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Influence of Ni Chemical States on the Partial Oxidation Mechanism of
Methane: An Energetics Analysis
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Abstract: An energetics analysis of the possible elementary steps involved in the partial oxidation of
methane (POM) over different chemical states of Ni was carried out using the unity bond index-quadratic
exponential potential (UBI-QEP) method. The results show that the rate determining step for the partial
oxidation mechanism of methane is related to the chemical state of the Ni. Over reduced Ni the rate
determining step for CO formation is the association of surface CH; species with surface O species. Over a
partial positive charged Ni surface the rate determining step is that methane dissociates into the CH.O
species with the assistance of oxygen. Over the reduced and partial positive charged Ni sites in
coexistence, however, the rate determining step depends on the competition between the formation of
surface CH; species and the recombination of surface CH, species with surface O species. This
competition is related to the chemical states of the Ni sites. If the partial positive charged Ni sites are
predominant on the surface, the recombination of surface C species with surface O species and the
recombination of surface H atom species favor CO and H. formation because of decreasing barriers. The
surface CH, species does not dissociate easily and surface carbon deposition is significantly inhibited.
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1 Introduction

Methane is the major component of natural gas which is
thought as an alternative to exhausting petroleum resource. As
methane is one of the molecules that most stable in chemistry
and mostly located in remote areas, its conversion on site to
more useful and easily transportable chemicals, for efficient
transportation and utilization, has become a great challenge for
scientific community. The discovery that methane is oxidized
and converted to synthesis gas is thought as an important break-
through in methane utilization, since synthesis gas (syngas)
can be efficiently converted into a variety of value-added prod-
ucts such as alcohols, ethers and so on.'”* Several reviews on
the conversion of methane to syngas have been given recent-
ly.** Two major mechanisms*’ on this conversion have been
proposed: a direct mechanism wherein CO is the primary prod-
uct (partial oxidation mechanism) and an indirect mechanism
wherein CO, is the primary product (combustion-reforming
mechanism) (Fig.1). The target product CO could be produced
by reacting surface C atoms with adsorbed O atoms,’ and then
the rate determining step (RDS) was related to CH, formation.
Nevertheless, CH.O, as a precursor of the CO formation, was
also reported in the literature,” and then the RDS was the reac-
tion of adsorbed hydrocarbon species with adsorbed oxygen
species on surfaces.'” Thus there is a debate on the RDS for the
partial oxidation mechanism of methane.

Moreover, Ni is known to be a good catalyst of CO methana-
tion in C; chemistry, as C — O bond tends to be broken on the
Ni surface, and its RDS is the formation of the CH, species. In
contrast, the Ni is also an efficient catalyst in the partial oxida-
tion of methane (POM) into the CO and H., where the C—O
bond is formed. This seemingly contradictory could be under-
stood with different chemical states of the Ni between two cas-
es. For the CO methanation active sites are found to be the re-
duced Ni in presence of H., whereas for the POM chemical
states of the Ni will be varied with the thickness of catalyst bed
during reaction in presence of oxygen, and then the interaction
of the Ni with surface species, even the determination of the
RDS for the partial oxidation of methane will be affected. As
reaction mechanisms for the POM have been reported recently
to be related with the chemical states of noble metal catalysts

CHyHd—x)H—2— CO+2H,

CH/

4
0
\C02+H20-%> CO+2H,

Fig.1 Proposed mechanism\for the partial oxidation of
methane

by experiments,' herein we present an energetics analysis on
the partial oxidation mechanism of methane into the CO and
H, over transition metal Ni to address the issues above.

2 Methods and models
2.1 Methods

We employ the unity bond index-quadratic exponential po-
tential (UBI-QEP) method to obtain reaction energetics (activa-
tion barriers and reaction enthalpies). This technique and its
previous version, bond order conservation-Morse potential
(BOC-MP), have been discussed in detail in two reviews.™"
The assumptions of the UBI-QEP method are: (1) the sum of
the bond indices, which are quantitative measures of the bond-
ing interactions, is conserved to unity, (2) the UBI-QEP energy
expression is a pair-wise additive function of two-center inter-
actions, (3) the interaction energies between atoms of the adsor-
bate and the metal surface are spherical having no angular de-
pendence. The UBI-QEP method was developed with the pre-
sumption in mind that the active bond (the bond that is break-
ing or forming) contains at least one atom of the adsorbate that
is in contact with the surface. The heats of adsorption are ob-
tained by minimizing the energy subject to the bond index con-
servation. Activation barriers are extrapolations from the
Lennard-Jones intersection of the constrained minimum ener-

15.16

gy path. The atomic adsorption™" and gas-phase bond enthal-
pies' as input data are taken from experimental. The predicted
heats of adsorption and activation barriers work well and are
successfully applied in mechanism study of heterogencous ca-
talysis reaction widely.""*"*
2.2 Models

In order to simulate the chemical states of the Ni, we employ
assumed thought models, i.e., oxygen pre-adsorbed on
Ni(100): Ni(100)-p(2 X 2)O and Ni(100)-¢(2 X 2)O (Fig.2), the

latter has larger coverage of oxygen than the former on
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Ni(100) Ni(100)-p(2x2)0 Ni(100)-¢(2x2)O

Fig.2 Models of O pre-adsorbed on Ni(100) surfaces for simulation on the chemical states of the catalyst Ni
adsorption site: H, hollow, B, bridge, T, on-top; e pre-adsorbed O, « adsorbate
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Table 1 Calculation formula upon adsorption heats (Qx, x=A or AB) for atom A and molecule AB adsorbed on surface based

on the model shown in Fig.2

Adsorption site Ni(100)-p(2x2)0 Ni(100)-c(2x2)0 hforA h for AB
T OUT)=0' =hQ[1—1/(1+4h/r)) O(T)=0' =hQ.[1-4/(1+8A!rY] 417 11
B o(B)=20' 0(B)=20Q 3/7 112
H O{H)=4Q' O(H)=40' 1/4 1/4

x=atom (A) or molecule (AB); =0s/Qx; Coverage effects have been included into the adsorption heat of oxygen atom Q). (' is the interaction energy of x with

the single metal site. Ox(T), Ox(B), and Ox(H) are the adsorption heats of x on the on-top, bridge, and hollow sites of the metal Ni surfaces, respectively.

Ni(100) surfaces. As O electronegativity is greater than Ni, the
metal Ni atoms nearby will carry more or less positive charges
depending on the coverage of oxygen pre-adsorbed on Ni(100)
in the assumed thought models. The more the coverage of O
pre-adsorbed on Ni, the more the positive charge at Ni sites.

3 Results and discussion
3.1 Calculations on heats of adsorption and
activation barriers

Table 1 lists some of the calculation formula upon adsorp-
tion heats for species (atom, molecule, etc.) on the modeled
surfaces of the partial positive charged Ni. Table 2 shows the
predicted heat of adsorption of some relevant species on Ni
and their gas-phase active bond enthalpy, with which we can
further calculate the activation barrier of the relevant elementa-
ry reaction steps (Table 3).

In Table 2, it is found that the heat of adsorption of species
on Ni decreases as the positive charge (chemical state) at Ni in-
creases. In Table 3, we list the forward (+) and reversed (-) ac-
tivation barriers of the relevant elementary reaction steps. C —
H bond scission could be either direct or oxygen-assistant,
which is obviously related to the chemical states of the metal

Ni. For simulation upon the chemical states of the Ni, the
pre-adsorbed oxygen in the assumed thought models is not con-
sidered to react with other species on surfaces, and it is just
used to adjust or modify the chemical states of the Ni.

3.2 Reactions on reduced Ni

As shown in Table 3, on the reduced Ni (clean Ni(100) sur-
face), comparing reactions No.2 with No.3, we note that CH,
has significantly lower activation barrier of the direct C —H
bond scission than that of O-assistant (61.5 vs 93.3 kJ - mol™).
So, the CH. tends to be changed into CH;+H via the direct py-
rolysis instead of CH;O+H or CH;+OH via the O-assistant dis-
sociation. For the C— H bond scission in CH, (x=1-3) species,
we find the similar preference of the direct C —H bond crack-
ing to the O-assistant C —H dissociation (cf. reaction Nos.5-6;
No0s.8-9; Nos.11-12, in Table 3).

For the species CH;+H, CH: either dissociates into CH.+H
with an activation barrier of 85.4 kJ - mol™ (reaction No.5), or
associated with surface O into the CH;O with an activation bar-
rier of 89.5 kJ-mol™ (the reverse of reaction No.19, denoted as
reaction No.19-.) These two channels have very close activa-
tion barriers in magnitude, indicating that the two channels are
high competitive, and then the formation of the CH. (from

Table2 Gas-phase bond energy, adsorption heat (Q) and coordinated type (1’-two contacted atoms of species, p,-two metal atoms) of
the relevant species on Ni surfaces

Q/(kJ+mol™)
Species Bond energy/(kJ-mol™") Coordinated type
Ni(100) Ni(100)-p(2x2) Ni(100)-c(2%2)

C - n' 753.1 629.7 628.9
H - n' 276.1 174.1 159.8
(0] - n' 506.3 378.7 3770
C—H 338.9 n' 517.6 391.2 388.7
H—CH 422.6 n' 3732 2573 2527
H—CH. 464.4 ' 198.3 109.2 82.8
H—CH; 439.3 ' 41.8 18.4 0.0
H—CO 753 n' 207.1 116.3 91.2
HLC—-0 748.9 ' 80.3 50.2 36.0
O—CH; 376.6 n' 289.5 184.9 172.0
H—H 431.0 e 28.9 9.6 0.0
c-0 1071.1 n'w 123.0 91.2 84.5
O—H 426.8 n' 274.1 171.5 156.9
0—0 4979 L™ 774 477 326
0—CO 531.4 N'He 27.6 8.8 0.0
H—OH 426.8 ' 68.6 39.7 23.0
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Table3 Forward (+) and reversed (—) activation barriers (AE ., AE ", in kJ-mol™) for the relevant elementary steps involved
into partial oxidation of methane on Ni surfaces
Ni(100) Ni(100)-p(2x2)0 Ni(100)-c(2x2)0
Reaction No. Reaction i - AL AL AL AL
1 0,—0+0 0.0 437.2 0.0 211.7 0.0 2238
CH.—CH;+H 61.5 53.1 1745 0.0 196.6 0.0
3 CH+0—CH;0+H 933 48.1 100.8 0.0 107.9 0.0
4 CH+0—CH;+OH 101.7 13.4 1289 0.0 149.8 0.0
5 CH;—CH+H 854 73.2 142.3 0.0 134.7 0.0
6 CH;+O—H,CO+H 102.9 39.3 31.8 52.7 23.8 444
7 CH;+O0—CH:+OH 126.8 314 100.0 33 92.5 4.6
8 CH;—CH+H 90.8 89.1 117.6 29 127.2 0.0
9 CH+0—HCO+H 113.0 101.7 56.9 96.2 72.4 78.7
10 CH+0—-CH+OH 1494 65.7 111.3 423 1159 35.6
11 CH—C+H 14.6 187.4 314 105.0 33.1 94.1
12 CH+O—-CO+H 74.5 181.6 0.0 227.6 0.0 2109
13 CH+O—C+OH 824 173.6 36.8 155.6 41.8 149.8
14 H+H—-H, 115.5 22,6 0.0 90.0 0.0 111.3
15 C+0—CO 184.1 118.8 41.0 195.4 43.1 1929
16 CO+0—-CO;, 84.5 14.2 1.7 72.0 0.0 69.9
17 CO+0—-C+0; 3720 0.0 366.1 0.0 3732 0.0
18 CO+C—2CO 10.9 159 0.0 46.4 0.0 79.9
19 CH:0—CH:+0 523 89.5 79.1 5.4 88.7 0.0
20 CH:0—H,CO+H 435 18.8 52.7 0.0 68.6 0.0
21 H.CO—CH+O 82.4 132.6 163.2 0.0 155.2 0.0
22 H.CO—HCO+H 39.7 78.7 123.8 0.0 149.0 0.0
23 HCO—CH+O 123.4 132.6 173.2 19.2 162.3 29.3
24 HCO—CO+H 0.0 1163 0.0 73.6 0.0 77.8
25 CH+H—-CH;+H, 74.5 66.1 0.0 1397 0.0 256.5
26 CH:+H—CH:+H, 33 59.0 0.0 80.8 0.0 55.2
27 CH;+H—CH+H, 0.0 133.1 0.0 265.7 0.0 402.5
28 CH+H—C+H. 49.8 130.1 0.0 166.1 0.0 172.8
29 CH,0+H—H.CO+H. 129.7 11.7 24.7 649 20.1 62.8
30 H.CO+H—HCO+H, 58.2 42 35.1 38 37.2 0.0
31 HCO+H—CO+H, 473 71.1 0.0 166.1 0.0 189.1
32 H+0—0OH 130.1 48.5 36.8 824 32.6 79.5
33 CH:;0+OH—H.CO+H:0 74.5 66.1 0.0 1397 0.0 256.5
34 H.CO+OH—HCO+H:0O 33 59.0 0.0 68.2 0.0 55.2
35 HCO+OH—CO+H.0 0.0 133.1 0.0 265.7 0.0 402.5
36 CH;0+H—CH;+OH 92.0 49.0 59.0 31.0 62.3 20.5
37 H.CO+H—CH:+OH 95.0 63.2 117.6 0.0 108.4 0.0
38 HCO+H—-CH+OH 125.9 53.1 113.8 54 99.2 12.6

CH.:) and the CH,O (from CH,+O}) can exist in parallel.

The CH. species further decomposes into CH+H with an ac-
tivation barrier of 90.8 kJ - mol™ (see reaction No.8), and then
the CH dehydrogenates further into C-+H, which is easy to hap-
pen as the barrier is only of 14.6 kJ - mol™ (reaction No.11).
However, C+O—CO has a large barrier of 184.1 kJ-mol™ (see
reaction No.15), the reaction will stop at the formation of the
C, resulting in the carbon deposition on surfaces, and the RDS
for the carbon formation from the CH, will be CH.—CH+H

with a barrier of 90.8 kI -mol™". This is comparable to the barri-
er of methane pyrolysis on the Ni reportedly (98.7 kJ - mol™')."”
Another channel coexist with the CH, transformation on surfac-
es, is the transformation of the CH:O on surfaces. The CH,O
(reaction Nos.20, 22, 24 in Table 3) is easy to dehydrogenate
step-wisely until the formation of CO, the relevant barrier is
43.5, 39.7, 0.0 kJ - mol™', respectively. Thus the RDS from CH,
to CO should be CH;+O—CH;0 (AE"=89.5 kI - mol™"), which
is in accord with the pulse-MS study on the partial oxidation
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mechanism of methane," and close to the reported barrier (77.0
kJ-mol™).*

As the heat of adsorption of CO on Ni(100) is 123.0 kJ -
mol™' (Table 2), if the remaining time of the CO on Ni is long
enough, Boudart reaction CO+CO—C+CO: (reaction No.18-:
AE=15.9 kJ-mol™'; AH=5.0 ki - mol™"), will result in some car-
bon deposition on the Ni surfaces. Combining with the above
analysis on the direct decomposition of the species CH, into
the C, we think that the carbon deposition is easily happened
on Ni as observed experimentally.’

It is notable in Table 3, several reactions CH, (x=1-4)+H—
CH,., + H; (reaction Nos.25-28) and CHO(x=1, 2) + H—
CH..,O+H; (reaction Nos.30-31), have not so large barrier, in-
dicating that the CH, or CH,O could have new transformation
channels if the H atom species on surfaces is not so diffusive.
These channels to the H. formation give far smaller barriers
than H+H—H, (reaction No.14).

Therefore, for the POM reaction over the reduced Ni, CO
formation comes from the dehydrogenation of CH;O instead of
the recombination of C with O, and the RDS for the CO forma-
tion is CH;+0—CH;0, and the formation and decomposition
of the CH; species is paralleled channel with the formation and
transformation of the CH,O species. This result is not in con-
flict with the fact that the mechanism upon the surface CH. spe-
cies formation not supported by the isotropic effect reportedly;”
and the carbon deposited on Ni is arisen from the paralieled
channel upon the CH, decomposition. The H, formation from
the channel upon the association of the H atoms themselves
should be of low probability if on the reduced Ni, and that
from H-assistant dissociation of the CH, species is more likely.
3.3 Reactions on the partial positive charged

Ni surfaces

On the partial positive charged Ni surfaces, simulated with
Ni(100)-p(2%2)O and Ni(100)-¢(2x2)O (assumed thought mod-
els: oxygen pre-adsorbed on Ni surfaces), the positive charge
at the Ni sites for the later is more than that for the former.

As shown in Table 3, on Ni(100)-p(2%2)O and Ni(100)-¢(2x
2)0, the direct pyrolysis of the CH, has high activation barriers
(174.5 and 196.6 kJ - mol™', reaction No.2), while O-assistant
dissociation of CH, into CH,O+H has smaller barriers (100.8
and 107.9 kJ-mol™’, reaction No.3), so the C—H bond scission
of methane on the partial positive charged Ni surfaces tends to
be oxygen assistant, which is different from that on reduced
the Ni surfaces.

Once the CH;O is formed, it can either dehydrogenate into
H,CO+H with barriers of 52.7 and 68.6 kJ-mol™ on the two as-
sumed Ni surfaces, or react with the H atom species nearby in-
to CH;+OH with barriers of 59.0 and 62.3 kJ - mol™', or into
H.CO+H, with barriers of 24.7 and 20.1 kJ-mol™ (cf. reaction
Nos.19-20, 29, 36). H,CO has large barriers to decompose di-
rectly into HCO+H (123.8 and 149.0 kJ-mol™), and then it can
only dissociate with H- or OH-assistance into HCO + H./H.O
(cf. reaction Nos.21, 22, 30, 34, 37) provide that the H atom

species is not so diffusive, as the barriers are only 35.1 and
37.2 kJ» mol™' respectively on the two Ni surfaces with partial
positive-charge. HCO, from reaction Nos.23, 24, 31, and 38, is
found to decompose into the CO easily. The formed CO be-
comes not so stable with the increase of the positive charge at
the Ni sites, since the CO is easily oxidized into CO:; (the barri-
ers are 1.7 and 0.0 kJ - mol™") in contrast to that on the reduced
Ni surface (the barrier is 84.5 kJ - mol™) (reaction No.16), and
then the probability of the CO. formation is increased, but the
CO; can react with the surface carbon C species to form the
CO casily with no activation barriers (reaction No.18), and the
surface carbon C species could be formed from H-assistant dis-
sociation of the CH. (reaction Nos.25-28). So, CO formation
is arisen from the step-wise dehydrogenation of CH,O species
(less than ~71 kJ - mol™) and the reverse of Boudart reaction
(reaction No.18), and the primary product is partially CO,, the
RDS is CH;+O—CH;O+H. The carbon deposition on Ni sur-
faces can be eliminated due to the reverse of Boudart reaction.

Also, the carbon C on surfaces can recombine with O into
the CO more easily on the partial positive charged Ni than on
the reduced Ni (C+0—CO, AE": 184.1 kJ - mol™" vs ~40 kJ -
mol™), indicating that the carbon formation on the partial posi-
tive charged Ni surfaces is quite unfavorable in energy, and
there should be much decreased deposition of carbon on surfac-
es. This result is also supported by the fact that the influence of
different rare earth oxide supported Ni on the rate of the car-
bon deposition was related to oxygen release ability of rare
earth oxides as the support.® Generally, the barrier of the CH.
association with O is decreased (reaction Nos.15, 19—, 21—,
23-), and the CH. dissociation barrier is generally increased
(reaction Nos.2, 5, 8, 11), if the positive charge at the Ni sites
Increases.

The H atom species associates with the O atom species into
OH with lower barriers (36.8 and 32.6 kJ - mol™') on the partial
positive charged Ni surfaces than that on the reduced Ni sur-
face (reaction No.32), and the OH species can make the CH.O
dehydrogenation easy due to thermodynamic driving by H.O
formation (reaction Nos.33, 34).

The H. formation could be arisen from H-assistant dissocia-
tion of the CH/CH.O as discussed above, or from the recombi-
nation of the H atoms species themselves, as H+H—»H, reac-
tion occurs with no activation barrier on the partial positive
charged Ni surfaces, significantly different from that on the re-
duced Ni surface.

Therefore, on the partial positive charged Ni surfaces, the
CO formation is arisen from three channels: the dehydrogena-
tion of the CH,0, the recombination of C with O and the re-
verse of Boudart reaction, and then the carbon deposition is
much decreased. The RDS is CH,+O—CH;O+H. The reaction
intermediate CH, decomposition and its association with O are
much relevant to the chemical states of the Ni.

3.4 Reactions on the reduced and partial positive
charged Ni sites in coexistence
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Fig.3 Diagrams of predicted activation barriers of some important elementary steps involved into partial oxidation of methane on
different surfaces by UBI-QEP method
(A) Ni(100), (B) Ni(100-p(2x2)0, (C) Ni(100)-c(2x2)0; The positive and negative data in the diagram are the forward and reversed
activation barrier of elementary steps, respectively

As a matter of fact, metal surface is oxidized more or less in
presence of oxygen under the POM reaction conditions, and
then it is possible to be coexistent for the reduced and partial
positive charged Ni sites on the surfaces, which is related to
the thickness of catalyst bed and the interaction between metal
and supports, and etc. Fig.3 is a simplified schematic of ener-
getics for some key steps upon the partial oxidation mecha-
nism of methane on the different chemical states of the Ni. As
shown in Fig.3, on the reduced Ni, the CH. species is relatively
easy to form (activation barrier: 61.5 kJ-mol™), and the CH. re-
combines with O into the CH,O, which dehydrogenate
step-wisely until the CO is formed, the largest barrier in the se-
ries of steps is 89.5 kJ - mol™', and the RDS is CH;+O—CH,O0,
however, if the partial positive charged Ni is coexistent and
participates in the reaction, the formed CH; species will rapidly
react with O into the CH;O, and then dehydrogenate until the
CO formation, the largest barrier in those processes is 61.5 kJ -
mol™', and the RDS is the CH; formation from the C—H bond
scission of methane. Thus, the activation barrier of the RDS on
the reduced Ni is 89.5 kJ-mol™, and on the reduced and partial
positive charged Ni in coexistence is 61.5 kJ-mol™', which is in
good agreement with the reported values (77.0 kJ - mol™',* 64.9

kJ-mol™' ). So the RDS for the partial oxidation mechanism of
methane is much related to the chemical states of the metal Ni,
and then the activation barriers of reaction are also affected by
the chemical states of the Ni.

Honestly, the reaction rate is related to the activation barri-
ers (exponential factors) and entropies (pre-exponential fac-
tors), but it is still significant for the above energetics analysis,
especially for the comparison of reactions on the different
chemical states of metal surfaces, as those comparisons are
made on the basis of the similar entropies in most cases.

4 Conclusions

On reduced Ni, the pyrolysis of CH; from CH, and associa-
tion of CH; with O (CH;+0O—CH:0) are competitive channels
in parallel, and the RDS for the CO formation is CH.+O—
CH;O. The CO comes from the step-wise dehydrogenation of
the CH;O, and the carbon from the CH. pyrolysis can deposit
on the surface. The H, comes quite likely from the H-assistant
dissociation of the CH, and CH,O.

On the partial positive charged Ni, the O-assistant dissocia-
tion of CH. into the CH,O is significantly favored over CH, py-
rolysis energetically, and becomes predominant, and the RDS
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is the CH;O formation from CH.. The CO comes from three
channels: the dehydrogenation of CH;O, the recombination of
C with O, and the reverse of Boudart reaction, and then the car-
bon deposition on the Ni surfaces can be much decreased. The
H; comes from three channels: the recombination of the H at-
oms themselves, the H-assistant dissociation of CH,, the H-
assistant dissociation of the CH.O.

On the reduced and partial positive charged Ni in coexis-
tence, the RDS depends on the competition between the forma-
tion of the CH; and the association of CH; with O, which is re-
lated to the chemical states of the metal Ni. In addition, the CO
formation is mainly arisen from the dehydrogenation of CH.O
(x>0).

As the positive charge at the Ni sites increases, the probabili-
ty of the CH, decomposition decreases, but that of association
of the CH, with O increases.
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