
Academic Editor: Thomas

M. Klapötke

Received: 6 July 2025

Revised: 30 July 2025

Accepted: 1 August 2025

Published: 3 August 2025

Citation: Shi, W.; Li, R.; Bao, X.; Yang,

H.; Kong, D. DFT Investigation into

Adsorption–Desorption Properties of

Mg/Ni-Doped Calcium-Based

Materials. Crystals 2025, 15, 711.

https://doi.org/10.3390/cryst

15080711

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

DFT Investigation into Adsorption–Desorption Properties of
Mg/Ni-Doped Calcium-Based Materials
Wei Shi 1, Renwei Li 2, Xin Bao 3, Haifeng Yang 4 and Dehao Kong 1,*

1 School of New Energy and Materials, Northeast Petroleum University, Daqing 163711, China
2 College of Mechanical and Electrical Engineering, Jilin Institute of Chemical Technology, Jilin 132022, China
3 Key Laboratory of Functional Materials Physics and Chemistry of the Ministry of Education, Jilin Normal

University, Changchun 130103, China
4 State Key Laboratory of Advanced Welding and Joining, Harbin Institute of Technology, Weihai 264209, China
* Correspondence: kongdehao1997@163.com

Abstract

Although concentrated solar power (CSP) coupled with calcium looping (CaL) offers a
promising avenue for efficient thermal chemical energy storage, calcium-based sorbents
suffer from accelerated structural degradation and decreased CO2 capture capacity during
multiple cycles. This study used Density Functional Theory (DFT) calculations to inves-
tigate the mechanism by which Mg and Ni doping improves the adsorption/desorption
performance of CaO. The DFT results indicate that Mg and Ni doping can effectively
reduce the formation energy of oxygen vacancies on the CaO surface. Mg–Ni co-doping
exhibits a significant synergistic effect, with the formation energy of oxygen vacancies
reduced to 5.072 eV. Meanwhile, the O2− diffusion energy barrier in the co-doped system
was reduced to 2.692 eV, significantly improving the ion transport efficiency. In terms
of CO2 adsorption, Mg and Ni co-doping enhances the interaction between surface O
atoms and CO2, increasing the adsorption energy to −1.703 eV and forming a more stable
CO3

2− structure. For the desorption process, Mg and Ni co-doping restructured the CaCO3

surface structure, reducing the CO2 desorption energy barrier to 3.922 eV and significantly
promoting carbonate decomposition. This work reveals, at the molecular level, how Mg
and Ni doping optimizes adsorption–desorption in calcium-based materials, providing
theoretical guidance for designing high-performance sorbents.

Keywords: thermochemical energy storage; concentrated solar power; adsorption–desorption
properties; synergistic effect; density functional theory

1. Introduction
In the context of accelerated global energy transition, solar energy—a core component

of clean energy—faces challenges in its practical applications due to its intermittent and
fluctuating nature, requiring urgent breakthroughs [1,2]. Coupling concentrated solar
power (CSP) with calcium looping (CaL) technology is a promising approach to building
stable and efficient solar power generation systems [3–5]. The synergy between CSP and
CaL presents the following advantages: (a) High-temperature operating characteristics
support efficient vapor cycling, which significantly improves overall thermal efficiency [5].
(b) The energy storage density is extremely high, reaching up to 3.2 GJ/m3 [6]. (c) The
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solidification is not a concern for the reactants and products during room-temperature
storage [7]. The key chemical reaction governing the CaL process is

CaCO3 → CaO + CO2 (1)

CaO+CO2 → CaCO3 (2)

During periods of sufficient sunlight, high-temperature heat drives the calcination of
CaCO3. This process converts solar energy into chemical energy stored within the resulting
CaO and CO2. When solar radiation is inadequate, the stored CaO reacts with CO2 through
carbonation, releasing heat to sustain power generation for continuous operation. During
CSP–CaL operation, calcium-based materials experience severe structural degradation
under high-temperature (800–900 ◦C) carbonation in concentrated CO2 atmospheres. This
manifests as a substantial reduction in specific surface area, progressive pore collapse, and
declining porosity. Concurrently, the rapid formation of a dense CaCO3 product layer on
particle surfaces creates a diffusion barrier, impeding CO2 transport to the unreacted core.
These degradation mechanisms intensify cyclically, leading to a significant decline in the
material’s effective conversion rate over repeated carbonation–calcination cycles [8–10].

Various solutions have been successively proposed, such as acoustic perturbation-
based approaches [11], mechanical activation processes [12,13], multi-shelled structures [14],
steam activation processes [15,16], thermally activated treatment techniques [17–19], and
reaction pressure regulation strategies [20,21]. Notably, material doping is an important
research direction for enhancing the performance of calcium-based sorbents. At present,
the doping systems are broadly categorized into two categories. The first is alkali metal
salt promoters. They expedite the formation of carbonate ions by boosting the transport
efficiency of oxide ions. Meanwhile, the high-temperature treatment time is shortened to
avoid structural sintering triggered by exceeding the Taman temperature. Referring to the
research by Huang et al. [22], their experiments used alkali metal carbonates as activators
and successfully prepared a series of CaO-based sorbents. Performance tests revealed
that, compared to pure CaO, the sorbents activated with alkali metal carbonates exhibited
significant advantages in adsorption performance. In the single-salt activation system, the
activation effects of different alkali metal carbonates showed obvious differences, with
K2CO3 being the most effective. Further investigation of multi-salt systems has confirmed
that binary and ternary salt combinations have a better activating effect than single salts,
demonstrating performance improvements resulting from synergistic activation effects.
Meanwhile, CO2 absorption can only be promoted when the adsorption temperature is
higher than the melting point of the molten salt coated on the particles. This is because
the alkali metal carbonate coating prevents the formation of a hard CaCO3 layer on the
CaO surface and provides continuous transport of CO3

2− to facilitate CO2 capture. When
CaCO3 accumulates to saturation in the molten salt, a permeable CaCO3 layer is formed so
that the reaction is not limited by diffusion. The molten salt penetrates this layer to dissolve
CaO, thereby increasing CO2 adsorption. According to the research of Xu et al. [23], K2CO3-
doped CaO sorbents were successfully prepared by the hydration impregnation method.
The experimental data indicated that under mild and severe CO2 conditions, low K2CO3

doping could significantly improve the cycle stability of CaO sorbents. However, as the
K2CO3 doping content increases, the enhancement effect on CO2 adsorption performance
shows a decreasing trend. Further investigation into the mechanism reveals that in a
CO2 atmosphere, CaO and K2CO3 readily undergo solid-state reactions, first forming the
intermediate product K2Ca(CO3)2, which further participates in the reaction to generate
K2Ca2(CO3)3. The formation of these double salt products alters the structural evolution
pathway of the CaCO3 phase during the carbonation reaction, leading to changes in the pore
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structure and distribution of active sites of the sorbent, ultimately resulting in differences
in adsorption performance at different doping levels. According to the research by Cui
et al. [24], LiCl, NaCl, KCl, and CaCl2 were successfully incorporated into the CaO matrix
using the hydration impregnation method. Systematic research found that the carbonization
reaction mode of CaO sorbents is closely related to the melting point of the added alkali
metal chloride salts. When the temperature reaches the melting point of the chloride salts,
the molten chloride salts dissolve the CaO to form unique ion diffusion channels, which
significantly increase the migration rate of free CaO ions, thereby effectively accelerating the
carbonization reaction process. Cycling performance test results show that after 20 cycles,
the optimal doped sorbent exhibits a 214% improvement in energy storage performance
compared to pure CaO, demonstrating excellent application potential. Gonzalez et al. [25]
investigated the effect of KCl doping on the performance of CaO-based sorbents using
the hydration impregnation method. The results indicated that a small amount of KCl
doping could enhance the CO2 adsorption performance of CaO-based sorbents, and this
enhancement originated from the fact that K+ in the sorbent could increase the mobility
of ions. Yuan et al. [26] prepared binary sulfate and Al-Mn-Fe oxide co-doped CaO-based
sorbents by the sol–gel method. Performance test data shows that the energy storage density
of this sorbent reaches 1455 kJ/kg. After 100 cycles, its performance degradation rate is
only 4.91%, demonstrating excellent stability. In addition, the peak decomposition rate of
the sorbent was increased by 120% compared to CaCO3. This significant improvement can
be attributed to the lower activation energy of binary sulfate, which can effectively reduce
the energy barrier required for the reaction. Meanwhile, the promotion of Ca2+ diffusion
by binary sulfate accelerates the ion migration rate, thereby significantly improving the
decomposition efficiency of the sorbent. At high temperatures, the carbonization rate of
the sorbent increased by 10% compared to CaCO3, which stems from the excellent oxygen
transport capacity of the binary sulfate.

In our prior research, we discovered that doping CaO with Na2SO4, NaCl, KCl, or a
combination of Na2SO4 and NaCl can enhance its adsorption rate. However, the presence
of Na+ exacerbates material surface densification, ultimately resulting in performance
decline [27–29]. In the practical application of CaL technology, maintaining the long-term
cycling stability of sorbents has always been a key challenge that needs to be overcome.
Against this backdrop, inert oxides have gradually become the focus of the research. These
inert oxides, which have excellent thermal stability, can be dispersed in a highly uniform
state within the CaO matrix. They effectively inhibit high-temperature migration at the
CaO grain boundaries and significantly reduce grain coarsening. To date, macroscopic
experimental research has achieved considerable progress, yet in-depth theoretical analysis
at the molecular level is still required.

In this work, DFT calculations were systematically used to investigate the enhancement
mechanisms of the adsorption and desorption properties of calcium-based materials by
Mg doping, Ni doping, and Mg–Ni co-doping. This work aims to reveal the microscopic
interaction mechanisms between Mg and Ni atoms and the CaO/CaCO3 surface at the
molecular level. Through energy calculations, changes in CO2 adsorption/desorption
behavior and electronic structure evolution have been revealed, paving the way for the
development and application of high-performance calcium-based sorbents.

2. Simulation Details
Based on the first-principles calculation framework, a high-precision atomic model

was constructed using the CASTEP calculation module embedded with Density Functional
Theory (DFT) [30]. The Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional
under the Generalized Gradient Approximation (GGA) is utilized in the computational
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procedure. To ensure the convergence of integrals in the Brillouin zone, the cut-off energy is
set at 720 eV, and the k-points are configured as 2 × 2 × 2 [31–33]. To ensure the reliability
and accuracy of the computational structure, this study established stringent convergence
criteria during the system optimization process. Specifically, the energy convergence
threshold was set to less than 10−5 eV to ensure that the system energy reached a stable
state. The maximum allowable value of interatomic interaction force was set to 0.03 eV/Å
to avoid unreasonable atomic displacement during the structure optimization process.
The stress convergence criterion was limited to within 0.05 GPa to ensure the mechanical
stability of the crystal structure. Meanwhile, the maximum atomic displacement threshold
was set to 10−3 Å to ensure the accuracy of the optimized structure configuration on a
spatial scale. The calculation formula for the formation energy of oxygen vacancies on CaO
and doped CaO surfaces is as follows.

Evac = E(reduced) + 1/2E(O2)− E(stoichiometric) (3)

where E(reduced), 1/2E(O2), and E(stoichiometric) represent the energy of the surface con-
taining oxygen vacancies, the energy of oxygen atoms in O2, and the energy of the complete
surface, respectively. To compare the diffusion rate of O2− and the desorption energy
barriers of CO2, the linear synchronous transit (LST) and quadratic synchronous transit
(QST) methods [34,35] are employed, as presented in Equation (4).

Ea = ETS − EIS (4)

where Ea is the activation energy barrier, and ETS and EIS are the diffusion energy and initial
state energy, respectively. Adsorption energy (Ead) is a key parameter for characterizing the
strength of the interaction between the sorbent and the sorbate. Its numerical value directly
reflects the thermodynamic driving force of the adsorption process. In this research system,
Ead is quantified using a specific calculation equation as follows:

Ead = ECO2+sur f ace − ECO2 − Esur f ace (5)

where ECO2+surface represents the total energy of the system after the CO2 molecule binds
to the sorbent surface, while ECO2 and Esurface represent the independent energies of the
CO2 molecule and the sorbent surface, respectively. In addition, to further investigate the
electronic interaction mechanism between the doped atoms and the calcium-based material
surface, the partial density of states (PDOS) of the atoms in the system was calculated using
the OptaDOS program [36].

3. Results and Discussion
In this study, a supercell CaO was developed. Following geometric optimization,

the lattice constants became isotropic, with a = b = c = 0.482 nm, and the unit cell angles
were α = β = γ = 90◦. This match confirmed the model’s reliability. Given the limited
relative fluctuation range of adsorption energy and the small total number of atoms in
the system, after balancing the computational accuracy and efficiency, the model method
constructed in Reference [16] was ultimately selected, with a five-layer CaO (001) surface
model as the study system. Geometric structure optimization of CaO, Mg-CaO, Ni-CaO,
and Mg–Ni-CaO models was performed using DFT calculations. After structural relaxation
iteration calculations, stable configurations were obtained for each system. The specific
structural characteristics and optimized structural parameters are shown in Figure 1 and
Table 1. Structural analysis data show that in a pure CaO system, the bond lengths between
Ca atoms and O-1 and O-2 atoms are 2.41 and 2.40 Å, respectively. However, when dopant
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atoms are introduced, the crystal structure undergoes significant changes: in the Mg-CaO
system, the distances between Mg atoms and O-1 and O-2 atoms are reduced to 2.30 and
2.13 Å, respectively; in the Ni-CaO system, the distances between Ni atoms and O-1 and
O-2 atoms are 2.27 and 2.37 Å, respectively; and in the Mg–Ni-CaO synergistic doping
system, the distance between Ni atoms and O-1 and O-2 atoms further decreased to 1.98
and 2.13 Å, respectively, while the distances between Mg atoms and O-1 and O-3 atoms
were 2.31 and 2.15 Å, respectively. These data indicate that the introduction of doped atoms
significantly changes the local atomic arrangement of CaO crystals and that the changes in
atomic spacing may be closely related to the ionic radius and electronegativity differences
of the doped atoms and their interactions with the CaO lattice.

 

 

(a) CaO (b) Mg-CaO 

  
(c) Ni-CaO (d) Mg–Ni-CaO 

Figure 1. The view of CaO, Mg-CaO, Ni-CaO, and Mg–Ni-CaO.

Table 1. Interatomic distances between Mg, Ni, and O atoms in different doping systems.

Structure Atomic Pair Distance (Å) Atomic Pair Distance (Å)

CaO Ca-O1 2.41 Ca-O2 2.40
Mg-CaO Mg-O1 2.30 Mg-O2 2.13
Ni-CaO Ni-O1 2.27 Ni-O2 2.37

Mg–Ni-CaO Ni-O1 1.98 Ni-O2 2.13
Mg-O1 2.31 Mg-O3 2.15

To investigate the effects of Mg doping, Ni doping, and Mg–Ni co-doping on the
electronic structure of the CaO surface and to reveal their microscopic bonding mechanisms,
Figure 2 presents the electron density plots for Mg-CaO, Ni-CaO, and Mg–Ni-CaO. These
visualizations facilitate the quantitative analysis of their electronic structures. The results
show that in Mg-CaO, Ni-CaO, and Mg–Ni-CaO, the doped Mg or Ni atoms exhibit
stronger bonding with the surrounding O atoms due to enhanced electron overlap. This
enhancement effect is reflected in the electron density map, where the Mg-O and Ni-O
bond regions appear significantly redder, with red representing higher charge density.
To better illustrate these interactions, we conducted PDOS analysis on Ni, Mg, and O
atoms in Mg-CaO, Ni-CaO, and Mg–Ni-CaO, with the results presented in Figure 3. In
Mg-CaO, the orbital hybridization peaks were found between Mg atoms and O-1 and O-2
atoms, indicating Mg-O covalent bond formation. Similarly, in Ni-CaO, peaks between
Ni atoms and O-1 and O-2 atoms suggest Ni-O covalent bonds. In Mg–Ni-CaO, peaks
between Mg atoms and Ni atoms, as well as O-1, O-2, and O-3 atoms, reveal Mg-O and
Ni-O covalent bonds.
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(a) Mg-CaO (b) Ni-CaO (c) Mg–Ni-CaO 

Figure 2. The density plots for Mg-CaO, Ni-CaO, and Mg–Ni-CaO.

  
(a) Mg-CaO (b) Ni-CaO 

 
(c) Mg–Ni-CaO 

Figure 3. The PDOS diagrams in Mg-CaO, Ni-CaO, and Mg–Ni-CaO.

In calcium-based materials, oxygen vacancies can effectively create ion transport
channels, thus greatly reducing the reaction activation energy. According to Equation
(3), the oxygen vacancy formation energies for CaO, Mg-CaO, Ni-CaO, and Mg–Ni-CaO
were calculated, as exhibited in Figure 4. It can be observed that the oxygen vacancy
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formation energy in CaO is 6.842 eV, while those in Mg-CaO, Ni-CaO, and Mg–Ni-CaO
are 6.625, 5.545, and 5.072 eV, respectively, all lower than CaO. Lower oxygen vacancy
formation energy corresponds to a higher number of oxygen vacancies formed. The results
indicate that both Ni and Mg single doping can effectively promote the formation of oxygen
vacancies on the CaO surface. In the Mg–Ni co-doped system, the local lattice strain caused
by Mg is coupled with the electronic effects of Ni, which leads to a redistribution of the
charges around the doped atoms, further reducing the oxygen vacancy formation energy
and making it easier for oxygen vacancies to form on the CaO surface.

Figure 4. The oxygen vacancy formation energy of CaO, Mg-CaO, Ni-CaO, and Mg–Ni-CaO.

In the carbonization reaction system of calcium-based materials, the migration process
of O2− ions is the core link connecting material conversion and energy transfer, playing
a decisive role in the thermodynamic equilibrium and kinetic process of the reaction.
The diffusion rate of O2− restricts the carbonation reaction. The energy barriers for O2−

diffusion on the surfaces of CaO, Mg-CaO, Ni-CaO, and Mg–Ni-CaO were calculated
separately, according to Equation (4), as shown in Figure 5. The energy barrier for O2−

diffusion on the CaO surface is 4.606 eV. In contrast, on the Mg-CaO surface, it is 4.519 eV;
on the Ni-CaO surface, it is 3.927 eV; and on the Mg–Ni-CaO surface, it is 2.692 eV. The
energy barrier required for O2− diffusion on the pure CaO surface is as high as 4.606 eV,
reflecting the thermodynamic resistance to ion migration in the undoped system. However,
after introducing dopant modification, the energy barrier shows a significant decreasing
trend: on the Mg-CaO surface, the O2− diffusion energy barrier decreases to 4.519 eV,
with a relatively limited reduction; in the Ni-CaO system, this value further decreases to
3.927 eV, demonstrating the promotional effect of Ni doping on ion migration; notably, on
the Mg–Ni-CaO co-doped surface, the O2− diffusion energy barrier significantly decreases
to 2.692 eV, which is notably lower than the single-doped system. The improved O2−

diffusion kinetics directly enhances the surface binding rates of O2− and CO2, which in
turn greatly boosts the material’s carbonation reaction activity.

Subsequently, in order to investigate the interaction between different material surfaces
and CO2, the optimized CO2 molecules were placed on the surfaces of CaO, Mg-CaO, Ni-
CaO, and Mg–Ni-CaO, with an initial position 3 Å away from the surface, and their
adsorption properties were studied in detail. The optimized structural results are depicted
in Figure 6, indicating that CO2 forms a stable CO3

2− structure through interaction with
surface oxygen atoms on the surfaces of the four materials. The results show that on
the pure CaO surface, the Ead of CO2 is −1.484 eV, while after Mg and Ni single doping
modification, the Ead values decrease to −1.522 eV and −1.627 eV, respectively, indicating
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that the introduction of both elements can significantly improve the adsorption capacity of
the material for CO2. Notably, in the Mg–Ni co-doped system, the adsorption energy of
CO2 further decreased to −1.703 eV, directly confirming the synergistic doping effect of
Mg and Ni. By regulating the electronic structure and distribution of active sites on the
material’s surface, the interaction between CO2 molecules and the adsorbent surface can be
more efficiently enhanced.

Figure 5. Energy barrier of O2− diffusion for CaO, Mg-CaO, Ni-CaO and Mg–Ni-CaO.

 

 

  

 

(a) CaO (b) Mg-CaO 

  
(c) Ni-CaO (d) Mg–Ni-CaO 

Figure 6. CO2 adsorption optimization diagram.

To further reveal the interaction mechanism between O atoms on the CaO surface and
C atoms in CO2, PDOS analysis was performed on C and O atoms, and the results are shown
in Figure 7. The results show that on the CaO surface, five significant resonance peaks occur
between O atoms and CO2’s C atoms. These peaks are at −20.33, −18.75, −8.33, −6.62,
and 4.50 eV. This means that the C atom and the O atom have a high degree of effective
overlap between their orbitals, and the electron clouds interact strongly and reorganize.
The surfaces of Mg-CaO, Ni-CaO, and Mg–Ni-CaO also exhibit the phenomenon of C and
O atomic orbital hybridization and the formation of stable chemical bonds. Specifically,
on the Mg-CaO surface, the resonance peaks between O atoms and CO2’s C atoms are at
−20.75, −19.18, −8.70, −6.94, and 4.20 eV. On the Ni-CaO surface, these peaks are at −21.22,
−19.24, −8.80, −6.78, and 4.20 eV. On the Mg–Ni-CaO surface, the peaks are at −21.28,
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−19.38, −8.95, −6.92, and 4.15 eV. Notably, the resonance peaks on Mg- and Ni-doped
CaO surfaces exhibit a downward energy shift. This indicates that Mg and Ni doping
significantly enhance the interaction between C and O atoms. Moreover, with Mg–Ni
co-doping, this shift is even more pronounced, further strengthening the C-O interaction.
This electronic structure change aligns with the adsorption energy trend.

  
(a) CaO (b) Mg-CaO 

   
(c) Ni-CaO (d) Mg–Ni-CaO 

Figure 7. The PDOS diagrams in CaO, Mg-CaO, Ni-CaO, Mg–Ni-CaO, and CO2.

In investigating the CO2 desorption process, this study constructed the most thermo-
dynamically stable CaCO3 (104) crystal plane model based on reference [16]; see Figure 8.
Through a detailed analysis of the individual CO3

2− structures in the optimized model, it
was found that the C-O bond lengths were 1.28, 1.31, and 1.32 Å, corresponding to bond
populations of 0.89, 0.8, and 0.79, respectively. According to the chemical bond theory,
bond length and bond density directly reflect bond stability. The chemical bond with a
bond length of 1.32 Å and a bond density of only 0.79 is in a weaker bonding state and
is more prone to breakage when energy is delivered. Based on this, this study selected
this CO3

2− structure as the core research object for the desorption process. Mg-doped,
Ni-doped, and Mg–Ni co-doped CaCO3 are shown in Figure 8b–d, respectively. The results
indicate that the doping of Mg, Ni, and co-doping significantly changed the microstructural
characteristics of the CaCO3 surface. Specifically, in Mg-CaCO3, the equilibrium distance
between Mg atoms and O atoms in CO3

2− is 2.160 Å. In Ni-CaCO3, the distance between Ni
atoms and O atoms in CO3

2− is reduced to 2.103 Å; while in Mg–Ni-CaCO3, the interaction
distance between Ni atoms and O atoms in CO3

2− is further reduced to 2.001 Å. This
indicates that the doped elements can reconstruct the surface structure of CaCO3 through
coordination with CO3

2−, and the synergistic effect of Mg and Ni atoms in the co-doped
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system makes the interatomic interaction stronger, significantly shortening the distance
between metal atoms and O atoms.

  
(a) CaCO3 (b) Mg-CaCO3 

  
(c) Ni-CaCO3 (d) Mg–Ni-CaCO3 

Figure 8. The view of CaCO3, Mg-CaCO3, Ni-CaCO3, and Mg–Ni-CaCO3.

To further reveal the interaction mechanism between the doped elements and the
CaCO3 surface, Figure 9 shows the electron density plot for CaCO3, Mg-CaCO3, Ni-CaCO3,
and Mg–Ni-CaCO3. The analysis results indicate that in the CaCO3 surface, the electron
cloud distribution between Ca and O atoms is relatively independent, and there is no
obvious charge overlap area, reflecting the weak interaction between them. In contrast,
in Mg-CaCO3, the electron clouds surrounding the Mg and O atoms show significant
overlap, indicating that they form strong covalent bonds. Similarly, in Ni-CaCO3 and
Mg–Ni-CaCO3, the electron clouds of Ni atoms and O atoms show significant overlap. In
terms of reactivity, this strong interaction significantly alters the electron cloud distribution
of the CO3

2− ion, resulting in a reduction in the overlap of the C-O bond electron cloud on
the doped surface and a significant weakening of the bond energy, thereby facilitating the
release of CO2.

Figure 10a illustrates the process of CO2 desorption from CaCO3. In the desorption
reaction process on the CaCO3 surface, the C-O chemical bond breaks first, accompanied
by the reorganization of the electron cloud distribution, causing the O atom to remain at
the active sites on the material surface. After the O atom is removed, the O-C-O structure
gradually breaks free from the surface adsorption constraints under the combined effects
of the system energy and steric hindrance, transitioning from the chemical adsorption state
near the surface to the free gas phase state. Based on Equation (4), the CO2 desorption
energy barriers on the surfaces of CaCO3, Mg-CaCO3, Ni-CaCO3, and Mg–Ni-CaCO3 are
obtained, as shown in Figure 10b. Specifically, on the CaCO3 surface, CO2 desorption
requires overcoming an energy barrier of 4.850 eV. On the Mg-CaCO3 surface, the energy
barrier is 4.750 eV. When Ni is introduced for single doping, the energy barrier on the
Ni-CaCO3 surface is significantly reduced to 4.271 eV. Of note is that in the Mg–Ni-CaCO3

co-doped system, the energy barrier required for CO2 desorption further decreased to
3.922 eV. As can be seen, with the doping of Mg and Ni and their synergistic effects,
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the CO2 desorption energy barrier gradually decreases, significantly promoting the CO2

desorption process.

 

 

  

 

(a) CaCO3 (b) Mg-CaCO3 

 
(c) Ni-CaCO3 (d) Mg–Ni-CaCO3 

Figure 9. The electron density plot for CaCO3, Mg-CaCO3, Ni-CaCO3, and Mg–Ni-CaCO3.

  
(a) CO2 desorption diagrams (b) CO2 desorption energy barriers 

Figure 10. CO2 desorption diagrams and CO2 desorption energy barriers for CaCO3, Mg-CaCO3,
Ni-CaCO3, and Mg–Ni-CaCO3.

4. Conclusions
This work uses DFT calculations to explore the effects of Ni and Mg doping on the

CO2 adsorption and desorption properties of calcium-based materials. The main results
obtained are as follows:
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(a) Both single doping and co-doping of Mg and Ni can significantly regulate the energy
state of the CaO system. The oxygen vacancy formation energy for pure CaO is
6.842 eV, while for Mg-CaO, Ni-CaO, and Mg–Ni-CaO, it drops to 6.625 eV, 5.545 eV,
and 5.072 eV, respectively. Mg–Ni co-doping exhibits stronger synergistic effects,
further reducing the formation energy of oxygen vacancies and making them easier
to form. During O2− diffusion, the energy barrier on a pure CaO surface is 4.606 eV.
On the surfaces of the Mg-CaO, Ni-CaO, and Mg–Ni-CaO doped systems, the O2−

diffusion energy barriers show significant differences, with values of 4.519, 3.927,
and 2.692 eV, respectively. The synergistic doping of Mg and Ni can significantly
reduce the energy threshold for ion migration, significantly enhancing O2− diffusion
efficiency and providing a more favorable ion transport pathway for CO2 adsorption.

(b) Doping with Mg and Ni improved the adsorption capacity of CaO for CO2. On the sur-
faces of CaO, Mg-CaO, Ni-CaO, and Mg–Ni-CaO, CO2 forms stable CO3

2− structures
with surface O atoms, with adsorption energies of −1.484 eV, −1.522 eV, −1.627 eV,
and −1.703 eV, respectively. Mg–Ni-CaO exhibits the highest CO2 adsorption energy,
indicating that it has the strongest adsorption capacity for CO2. The PDOS analysis
further revealed the microscopic mechanism of Mg and Ni doping enhancing CO2

adsorption capacity. Namely, Mg and Ni doping shifted the energy of the resonance
peak downward, and the energy shift was more obvious with co-doping, significantly
enhancing the interaction between C and O atoms.

(c) The doping of Mg and Ni promotes the desorption process of CO2. On the surfaces
of CaCO3, Mg-CaCO3, Ni-CaCO3, and Mg–Ni-CaCO3, the energy barriers for CO2

desorption are 4.850 eV, 4.750 eV, 4.271 eV, and 3.922 eV, respectively. The doping
of Mg and Ni and their synergistic effect significantly reduced the CO2 desorption
energy barrier, greatly promoting the CO2 desorption process.
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