio
with respect to the CH, feedstock. Figure 3a shows
the improvement in Ip/lg for two CO, concentrations
(10% and 50% CO,). The improvement in Ip/lg as
compared to no additional CO, is obvious, and more-
over, with 50% CO,, the D mode is well below 0.1, i.e.,
it is negligible. In addition as the CO, ratio increased
the Ig/l,p reduces indicating a reduction in the number
of graphene layers. For CO, fractions greater than
50% no further improvement in graphene quality is
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observed and the graphene coverage over the sub-
strate is found to deteriorate. The potential of CO, to
improve the quality of the as-produced graphene at
lower temperatures was also investigated. Figure 3b
shows the Raman spectra for graphene grown with a
reaction temperature of 500 °C with and without the
addition of CO,. Again the improved quality (reduced
D mode) when adding CO, is clear.

An interesting question is whether any carbon from
the CO, is used in the graphene formation. To check
this we explored the use of '2C (99%) and ">C (99%)
enriched CO, gas in the reaction. Since the molecular
vibrational frequencies are inversely proportional
to the mass (w? o 1/m) where w is the frequency and
m is mass any change in C isotope ratio will lead to an
overall shift of peaks in the Raman spectra.?>?' Figure 4
shows the Raman spectra for graphene obtained
with '?C and "3C enriched CO, compared to graphene
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Figure 4. Raman spectrum of graphene with isotope labeled CO, assisted growth. No shift in the G and 2D modes is observed
indicating the carbon feedstock for graphene growth comes from decomposed CH, and not CO,.

Figure 5. (a) Cross-sectional TEM image of few layer gra-
phene over NiOy. Corresponding Energy Filtered TEM in
false color for (b) C, (c) O, and (d) Ni. No carbide formation is
observed.

fabricated with no CO,. Within the error no shift is
observed indicating that carbon from the CO, is not
used in the growth of the graphene, viz. carbon derived
from decomposed CH, is used to grow the graphene.

The use of a mild oxidizer (CO,) in the reaction
clearly improves the quality of the produced graphene
and reduces the number of graphene layers forming
on the Ni substrate. To better comprehend the role
of the mild oxidizer on Ni, we conducted HRTEM
investigations on cross-sectional samples and X-ray
photoemission spectroscopy (XPS) at sequential depths.

SON ET AL.

Figure 5a shows the cross-sectional HRTEM image of
such a focused ion beam (FIB) lamella prepared. At the
top one sees the Pt particles deposited to protect the
surface during the FIB lamella production process.
Below the protection layer a few layers of graphene
are visible and under that lies the Ni substrate. In
Figure 5, panels b—d show energy filtered TEM images
for C, O and Ni, respectively, with each indicated in false
color. The C energy filtered image shows no significant
C presence in the Ni. However, the oxygen map shows
some oxygen in the Ni, at least near the surface in the
measured region. While O could arise from exposure to
air it is unlikely as the data was HRTEM data was
collected immediately after sample preparation. How-
ever, to better study this point systematic depth
studies using XPS were conducted. During this process
the sample is measured and then a little of the surface
is removed by a special sputtering process and then
the sample is remeasured and so forth. During these
measurements the sample is never exposed to air or an
oxidant. In Figure 6, panels a—c show the core level
peaks for C, Ni and O, respectively, with respect to
sputtering time (depth). For the C 1s peak at the surface
(top profile), the C 1s peak corresponds to sp? carbon
with a peak centered at 284.3 eV.?>?3 Then the relative
C 1s intensity drops as one gets even deeper (between
6 and 8 nm).

For the C 1s edge at the surface (top profile), the C 1s
peak corresponds to sp? carbon with a peak centered
at 284.3 eV.?® Then the relative C 1s intensity drops. As
one gets even deeper (between 120 and 150 s), the
profile starts to show a small shoulder 283.6 and 835.5 eV
which can be attributed to Ni;C?? suggesting small
amounts of C get trapped deeper in the Ni substrate.
The Ni 2ps,, edge profile shows a peak at ca. 852.6 eV
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Figure 6. XPS core peak depth profiles of C;;, 015 and Niyp3/»
for a sample of graphene grown over Ni with CO, in the
reaction. Signatures for oxygen near the surface are easily
observed at O,.

concomitant with Ni throughout except for the first
measurement where it is negligible as one would
expect as this is where the graphene resides. The O
1s edge initially shows a weak double hump feature
between 529.9 and 531.7 eV, assigning NiO,.2* The C 1s
spectrum profile starts to show a small shoulder at 283 eV
which is attributed to Ni;C?? suggesting small amounts
of C get trapped deeper in the Ni substrate. The Niy,
core peak registered at the surface indicates the pre-
sence of a main peak centered at 852.6 eV assigned to
Nickel in a metallic environment. The weak oxygen
species disappear further in to the bulk suggesting a Ni
suboxide exists at the surface of the Ni film concomi-
tant with the TEM data.

DISCUSSION

The experimental data point to the inclusion of
weak oxidizers in a (low temperature) CVD reaction
massively improving the quality of the graphene. This
has been observed previously in the case of synthe-
sized single wall carbon nanotubes (SWNT) by laser
ablation.?® In that case, upon the addition of H,0 to
the reaction, the G/D for the SWNT improved enor-
mously, exactly as we find here. The reason for this
massively improved crystallinity in the graphene can
be attributed in part to a reduction in amorphous
carbon species in the system.*''® |n addition,
oxygen containing gases have been shown to accel-
erate graphitization.2® However, the mechanisms in-
volved are far less understood.

The Catalytic Interaction between (0, and CH4 with Ni (111)
Surfaces. To better comprehend the role of the reac-
tant gases in our reaction, we conducted density
functional theory (DFT) calculations to investigate the
structural deformation and binding energetics be-
tween CO,/CH,4 and Ni (111) as shown in Figure 7a,b
(see also Table S1 in the Supporting Information).
We optimized the geometry of Ni (111) with a CO,
(panel a) or CH,4 (panel b) molecule at the surface to
evaluate the adsorptive configuration. At the avail-
able adsorption sites of Ni (111), a relatively strong

SON ET AL.

bond (bond length = 1.86 A) for the Ni—CO, config-
uration was achieved, while a relatively weak bond
(bond length = 2.27 A) for the Ni—CH, configuration
was obtained. In addition, the binding energy for the
Ni-CO, system (—2.21 eV) is higher than that for the
Ni—CH,4 system (—2.15 eV), suggesting that CO, ad-
sorption is preferable at the Ni (111) surface. These
results are consistent with the interpretation of the
energy trends in terms of molecular orbitals. Since the
degree of electron delocalization allows a change in
the HOMO (highest occupied molecular orbital) /LUMO
(lowest unoccupied molecular orbital) band gap,
different reactant gases show different changes in
molecular orbitals with Ni (111) interaction. The small
band gap of the Ni—CO, system indicates that not
much energy is required to excite the molecule, allow-
ing CO, to interact with Ni (111) more easily as
compared to that of the Ni—CH, system. In short, the
HOMO—LUMO band gap and binding interaction of
CO,—Ni (111) system suggest that CO, can interact
with Ni (111) more readily than CH, during competitive
adsorption of CO, and CH,.

The Importance of Ni0,. Given the fact that the C
isotope studies show C from CO, do not significantly
contribute to the graphene formation, yet experimen-
tally oxygen species are found in the Ni surface (NiO,),
this suggests CO, decomposes at the Ni surface to O,
which diffuses into the Ni, and releases CO, which might
serve as an accelerant gas for graphitization. To better
comprehend the role of NiO,, we first look at the
different levels of oxygen that might incorporate into
the Ni system. In Supporting Information Figure S4a,b,
we show the partial density of states PDOS at the Fermi
level for the carbon s-orbital in graphene on NiO with O
surface termination and NiO, with Ni termination
below an initial Ni layer. For the case of graphene over
O terminated NiO, no PDOS is shown at the Fermi level
indicating graphene formation on O terminated NiO is
not favorable. Whereas in the case of Ni terminated
NiO, with O residing a few atom layers below a Ni
surface, a PDOS is achieved at the Fermi level. This
indicates that such a system is favorable for graphene
formation. Since the carbon p-orbitals are more domi-
nant at the interface, we also calculated the PDOS for
the carbon p-orbital in graphene on O terminated NiO
(Supporting Information Figure S4b) and Ni terminated
NiO, (Supporting Information Figure S4d). In the same
manner, Ni terminated NiO, shows a stronger intensity
at the Fermi level, which is in the line with the above
discussion for the carbon s-orbital. In particular, this
remains favorable for bilayer graphene (Supporting
Information Figure S4e[f) suggesting layer by layer
graphene formation. In addition, we evaluated a simu-
lation of optimized geometry of graphene adsorbed
NiO, (Gr/NiO,) in which we compared the simulated
Ni d orbital for Gr/NiO, with our experimental data
(Figure 7c,d). In particular, the experimental valence
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Figure 7. Adsorptive configuration of CO,/CH, and graphene on Ni and NiO, using DFT calculations (a—c). (d) PDOS
comparing theory and experiment. The Fermi levels match for NiO,.

band structure for graphene on Ni (Gr/Ni) is presented
in Figure 7d. The simulated density of states from the
Fermi level to the first highest occupied state matches
that obtained experimentally for graphene over a NiO,
system confirming that in the presence of weak oxidi-
zers (e.g., CO,) Ni terminated NiO, forms.

The experimental DOS from the XPS valence band
of Gr/Ni and Gr/NiO, has a mainly nickel d orbital
character as the cross section of metal 3d photoelec-
trons is higher than that for the sp carbon photoelec-
tron in XPS measurements. However, in Gr/Ni system,
we can distinguish two main structures, a nearly tri-
angular shape band near Fermi level assigned to the
3d9s1 configuration, while the 3d84s2 configuration
induced the satellite peak around 6 eV. In the case of
Gr/NiO, the O 2p—Ni 3d hybridization gives rise to two
main photoemission final states, 3d8L-1 and 3d9L-2 (L
is ligand (O 2p) density of state) character with charge
transfer from the adjacent oxygen atoms. The ad-
sorbed oxygen at the surface of nickel induced metal—
ligand charge transfer screening gives rise to a broad
satellite structure at higher binding energies as seen
in the valence band of Gr/NiOx system in Figure 7.%7 Itis
worth noting that the change in d-band electronic
structure by oxygen adsorption from CO, molecules

SON ET AL.

affects the coupling matrix (pd) which mixes the d
orbitals of nickel and the p orbitals of carbon (7 and o)
to form either sp>like (graphene) or splike (NiC)
carbon. In essence the oxygen atoms tune the catalytic
properties of Ni valence orbitals, which directly im-
prove the graphene growth mechanism.

Carbon Diffusion. We also explore the reaction path-
ways for C diffusion in Ni as compared to NiO,. In Figure 8a,
we show the reaction pathways for CH,, and its reac-
tion intermediates CH;, CH, and C on Ni and NiO,
for their chemisorption and then decomposition.
The simulation is based on that developed by Mueller
et al.®® Our adsorption energies for the intermediates
on Ni (111) are in excellent agreement with ref 28
for the Ni (111) (see Table S3 in the Supporting
Information). Moreover, the study shows that while
the stepwise decomposition of CH4 to Cis endothermic
(viz. elevated temperatures are required for the
decomposition), the reaction pathway is more favor-
able on NiO, (111) than on Ni (111) at lower energies in
the final decomposition steps. We then look at the role
of aan NiO, layer as compared to Ni (see Figure 8b) and
find that carbon diffusion in the NiO, (111) system is
more difficult as compared to Ni (111). This suggests that
the oxygen layer of NiO, layers may inhibit C diffusion
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Figure 8. Calculated CH, dissociation pathways on Ni (111) and NiO, (111) (a), and for carbon diffusion on Ni and NiO, (b).

and this explains the reduced number of graphene
layers we find experimentally when using CO, as com-
pared to the CVD reaction without CO,. Moreover, this
hints that graphene formation occurs as a surface pro-
cess rather than by carbon precipitation. This would be in
keeping by studies by Maruyama et al.® in which they
grew graphene of Ni using ethanol as the feedstock.
Ethanol provides a source of oxygen and one can
realistically anticipate they also had NiO, formation. In
addition, they showed their graphene formation was
dominated by surface processes as compared to carbon
dissolution and precipitation. Both our experimental and
theoretical data point to a surface process in which
graphene forms on Ni terminated Ni suboxide with layer
by layer graphene formation occurring at the surface.

It is also worth looking at how this study compares
with a recent study on the role of oxygen species on
the surface of Au. In CVD graphene growth over Cu,
growth is typically a surface process in which growth is
limited by C edge attachment to a growing island.
However, Hao et al. (ref 29) showed that with the
presence of oxygen species at the Cu surface passivate
nucleation. Hence, by controlling the O species, they
were able to control the nucleation density and in this
way they could obtain centimeter-scale graphene
domains. In essence, by controlling the surface oxygen
species, they could change the growth kinetics from
edge-attachment-limited to diffusion-limited. In the
same way, we might expect surface oxygen species

EXPERIMENTAL SECTION

The Nickel films were grown over a Si/SiO, substrate using
electron beam evaporation. The film thickness was 300 nm
thick. For synthesis, a vertical fixed-bed quartz tube furnace was

on Ni to passivate nucleation in agreement with our
theoretical observations.

CONCLUSION

In this work, we explore the use of mild oxidants (CO,
and H,0) during the synthesis of graphene over Ni films.
The experimental data and theoretical data point to the
mild oxidants playing multiple roles. Experimentally, we
observe fewer graphene layers than conventional synthe-
sis over Ni. First-principles calculations and XPS data show
the formation of a suboxide a little below the Ni surface.
This acts as a diffusion barrier for C species. Indeed, the
data points to graphene formation being dominated by
surface diffusion rather than bulk diffusion. In addition,
our calculations demonstrate an increased catalytic activ-
ity at the surface suggesting the surface decomposition of
the feedstock (CH,) and graphene formation at the sur-
face should be efficient. This is in keeping with our
experimental observations where we are able to obtain
graphene at the relatively low temperature of 700 °C.
Moreover, we obtain very high quality graphene at this
low temperature as indicated by a minute D band peak in
the obtained Raman spectra. All these aspects, namely,
diminished bulk diffusion, increased catalytic activity
enabling reduced synthesis temperatures, and high qual-
ity graphene, make the use of mild oxidants in the CVD
synthesis of graphene highly attractive. These studies
highlight the need for mild oxidants to be further
exploited in CVD grown graphene on a broader scale.

used (see Supporting Information Figure S1). The bed in which
the substrate resided was made of quartz with holes (i.e., a sieve
of approximately 100 mesh). The gas was injected from the top
of the reactor. The optimized synthesis protocol is also provided

ACT AN T
SON ETAL. VOL.8 = NO.9 = 9224-9232 = 2014 ACNJANIC) | 9230

WWwWW.acsnano.org



in Supporting Information Figure S1). Initially, the system is
heated (23 °C/min.) in H, at a flow of 300 sccm. Once it reaches
700 °C, it remains at this temperature for 30 min. At this point,
the gas mixture for the reaction commences and consists of 100
sccm CH,4 with 200 sccm H, or 100 sccm CH,4, 100 sccm CO,, with
100 sccm N,. This allowed us to compare the role of CO,. The gas
flow rates chosen are optimized for growth without CO,. After
the reaction, the reactor was flooded with N,, and then after a
further 30 min, the system was cooled. Cooling rates from 300 to
40 °C/min were explored. No discernible differences were
observed.

Once cooled to room temperature, the as-prepared samples
were subjected to a variety of characterizations. Raman spectra
were acquired with a Renishaw InVia micro-Raman spectro-
meter at ambient conditions. A 514 nm wavelength Ar-ion laser
was used as the excitation source and the incident power was
limited to 2 mW to minimize heating effects and damaging the
graphene. The spectral resolution is ~1 cm™". Peak intensities,
peak positions and deconvoluted peaks were extracted with
WIRE 3.3 software.

The electronic structure of graphene/Ni interface was inves-
tigated by depth profile XPS using a newly developed Argon
Gas Cluster lon Beam GCIB sputtering process to avoid any
chemical structure damage. XPS measurements were carried
out in the same UHV analysis system (Versaprobe PHI 5000
manufactured by ULVAC-PHI), where the Ar GCIB and Ar ions
sputtering guns were placed. Depth profile analysis were
performed by a sequenced Ar GCIB (5 keV, 2500 Ar atoms/
cluster) and Arions (1 keV) sputtering from the surface to the
bulk with a sputtering step of 10 s. The XPS analysis were
performed at 45° takeoff angle using a focused (diameter of the
irradiated area = 100 «m) monochromatized Al Ka radiation
(1486.6 eV). The spectrometer was calibrated using the photo-
emission lines of gold (Au 4f;,, = 83.9 eV, with reference to the
Fermi level) and silver (Ag 3ds/,, = 368.3 eV). For the Au 4f;/,
lines, the full width at half-maximum (fwhm) was 0.86 eV. The
core peaks and valence bands were recorded with constant
pass energy of 23 eV. The reader should note that while the XPS
depth profiling studies are conducted at UHV conditions, they
are not actually obtained during the CVD reaction. Thus, the XPS
data may not be representative of the true chemistry of the
surface and subsurface occurring during the actual CVD
reaction.

The TEM investigations were conducted in a third-order
aberration corrected (objective lens) FEI Titan 300—80 operat-
ing with an acceleration voltage of 80 kV. Electron energy loss
spectroscopy was conducted on a Gatan Tridem 685 ER

Details of the computational studies are as follows:

DFT calculations were utilized to evaluate the CO, or CH,4
interaction on the Ni surface with a periodic slab model to
describe the interaction between reactant gases and the cata-
lyst so as to determine which gas undergoes a more preferable
reaction at the catalyst surface. In addition, we studied the
reaction pathway for the CH, decomposition and the energy
profile of carbon diffusion on Ni and NiO,. The geometry
optimizations were performed using the CASTEP module under
the following conditions: (i) the general gradient approximation
(GGA) was at the PBE level for functional options with spin
polarized calculations, (i) 340 eV for the basis set was employed
to predict the properties of the catalyst and reactants, and (iii)
ionic cores were determined by the ultrasoft pseudopotential.

For the quantum calculations, three-dimensional models
were employed. After the initial atomic positions were assigned,
geometry optimization was carried out to refine the model
structure without constraints. The vacuum thickness (size of unit
cell perpendicular to slab—slab thickness) was set to 30 A for all
calculations. The convergence SCF toleranceis 1 x 1 0~%eV/atom,
and special k points of Ni (111) and NiO, (111) system were
chosenas4 x 4 x 1and 10 x 1 x 10, respectively. Hubbard U
correction to 4.6 eV was applied to improve the description of the
electronic structure of Ni-3d orbitals.

The calculated binding energy shows the interaction proper-
ties of the reactant with the catalyst. The binding energy, AE,,
between the catalyst and reactant surface were determined by
three single total energy calculations: (i) geometry optimization
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of the reactant, (ii) geometry optimization of the catalyst with-
out the reactant, and (iii) geometry optimization of the catalyst
with the reactant. The binding energy was determined as
follows:

AEb = Ecatalysl +reactant — (Ecatalyst + Ereactant) (1)

where AE,, denotes the binding energy of the reactant gas on
the CatalySt and Ecatalyst+reactantl Ecatalystl and Ereactant are the
energy of the reactant adsorbed on the catalyst, the energy of
catalyst without reactant, and the energy of the single reactant,
respectively.
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