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ABSTRACT: Ni-based oxygen carriers (OCs) are considered promising
materials in the chemical looping combustion (CLC) process. However,
the reactivity of Ni-based OCs still offers the potential for further
enhancement. In this work, the Li doping method has been employed for
the modification of Ni-based OCs. The reactivity and microreaction
mechanisms of different concentrations of Li-doped Ni-based OCs with
CO in CLC are clarified using density functional theory (DFT)
simulation. The structures, energy, and density of states are obtained
through computational investigation of the reaction path in elementary
reactions. The results show that (1) the adsorption energies of CO
molecules on NiO surfaces with 4, 8, and 12% Li doping concentrations
are −0.53, −0.48, and −0.54 eV, respectively, demonstrating an
enhanced reactivity compared to that of pure NiO (−0.41 eV); (2)
the calculation of the transition state indicates that the most favorable pathway for CO oxidation takes place on the surface of NiO
with an 8% Li doping concentration, exhibiting the lowest energy barrier of 0.51 eV; and (3) the oxygen vacancy formation energies
on the surface of NiO are 3.05, 2.30, and 2.10 eV for 4, 8, and 12% doping concentrations, respectively. Additionally, the decrease in
oxygen vacancy formation energies exhibits a gradual decline with an increasing Li doping concentration. By comprehensive analysis,
8% is considered to be the optimal doping concentration of NiO for chemical looping combustion.

1. INTRODUCTION
Carbon emissions from the usage of fossil fuels are significant
sources of greenhouse gases that generate the greenhouse
effect.1,2 The development of efficient capture technologies is
imperative for mitigating global CO2 emissions. The chemical
looping combustion (CLC) technology exhibits great potential
in achieving complete carbon capture from fuel at a cost-
effective rate and with minimal energy penalties.3,4 The CLC
process is illustrated in Figure 1: (i) in the fuel reactor (FR),
fuel composition expressed as CnH2mOp is oxidized by oxygen
carriers (OCs), producing a concentrated stream of CO2 and
H2O; (ii) the following step involves reoxidizing the decreased

OCs with air in an air reactor (AR). Separation and transport
of the oxidized carrier to the fuel reactor before the next cycle
follows.5,6 The simplified reaction equations for the two-step
process are listed below. The advantage of CLC lies in the
internal separation of CO2 within the flue gas, resulting in a
significant reduction in carbon capture costs.
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The presence of OCs plays a crucial role in facilitating the
successful implementation of CLC. To date, over 500 diverse
OCs materials suitable for CLC have been investigated,
encompassing perovskite-type oxides, natural ores, synthesized
materials, and transition metal oxides.7−13 Transition metal
oxides, such as Ni, Co, Fe, Mn, or Cu oxides in various forms,
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Figure 1. Schematic system of chemical looping combustion.
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have been extensively investigated as promising candidates for
OCs.14−17 Among these metal complexes, Ni-based OCs are
notable for its exceptional performance at high temperatures
(900 to 1100 °C), favorable kinetic properties, and remarkable
catalytic proficiency in breaking C−C and C−H bonds.18−20

However, the utilization of pure NiO in the CLC process is
subject to certain limitations, including carbon deposition and
lower reaction activity.21 The efficiency of methane combus-
tion in CLC was observed to decrease with successive cycles
due to carbon deposition, as reported by Cheng et al.22

The doping technique is widely employed to enhance the
reactivity of OCs and exhibits promising prospects for further
development.23−26 Zhang et al.27 investigated the effects of Fe/
Co doping on Ni-based OCs through density functional theory
(DFT) calculations and experimental research. The results
demonstrated that the doping of Fe enhanced the reactivity of
Ni-based OCs, whereas Co doping exerted a detrimental effect
on their performance. Yuan et al.28 studied the reaction
mechanism of H2 oxidation on the surface of Cu-doped Fe-
based OCs systematically. The findings suggest that Cu doping
enhances the release of lattice oxygen of Fe2O3. Wang et al.24

investigated the influence of Zr doping on the O2 release of
Cu-based OCs using DFT calculations. The results indicate
that Zr-doped CuO exhibits enhanced oxygen release
compared to pure CuO. Liu and Zachariah29 synthesized
alkali metal (K, Cs, and Na) doped Fe-based oxygen carriers
and evaluated the reactivity and stability in a fixed bed reactor
for 50 isothermal redox cycles. The findings suggest that the
doping of alkali metal can significantly enhance the long-term
stability and mitigate carbon deposition.

The incorporation of dopants represents an effective
approach for enhancing the chemical stability and reactivity
of OCs. Recent research indicates that Li doping as a dopant
has potential and benefits in terms of catalyst reactivity. Xu et
al.30 found that using CO oxidation to study the effect on the
reactivity and structure of NiO prepared by doping with
different Li+ contents. The results indicate that the intrinsic
CO oxidation activity can be remarkably enhanced by adding
Li+ cations. Zhang et al.31 reported NiO samples doped by Li+,
Zn2+ and Cr3+ cations were prepared to engineer different
amounts of lattice and surface Ni3+ cations, and investigated by
CO oxidation. It is established that, the intrinsic activity of CO
oxidation follows the order of Ni0.9Li0.1O > NiO > Ni0.9Zn0.1O
> Ni0.9Cr0.1O. Cheng et al.32 investigated the reactivity
performance of Mg−Mn composite OCs enhanced by a low
concentration of Li dopant through redox experiments. The
results indicate that both Mg6MnO8 and Li−Mg6MnO8
particles consistently exhibit reactivity over 15 redox cycles
at 850 °C, demonstrating excellent recyclability. This finding
suggests that the limitation of the low melting point of metallic
Li does not appear to be evident in Li-doped OCs. In addition,
considering the existing literature suggesting that alkali metal
doping can mitigate carbon deposition in oxygen carriers, it is
plausible to hypothesize that Li doping may also exhibit a
similar effect on reducing carbon deposition in Ni-based
oxygen carriers. However, this hypothesis necessitates further
investigation. Conduct a synthesis of the aforementioned
analysis, it is reasonable to speculate that Li doping may have a
favorable effect on the performance of Ni-based OCs.
However, there are no comprehensive reports on how Li
doping affects the performance of Ni-based OCs. Furthermore,
studies are scarce on the effects of different Li doping

concentrations on the reactivity and microreaction mecha-
nisms of Ni-based OCs with CO in CLC.

In this work, the reactivity and microreaction mechanisms of
different concentrations of Li-doped Ni-based OCs with CO in
CLC were investigated by using DFT calculations. The
elucidation of the adsorption of CO on the surface of Li-
doped Ni-based OCs was achieved. The CO oxidation
processes of Li-doped Ni-based OCs were simulated. Addi-
tionally, the oxygen vacancy formation energy of Li-doped
OCs was calculated. The findings of this study will provide
insights into the development of cost-effective and high-
performance OCs.

2. COMPUTATIONAL MODEL AND METHODOLOGY
All DFT simulations were conducted in the Cambridge
Sequential Total Energy Package (CASTEP)33 module. The
computational method employed in the CASTEP software
involves utilizing the DFT plane wave pseudopotential
approach. The determination of the total energy was achieved
by implementing a self-consistent field (SCF) iteration
algorithm. The electron−exchange correlation function was
described using the Perdew−Burke−Ernzerh (PBE)34 gener-
alized function of the Generalized Gradient Approximation
(GGA).35 Ultrasoft pseudopotential36 was applied to describe
ionic cores. The NiO(001) surface has been noted for its
higher reactivity in adsorption, making it a preferred choice in
prior computational studies focused on CLC.37−39 Exper-
imental techniques showed that cleavage on (001) planes was
easy, resulting in a relatively flat and defect-free surface.37

Therefore, this particular plane was selected as the reaction
surface for investigating NiO in this study.

The utilization of spin-polarized formalism was employed in
the NiO unit cell, owing to the antiferromagnetic character-
istics of NiO. The DFT + U method was evaluated with U
values ranging from 0 to 9 eV, including the specific values of
1, 2.5, 4, 6.3, 8, and 9 eV. It was found that when the U value
reaches 6.3 eV, the results exhibited greater consistency when
compared to reliable previous calculations data.40−42 Thus, a U
value of 6.3 eV was justified. Consistency exists between the
calculated simulated lattice constant of 4.163 Å for bulk NiO
and the experimental value of 4.170 Å.43,44

A six-layer slab of a (2 × 2) periodic supercell was adopted
to simulate the NiO(001) surface, including both the pure and
doped surface. For the doped surface, make the first layer of
this surface centered on Ni atoms. The experimental results
confirmed that the influence of Li doping on NiO was mainly
established by the formation of substitutional solid solutions.30

In this work, Li doping was achieved by the process of
substitutional solid solutions, which involved replacing Ni
atoms with Li. A vacuum layer of 15 Å thickness was employed
to reduce the interaction between the periodic slabs.45,46 In the
calculations, the top two layers and adsorbate were allowed to
relax, while the bottom four layers were kept fixed, as shown in
Figure 2. Moreover, multiple substituted Li atoms were taken
into consideration. The Ni atoms in the first, second, and third
layers of the NiO(001) surface were primarily replaced by Li
atoms, labeled as nLi−NiO. The variable “n” represents the
number of substituted Li atoms, where n can take values of 1,
2, or 3. In a supercell of 48 atoms, the nLi/Ni ratios
correspond to 1/24, 2/24, and 3/24, thus mimicking 4, 8 and
12% Li concentration, respectively. In all calculations, a plane
wave cutoff energy of 330 eV was specified. The convergence
standards for geometry optimization were set to the maximum
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force, energy, SCF as well as a maximum displacement of 0.05
eV/Å, 2.0 × 10−5 eV/atom, 2.0 × 10−6 eV/atom and 0.002 Å,
respectively. The Brillouin zone was used for a 3 × 3 × 1
Monkhorst−Pack k-point grid. The geometry optimization of
CO molecules was performed in a 1 × 1 × 1 nm cubic crystal
cell to obtain an equilibrium geometry. The bond length of the
CO molecule was calculated to be 1.154 Å, which is in
considerable accordance with the available theoretical results
and experimental values.47

To quantify the intensity of the CO adsorbed on the surface
of pure and doped, the adsorption energy (Eads) is calculated as
follows

= ++E E E E( )ads OCs CO OCs CO (3)

where EOCs+CO is the total energy of the system after
adsorption, EOCs and ECO represent the total energy of the
clean slab and CO molecule, respectively. Consequently, a
more negative Eads usually indicates a stronger adsorption
interaction and more stable adsorption configurations.

The LST/QST (linear/quadratic synchronous transit)
method determines the transition state (TS) structure, energy
barriers, and other information when considering reaction
pathways. The energy barrier (Eb) is calculated by the
following equation

=E E Eb TS IS (4)

where EIS denote the total energy of the initial state (IS), and
ETS denote the total energy of the transition state (TS). The
higher the energy barriers, the more difficult it is for a reaction
to occur and the slower is the reaction rate. The binding
energy (Ebind) for Li doping is defined as follows

= +E E E E E( )bind (Li NiO) NiO Ni Li (5)

where E(Li−NiO) is the total energy of the system after Li
doping. ENiO is the total energy of the pure NiO supercell. ENi
and ELi are the total energies of the Ni and Li atoms,
respectively.

The oxygen vacancy formation energy of OCs can be used
to evaluate the surface O activity of OCs. The follows equation
is used to calculate the oxygen vacancy formation energy (Evac)
of various reactions

= +E E E E0.5vac def per (O )2 (6)

where Eper and Edef denote the energies of the NiO supercell
and the same supercell with one oxygen vacancy, respectively.
EOd2

is the energy of the O2 molecule after geometry
optimization. With this equation, a smaller Evac value typically
indicates a more favorable oxidizing capability of the surface.

3. RESULTS AND DISCUSSION
3.1. Surface Structures of Li-Doped NiO. The surface

structures of Li-doped NiO were simulated to investigate the
impact of the Li dopants at different concentrations. The
optimized configurations for pure and Li-doped NiO are
shown in Figure 3. The effect of Li doping on the surface
bonding of the O atoms was considered. The binding energy of
Li doped saline was calculated to analyze the ease of Li doping
at the atomic sites on the NiO surface. The average bond
lengths (LO−M) of the dopant sites with adjacent O atoms as
well as the binding energies of Li doping on the NiO surface
are presented in Table 1. The LO−M bond lengths of the NiO,

Li−NiO, 2Li−NiO and 3Li−NiO are measured to be 2.085,
2.146, 2.245, and 2.233 Å, respectively. The LO−M bond
lengths on NiO surfaces with Li as a dopant are elongated
compared to those on undoped surfaces. The results indicate
that surface oxygen atoms are activated to some extent
following Li doping. The binding energies of the Li−NiO,

Figure 2. Models of NiO(001) surface: (a) front view and (b) side
view.

Figure 3. Optimized configurations of (a) pure NiO, (b) Li−NiO, (c) 2Li−NiO, and (d) 3Li−NiO.

Table 1. Corresponding Binding Energy of Li-Doped
Surfaces, and the Average Bond Length between the M
Atom and Its Near O Atom (M for Ni or Li)

model Ebind/eV LO−M/Å

NiO 2.085
Li−NiO −1.67 2.146
2Li−NiO −1.87 2.245
3Li−NiO −2.57 2.233
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2Li−NiO and 3Li−NiO are −1.67, −1.87 and −2.57 eV,
respectively. Additionally, all three of these processes are
exothermic reactions. The results show that more heat is
released as the Li concentration increases.

To investigate the influence of different Li doping
concentrations on the model structure of NiO(001), X-ray
diffraction (XRD) analysis was performed on the pure and
doped OCs. The XRD patterns are listed in Figure 4. The

experimental data for NiO reveals two prominent peaks at 2θ
values of 37.30 and 43.32°.48 The simulation findings exhibit
general agreement with the XRD spectra obtained from the
experimental data, with the most prominent peaks observed at
37.15 and 43.40°.48 Additionally, the incidental peaks between
2θ values of 25 and 45° in the study correspond to those
observed in the actual experimental data.49 This concordance
underscores the high accuracy of the computational method
employed in describing the crystal structure of the material.
The XRD patterns of the Li-doped NiO exhibited minimal
deviations from the pure NiO. However, a slight blueshift was
observed in the diffraction peaks. Bragg’s rule50 denotes an
expansion of the NiO supercell, which may result from the
substitution of dopant Li+ ions for Ni2+ ions. It is measured
that the LO−M bond lengths on NiO surfaces employing Li
atoms as a dopant are longer than those on undoped surfaces.
Furthermore, the changes in bond length induced by doping
correspond to those estimated through XRD analysis.
Consequently, these results suggest that varying Li doping
concentrations exert minimal influence on the crystal structure
of NiO, thereby confirming the applicability of the doping
model.

To further comprehend the impact of elemental doping on
the structure of OCs, the density of states (DOS) of pure and
doped OCs were computed. Figure 5 shows the total DOS for
pure and Li-doped NiO. It is observed that the overall
alteration in the electronic structure of the NiO bulk phase is
negligible following Li doping. The result indicates that despite
the influence of different concentrations of Li doping on the
local geometry within the system, the overall stability of the
OCs remains intact.
3.2. Adsorption of CO on the Surface of NiO. The

adsorption of CO at different sites on the surface of pure and
Li-doped NiO was investigated. Various adsorption config-
urations of the CO molecules on the surfaces of OCs were

considered. These configurations included perpendicular
adsorption of CO at the Ni top, the O top, and the hollow
sites. Moreover, the perpendicular surface adsorption of the
CO molecule with C-end and O-end adsorption was
considered. Parallel configurations were investigated, where
the CO molecule lies flat on the M−O, M···Ni, and O···O
bridge sites (denoted as P1, P2, and P3, respectively), where M
= Ni or Li. The adsorption configurations are visually
represented in Figure 6.

Based on the calculated geometry optimization parameters,
the C-terminal perpendicular adsorption of CO at the Ni top
site is the most stable configuration on the pure NiO, Li−NiO,
and 2Li−NiO surfaces. Additionally, the most stable
configuration on the 3Li−NiO surfaces is CO adsorbed at
the Ni−O bridge site by the C-end perpendicular adsorption.
These most stable configurations of Li-doped NiO surfaces are
exhibited in Figure 7. The adsorption energies and structural
parameters for each stable configuration are given in Table 2.
For the most stable structure, the adsorption energy calculated
for the pure NiO surface is −0.41 eV, with the calculated C−
Ni distance of 2.051 Å. The calculated C−O bond length of
1.155 Å is approximately equal to the bond length of 1.154 Å
for free CO. This result suggests no significant activation of the
adsorbed CO. These parameters align with the data obtained
from previous calculations, reinforcing the consistency of the
findings.51 The adsorption energies for Li−NiO, 2Li−NiO,
and 3Li−NiO are −0.53, −0.48, and −0.54 eV, respectively. It
is worth noting that the adsorption energy of the doped surface

Figure 4. XRD spectra of pure and Li-doped OCs.

Figure 5. Total DOS for pure and Li-doped OCs.

Figure 6. Different CO adsorption sites of pure and Li-doped NiO(0
0 1) surface.
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with different concentrations of Li atoms is greater than that of
the pure surface. Among these configurations, 3Li−NiO is the
most exothermic. The results indicate that Li doping promotes
the adsorption of CO on the surface. As shown in Table 2, the
bond lengths of LC−O are 1.158, 1.156 and 1.159 Å for CO
adsorption on Li−NiO, 2Li−NiO and 3Li−NiO surfaces,
respectively. The bond lengths of CO to surface Ni atoms are
2.061, 2.052, and 2.085 Å when CO is adsorbed on the Li−
NiO, 2Li−NiO, and 3Li−NiO surfaces, respectively. Com-
pared to the pure NiO surface, the adsorbed CO bond length
is slightly elongated, and the LC−Ni bond length is shorter,
showing that the CO molecule slightly activates the adsorption.

The Mulliken charge distribution of CO was studied to
determine the mechanism of bonding between the CO
molecules and the surface during the adsorption reaction.
The CO charges in NiO, Li−NiO, 2Li−NiO and 3Li−NiO
changed from 0e prior adsorption to 0.04e, 0.02e, 0.03e and
0.01e, respectively. The Mulliken charge population analysis
revealed that a limited number of electrons were transported
from the CO molecule to the pure and Li-doped NiO surfaces.
The charge transfer of CO to Ni-based OCs decreases upon
adsorption onto the surface of Li-doped Ni-based OCs
compared to that on the surface without Li doping. The
decrease in charge transfer is accompanied by an increase in
the adsorption energy of CO on the surface of Li-doped Ni-
based OCs. Furthermore, the partial density of states (PDOS)
of the free CO structures and CO structures following
adsorption in the active site were investigated, as shown in
Figure 8. The electrical configuration of the CO molecule in its
free state is [(1σ)2(2σ)2(3σ)2(4σ)2(1π)4(5σ)2(2π)0]. Figure 8
presents the PDOS profiles of the free CO molecule, where the
4σ, 1π, 5σ, and 2π*orbitals are mostly around −4.95, −2.60,
0.00, and 6.80 eV. The highest occupied molecular orbital
(HOMO) of the CO molecule corresponds to the 5σ orbital,
located in proximity to the Fermi energy level. Conversely, the
lowest unoccupied molecular orbital (LUMO) is attributed to
the 2π* orbital. Since the 5σ and 2π* orbitals of the CO
molecule are contributed primarily by the C atom, the C atom
is more likely to form a covalent bond with the surface metal.
The adsorption mechanism of the CO molecule onto the Ni
atom is likely associated with the hybridization process

between the 5σ and 2π* orbitals of the CO molecule and
the 3d orbital of the Ni atom. As depicted in Figure 8, the
PDOS of CO following the adsorption reaction demonstrates a
left shift in energy compared to the PDOS of free CO
molecules. The energy decrease is accompanied by the
movement of the 4σ, 1π, 5σ, and 2π* orbitals toward lower
energy states. These findings demonstrate that the CO
molecule can be securely adsorbed on the surface. It is evident
from the diagram that there is an overlap between the 1π and
5σ orbitals, leading to the emergence of two new peaks at the
overlap. The mutual hybridization of the 2π* and 3d orbitals of
the C and Ni atoms is responsible for this phenomenon.
Moreover, Figure 8 shows slight disparities in the PDOS peaks
of CO molecules adsorbed on both the pure and Li-doped
NiO surfaces. These suggest that the number of electrons
transferred to the various surfaces by the CO molecules varies,
a finding consistent with Mulliken charge population analysis.
3.3. CO Oxidation Mechanism of on Pure and Doped

NiO Surface. The CO oxidation reaction on the pure and
doped NiO surfaces was simulated. The mechanism of CO
oxidation on the OCs surface involves three steps: CO
adsorption, CO2 formation, and CO2 desorption. The
oxidation mechanism processes of the most stable structures
for NiO, Li−NiO, 2Li−NiO, and 3Li−NiO OCs were
considered. Models for the initial state (IS), transition state
(TS), intermediate state (IM), and final state (FS) of the
oxidation pathway were obtained, as depicted in Figure 9.
Afterward, the TS between IS and IM is located. Figure 10
displays the energy profile corresponding to the process. The
CO2 formation energy barrier of pure NiO surface is 2.12 eV.
The CO2 formation energy barriers on the Li−NiO, 2Li−NiO,
and 3Li−NiO surfaces are 0.73, 0.51, and 0.58 eV, respectively.

Figure 7. Most stable configurations of CO absorbed on (a) pure NiO(001), (b) Li−NiO(001), (c) 2Li−NiO(001), and (d) 3Li−NiO(001).

Table 2. Adsorption Energy and Structural Parameters for
CO after Adsorption on Pure and Li-Doped Surface

model Eads/eV Mulliken charge/e LC−O/Å LC−Ni/Å

CO 0 1.154
NiO −0.41 0.04 1.155 2.085
Li−NiO −0.53 0.02 1.158 2.052
2Li−NiO −0.48 0.03 1.156 2.061
3Li−NiO −0.54 0.01 1.159 2.051

Figure 8. PDOS profiles of the C atom of free CO and adsorbed CO.
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Comparison with the energy barrier on the surface of pure
OCs reveals a significant reduction of approximately 1.61 eV
on the surface of 2Li−NiO. The varied Li doping doses lower
the energy barrier for the CO oxidation process, resulting in a
considerable increase in OCs activity. The total process from
CO adsorption to CO2 desorption is endothermic by 1.19 eV.
The CO oxidation reaction enthalpies of the Li−NiO, 2Li−
NiO, and 3Li−NiO surfaces are 0.03, −0.33, and −0.30 eV,
respectively. The CO oxidation on the 2Li−NiO and 3Li−NiO

surfaces is exothermic. Although the entire CO oxidation
process on the Li−NiO surfaces is endothermic, the energy
barrier and reaction enthalpy are lower than during the pure
NiO surface. The above investigations suggest that the
addition of Li as a dopant for NiO contributes to enhanced
reactivity.

Additionally, the charge distribution between CO and the
surface during the CO2 formation was considered. Figure 11a−
d show the electron density profiles of CO at the stable
adsorption site. It is observed that the C atom in CO is blue
color, while the adjacent O atom appears red, indicating a
significant accumulation of electrons around the O atom. The
finding suggests the transfer of electrons from the C atom to
the O atom. However, there is minimal charge transfer to the
surface Ni atom. Figure 11e−h displays the charge density
profiles during the oxidation reaction that generates CO2 on
the OCs surface. It finds that an electron cloud overlap exists
between the O atoms on the surface of OCs and the C atom.
The phenomenon indicates the formation of new covalent
bonds between the atom of the OCs surface and the CO
molecules, ultimately contributing to the generation of CO2.
3.4. Oxygen Activity for Li-Doped NiO Surfaces. The

primary role of OCs in the CLC process is to provide active
lattice oxygen for the surface reactions with fuel molecules.
Oxygen vacancies are generated on the surface of OCs when a
CO molecule is oxidized. Thus, oxygen vacancy formation
energy is often employed to characterize lattice oxygen activity

Figure 9. Reaction pathways for CO oxidation over the NiO surface.

Figure 10. Energy profile of CO in oxidation on the surface of the
OCs.
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of OCs surface.6,52 The oxygen vacancy formation energies on
the surface of Li-doped NiO were calculated to determine the
influence of the dopant on the surface oxygen activity. The
oxygen vacancy formation energies of NiO, Li−NiO, 2Li−
NiO, and 3Li−NiO are exhibited, as shown in Figure 12. The

oxygen vacancy formation energy for pure NiO is determined
to be 3.60 eV. The oxygen vacancy formation energies for Li−
NiO, 2Li−NiO, and 3Li−NiO are calculated to be 3.05, 2.30,
and 2.10 eV, respectively. The oxygen vacancy formation
energy of 3Li−NiO is approximately 1.50 eV lower than that of
pure NiO. The results indicate that the oxygen vacancy
formation energy in NiO diminishes as the concentration of Li
doping escalates. The significant reduction suggests that Li
doping has a pronounced effect on decreasing the oxygen
vacancy formation energy. Consequently, the addition of Li
dopant holds the potential to enhance the surface oxygen
activity, which promotes the oxidation of CO on the OCs
surface. The Li cation has a formal charge of +1 and can be

substituted for the Ni cation in NiO to generate an “electron
deficit” in the doped region. The results indicate that this
“electron deficit” leads to a weaker connection between the O
atom and the doped NiO than the bond between the O atom
and pure NiO.

4. CONCLUSIONS
The reaction mechanisms of Li-doped Ni-based OCs with
various concentrations were comprehensively investigated at
the atomic level in this study, employing the DFT
computation. Three different Li doping concentrations of 4,
8, and 12% were considered. The adsorption energies of the
doped surfaces are found to be higher compared with the
undoped surfaces. The 3Li−NiO surface with a Li doping
concentration of 12%, exhibits the highest affinity for CO
adsorption. The findings suggest that Li doping enhances the
surface adsorption of CO. The PDOS of free and CO
structures after adsorption at the active site was studied.
Following the adsorption reaction, the PDOS of CO shifts
toward lower energy states. The results indicate that the
adsorption of the CO molecule on the surface is stable. The
CO oxidation processes on the pure and doped NiO surfaces
were further investigated. The CO2 formation energy barrier of
pure NiO surfaces is 2.12 eV. The CO2 formation energy
barriers on NiO surfaces doped with concentrations of 4, 8,
and 12% Li atoms are 0.73, 0.51, and 0.58 eV, respectively. By
comparing each pathway, it is possible to deduce that CO
molecules on the Li-doped surface are easily oxidized by
surface oxygen to form CO2 molecules due to their low energy
barrier. The results show that adding Li as a dopant to NiO
enhances reactivity. Additionally, oxygen vacancy formation
energies were calculated for surfaces with different concen-
trations of Li-doped NiO. The oxygen vacancy formation
energies at the NiO, Li−NiO, 2Li−NiO, and 3Li−NiO
surfaces are 3.60, 3.05, 2.30, and 2.10 eV, respectively. The
results indicate a gradual decline in the formation energy of
oxygen vacancies as the concentration of Li doping increased.
Considering the crucial role of reducing the energy barrier in
enhancing the reactivity of oxygen carriers, a doping

Figure 11. Electron density plots relative to CO adsorption sites on (a) pure NiO, (b) Li−NiO, (c) 2Li−NiO, and (d) 3Li−NiO; electron density
plots of CO2 on (e) pure NiO, (f) Li−NiO, (g) 2Li−NiO, and (h) 3Li−NiO surface.

Figure 12. Oxygen vacancy formation energies of the NiO, Li−NiO,
2 Li−NiO, and 3Li−NiO surfaces.
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concentration of 8% Li is identified as optimal for NiO in
CLC. These findings provide valuable insights and theoretical
recommendations for the screening, optimization, and design
of Ni-based OCs.
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