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First-principle calculations are carried out to interpret the experimental observations and to generate the
mechanisms of CO and CH,4 conversion with Fe,0,_3. The stabilization of Fe—C bonding involves *(C—0)
and electron donating from oxygens’ LP. The Fe—O bond activation is rate-limiting step of conversions.

Stabilization and activation are affected by number of oxygens at the iron active site. Low ORBs are iden-
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tified for CO + Fe,;0,_3 reaction pathways. Significant ORBs are calculated for Fe,O3; + CHy4, and the com-
peting mechanism of reduction by H, is shown. DFT calculations suggest favorable formation of Fe3C
in atmosphere of CH4 and its oxidation in atmosphere of CO.
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1. Introduction

Oxy-iron compounds (OIC) are known to be an important group
of industrial heterogeneous catalysts [1]. The reactivity of OIC clus-
ters toward various gas-phase molecules has been extensively
investigated experimentally with emphasis on rate limiting steps
in practical catalytic cycles. More can be found in Schroder et al.
[2] review. However, molecular-level mechanisms of some pro-
cesses catalyzed by OICs and the possible side-reactions are
unclear. Recently, Ca—Fe based catalysts attracted an interest due
to their potential in chemical looping hydrogen generation (CLHG)
process [3,4]. Sun et al. [3] have shown that higher yields of hydro-
gen could be generated by using a novel Ca—Fe based oxygen car-
riers, which is proved to be a more stable formation of the calcium
ferrite compounds and promising catalysts for CLHG process which
show perfect reducibility, oxidation activity, and cyclic stability.
Several types of compounds are known to participate in the Ca—Fe
based catalysts [5]. In the Fe3*-containing system of CaO-Fe,0s,
the calcium ferrites with different molecular ratios are known:
2Ca0-Fe,03, CaO-Fe,03 and CaO-2Fe,03. The Fe™ -containing sys-
tems of CaO-Fe,O, usually exhibiting a layered structure contain-
ing 3d® iron atom in a high- and low spin distorted squareplanar
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coordination. This structure complicates the modeling and theoret-
ical study of their catalytic activity and side-effects. For instance,
the 2:1 compound, CaFe,0s, which is considered as an oxygen-
deficient perovskite of the Brownmillerite-type of structure, exhi-
bits the alternating tetrahedral and octahedral layers [5]. However,
in spite of specific role of the incorporated alkaline earth metals
(Mg, Ca, Be, Sr, Ba, Ra) in the ferrites catalysts, the basic concept
is that a catalytic reaction occurs at specific catalytically active
sites of iron [6,7]. That is why, we suppose that small gas-phase
iron oxide clusters (neutral) composed of limited numbers of iron
atoms could serve a good model system to investigate the intrinsic
reaction mechanisms in OIC.

In this study we investigate the reactivity of iron oxide clusters
(FexOy) toward CH4 and CO and the possible carburization of iron
active sites. The iron active site (Fe*) is reduced and regenerated
by the following general reactions:

(a) CO conversion:
Fe* — O + CO=Fe" + CO, (R1)

Fe’ + H,O=Fe" — O +H, (R1)

(b) CH4 conversion:

Fe* — O + CHy=Fe" + CO + 2H,; (R2)
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Fe* +0.50,=Fe" - O (R2)

The mentioned above reduction experiments [3] revealed that
oxygen carriers oxidize significantly smaller amount of CH, species
compared to CO. Additionally, a weight increase has been observed
from both CO and CH4 conversions when the oxygen carrier was
about to be completely reduced or was completely reduced. Fre-
quently, in processes where gas mixtures containing CO or hydro-
carbons, (such as methane and other gases) contact with the OIC at
high temperature the problems with carburization can occur.
According to the general reactions of carburization (R3, R4), the
Fe;C should form in presence of both, CO and CH,4. Meanwhile, in
Fan et al. [3] experiments XRD analysis of final products revealed
that all the CO reduced Ca—Fe based oxygen carriers existed in
the form of CaO and Fe and none of the Fe;C. At the same time,
in atmosphere of methane, Fe;C began to gradually accumulate.
The possible reactions of carburization with different reducing
agents are the following:

3Fe,03+13C0—2Fe;C+11CO, (R3)

3F62 03 +2CH4+5H2 —>2Fe3C+9H20 (R4)

In spite of importance of developing of sufficient technologies of
CO and CH4 oxidation, there exists a certain lack of comprehensive
and systematic studies of the intrinsic reaction mechanism. This
includes details how CO and CH4 oxidation are catalyzed at a
molecular level and what is a nature of side reactions. Various pro-
posed mechanism arises according this issue. Li et al. concluded
that the small particle size and the FeEOOH component of their
Fe,03 catalyst contribute to the high catalytic performance [8].
Zheng et al. concluded that the high density of Fe atoms on the
exposed {110} planes of their quasicubic R-Fe,O3; nanoparticles
leads to the excellent catalytic reactivity [9]. Xue et al. observed
significant reaction barriers for the reactions of Fe,04_5 with CO.
The rate-limiting steps for this processes involve the O—O activa-
tion [10]. Huang et al. [11] explored processes of methane dissoci-
ation, on a-Fe,O; (001) surface and found that sequential
dissociations of CH4 have the highest barriers. The formed H atoms
may recombine to produce H, with significant activation barrier of
at least 1.37 eV. In addition, they concluded that the CO production
is more favorable than CO,. First principle calculations were also
used by Reddy and co-workers to study CO oxidation catalyzed
by a neutral Fe,05 cluster [12]. CO adsorption onto gas-phase
Fe,03 clusters causes rearrangement of one of the three Fe—O—Fe
bridged bonds to one Fe—O terminal bond. A reaction barrier of
0.39 eV was calculated for CO approaching the Fe,03 cluster. The
Fe—O terminal bond can further oxidize another CO molecule to
form CO, easily. The gas-phase experimental study by Xue et al.
[10] for the neutral clusters later support those theoretical results.

In current study, the first-principle calculations (DFT) are used to
explain the reactivity of OIC toward CO and CH,4 and to elucidate
the results of experimental studies of Fan and co-workers [3,13].
The Fe,Oy clusters have been used as the model of active sites. The
details of the reaction mechanism are obtained and used to interpret
at a molecular level catalytic process of CO and CH, oxidation by
oxygen of OIC and the side-reaction mechanism of FesC formation.
The lattice oxygen of oxygen carrier, which involves in the real CLHG
reactions is not under consideration in current study.

2. Computational methods

The quantum chemical calculations using the Gaussian 09 pro-
gram [14] have been employed to study the multicycles of CO and
CH4 reduction on the Fe,0, Fe,0, and Fe,05 clusters. Because of the
lack in experimental data for neutral Fe,O, clusters, the spin state
of Fe,0,_3 model clusters was defined through the test of different

C,y Fe;01_3 conformers with different spin multiplicities. The con-
formers with the lowest electronic energy were chosen for further
calculations. The spin conversion which is known to be important
in many reaction systems involving transition metals [10,15] has
not be employed in current study and is the subject of further
investigations. Thus, we assume that the spin of the molecules pre-
serves along the course of reaction. The reaction pathways are
studied for Fe,0;_3+CO — Fe,0;_, +C0O,, and Fe,0;_3+H, —
Fe,0,_, + H,0. Additional pathways are followed for Fe,03 + CH,4
— F,0, + CO + 2H,, and Fe3C + CO, — 3Fe + 2CO. The reaction path-
way calculations involve geometry optimizations of various reac-
tion intermediates and transition states through which the
intermediates transfer to each other. The transition state optimiza-
tions are performed by employing the either Berny algorithm [16]
or the synchronous transit-guided quasi Newton (STQN) method
[17]. Vibrational frequency calculations are performed to check
that reaction intermediates and transition state species have zero
and one imaginary frequencies, respectively. The hybrid ®B97XD
exchange-correlation functional [ 18] which includes empirical dis-
persion is used. The basis set adopted is the balanced polarized
triple-zeta def2tzvp basis set [19]. We believe, that the used
long-range-corrected hybrid functional, ®B97XD accounts for the
strongly correlated d-electrons of iron-oxide clusters, because it
is shown to perform well in the comprehensive thermochemical
benchmark set of metal organic reactions [20]. The studied reac-
tion pathways are presented in the form of energy diagrams. Carte-
sian coordinates and energies (Eejec., Ho x, Ha9s k» and Gaog ) for all
of the optimized structures (intermediates and transition states)
are listed as Tables S1-4 in the Supporting Information. The
relative free energies of the adducts and intermediates, shown on
the diagrams were calculated under standard conditions (298.15
K, 1atm) and represent the standard free energy change of

the corresponding reaction, as AGO(mn):ZAG}’(products)

— " AGJ(reactants).

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.cplett.2018.07.027.

3. Computational results

To test the validity of the ®B97XD/def2tzvp method for calcula-
tion of reaction pathways for multicycles of CO and CH, oxidation
by Fe,Oy, the bond dissociation energies (D°) and the bond lengths
(re), are calculated and compared with experimental values for CO,
CH,4, and FeO molecules. We used set of pure generalized gradient
approximation functionals, GGA (BP86 [21] and PBE [22]), meta-
GGA functional (TPSS [23]) and dispersion corrected range sepa-
rated hybrid functional (®B97XD [18]). The bond dissociation
energy D° for a bond A-B which is broken through the reaction
AB — A +B is defined here as the standard-state enthalpy change
for the reaction at a 298.15 K. That is, D° = AHfy(A) + AHfy(B) —
AHfo(AB), where AHfy is the standard-state heat of formation.
The comparison is given in Table 1.

The ®B97XD functional shows excellent performance for bond
length (within 0.02 A) calculations. This functional little underesti-
mates D° of CO and CH4 by 0.19 and 0.12 eV, respectively. The D°
value of FeO calculated through the ®B97XD functional is greater
than experimental value by 0.09 eV. That is expected since in the
simplest case where the bond of a diatomic molecule is broken,
De at 298 K is greater than D° at 0K by an amount which lies
between RT and (3/2) RT (i.e. 0.03-0.04 eV). We expect that the rel-
ative energetics for multicycles of CO and CH,4 oxidation by Fe,O,,
can be reasonably predicted by ®B97XD/def2tzvp since the calcu-
lated D° value of FeO is accurate enough. The BP86 functional,
which has a good performance for electron affinity calculations,
overestimates D° values, and the largest error (>1 eV) occurs for
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Table 1
Comparison of DFT/def2tzvp calculated at 298 K and experimental bond length (. in 0.1 nm) and the bond dissociation energy (D°, eV) at 298 K for CO, CH,4, and at 0 K for FeO.
BP86 PBE TPSS ®B97XD Experiment
Te De° Te De° Te De° Te De° Te De°
c—0 1.137 11.48 1.136 11.53 1.134 10.89 1.123 10.97 1.128* 11.16¢
CH3-H 1.097 4.48 1.096 4.38 1.093 4.40 1.089 443 1.087° 4,554
Fe—0 1.603 5.34 1.603 5.37 1.603 4.97 1.599 4.27 1.616° 4.18°¢

" See Ref.: (a) [24], (b) [25], (c)[26], (d) [27], (e) [28].

FeO. The TPSS shows a similar performance to ®B97XD whereas
the De value of FeO is not very well calculated.

Although chemically very simple, Fe,05 single cluster could
adopt different configurations depending on its point group and
spin state. Fig. 1 plot the lowest energy structures of Fe,03 of the
same C,, point group with different conformers and spin multiplic-
ities. The ®B97XD/def2tzvp predicts that Fe,053 has a nonet ground
state, (°B,, Cy, point group) which is greatly lower in energy (by
1.95 eV) than the low-spin septet Fe,O5 (7C4). The ground state
of Fe,0; (°B,) is composed of a four-membered ring
(—Fe—0O—Fe—0—) and one terminal Fe—O bond.

Fig. 2 reveals plot of the DFT calculated reaction pathways for
CO oxidation by Fe,03, Fe,0,, and Fe,O respectively. The corre-
sponded geometries and energies of the optimized structures are
listed as Table S1 (see Supporting Information). DFT investigation
shows that the reactions are all subject to relatively low overall
reaction barriers (ORBs). ORB is defined relative to the separated
CO and the individual iron oxides: 0.25eV (Fe,03), —0.02 eV
(Fe;0,), 0.12 eV (Fe,0). In contrast to Fe,0,, and Fe,0, in the reac-
tion of CO with the Fe,05, CO is easily oxidized by Fe—O terminal
bond. In this case, the absolute reaction barrier (ARB, defined as
the energy difference between the transition state (TS) and the cor-
responded intermediate (I)) is the lowest, 0.23 eV. Subsequent
reduction of Fe,05 by CO is much favorable since ORBs are lower.
In Fig. 2, although the ®B97XD/def2tzvp predicts that overall reac-
tions of Fe,0,, and Fe,0 reduction are exothermic, CO prefers to
stay adsorbed in the first intermediate state °[1/B/ and
911/C/ respectively since the corresponded ARBs are high: 1.55 eV
(Fe;0,), 1.54 eV (Fe,0). The ORBs values of the Fe,0;_3 + CO sys-
tems suggest that the Fe—O bond activation barriers are higher
for an iron center connected to the three oxygens (as in Fe,03) than
for the iron center connected to the less oxygens (as Fe,0, and
Fe,0). DFT calculations point out that the Fe—O bond activation
is the rate-limiting step for the subsequent C=0 bond formation
and CO, molecule subtraction.

We have checked the competing mechanisms of Fe,03
reduction by H, in the atmosphere of CH,. Since under the high

°C1/0.0 eV/B,

11C2/0.43 eV/A,
°C3/1.73 eV/B,
C4/1.95 eV/B,
1C5/0.47 eV/B,

temperature methane easily decomposes, according to the reac-
tion: CHy=C + 2H,, we suggest that hydrogen is also oxidized by
Fe,03. The reaction pathways shown in Figs. 3 and 4 predict that
the reduction of Fe,03, by H; goes faster than by CHy, (0.81 eV vs
1.2 eV). The negative ORB is observed for Fe,0, + H, (Fig. 3, path
B). The only negative ORB means that reaction of Fe,03 reduction
by H; in the atmosphere of CH4 would proceed much slower com-
paring to CO reduction, hence oxy-iron catalyst would reduce less.
Significant ORBs for Fe,03 reduction by CH, (Fig. 4, path A) indicate
that CH,4 dissociation is rate-limiting step in processes of methane
conversion by oxy-iron catalysts. The DFT calculation predicts that
CH, preferably makes Fe—C bond which leads to the carburization
of iron active site (Fig. 4, path C). The overall reaction is exothermic
(—-0.27 eV) and ARBs (Fig. 4, TS5/C) are lower than for the carbon
oxidation by the surface oxygen to produce CO (Fig. 4, TS5/B). Dur-
ing CH,4 conversion the activation barrier is the highest for the CO
production (ARB = 0.44 eV, °TS5/B). The more favorable process is
H,O formation via the H atom oxidation by the surface oxygen
(ARB = 0.14 eV, °TS5/C). The corresponded geometries and energies
of the optimized structures are listed as Tables S2-3 (see Support-
ing Information).

Carburization of iron active sites in atmosphere of pure
methane is quite expected, since there is no other oxidizing agent
to oxidize the Fe—C bond. The side-reaction of carbide formation
could happen during the Fe,03 reduction in the CO atmosphere
as well. Under the high temperature CO easily decomposes, accord-
ing to the reaction 2CO=C+ CO3, (AH{ 53 = —169.4Kk]/mol).
Carbon interacts with oxygen-unsaturated iron sites without bar-
rier to form FesC: 3Fe (1'Aq, Dsp) + C (3S) — FesC ('A;, Csy). The
®wB97XD/def2tzvp calculation predicts that the high-spin
conformation of Fe3C has the lowest energy in the ground state
(YA, C3, point group). Gibbs free energy change for adsorption
of carbon on iron sites is highly negative (AGpgr = —5.75 eV).

In contrast to the experimental conditions of OIC reduction by
CH4 in atmosphere of CO the additional oxidizing agents (as CO,
molecules) could be present. CO, facilitates the oxidation of car-
bides and decreases the level of carburization of iron active sites.

Fig. 1. ®B97XD/def2tzvp optimized structures and relative energies (zero-point vibrational energy corrected) of Fe,05 cluster. The bond lengths in 0.1 nm are given. The
superscripts indicate spin multiplicities and C1—C5 denote five conformers within the same C,, point group.
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Fig. 2. ®B97XD/def2tzvp calculated reaction pathways (A-C) for Fe;0;_3 + CO — Fe;0q_; + CO,. The reaction intermediates (In), transition states (TSn), pathways (A-C) and
their relative Gibbs free energies (in eV) at 298 K are given as In/A-C/AG or TSn/A-C/AG. The superscripts indicate the spin multiplicities of the systems. All of the energies
are relative to the total free energy of the corresponded reagents Fe,0,_3 (°C1) + CO ('=*).

Fig. 5 displays the DFT calculated reaction pathway for Fe;C oxida-
tion by CO,. The corresponded geometries and energies of the opti-
mized structures are listed as Table S4 (see Supporting
Information). Negative ORB of —0.09 eV is determined for the reac-
tion. The second negative ARB for the Fe;C + CO, system (''TS2)
suggests the fast oxidation of FesC in presence of CO,. Thus, the
DFT reveals mechanisms to explain why XRD [3] have shown that
none of Fe3C was produced from CO reduction of the fresh oxy-iron
catalysts. Meanwhile in atmosphere of CH,4 catalysts reduced sig-
nificantly less and with formation of Fe;C. This agreement between
theory and experiment enables us to draw qualitative conclusions
concerning the mechanisms of CO and CH,4 oxidation on Fe,O,, clus-
ters based on the DFT calculations.

4. Discussion

The processes of CO oxidation on different iron oxide clusters
are very similar, even though the relative energies of the reaction
intermediates and transition states depend on level of iron satura-
tion by oxygen in the individual clusters. We can summarize, that
two main steps are present in the oxidation of CO by Fe,0;_3 clus-
ters: (1) the intermediates formation that involves carbon-iron
interaction and (2) the Fe—O bond activation that in most cases
determines the ORB. Iron center should be opened for the initial
intermediate (Fe,Oy-CO/I1) formation. For an oxygen-saturated
iron site the CO has less chance to approach iron. Thus, the CO dis-
plays a weaker interaction with an oxygen-saturated iron center
(modeled by Fe,03) than with an oxygen-unsaturated iron center
(modeled by Fe,0). We performed the second order perturbation
theory analysis of the Fock matrix in NBO basis to check the char-
acter of the carbon-iron interaction in the initial intermediates We
assume that the larger the perturbation energy value (E®), the
more intensive is the interaction between electron donors and
the greater the extent of conjugation of the whole system. Delocal-
ization of electron density between occupied Lewis type (bond or
lone pair) NBO orbitals and formally unoccupied (antibonding)

non Lewis NBO orbital’s correspond to a stabling donor-acceptor
interaction In Table2 we provide only E@ values of donor-
acceptor for Fe—C and Fe—CO interactions. More data is given in
Table S5 in the Supporting Information. The analysis presented in
Tables 2 revealed that in Fe,0,_3-CO structures the orbital overlap
between o (Fe—C) and &~ (Fe—C) anti-bond orbital has less than
0.25 kcal/mol and hence gives no stabilization to the structures
of first intermediates. The electron donations are observed from
NBO of Fe to t'(C—0) which stabilize °I1/A, °I1/B and °[1/C struc-
tures by 0.32, 9.85 and 42.57 kcal/mol, respectively. This is in line
with changes of their Gibbs free energy of formation (Fig. 2) and
our previous statement that oxygen-saturated iron center in
Fe,03 has the weakest interaction with CO.

The natural bond orbitals of Fe—C interactions are displayed
below and reveal that there exist two types of bonding between
iron and carbon of CO: c-bond is formed by both «- and B-spin
orbitals and m-bond is formed by -spin orbitals. In general, in all
studied Fe,0;_3-CO clusters c(Fe—C) bond is formed from sp®°
hybrid on carbon (which is the mixture of ~65% s, ~35% p AO)
and gives less than 0.25 kcal/mol stabilization to the intermediate
structures. It is interesting to note, that (Fe—C) bond was found
just in Fe,0, + CO interacting system. It could be explained by
the bonds conjugation in the ring structure of Fe;0,-CO. n(Fe—C)
bond is formed from sp>%3d>77 hybrid on iron, which is the mix-
ture of 9% s, 36% p, and 54% d AO and gives high stabilization of
16.98 kcal/mol to the °I1/B structure (Table 2).

Fe,0,_3 + CO, (Flg 2)

I1/A: Grec = 0.942(sp>*")c + 0.337(sp>**d***)e
max AO[%]: s(66%)p(34%)

°I1/B: Orec = 0.921(sp>>")c + 0.389(sp">°d** )
max AO[%]: s(66%)p(34%)

Ttrec = 0.839(sp>#3d>77 g, + 0.544(p)c

max AO[%]: s(9%)p(36%)d(54%)

91/C: Opec = 0.911(sp%**)c + 0.413(sp®3°d% ).
max AO[%]: s(65%)p(35%)
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Fig. 3. ®B97XD/def2tzvp calculated reaction pathways (A-C) for Fe,0;_3 + H, — Fe;00_, + H,0. See caption of Fig. 2 for explanations. The potential profiles and geometries
are given for spin multiplicity 9. All of the energies are relative to the total free energy of the corresponded reagents Fe,0;_3 (°B,) + H, ('Z%).

After the initial intermediate formation, the second critical step
involves terminal Fe—O bond activation. As could be seen from
Fig. 2 the Fe—O activation barriers also depend on the level of oxy-
gen saturation of iron. The ARB is higher for the Fe—O activation in
Fe,03, than in Fe,0 (0.25 eV vs 0.12 eV). Following Fe—O bond acti-
vation, the reaction is driven by new C=0 bond formation which is
facile due to favorable thermodynamics: CO, (O—CO) bond
enthalpy at 298K is 5.54 eV, whereas those of Fe,0; (°B,) —
Fe,0, (°A;)+O0(’P) is 4.03eV based on ®B97XD/def2tzvp
calculations.

The process of CH, conversion on Fe,05 cluster is more compli-
cated and follows different pathways. The main steps, which are
present: CH4 dissociation, Fe—C and O—H interactions, and Fe—O
bonds activation. The first step in these transformations involves
CH,4 adsorption onto the Fe,O5 cluster (Fig. 4). The NBO analysis
reveals that there is no direct Fe—C interaction at this point. The
Fe,0s—CH, structure is weakly stabilized by the orbital overlap
between o (C—H) and NBO of Fe, while the strongest stabilization
is provided by electron donations from lone pairs of oxygens to the
Fe NBO (Table S5). The weak Fe—C interaction appeared after CHy
dissociation due to orbital overlap between o (Fe3—C6) and o
(Fe3—C6) anti-bond orbital. o(Fe—C) is formed from sp*3! hybrid
on carbon (which is the mixture of 19% s, 81% p AO) and gives
1.76 kcal/mol stabilization to the second intermediate structure
912/A (Table2). The stronger stabilization (19.71 and 12.74
kcal/mol) is provided by electron donations from 04 and 05 to
o (Fe3—C6), respectively (Table S5).

Fe;03 + CHy, (Flg 4)

912/A: Orec = 0.812(sp*31)c + 0.584(sp®52d!86);,
max AO[%]: s(19%)p(81%)

The second critical step of the Fe,Os; + CH,4 reaction involves
C—H bonds activation for further CH, dissociation. We found that
the subsequential dissociations of CH4 are the rate-determining
processes and the third dissociation step is found to be the domi-
nant rate-limiting-step with the highest ORB of 1.39 eV (Fig. 4.
9TS3/A). The subtraction of H,O is more favorable than complete
CH,4 dissociation (ORBs: 0.43 eV vs 1.39 eV), so reaction would pro-
ceed through the path B (Fig. 4). The subsequent C or H oxidation
by the oxygens of Fe,03 goes through the Fe—O bond activation.
The activation barriers for H,O formation is around 0.14 eV, mean-
while the interaction between C and O for desorption of CO is iden-
tified to be one more rate-limiting-step with ARB of 0.44 eV. In
light of high ARBs of C—O formation and the low ARBs of Fe—C for-
mation the preferable deposition of carbon (carburization) on the
active iron sites is predicted by DFT calculations. The same forma-
tion of iron carbides has been shown for reaction of Fe,0s + CO,
however the presence of oxidizer CO, in the atmosphere of CO
easily decomposes FesC with negative ORB of —0.09 eV (Fig. 5).
For the Fe,03 + CH, interaction, the competing processes of Fe,03
reduction by hydrogen is found to have lower ORB, compare to
the reduction by CH, (0.8 eV vs 1.39 eV). The reduction of Fe,0,_3
clusters by H, removes oxygens from catalyst, thus 1) decreases
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(A) CH, dissosiation path (°I1/A/-°14/A/): Fe'—CH, — Fe'—CH; — Fe'—CH, —» Fe"—CH
(B) H,O subtraction path (°I3/A/-14/B/): Fe"(OH,H)—CH, 120) Fe*—CH,

Fe-O bond activation (°14/B/-°15/B/): Fe*—CH, —» Fe"—C(OH)H

H, and CO subtraction (°I5/B/-°16/B/): Fe*—C(OH)H ﬂ Fe*
(C) H,0 subtraction and Fe-C bond formation ((°15/B/-°16/C/): Fe*—-C(OH)H ﬂ Fe'—C
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Fig. 4. ®B97XD/def2tzvp calculated reaction pathways (A, B) for Fe,O5 + CH,. See caption of Fig. 2 for explanations. The potential profiles and geometries are given for spin
multiplicity 9. All of the energies are relative to the total free energy of the corresponded reagents Fe,03 (°B,) + CHy (A;).
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Fig. 5. ®B97XD/def2tzvp calculated reaction pathway for FesC (''A;) + CO, ('3°*) »3Fe (''A;) + 2CO ('S_"). See caption of Fig. 2 for explanations. The potential profiles and
geometries are given for spin multiplicity 11. All of the energies are relative to the total free energy of the corresponded reagents FesC (''A;) + CO, ('3°%).

the overall level of CO production, and 2) increases level of carbur-
ization of iron sites.

Presented here first-principle DFT calculations are in agree-
ment with experimental data of Fan and co-workers [3.13] such
as the (1) better CaO-Fe,Oy reduction in atmosphere of CO com-
pared to CHy, and (2) observed iron carbides formation for CHy4
chemical looping process and the absence of Fe;C after the

reduced oxy-iron catalyst by CO. Thus, it was shown that gas-
phase investigations of reactions of small Fe,0,_3 clusters with
gas molecules provide an applicable theoretical model for the
studying of the intrinsic mechanisms of CO and CH4 conversions
on active iron sites of OIC. The presented DFT results are reliable

enough to describe the side-effects of carburization during the
CLHG process.
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Table 2
Second order perturbation theory analysis of the Fock matrix in NBO basis in first intermediates (°I1) in Fe;0_3 + CO and Fe,05 + CH,4 reactions.
Intermediate? Donor NBO Occ. e Acceptor NBO Occ. e E@P,
(i) Type ) Type kcal/mol
Fe;003 + CO
Fig. 2, °I1/A Fe2—C6 c 0.98 Fe2—C6 c 0.05 <0.25
Fe2 LP(3) 0.99 C6—07 n 0.05 0.32
Fig. 2, °I11/B Fe2—C5 c 0.99 Fe2—C5 c 0.01 <0.25
Fe2—C5 b 0.71 Fe2—C5 n 0.19 16.98
Fe2 LP(5) 0.95 C5—06 n 0.03 9.85
Fig. 2, °11/C Fe2—C4 c 0.99 Fe2—C4 G 0.04 <0.25
Fe2 LP(2) 0.81 C5—05 rc' 0.18 42.57
Fe,03 + CHy
Fig. 4, °I2/A Fe3—C6 c 0.98 Fe3—C6 G 0.04 1.76

2 Fig. 2: °[1/A - Fe,05 + CO; °[1/B - Fe,0, + CO; °I1/C - Fe,0 + CO. Fig. 4: °I2/A - Fe,05 + CHa.

b E?) means energy of hyper conjugative interaction (stabilization energy).

5. Summary

The first-principle DFT calculations are applied for investigation
of the reactivity of iron-oxide based catalysts toward CO and CHy,.
Reducing agent-dependent reactivity is observed and well inter-
preted by the DFT calculations. Two necessary steps in the oxida-
tion of CO by Fe,0;_3 clusters have been revealed: (1) the initial
intermediate formation that involves Fe—CO interaction and (2)
the Fe—0 bond activation that in most cases determines the overall
reaction barrier. The Fe—O bond activation energy varies from
—0.02 (Fe,0) to 0.25 eV (Fe,03) and depends on the level of iron
saturation by the oxygens. The processes of CH, oxidation by
Fe,03 goes through the Fe—O bond activation for the subsequent
CO or H,O formation. It was shown, that the dissociation of CH4
is the dominant rate-determining process, and the third dissocia-
tion step is found to be the rate-limiting-step with activation bar-
rier of 1.39 eV. This result is in agreement with periodic DFT
calculations[11]. The competing processes of Fe,O;_3 reduction
by H, in atmosphere of CH, is proposed and studied by DFT calcu-
lations. The dissociation of H, is found to be the rate-limiting-step
for the competing reduction mechanism with minimum activation
energy 0.81 eV. The overall reaction barrier for Fe,053 reduction by
H, is lower than for CH4 by 0.58 eV. DFT calculations predict that
Fe;C forms with no barrier through the reaction between carbon
and completely reduced iron active sites: 3Fe (1'A;. Dsp) + C (3S)
— FesC (MA;. C3v), AGprr =—5.75 eV. Meanwhile, Fe;C does not
decompose in atmosphere of CH4 due to the absence of oxidizing
agents. In contrast, atmosphere of CO facilitates FesC decomposi-
tion to Fe due to presence of CO,. The findings revealed here for
the gas-phase reactions can be used to prevent side-reactions of
carburization in related CO and CH4 chemical looping process over
the oxy-iron based catalysts at a molecular level.
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