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Abstract: Benzoic acid (C6H5COOH) is selected as coal-based model compound with Co compounds
(Co3O4, CoO and Co) as the catalysts, and the influence of the valence state change of the catalyst
for pyrolysis process is investigated using density functional theory (DFT). DFT results shows that
the highest energy barrier of C6H5COOH pyrolysis is in the following order: Ea(CoO) <Ea(Co3O4)
<Ea(no catalyst) <Ea(Co). In general, Co3O4 catalyst accelerates C6H5COOH pyrolysis. Then, the
catalytic activity further increases when Co3O4 is reduced to CoO. Finally, Co shows no activity for
C6H5COOH pyrolysis due to the reduction of CoO to metallic Co.
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1. Introduction

Coal pyrolysis is an essential step for coal combustion, gasification, carbonization, liquefaction
and so forth. In other words, to achieve the effective utilization of coal, pyrolysis is a significant
method in the condition of inert gas [1–3]. With the addition of catalysts, energy consumption is
reduced, the production rate is less volatile and the quality of products are improved [1,4]. Therefore,
some researchers have studied coal catalytic pyrolysis. Wang conducted experiments and found that
K2CO3 exhibits a catalytic effect on coal pyrolysis [5]. Fu proposed that metal chlorides KCl, alkali
metal CaO, and transition metal Fe2O3 promote coal pyrolysis [6]. Some researchers also find that Co
compounds improve the catalytic activity, e.g. coal depolymerization and hydrogenation, tar yield
and so on [7–10].

The structure of coal is complex and it has undefined molecular compositions [11,12]. Furthermore,
the separation of coal and catalysts is difficult after the catalytic pyrolysis reaction, and the effect
of the catalyst for coal catalytic pyrolysis is hard to investigate via experiment. Hence, to study the
coal catalytic pyrolysis mechanism, some organic compounds were selected as model compounds.
It is well known that carboxyl (COOH) is the most common functional groups in coal [13], and
aromatic compounds such as benzene (the simplest aromatic) are also common [11]. Therefore,
the behavior of COOH group in coal during pyrolysis by using the compounds C6H5COOH is
modeled by experiment and calculation [12,14–17]. However, those theoretical studies focus on
the coal pyrolysis [18,19], and the role of catalysts are not considered. Recently, the role of some
catalysts (ZnO, γ-Al2O3, CaO, and MgO) for coal catalytic pyrolysis is studied by using DFT, which
C6H5COOH, C6H5CHO and C6H5OCH3 are selected as the model compounds [20–22]. It is found that
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the catalysts alter the energy barrier and reaction pathway. For example, ZnO, CaO, and MgO catalysts
promote C6H5COOH decomposition, but γ-Al2O3 catalyst causes no catalytic effect on C6H5COOH
decomposition. However, all the catalysts alter the reaction pathway. In fact, reducing gases are
formed such as H2 and CO during the process of coal pyrolysis [6]. In the case, some unstable catalysts
are possibly reduced. For example, it is found that the reduction process of Co3O4 under reducing
gases is in this order: Co3O4→CoO→Co [23,24]. What is the influence of the catalyst valence state
change for coal catalytic pyrolysis?

To answer the question, benzoic acid (C6H5COOH) is selected as a coal-based model compound,
and Co compounds (Co3O4, CoO and Co) are selected as the unstable catalysts under coal catalytic
pyrolysis condition. Then, the effect of the valence state change of the Co-based catalyst for coal
catalytic pyrolysis is investigated using DFT.

2. Results and Discussion

2.1. C6H5COOH Pyrolysis

As shown in Figure 1, three possible pathways are studied for C6H5COOH pyrolysis: C6H5COOH
→CO2 + C6H6 (Ea = 2.89 eV, ∆H = -0.05 eV), C6H5COOH→C6H6COO (Ea = 2.78 eV, ∆H = 2.70 eV),
and C6H5COOH →C6H5COO + H (Ea = 5.93 eV, ∆H = 5.90 eV). The energy barriers of pathways
1 and 2 are similar, which are far lower than that of pathway 3. Therefore, pathways 1 and 2 for
C6H5COOH pyrolysis are possible, which is similar with our previous study [20]. The potential energy
diagrams of C6H5COOH pyrolysis and the corresponding initial states (IS), transition states (TS) and
final states (FS) are shown in Figure 2. As shown in Figure 2, the pyrolysis pathways of C6H5COOH
are C6H5COOH→CO2 + C6H6 and C6H5COOH→C6H6COO→CO2 + C6H6, which are in accordance
with the experimental results [25–27].
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2.2. Catalytic Pyrolysis

The adsorption structures of possible intermediates of C6H5COOH catalytic pyrolysis on
Co3O4(110)-B, CoO(100) and Co(111) surfaces are shown in Figure 3. The corresponding adsorption
energies and geometrical parameters are shown in Table 1.
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Table 1. Adsorption energies and geometrical parameters of relevant species on Co3O4(110)-B,
CoO(100) and Co(111) surfaces.

Catalysts Species Site Eads(eV) Bond Length d (Å)

Co3O4(110)-B

C6H5COO Cooct −1.91 dO–Co = 1.835
C6H5 O2f −3.37 dC–O = 1.362

H O2f −3.59 dH–O = 0.971
C6H6 no bond −0.01
CO2 O2f, Cooct −0.64 dC–O = 1.392, dO–Co = 1.954

CoO(100)

C6H5COO Cobri −3.06 dO–Co = 1.934
C6H5 Otop −2.03 dC–O = 1.387

H Otop −2.59 dH–O = 0.976
C6H6 no bond −0.26
CO2 Cotop, Otop −0.40 dC–O = 1.425, dO–Co = 2.107

Co(111)

C6H5COOH top −0.18 dO–Co = 2.033
C6H6COO bri −2.18 dO–Co = 1.956
C6H5COO bri −3.08 dO–Co = 1.960

C6H5 top −2.29 dC–Co = 1.922
H fcc −2.76 dH–Co = 1.622
H hcp −2.73 dH–Co = 1.745

C6H6 no bond −0.01
CO2 no bond −0.28

2.2.1. Co3O4(110)-B Surface

The O-H bond scission of *C6H5COOH after optimization indicates that C6H5COOH is
dissociative adsorption on Co3O4(110)-B, which is the same as HCOOH adsorption on ZnO
surface [28,29], and C6H5COOH adsorption on ZnO, MgO, CaO and γ-Al2O3 surfaces [20]. *C6H5COO
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adsorbs on Cooct site through one O, the other O points to the adjacent Cooct site with the adsorption
energy of −1.91 eV. *H tends to bond with O2f site, which the adsorption energy is −3.59 eV. For
*C6H5COO, the further reaction has two pathways: one is *C6H5COO dissociation directly without the
assistance of *H (*C6H5COO + *H→*C6H5 + *CO2 + *H→*C6H6 + *CO2), and the other is *C6H5COO
dissociation with *H assistance (*C6H5COO + *H→*C6H6 + *CO2).

For *C6H5COO→*C6H5 + *CO2, the C-C bond length gradually extends from 1.521 Å in the IS to
3.205 Å in the TS. In the FS, *C6H5 adsorbs on O2f site and *CO2 bonds with O2f and Cooct sites, which
the adsorption energies of *C6H5 and *CO2 are −3.37 and −0.64 eV, respectively. The reaction needs to
overcome an energy barrier of 1.88 eV with reaction energy −1.63 eV. Finally, *C6H6 is formed through
*C6H5 hydrogenation (*C6H5+ *H→*C6H6), for which the energy barrier and reaction energy are 2.28
and 1.47 eV. *C6H6 parallels adsorption on the surface with the adsorption energy of −0.01 eV, which
is in accordance with the result calculated by Yildirim [30]. For *C6H5COO + *H→ *CO2 + *C6H6,
*H bonds with O2f site and *C6H5COO adsorbs on Cooct site in the IS. In the TS, the C-C bond length
gradually increases to 2.873 Å from 1.517 Å in the IS. The reaction needs to overcome an energy barrier
of 2.69 eV with an exothermicity of 0.16 eV.

The potential energy diagrams and corresponding IS, TS and FS geometrical structures of
C6H5COOH catalytic pyrolysis on Co3O4(110)-B surface are shown in Figure 4. It is demonstrated
that the energetically preferred pathway of C6H5COOH catalytic pyrolysis on Co3O4(110)-B is
C6H5COOH(g)→*C6H5COO + *H→*C6H5 + *CO2 +*H→*CO2+*C6H6 →CO2(g) + C6H6(g), which
is similar with C6H5COOH pyrolysis on MgO, CaO and γ-Al2O3 surfaces [20]. The highest energy
barrier (2.28 eV) on Co3O4(110)-B surface is smaller than that of C6H5COOH pyrolysis without a
catalyst (2.78 and 2.89 eV). The above results showed that Co3O4(110)-B have catalytic effect on
C6H5COOH pyrolysis.
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2.2.2. CoO(100) Surface

*C6H5COOH is also dissociative adsorption on CoO(100) surface after optimization [31].
*C6H5COO binds to Cobri site through two O atoms with the binding energy of −3.06 eV. *H prefers to
adsorb on Otop site with the adsorption energy of −2.59 eV.

For *C6H5COO dissociation, the C-C bond length gradually increases from 1.497 Å in the IS to
2.798 Å in the TS. The reaction of *C6H5COO→*C6H5 + *CO2 overcomes an energy barrier of 1.70 eV
with reaction energy 1.21 eV. *C6H5 tends to bond with Otop site via ipso-C, which the adsorption
energy is −2.03 eV. *CO2 bonds with Otop and Cotop sites with the binding energy of −0.40 eV.
The energy barrier and reaction energy of *C6H5 hydrogenation (*C6H5+ *H→*C6H6) are 2.01 and
−1.12 eV. *C6H6 is the parallel adsorption on the surface with the adsorption energy of −0.26 eV. With
H assistance, the process of *C6H5COO + *H→ *CO2 + *C6H6 needs to overcome the energy barrier of
0.82 eV with the reaction energy of 0.09 eV.

The potential energy diagrams and corresponding IS, TS and FS geometrical structures of
C6H5COOH catalytic pyrolysis on CoO(100) surface are shown in Figure 5. As shown in Figure 5,
the energetically preferred pathway of C6H5COOH catalytic pyrolysis on CoO(100) is C6H5COOH(g)
→*C6H5COO + *H→*CO2 + *C6H6 →CO2(g) + C6H6(g). The highest energy barrier (2.01 eV) on
CoO(100) surface is also smaller than that of C6H5COOH pyrolysis (2.78 and 2.89 eV), showing
that CoO(100) surface exhibits a catalytic effect on C6H5COOH decomposition. C6H5COOH catalytic
pyrolysis pathway on CoO(100) surface is same as on ZnO [20], but is different on Co3O4(110)-B surface.

2.2.3. Co(111) Surface

On Co(111) surface, *C6H5COOH binds to top site via O atom, and the adsorption energy is
−0.18 eV. The result shows that *C6H5COOH on Co(111) surface uses nondissociation adsorption,
which is different from *C6H5COOH adsorption on CoO(100) and Co3O4(110)-B surface. There
are three possible pathways for *C6H5COOH further reaction: the first is *C6H6 and *CO2

formation (*C6H5COOH→*C6H6 + *CO2), the second is the formation of *C6H6COO (*C6H5COOH
→*C6H6COO) and the third is *C6H5COOH dehydrogenation (*C6H5COOH→*C6H5COO + *H).

The energy barrier and reaction energy of *C6H5COOH→*C6H6 + *CO2 are 6.10 and −0.16 eV.
*C6H6 and CO2 are parallel adsorption on the surface, and the corresponding adsorption energies
are −0.01 and −0.28 eV. For the reaction of *C6H5COOH→ *C6H6COO, the process overcomes an
energy barrier of 8.68 eV with an endothermicity of 0.71 eV. *C6H6COO prefers to bind at a bridge site
through O atoms with an adsorption energy of −2.18 eV. However, the energy barrier of *C6H5COOH
→*C6H5COO + *H is 4.99 eV, which is far smaller than that of *C6H5COOH→*C6H6 + *CO2 and
*C6H5COOH→*C6H6COO. The result shows that *C6H5COOH dehydrogenation is the most favorable
pathway for *C6H5COOH further reaction. The adsorption sites of *H are fcc and hcp sites, which
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the adsorption energies are −2.76 and −2.73 eV, respectively. The calculation result is consistent with
the results of Chen et al. [32]. C6H5COO adsorbs strongly at the bridge site, for which the adsorption
energy is −3.08 eV.
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catalytic pyrolysis on CoO(100) surface (a) related to black line; (b) related to red line.

Similarity of C6H5COO dissociation on Co3O4(110)-B and CoO(100) surfaces, there are also two
possible pathways on Co(111): one is the formation of *C6H5 and *CO2 without *H assistance, for
which the energy barrier and reaction energy are 2.77 and 0.99 eV. *C6H5 adsorbs on the top site
via ipso-C with the adsorption energy of −2.29 eV. Then, *C6H6 is formed by *C6H5 hydrogenation
(Ea = 3.84 eV, ∆H = −0.45 eV). The other is *C6H6 and *CO2 formation with *H assistance, for which
the energy barrier and reaction energy are 2.39 and 0.54 eV.

Figure 6 shows the potential energy diagrams and corresponding IS, TS and FS geometrical
structures of C6H5COOH catalytic pyrolysis on Co(111) surface. It is demonstrated that the
energetically preferred pathway of C6H5COOH catalytic pyrolysis on Co(111) surface is C6H5COOH(g)
→ *C6H5COOH → *C6H5COO + *H → *CO2 + *C6H6→CO2(g) + C6H6(g). The highest energy
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barrier (4.99 eV) of C6H5COOH catalytic pyrolysis on Co(111) surface is greater than that without
catalysts (2.78 and 2.89 eV), indicating that Co(111) surface does not show catalytic effect on
C6H5COOH pyrolysis.
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Figure 6. The potential energy diagrams (Purple line: C6H5COOH(g) →*C6H5COOH →*C6H6

+ *CO2→C6H6(g)+ CO2(g); Blue line: C6H5COOH(g) → *C6H5COOH →*C6H6COO →*C6H6 +
*CO2→C6H6(g)+ CO2(g); Red line: C6H5COOH(g) →*C6H5COOH → *C6H5COO + *H →*C6H6+
*CO2→C6H6(g)+ CO2(g); Black line: C6H5COOH(g)→ *C6H5COOH→ *C6H5COO + *H→*C6H5 +
*CO2 + *H→*C6H6 + *CO2→C6H6(g) + CO2(g)) and corresponding IS, TS and FS geometrical structures
of C6H5COOH catalytic pyrolysis on Co(111) surface (a) related to black line; (b) related to red line.

2.3. d-band Center Analyses

The calculation of d-band center is based on all cobalt atoms to each surface. The corresponding
d-band centers of Co3O4(110)-B, CoO(100) and Co(111) are −4.32, −2.35 and −1.42 eV relative to
the Fermi level, respectively. The highest energy barriers of C6H5COOH catalytic pyrolysis on
Co3O4(110)-B, CoO(100) and Co(111) are 2.28, 0.82, and 4.99 eV, respectively. It is found that there is a
volcano-like relationship between d-band center and the highest energy barrier [33].

3. Computational Methods and Models

DFT calculations were carried out with the Vienna ab initio simulation package (VASP) [34,35].
The projector-augmented-wave (PAW) potentials were employed to calculate the interaction
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between ion core and valence electron [36]. The Perdew−Burke−Ernzerh (PBE) [37] generalized
gradient approximation (GGA) [38] functional was performed to describe electronic structure [37].
The climbing-image nudged-elastic-band method (CI-NEB) was applied to derive the transition states
(TS) [39], which was confirmed by one imaginary frequency. 3 × 3 × 1 k-points and the cutoff energy
with 415 eV were used.

Co3O4(110)-B, CoO(100) and Co(111) surfaces were modeled with (2 × 1), (3 × 4) and (4 × 6)
supercells separated by a 15 Å vacuum. The bottom two layers were fixed while other layers and
the adsorbates were relaxed during the geometry optimization. Co2+ and Co3+ of Co3O4(110)-B both
are antimagnetic [40], which the magnetic moments were set to 2.53 and 2.44 µB, respectively. For
CoO(100), the magnetic moment of Co2+ was set to 2.64 µB [41]. The DFT+U method [42–44] was
performed to Co3O4(110)-B and CoO(100) surfaces because of the error caused by 3d-oribit spin
in the Co atoms. The Ueff=U-J values of Co3O4(110)-B and CoO(100) were set to 2.0 and 3.3 eV,
respectively. The surface energies of the three surfaces with different numbers of layers are shown in
Table 2. According to Table 2, a four-layer slab, a five-layer slab and a four-layer slab for Co3O4(110)-B,
CoO(100) and Co(111) surfaces were used. Top and side views of three surfaces are shown in Figure 7.

Table 2. The surface energies of Co3O4(110)-B, CoO(100) and Co(111) surfaces.

Catalysts Number of Layers Surface Energies(J/m2)

Co3O4(110)-B 4 1.24
6 1.22

CoO(100) 5 0.54
6 0.52

Co(111) 3 1.84
4 1.78
5 1.76
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4. Conclusions

In this study, during the pyrolysis of C6H5COOH, the effect of the valence state change of
cobalt oxides is investigated with the DFT method. Based on the calculated results, there are two
possible pathways for C6H5COOH pyrolysis without catalyst: one is C6H5COOH →CO2 + C6H6;
the other is C6H5COOH→C6H6COO→CO2 + C6H6. There are three possibilities for C6H5COOH
pyrolysis with catalyst. On Co3O4(110)-B surface, the energetically preferred pathway is C6H5COOH(g)
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→*C6H5COO + *H→ *CO2 + *C6H5 + *H→ *CO2 + *C6H6→CO2(g) + C6H6(g). On CoO(100) surface,
the energetically preferred pathway is C6H5COOH(g)→*C6H5COO + *H→ *CO2 + *C6H6→CO2(g) +
C6H6(g). On Co(111) surface, the energetically preferred pathway is C6H5COOH(g)→*C6H5COOH
→*C6H5COO + *H→ *CO2 + *C6H6→CO2(g) + C6H6(g). Compared with the highest energy barrier
of C6H5COOH pyrolysis, it is found in the following order: Ea(CoO) <Ea(Co3O4) <Ea(no catalyst)
<Ea(Co). The above results showed that the presence of catalysts could change the reaction pathway
and energy barrier. Co3O4 and CoO can promote C6H5COOH pyrolysis, and the catalytic effect of
CoO is much more effective. However, metallic Co does not show catalytic effect on the C6H5COOH
pyrolysis. In short, cobalt oxides improve the catalytic activity of C6H5COOH pyrolysis, but catalysis
does not occur when cobalt oxides are reduced as metallic Co.
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