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A B S T R A C T   

The Sc@P10C12M2 catalysts were first constructed and utilized for methanol conversion reaction. In this work, 
DFT-D3 calculations were employed to investigate the conversion of CH3OH to CHOOCH3 on four different types 
of the Sc@P10C12M2 catalysts (M = Fe, Co, Ni, and Cu). The results indicate that the selectivity and formation 
activity of CHOOCH3 are influenced by the choice of metals. Specifically, the Sc@P10C12Ni2 catalyst demon-
strates superior catalytic activity with an activation free energy and activity of 0.64 eV and 1.97 lgk/s− 1 for the 
rate-limiting step at 298 K. 

This research reveals a structure–activity relationship for Sc@P10C12M2 catalysts, highlighting that catalytic 
performance is correlated with metal types, spin states, and charges. These insights provide theoretical guidance 
for the rational design of efficient methanol conversion catalysts.   

1. Introduction 

Methanol, as a clean energy source, has a wide range of sources and 
can be obtained from coal, oil, and natural gas. The output of methanol 
is increasing year by year, and the methanol capacity is in surplus (Sen 
et al., 2022). The best approach is to develop a diversified downstream 
technology roadmap for methanol. Methanol can be utilized to produce 
aldehydes, ethers, alcohols, esters, olefins and other chemical products. 
It also serves as a raw material for important industrial reactions such as 
methanol steam reforming (Sá et al., 2010). Among the various down-
stream products of methanol, methyl formate can be used as a refrig-
erant, foaming agent, and fuel additive, playing an essential role in C1 
chemistry (Jenner, 1995). The production of methyl formate involves 
methanol conversion technology which mainly includes esterification of 
methanol with formic acid (Indu et al., 1993), methanol carbonylation 
(Girolamo et al., 1996), direct dehydrogenation of methanol (Huang 
et al., 2013), selective oxidative dehydrogenation of methanol (Liu and 
Iglesia, 2005), and carbon dioxide hydrogenation-condensation with 
methanol (Evans and Newell, 1978). Among these methods, the direct 
dehydrogenation of methanol to methyl formate is considered an effi-
cient and economical method due to its single raw material and simple 
operation, which is worth further development and utilization (Huang 

et al., 2013; Sato et al., 1997). 
The core and key of methanol conversion technology lies in the 

development and design of efficient catalysts. The direct dehydrogena-
tion of methanol to methyl formate commonly utilizes transition metal 
catalysts (Iwasa et al., 1995; Wang et al., 2021; Yang et al., 2018) such as 
Cu, Ni, Pt, Pd, etc., with reaction temperatures typically ranging from 
200 to 300 ℃. Recently, there has been significant interest in Cu-based 
catalysts due to their unique activities, including CuZn/SBA-15 (Wang 
et al., 2021), Cu@mSiO2 (Yang et al., 2018) and Cu(111) (Wu et al., 
2022); all of which have demonstrated excellent catalytic performance. 
However, the key challenges in the methanol to methyl formate reaction 
include copper agglomeration, sintering and high temperature deposi-
tion (Quan et al., 2022). Non-metal atoms like P can be used as dopants 
to regulate charge transfer between elements and inhibit sintering while 
affecting catalytic activity (Zhang et al., 2022). Additionally, methyl 
formate is prone to pyrolysis into CO at high temperatures leading to 
reduced selectivity (Zhang et al., 2002). In recent years, research focus 
has shifted towards catalytic reactions under mild conditions (Torimoto 
et al., 2019; Sun et al., 2021), aiming to avoid issues related to metal 
agglomeration, sintering and carbon deposition while maintaining 
selectivity for methyl formate. The unique structure of phosphorus- 
doped catalysts combined with low temperature conditions holds 

Peer review under responsibility of King Saud University. 
* Corresponding authors. 

E-mail addresses: renruipeng@tyut.edu.cn (R.-P. Ren), lykang@tyut.edu.cn (Y.-K. Lv).  

Contents lists available at ScienceDirect 

Arabian Journal of Chemistry 

journal homepage: www.ksu.edu.sa 

https://doi.org/10.1016/j.arabjc.2024.105806 
Received 13 February 2024; Accepted 20 April 2024   

mailto:renruipeng@tyut.edu.cn
mailto:lykang@tyut.edu.cn
www.sciencedirect.com/science/journal/18785352
https://www.ksu.edu.sa
https://doi.org/10.1016/j.arabjc.2024.105806
https://doi.org/10.1016/j.arabjc.2024.105806
https://doi.org/10.1016/j.arabjc.2024.105806
http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2024.105806&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Arabian Journal of Chemistry 17 (2024) 105806

2

promise for addressing the issue of catalytic stability in the methanol 
conversion process. 

Encapsulated catalysts, as unique structures, have demonstrated 
excellent activity and stability in various reactions (Chen et al., 2022; 
Chen et al., 2015; Kramer et al., 2017), garnering increasing attention 
from researchers. Shen et al. (Shen et al., 2023) utilized Co@NPC as 
catalysts for the hydrogenation of cinnamaldehyde, and found that P 
doping improved catalytic selectivity while N doping increased catalytic 
activity. Kramer et al. (Kramer et al., 2017) selected M@NC as catalysts 
for the preparation of allyl group aromatics from allyl group benzene, 
and observed that the type and quantity of metals had a significant 
impact on yield. These “armored” catalysts effectively enhance the ac-
tivity and stability of the metal, with electron transfer between metals 
and carbon atoms positively affecting catalytic performance (Deng et al., 
2013; Yu et al., 2020). Fullerene-like structures (B12N12 (Esrafili and 
Nurazar, 2014), Al12N12 (Zhang et al., 2018) were employed for CH3OH 
cracking, indicating that 4- and 6-membered rings fullerene-like cages 
were conducive to methanol activation. Building upon the exceptional 
stability and activity of carbon-based encapsulated catalysts, carbon 
cages with 4- and 6-membered rings have been designed to potentially 
possess remarkable catalytic properties. X12C12 (Schulman et al., 1987; 
Krylova et al., 2016; Hitler et al., 2023; Edet et al., 2022) cage nano-
structures have garnered significant attention due to their unique 
chemical and physical properties in other fields such as C24, Si12C12, 
N12C12 and P12C12; these can serve as shell structures for “armored” 
catalysts. Metal-modified X12C12 cages are anticipated to enable effi-
cient preparation of methyl formate from methanol at low temperatures 
while ensuring material stability and effective methanol activation. 

Density functional theory (DFT) is a widely utilized method for 
investigating the electronic structure of multi-electron systems, 
commonly employed in computational materials science and computa-
tional chemistry in condensed matter physics (Kohn and Sham, 1965). In 
this study, four types of metal-modified P12C12 catalysts were innova-
tively designed based on DFT, and their catalytic properties were sys-
tematically studied at 298 K. The carbon resistance and thermal stability 
of the catalysts were analyzed, while the mechanism of CH3OH to 
CHOOCH3 was explored on the Sc@P10C12M2 (M = Fe, Co, Ni, Cu) 
catalysts. Additionally, the formation of CO by-products was investi-
gated. The study involved calculations of reaction free energies, acti-
vation free energies, rate constants and activity. It also aimed to clarify 
the relationship between different types of metals and catalytic activity 
while explaining in detail the influence of electronic factors on catalytic 
performance. The structures proposed can offer theoretical guidance for 
similar reactions and catalytic systems. 

2. Computational details 

2.1. Calculation methods 

All DFT calculations were conducted using the Vienna Ab initio 
Simulation Package (VASP) (Kresse and Hafner, 1993; Kresse and 
Furthmüller, 1996; Kresse and Furthmüller, 1996). DFT calculations 
with a dispersion correction method (DFT-D3) (Grimme et al., 2010) 

were employed to consider van der Waals interactions of CH3OH 
adsorption and conversion on the Sc@P10C12M2 catalysts. The interac-
tion between ionic cores and electrons was described by projector 
augmented wave (PAW) pseudopotentials (Kresse and Joubert, 1999). 
The kinetic cutoff energy of the plane-wave basis was set at 400 eV. A 1 
× 1 × 1 k-point sampling grid with a width of 0.05 eV of smearing was 
used in this calculation. The transition state (TS) was determined by the 
climbing-image nudged elastic band (CI-NEB) method (Henkelman 
et al., 2000). Through the vibrational analysis, the TSs were identified 
with one imaginary frequency. The atomic structure of the catalyst has 
been sufficiently optimized until the force on each atom is less than 0.06 
eV/Å. The ab initio molecular dynamics(AIMD) (Fan et al., 2020) 
simulation was performed at 298 K with 600 steps and 5 fs time steps in 
NVT ensemble. The implicit solvation model of VASPsol was used to 
calculate the solvation effect (Mathew et al., 2014). 

The binding energies (Eb) is calculated according to the following 
formula: 

Eb =
1

x + y + z
(EAxByCz − xμA − yμB − zμC) (1)  

where EAxByCz is the total energy of the material AxByCz, and μ represents 
the energy of a free atom. The lower the Eb, the more stable the material. 

The adsorption free energies (Gads) (Shao et al., 2023; Lan et al., 
2023) is defined as follows: 

Gads = (Eadsorbate/sub +Gadsorbate/sub) − (Eadsorbate + Gadsorbate) − (Esub + Gsub)

(2)  

where Eadsorbate/sub is the total energy of the adsorbed species and the 
substrate, Eadsorbate is the energy of the adsorbate species in the gas, and 
Esub is the energy of the clean substrate. Gadsorbate/sub, Gadsorbate and Gsub 
are the corresponding free energy corrections at 298 K. 

The reaction free energies (ΔG) (Shao et al., 2023; Lan et al., 2023) 
and activation free energies (Ga) (Shao et al., 2023; Lan et al., 2023) are 
calculated according by the following equations: 

ΔG = (EFS + GFS)− (EIS + GIS) (3)  

Ga = (ETS +GTS) − (EIS + GIS) (4) 

Where EIS, ETS and EFS correspond to the total energies of initial state 
(IS), TS and final state (FS), respectively; GIS, GTS and GFS are the cor-
responding free energy corrections at 298 K. When the structure of IS, TS 
and FS is determined, various thermodynamic data such as enthalpy (H), 
entropy (S) and free energy (G) can be obtained by a vibrational analysis 
calculation. In this work, the values of Gadsorbate/sub, Gadsorbate, Gsub GIS, 
GTS, and GFS at a specified temperature can be obtained in the VASPKIT 
package (Wang et al., 2021). 

Based on the transition state theory (Zha et al., 2018), the formula for 
calculating the reaction rate constant is as follows: 

k =
kBT

h
exp

(
− Ga
kBT

)

(5) 

In the formula, Ga is activation free energy, h is Planck’s constant, kB 

Fig. 1. The stable configuration of Sc@P10C12M2.  
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is Boltzmann’s constant, T is reaction temperature (298 K). 

2.2. Calculation models 

The stable configuration of Sc@P10C12M2 (M = Fe, Co, Ni, Cu) cat-
alysts models designed in this work are depicted in Fig. 1. The binding 
energies of Sc@P10C12Fe2, Sc@P10C12Co2, Sc@P10C12Ni2, and 
Sc@P10C12Cu2 are − 5.01, − 5.04, − 4.99 and − 4.78 eV, respectively. The 
negative binding energies indicate the relative stability of the catalysts 
to a certain extent. Taking Sc@P10C12Fe2 as an example, it can be seen 
from Fig. S1(a) that the binding energies increases with the increase of 
iron atomic distance. Additionally, Fig. S1(b) demonstrates that the 
binding energies of Sc supported by P10C12M2 are higher than those of Sc 
encapsulated byP10C12M2, indicating that Sc is stably encapsulated. 
Overall, the results suggest that these catalyst models exhibit a degree of 
stability and provide valuable insights into their potential applications 
in catalysis research. 

3. Results and discussion 

3.1. Molecular dynamic simulation 

The thermodynamic stability of Sc@P10C12M2 catalysts was verified 
by performing molecular dynamics simulations. A simulation with a 
duration of 3 ps was conducted at a temperature of 298 K with 600 steps 
and 5 fs time steps. As depicted in Fig. 2, the energy fluctuated within a 
very narrow range during the simulation, and no significant structural 
changes were observed. These results indicate that Sc@P10C12M2 are 
thermodynamically stable at 298 K. 

3.2. Adsorption behavior of CH3OH and related species on the 
Sc@P10C12M2 catalysts 

To assess the stability of various adsorption species, the most stable 
adsorption sites of CH3OH and related species were calculated. The 
adsorption free energies of CH3OH and related species on the 
Sc@P10C12M2 catalysts are given in Table 1, and the corresponding 
configuration diagrams are shown in Fig. S2. The adsorption free en-
ergies of CH3OH range from − 0.19 to 0.14 eV on the Sc@P10C12M2 
catalysts. 

In addition, the presence of water or water vapor is virtually un-
avoidable in the actual methanol conversion system, which necessitates 
a study into its impact on methanol conversion (Zhang et al., 2016). 
Fig. S3 illustrates the influence of water solvation on adsorption energies 
and utilizes the implicit solvation model of VASPsol to calculate solva-
tion effect. As depicted in Fig. S3; the implicit solvation model has 
minimal impact on the calculated energy, with an average change of 
only 0.02 eV compared to the gas phase on the Sc@P10C12Ni2 catalyst. 
The effect of implicit water solvation on adsorption energy is negligible, 
consistent with findings reported in the literature (Meia and Deskins, 
2021). 

Fig. 2. Total energy fluctuations of Sc@P10C12M2 during molecular dynamics simulations and geometry at the end of the simulation.  

Table 1 
Adsorption free energies (Gads) of CH3OH and related species on the 
Sc@P10C12M2 catalysts.  

Gads(eV) Sc@P10C12Fe2 Sc@P10C12Co2 Sc@P10C12Ni2 Sc@P10C12Cu2 

CH3OH  − 0.19  0.08  0.14  0.06 
CH3O  − 2.79  − 2.09  − 1.12  − 0.75 
CH2O  − 1.04  − 0.59  − 0.33  − 0.72 
CHO  − 2.79  − 2.55  − 2.67  − 2.70 
CO  − 1.14  − 0.99  − 1.55  − 1.79 
CHOOCH3  0.02  0.32  0.58  0.42  
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3.3. Conversion mechanism of CH3OH on the Sc@P10C12M2 catalysts 

3.3.1. On the Sc@P10C12Fe2 catalyst 
The CH3OH cracking on the Sc@P10C12Fe2 catalyst initiates with the 

adsorbed CH3OH, leading to the reaction (CH3OH → CH3O + H). The 
dehydrogenation step through TS1-1 requires overcoming an activation 
free energy of 0.68 eV with an exothermicity of − 0.67 eV. The formation 
of CH2OH via C–H bond scission from CH3OH has an activation free 
energy of 1.05 eV, which is higher than that of the CH3O formation. 
Another possible reaction pathway for CH3OH cracking via C–O bond 
cleavage to produce CH3 and OH is also investigated, where the step 
through TS1-3 needs to overcome an activation free energy of 1.46 eV. 
These results indicate that the formation of CH3O from CH3OH is more 
favorable. The CH2O and H are generated during the CH3O dissociation 
through TS1-4, the reaction (CH3O → CH2O + H) has an activation free 
energy of 1.19 eV with exothermicity of − 0.26 eV. The formation of CH3 

via C–O bond scission from CH3O has an activation free energy of 1.89 
eV. After TS1-6, CHO and H are produced, and the reaction is exother-
micity of − 0.89 eV with an activation free energy of 0.65 eV. Another 
way is CH2O to generate CH2 through C–O bond cleavage, the activation 
free energy of this step is 0.92 eV, indicating that CH2 is difficult to 
generate. Subsequently, the dehydrogenation of CHO to CO via TS1-8 is 
an endothermic by 0.27 eV and requires overcoming an activation free 
energy of 0.78 eV. Additionally, it is noted that breaking the C–O bond 
can generate CH with an activation free energy of 1.56 eV. 

As depicted in Scheme 1, CHOOCH3 can be synthesized through 
three pathways by intermediates (R10–13) (Yang et al., 2018; Wu et al., 
2022; Quan et al., 2022; Zhang et al., 2022; Zhang et al., 2002; Torimoto 
et al., 2019; Sun et al., 2021; Chen et al., 2022; Chen et al., 2015; Kramer 
et al., 2017; Shen et al., 2023; Deng et al., 2013; Yu et al., 2020; Esrafili 
and Nurazar, 2014; Zhang et al., 2018; Schulman et al., 1987; Krylova 
et al., 2016; Hitler et al., 2023; Edet et al., 2022; Kohn and Sham, 1965; 
Kresse and Hafner, 1993; Kresse and Furthmüller, 1996; Kresse and 
Furthmüller, 1996; Grimme et al., 2010; Kresse and Joubert, 1999; 
Henkelman et al., 2000; Fan et al., 2020; Mathew et al., 2014; Shao 
et al., 2023; Lan et al., 2023; Wang et al., 2021; Zha et al., 2018; Zhang 
et al., 2016; Meia and Deskins, 2021; Beste and Overbury, 2017). From 
Scheme 1; these pathways include (1) dehydrogenation after coupling 
reaction of CH3O and CH2O, (2) direct coupling reaction by CHO and 
CH3O, and (3) dimerization reaction of CH2O. On the Sc@P10C12Fe2 
catalyst, the groups formed by CH3OH cracking can be recombined to 
form CHOOCH3. For the CH2O + CH3O → CH2OOCH3, the step through 
TS1-10 needs to overcome activation free energy of 0.72 eV with 
endothermic of 0.50 eV. Next, the generated CH2OOCH3 is dehydro-
genated to form CHOOCH3. This step has an activation free energy of 
1.13 eV and is endothermic by 0.47 eV. For the CHO + CH3O → 
CHOOCH3, the reaction has an activation free energy of 2.53 eV and is 
endothermic by 1.41 eV. For the CH2O + CH2O → CHOOCH3, the re-
action has an activation free energy of 2.94 eV and is endothermic by 
1.28 eV. Among them, the indirect conversion of CH2O and CH3O to 
CHOOCH3 is the easiest. 

The reaction pathway for CH3OH to CO is CH3OH → CH3O → CH2O 
→ CHO → CO, and the dehydrogenation pathway is consistent with most 
catalysts (Lu et al., 2016; Ding et al., 2016; Damte et al., 2018); and the 
activation free energies are 0.68, 1.19, 0.65 and 0.78 eV, respectively. 
The main pathway for CH3OH to CHOOCH3 is CH3OH → CH3O → CH2O, 
CH2O + CH3O → CH2OOCH3, CH2OOCH3 → CHOOCH3 + H, and the 
activation free energies are 0.68, 1.19, 0.72 and 1.13 eV, respectively. 
The activation free energy of the rate-limiting step of CH3OH to 
CHOOCH3 and CO is 1.19 eV, indicating that CHOOCH3 and CO are 
formed simultaneously on the Sc@P10C12Fe2 catalyst. The correspond-
ing IS, TS and FS are shown in Fig. S4, and the corresponding reaction 
free energies and activation free energies are shown at 298 K in Table 2. 

Scheme 1. Mechanism of CHOOCH3 and CO formation via CH3OH direct 
dehydrogenation. 

Table 2 
Reaction free energies (ΔG) and activation free energies (Ga) for the elementary steps involved in CH3OH conversion on the Sc@P10C12M2 catalysts.  

Reactions Sc@P10C12Fe2 Sc@P10C12Co2 Sc@P10C12Ni2 Sc@P10C12Cu2 

ΔG(eV) Ga(eV) ΔG(eV) Ga(eV) ΔG(eV) Ga(eV) ΔG(eV) Ga(eV) 

R1  − 0.67  0.68  − 0.50  0.33  − 0.45  0.32  − 0.33  0.34 
R2  − 0.05  1.05  − 0.45  1.40  − 0.99  1.39  − 1.78  2.21 
R3  − 1.36  1.46  − 0.93  2.15  − 0.45  2.07  − 0.65  2.41 
R4  − 0.26  1.19  − 0.60  0.94  − 1.49  0.58  − 2.04  0.68 
R5  − 0.57  1.89  0.05  2.78  − 0.21  2.81  0.22  3.28 
R6  − 0.89  0.65  − 1.12  0.50  − 1.45  0.68  − 1.81  0.53 
R7  − 0.59  0.92  − 0.01  1.44  0.64  1.90  1.36  2.19 
R8  0.27  0.78  0.18  0.85  − 0.71  0.67  − 1.60  1.05 
R9  0.64  1.56  1.41  2.18  2.39  3.09  2.90  3.00 
R10  0.50  0.72  0.55  0.83  0.45  0.64  0.15  0.52 
R11  0.47  1.13  − 0.35  0.53  − 1.39  0.28  − 1.73  0.25 
R12  1.41  2.53  0.98  2.63  0.56  1.70  0.61  1.56 
R13  1.28  2.94  0.75  3.10  0.60  3.24  0.62  3.30  
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3.3.2. On the Sc@P10C12Co2 catalyst 
For the CH3OH cracking on the Sc@P10C12Co2 catalyst, the reaction 

initiates by the dehydrogenation of the adsorbed CH3OH to generate 
CH3O and H through TS2-1, this reaction is exothermic of − 0.50 eV with 
an activation free energy of 0.33 eV. It can be seen that the formation of 
CH2OH needs to overcome an activation free energy of 1.40 eV. Another 
possible reaction pathway of CH3OH cracking via the C–O bond cleav-
age to produce CH3 and OH is also investigated, the step through TS2-3 
needs to overcome an activation free energy of 2.15 eV. Subsequently, 
the formed CH3O further dehydrogenate to CH2O via TS2-4, which has 
an activation free energy of 0.94 eV with exothermicity of − 0.60 eV. It 
can be seen that the formation of CH3 needs to overcome a higher 
activation free energy of 2.78 eV. The next step is the CHO formation 
through TS2-6, the step needs to overcome an activation free energy of 
0.50 eV. Another possible reaction pathway of CH2O cracking via the 
C–O bond cleavage to produce CH2 and O is also investigated, the step 
through TS2-7 needs to overcome an activation free energy of 1.44 eV. 
Finally, the dehydrogenation of CHO to CO through TS2-8 is endo-
thermic by 0.18 eV and needs to overcome an activation free energy of 
0.85 eV. CH can also be generated by breaking the C–O bond, with an 
activation free energy of 2.18 eV. 

As depicted in Scheme 1, for the CH2O + CH3O → CH2OOCH3, the 
reaction has an activation free energy of 0.83 eV and is endothermic by 
0.55 eV. Next, the generated CH2OOCH3 is dehydrogenated to form 
CHOOCH3. This step has an activation free energy of 0.53 eV and is 
exothermic by − 0.35 eV. For the CHO + CH3O → CHOOCH3, the step 
through TS1-12 needs to overcome an activation free energy of 2.63 eV 
with endothermicity of 0.98 eV. For the CH2O + CH2O → CHOOCH3, the 
reaction has an activation free energy of 3.10 eV and is endothermic by 
0.75 eV. Among them, the indirect conversion of CH2O and CH3O to 
CHOOCH3 is the easiest. 

The reaction pathway for CH3OH to CO is CH3OH → CH3O → CH2O 
→ CHO → CO, and the activation free energies are 0.33, 0.94, 0.50 and 

0.85 eV, respectively. The main pathway for CH3OH to CHOOCH3 is 
CH3OH → CH3O → CH2O, CH2O + CH3O → CH2OOCH3, CH2OOCH3 → 
CHOOCH3 + H, and the activation free energies are 0.33, 0.94, 0.83 and 
0.53 eV, respectively. The activation free energy of the rate-limiting step 
of CH3OH to CHOOCH3 and CO is 0.94 eV, indicating that CHOOCH3 
and CO are formed simultaneously on the Sc@P10C12Co2 catalyst. The 
corresponding IS, TS and FS are shown in Fig. S5, and the corresponding 
reaction free energies and activation free energies are shown at 298 K in 
Table 2. 

3.3.3. On the Sc@P10C12Ni2 catalyst 
For the CH3OH cracking on the Sc@P10C12Ni2 catalyst, the initial 

step of CH3OH → CH3O + H via TS3-1 has an activation free energy of 
0.32 eV and the reaction free energy is − 0.45 eV. As another possible 
pathway, the CH2OH formation is unlikely due to the high activation 
free energy of 1.39 eV. Similarly, the formation of CH3 is unlikely, with 
an activation free energy of 2.07 eV. The following step is the dehy-
drogenation of CH3O to CH2O through TS3-4 with an activation free 
energy of 0.58 eV, and the reaction free energy is − 1.49 eV. It can be 
seen that the formation of CH3 needs to overcome a higher activation 
free energy of 2.81 eV. After the TS3-6, the CHO and H are generated. 
This step is exothermic by − 1.45 eV with an activation free energy of 
0.68 eV. As another possible pathway, the CH2 formation is unlikely due 
to the high activation free energy of 1.90 eV. Finally, the CO is formed 
from the CHO dehydrogenation through TS3-8, and the corresponding 
activation free energy and reaction free energy are 0.67 eV and − 0.71 
eV, respectively. As another possible pathway, the CH formation is un-
likely due to the high activation free energy of 3.09 eV. 

As depicted in Scheme 1, for the CH2O + CH3O → CH2OOCH3, the 
reaction has an activation free energy of 0.64 eV and is endothermic by 
0.45 eV. Next, the generated CH2OOCH3 is dehydrogenated to form 
CHOOCH3. This step has a small activation free energy of 0.28 eV and is 
exothermic by − 1.39 eV. For the CHO + CH3O → CHOOCH3, the step 
through TS1-12 needs to overcome an activation free energy of 1.70 eV 
with endothermicity of 0.56 eV. For the CH2O + CH2O → CHOOCH3, the 
reaction has an activation free energy of 3.24 eV and is endothermic by 
0.60 eV. Among them, the indirect conversion of CH2O and CH3O to 
CHOOCH3 is the easiest. 

The reaction pathway for CH3OH to CO is CH3OH → CH3O → CH2O 
→ CHO → CO, and the activation free energies are 0.32, 0.58, 0.68 and 
0.67 eV, respectively. The main pathway for CH3OH to CHOOCH3 is 
CH3OH → CH3O → CH2O, CH2O + CH3O → CH2OOCH3, CH2OOCH3 → 
CHOOCH3 + H, and the activation free energies are 0.32, 0.58, 0.64 and 
0.28 eV, respectively. The activation free energies of the rate-limiting 
step of CH3OH to CHOOCH3 and CO are 0.64 and 0.68 eV, indicating 
that CHOOCH3 is easier to form on the Sc@P10C12Ni2 catalyst. The 
corresponding IS, TS and FS are shown in Fig. S6, and the corresponding 
reaction free energies and activation free energies are shown at 298 K in 
Table 2. 

3.3.4. On the Sc@P10C12Cu2 catalyst 
For the CH3OH cracking on the Sc@P10C12Cu2 catalyst, the initial 

step of CH3OH → CH3O + H via TS4-1 has an activation free energy of 
0.34 eV, and the reaction free energy is − 0.33 eV. The formation of 
CH2OH requires an activation free energy of 2.21 eV, which is higher 
than that of the CH3O formation. Another possible reaction pathway of 
CH3OH cracking via the C–O bond cleavage to produce CH3 and OH is 
also investigated, the step through TS4-3 needs to overcome an activa-
tion free energy of 2.41 eV. Therefore, the CH3O formation is easy to 
occur. Subsequently, the formed CH3O further dehydrogenate to CH2O 
through TS4-4. The activation free energy and reaction free energy are 
0.68 and − 2.04 eV, respectively. It can be seen that the formation of CH3 
needs to overcome a higher activation free energy of 3.28 eV. The next 
step is CH2O dissociation through TS4-6. The reaction of the CHO and H 
production from CH2O species is calculated to be exothermic by − 1.81 
eV with an activation free energy of 0.53 eV. It can be seen that the 

Table 3 
The rate constants of the main pathway of CH3OH to CHOOCH3 on the 
Sc@P10C12M2 catalysts.  

k(s− 1) Sc@P10C12Fe2 Sc@P10C12Co2 Sc@P10C12Ni2 Sc@P10C12Cu2 

R1 1.96 × 101 1.63 × 107 2.40 × 107 1.10 × 107 

R4 4.64 × 10-8 7.85 × 10-4 9.63 × 102 1.96 × 101 

R10 4.13 × 100 5.69 × 10-2 9.31 × 101 9.96 × 103 

R11 4.80 × 10-7 6.75 × 103 1.14 × 108 3.67 × 108  

Fig. 3. The activity (lgk/s− 1) of the main pathway of CH3OH to CHOOCH3 on 
the Sc@P10C12M2 catalysts. 
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Fig. 4. The density of states of (a) Sc@P10C12Fe2, (b) Sc@P10C12Co2, (c) Sc@P10C12Ni2 and (d) Sc@P10C12Cu2. (e) The relationship between the magnetic moment of 
2Fe, 2Co, 2Ni, 2Cu and the activation free energy of the rate-limiting step of CH3OH to CHOOCH3. 

Fig. 5. The charge density difference for the most stable configuration of CH3OH adsorbed on the Sc@P10C12M2 catalysts, the isosurface value is set to 0.0002 
e/bohr3. 
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formation of CH2 needs to overcome a higher activation free energy of 
2.19 eV. Finally, the CO is formed from the CHO dehydrogenation 
through TS4-8, and the corresponding activation free energy and reac-
tion free energy are 1.05 eV and − 1.60 eV, respectively. As another 
possible pathway, the CH formation is unlikely due to the high activa-
tion free energy of 3.00 eV. 

As depicted in Scheme 1, for the CH2O + CH3O → CH2OOCH3, the 
reaction has an activation free energy of 0.52 eV and is endothermic by 
0.15 eV. Next, the generated CH2OOCH3 is dehydrogenated to form 
CHOOCH3. This step has activation free energy of 0.25 eV and is 
exothermic by − 1.73 eV. For the CHO + CH3O → CHOOCH3, the step 
through TS1-12 needs to overcome an activation free energy of 1.56 eV 
with endothermicity of 0.61 eV. For the CH2O + CH2O → CHOOCH3, the 
reaction has an activation free energy of 3.30 eV and is endothermic by 
0.62 eV. Among them, the indirect conversion of CH2O and CH3O to 
CHOOCH3 is the easiest. 

The reaction pathway for CH3OH to CO is CH3OH → CH3O → CH2O 
→ CHO → CO, and the activation free energies are 0.34, 0.68, 0.53 and 
1.05 eV, respectively. The main pathway for CH3OH to CHOOCH3 is 
CH3OH → CH3O → CH2O, CH2O + CH3O → CH2OOCH3, CH2OOCH3 → 
CHOOCH3 + H, and the activation free energies are 0.34, 0.68, 0.52 and 
0.25 eV, respectively. The activation free energies of the rate-limiting 
step of CH3OH to CHOOCH3 and CO are 0.68 and 1.05 eV, indicating 
that CHOOCH3 is easier to form on the Sc@P10C12Cu2 catalyst. The 
corresponding IS, TS and FS are shown in Fig. S7, and the corresponding 
reaction free energies and activation free energies are shown at 298 K in 
Table 2. 

3.3.5. General discussion 
For the CH3OH → CH3O + H, the activation free energies(eV) follow 

the order: Sc@P10C12Fe2(0.68)＞Sc@P10C12Cu2(0.34)＞Sc@P10C12 
Co2(0.33)＞Sc@P10C12Ni2(0.32), which are lower than the energy bar-
rier on the most catalyst surfaces (Lu et al., 2016; Ding et al., 2016; 
Damte et al., 2018; Zhang et al., 2018). For the CH3O → CH2O + H; the 
activation free energies(eV) follow the order: Sc@P10C12Fe2(1.19)＞ 
Sc@P10C12Co2(0.94)＞Sc@P10C12Cu2 (0.68)＞Sc@P10C12Ni2(0.58), 
which are close to the energy barrier on the most catalyst surfaces (Ding 
et al., 2016; Damte et al., 2018; Zhang et al., 2018; Hung et al., 2015). 
For the CH2O + CH3O → CH2OOCH3; the activation free energies(eV) 
follow the order: Sc@P10C12Co2(0.83)＞Sc@P10C12Fe2(0.72)＞ 
Sc@P10C12Ni2 (0.64)＞Sc@P10C12Cu2(0.52), and for the CH2OOCH3 

→ CHOOCH3 + H, the activation free energies(eV) follow the order: 
Sc@P10C12Fe2(1.13)＞Sc@P10C12Co2(0.53)＞Sc@P10C12Ni2 (0.28)＞ 
Sc@P10C12Cu 2(0.25), Sc@P10C12Fe2 (1.13 eV) is close to the energy 
barrier on the most catalyst surfaces, while the other three catalysts 
(0.53, 0.28, 0.25 eV) are lower than the energy barrier on the most 
catalyst surfaces (Wu et al., 2022; Lin et al., 2012). From the above 
results, it can be seen that the activation free energy of the rate-limiting 
step of CH3OH to CHOOCH3 is 0.64 eV on the Sc@P10C12Ni2 catalyst at 
298 K, which is lower than that of Cu3Zn(111) (1.24 eV) (Wu et al., 
2022), Cu(111) (1.43 eV) (Wu et al., 2022) and PdZn(111) (1.24 eV) 
(Lin et al., 2012) catalysts. In general, the activation free energy of 
CH3OH to CHOOCH3 is the lowest on the Sc@P10C12Ni2 catalyst. 

Table 3 lists the rate constants of the main pathway of CH3OH to 
CHOOCH3 on the Sc@P10C12M2 catalysts at 298 K. The activity of the 
main pathway of CH3OH to CHOOCH3 on the Sc@P10C12M2 catalysts at 
298 K are shown in Fig. 3. For the CH3OH → CH3O + H, the activity(lgk/ 
s− 1) follows the order: Sc@P10C12Ni2(7.38)＞Sc@P10C12Co2(7.21)＞ 
Sc@P10C12Cu2 (7.04) ＞Sc@P10C12Fe2(1.29). For the CH3O → CH2O 
+ H, the activity(lgk/s− 1) follows the order: Sc@P10C12Ni2(2.98)＞ 
Sc@P10C12Cu2(1.29)＞Sc@P10C12Co2 (− 3.11)＞Sc@P10C12Fe2(− 7. 
33). For the CH2O + CH3O → CH2OOCH3, the activity(lgk/s− 1) follows 
the order: Sc@P10C12Cu2(4.00)＞Sc@P10C12Ni2(1.97)＞Sc@P10C12 
Fe2 (0.62)＞Sc@P10C12Co2(− 1.25). For the CH2OOCH3 → CHOOCH3 +

H, the activity(lgk/s− 1) follows the order: Sc@P10C12Cu2(8.57)＞ 
Sc@P10C12Ni2(8.06)＞Sc@P10C12Co2 (3.83)＞Sc@P10C12Fe2(− 6.32). 
In general, the activity of CH3OH to CHOOCH3 is the highest on the 
Sc@P10C12Ni2 catalyst. In addition, the CH2O → CHO + H, as a 
competitive reaction to the formation of CHOOCH3, has an activity of 
1.29 lgk/s− 1, which is lower than that of CHOOCH3 (1.97 lgk/s− 1), 
indicating that CHOOCH3 is formed as a preferred product and has high 
selectivity on the Sc@P10C12Ni2 catalyst. Moreover, the reaction 
mechanism of CH3OH to CHOOCH3 in this study is consistent with that 
of other catalysts (Yang et al., 2018; Wu et al., 2022). 

3.4. Electronic structure analysis 

3.4.1. DOS and magnetic moment analysis 
Fig. 4 (a), (b), (c), and (d) show the density of states of 

Sc@P10C12Fe2, Sc@P10C12Co2, Sc@P10C12Ni2 and Sc@P10C12Cu2, 
respectively. The zero point is set at the fermi level. It can be observed 
from Fig. 4 that the Sc@P10C12M2 systems exhibit semiconductor 

Fig. 6. Charge (e) in the four-membered ring and its relation to the activation free energy of the rate-limiting step on the Sc@P10C12M2 catalysts.  
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characteristics with asymmetric spin up and spin down states, as well as 
magnetism. In addition, as illustrated in Fig. 4 (e), the magnetic mo-
ments of 2Fe, 2Co, 2Ni and 2Cu are calculated. It can be noted that the 
relationship between the magnetic moment and the activation free en-
ergy of the rate-limiting step of CH3OH to CHOOCH3. 

Melander (Melander et al., 2014) et al. demonstrated that the reac-
tivity of metal surfaces is dependent on their magnetic state. Bhatta-
charjee (Bhattacharjee et al., 2016) points out that in order to 
understand trends in the catalytic activity of transition metals, spin 
polarization of metals should be considered. The literature above in-
dicates that spin polarization is a significant factor influencing the cat-
alytic activity of metals, with spin-polarized surfaces showing lower 
activity than non-spin-polarized surfaces. In other words, a low degree 
of spin polarization corresponds to higher activity levels. 

In this work, the catalytic activity is correlated with the magnetic 

state and spin polarization of metals (Fe, Co, Ni, Cu). It is observed that 
the spin polarization of Ni and Cu is low while their activity is high, 
whereas the spin polarization of Fe and Co is high but their activity is 
low. This overall trend aligns with previous literature (Melander et al., 
2014). The tiny magnetic moment of 2Ni and 2Cu may contribute to 
Sc@P10C12Ni2 and Sc@P10C12Cu2 exhibiting high activity from the 
point of view of magnetic states and spin polarization. However, slight 
variations in the activity of Ni and Cu may be attributed to differences in 
the number of metal transfer electrons as well as active center charge. 
Charge analysis was subsequently conducted to further investigate these 
differences. 

3.4.2. The charge density difference analysis 
The formula for calculating the charge density difference is as fol-

lows: Δρ = ρAB − ρA – ρB (Ammar et al., 2020). Here, ρAB represents the 

Fig. 7. The relationships between the electrons (e) of the transition state and the corresponding activation free energies on the Sc@P10C12M2 catalysts.  
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structural charge density after interface optimization, while ρA and ρB 
represent the charge densities of A and B, respectively. According to 
formula, the charge density change after A and B form AB can be 
analyzed. The charge density difference of the CH3OH molecule adsor-
bed on the catalysts of Sc@P10C12M2 is shown in Fig. 5, which is ob-
tained by subtracting the charge densities of isolated CH3OH molecule 
and Sc@P10C12M2 from that of the Sc@P10C12M2 with the CH3OH 
adsorbed. Blue and yellow represent charge loss and accumulation, 
respectively. It can be observed from Fig. 5 that there is a noticeable 
charge transfer between the methanol molecule and the Sc@P10C12M2 
catalysts. Specifically, CH3OH transferred 0.066, 0.067, 0.043 and 0.040 
electrons to the Sc@P10C12Fe2, Sc@P10C12Co2, Sc@P10C12Ni2, and 
Sc@P10C12Cu2 catalysts, respectively. 

3.4.3. Bader charge analysis 
Since the adsorption and activation sites involved in methanol con-

version are limited to the C-M− C− M four-membered ring, the charges 
on the four-membered ring of the four catalysts are calculated. It was 
determined that the entire four-membered ring gains electrons, with 
electron counts of 0.37, 0.71, 0.89 and 0.98 e, respectively. These 
findings indicate that when there is a moderate number of electrons 
(0.89 e) in the reaction center of the catalyst, efficient conversion of 
methanol to methyl formate can occur on the Sc@P10C12Ni2 catalyst as 
shown in Fig. 6. 

Fig. 7 illustrates the relationships between the electrons in the 
transition state of the primary reaction pathways from CH3OH to 
CHOOCH3 and the corresponding activation free energies on the 
Sc@P10C12M2 catalysts. For the R1 (CH3OH → CH3O + H) reaction, the 
number of electrons transferred by the Fe, Co, Ni and Cu on the catalysts 
are − 0.849, − 0.688, − 0.628 and − 0.683 e in the transition state, 
respectively. There is a strong linear relationship between the number of 
electrons transferred by metals and the activation free energies (R2 =

0.94). Similarly, for the R4 (CH3O → CH2O + H) and R11 (CH2OOCH3 
→ CHOOCH3 + H) reactions, there are significant correlations between 
the number of electrons transferred by metals and the activation free 
energies (R2 = 0.99 and R2 = 0.99). For the R10 (CH2O + CH3O → 
CH2OOCH3) reaction, the number of electrons transferred by the whole 
catalysts are − 0.487, − 0.460, − 0.494 and − 0.558 e in the transition 
state, respectively. A strong linear relationship exists between the 
number of electrons transferred by the catalysts and the activation free 
energies (R2 = 0.91). That is, for the dehydrogenation reactions (R1, R4 
and R11), the electrons transferred by transition state metals (Fe, Co, Ni, 
Cu) in the transition state on the catalysts can serve as the activity 
descriptor, while for the R10 reaction, the electrons transferred by the 
entire catalysts can be utilized as the activity descriptor. 

Fig. S8 illustrates the electron distribution on the Sc@P10C12Ni2 
catalyst. It is evident that the nickel and phosphorus atoms lose elec-
trons, while carbon atoms gain electrons. Additionally, the scandium 
atoms within the catalyst lose electrons, exhibiting a similar pattern to 
the transfer of metal to outer electrons observed in other encapsulated 
catalysts (Kramer et al., 2017; Shen et al., 2023). 

3.5. Carbon resistance 

In this work, the carbon resistance can be assessed based on the deep 
dehydrogenation and deoxygenation of methanol. Specifically, the ease 
with which methanol forms C and/or CH substances on the catalyst 
directly correlates to its propensity for coking. On the one hand, the 
activation energy of CHXO is lower than that of CH, which greatly re-
duces the formation of CH. On the other hand, the activation free energy 
of CO to form elemental carbon on the Sc@P10C12Ni2 catalyst is 3.91 eV 
at 298 K, indicating a challenging reaction process. These factors 
collectively contribute to a substantial decrease in coking potential, 
ultimately demonstrating excellent carbon resistance of the catalyst. 

4. Conclusions 

The Sc@P10C12M2 catalysts were constructed for the first time to 
improve the catalytic performance of methanol conversion catalysts, 
and their catalytic properties were systematically studied by DFT at 298 
K. The results indicate that (1) Sc@P10C12M2 catalysts exhibit certain 
stability at 298 K, (2) the selectivity and formation activity of CHOOCH3 
are influenced by the types of metals (Fe, Co, Ni, Cu), and (3) the 
Sc@P10C12Ni2 demonstrates the highest catalytic activity, with an 
activation free energy and activity of 0.64 eV and 1.97 lgk/s− 1 for the 
rate-limiting step at 298 K. The models and calculations presented in this 
study provide a valuable reference for the design and development of 
new nanocatalysts at low temperatures. 
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