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By means of density functional theory (DFT) computations, we explored the potential of carbon- and

nitrogen-doped Mo2P (CMP and NMP) layered materials as the representative of transition metal

phosphides (TMPs) for the development of lithium-ion battery (LIB) anode materials, paying special

attention to the synergistic effects of the dopants. Both CMP and NMP have exceptional stabilities and

excellent electronic conductivity, and a high theoretical maximum storage capacity of B 486 mA h g�1.

Li-ion diffusion barriers on the two-dimensional (2D) CMP and NMP surfaces are extremely low (B0.036 eV),

and it is expected that on these 2D layers Li can diffuse 104 times faster than that on MoS2 and

graphene at room temperature, and both monolayers have relatively low average open-circuit voltage

(0.38 and 0.4 eV). All these exceptional properties make CMP and NMP monolayers as promising

candidates for high-performance LIB anode materials, which also demonstrates that simple doping is an

effective strategy to enhance the performance of anode materials in rechargeable batteries.

1. Introduction

Lithium-ion batteries (LIBs) are the most widely used rechargeable
batteries and hold great promise for even larger scale applications
in the very near future due to their exceptional characteristics,
such as excellent energy efficiency, high-energy-density, long-life
cycle, and being environmentally benign.1–4 To further improve
the performance of LIBs, it is urgent to develop advanced electrode
materials that can provide the high-density energy storage and
ultra-fast charge rate.5

Two-dimensional (2D) materials are expected to be critical
components for not only electronic devices,6 but also for energy

storage applications such as supercapacitors7 and batteries,8

because of their extraordinary structural, electronic, and
mechanical properties. Typically, graphite is used as the anode
in commercial LIBs due to its excellent cycling stability and low
cost. Still, the relatively low capacity (372 mA h g�1) and poor
rate performance limit its further applications.8 In this regard,
2D materials are promising candidates as next-generation LIB
anode materials to achieve high surface areas, high-energy
storage density, low ion diffusion barrier, and other intriguing
features.8–11 Numerous 2D materials, such as graphene,8,12–14

transition-metal dichalcogenides (TMD),13,15–17 transition
metal oxides (TMOs),18 transition metal carbides and nitrides
(MXenes),19–22 have been studied theoretically and experimen-
tally as potential electrode materials for LIBs.

Bulk transition metal phosphides (BTMPs), firstly system-
atically described by Schnering and Hönle in 1988,23 are a class
of emerging materials in energy storage and conversion.24,25

Alloying phosphorus and metals, BTMPs are categorized as
three types: MP2 (phosphorus-rich compounds with semicon-
ductor properties, considerably less stable than the metal-rich
compounds), MP (metallic), and M2P (metal-rich compounds
with metallic properties, good conductors of heat and electri-
city with high chemical and thermal stability).26,27 In 2002,
Nazar et al. experimentally observed reversible Li uptake by
a BTMP electrode, CoP3, at a low potential,28 which gained
much attention due to its high gravimetric capacity and lower
polarization than sulfides, fluorides, and oxides.29–32
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Very recently, great progress has been achieved on 2D
M2Ps.

33 Theoretically, W2P, Sr2P, and Mo2P were confirmed to be
dynamically and thermodynamically stable.33–35 Experimentally,
Yang et al. demonstrated a topochemical strategy to prepare
Co2P and Fe2P using phosphorene as the P source.36 Among
these 2D M2Ps, Mo2P caught our great attention, since its
metallicity, high tensile strength and elastic modulus, low Li
diffusion energy barrier (50 meV), and low open-circuit voltage
(0.88–1.06 V) endow 2D Mo2P as promising LIB anode
materials.37 However, the Li storage capacity in 2D Mo2P
(240 mA h g�1) is even lower than graphite.8,37 Thus, it is desirable
to find a good strategy to improve its Li storage capacity while
keeping or even lower the Li diffusion energy barriers.

Different strategies, such as chemical functionalization38

mechanical engineerings,39,40 and heteroatom doping,41–47

have been utilized to tune the properties of 2D materials.
Among these strategies, doping heteroatoms (e.g., carbon,
nitrogen, boron, etc.) into 2D materials has been proven as an
effective method to increase storage capacity, surface wettability,
and conductivity of LIB anode materials.41–47 For example,
Reddy et al. successfully fabricated nitrogen-doped graphene
films with a high percentage of pyridinic N atoms and achieved
much enhanced lithium-ion storage.43

Herein, we theoretically investigated the geometric and
electronic properties, the stability, and electrochemical
performance of carbon- and nitrogen-doped 2D Mo2P materials,
namely CMP and NMP, paying special attention to the doping
effects of heteroatoms, by systematic density functional
theory (DFT) computations and ab initio molecular dynamics
simulations (AIMD) simulations. Our computations showed that
CMP and NMP are promising high-performance LIB anode
materials, and once again demonstrated that simple doping is
an effective strategy to enhance the performance of anode
materials in rechargeable batteries.

2. Computational methods

All our DFT calculations and ab initio molecular dynamic
simulations were carried out by using Vienna Ab initio
Simulation Package (VASP).48–50 The projector-augmented wave
(PAW) method was employed to describe the ion–electron
interaction.51,52 The exchange–correlation function was
depicted by the generalized gradient approximation in the form
of Perdew–Burke–Ernzerhof (GGA–PBE) functional.53 The
electronic wave functions were expanded using a plane-wave
basis with 500 eV cutoff energy. Monkhorst–Pack k points
mesh sizes of 7 � 7 � 1 and 13 � 13 � 1 were used for
geometric optimizations and self-consistent total energy
calculations, respectively.54 All the structures were optimized with
the convergence criteria of 10�4 eV Å�1 in force and 10�6 eV
per atom in energy. To assess the kinetic stability, phonon
dispersion of the CMP(NMP) monolayer was computed using
the finite displacement method as implanted in the PHONOPY
program.55 A 15 Å vacuum space in the z-direction was applied to
avoid interactions between adjacent periodic images.

To confirm the thermal stability of CMP and NMP, the AIMD
simulations were carried out using 4 � 4 super-cells in the NVT
ensemble with the Nosé thermostat method. Each simulation
lasted 20 ps with a time step of 2.0 fs, and the k-point mesh
size was set as 3 � 3 � 1.56 Li diffusion coefficients were
calculated from the mean square displacements using 2 � 2
super-cells in the NVT ensemble with the Nosé thermostat
method. Each simulation lasted 40 ps with a time step of
2.0 fs, and the gamma point was used for all temperature
simulations. The long-range dispersion correction scheme of
zero dampings developed by Grimme, i.e. the DFT-D3 method,
was employed to describe the van der Waals interactions of
adsorption modes.57 The climbing-image nudged elastic band
(CI-NEB) methods were used to evaluate Li-ion diffusion path-
ways and the diffusion barrier.58,59 The energy barrier (Ea) is
defined as Ea = ETS � EIS, where ETS and EIS represent the
energies of the transition state and the initial state,
respectively.

The lithiation/delithiation of C(N)MP process on the anode
can be summarized as

LixCðNÞMP  !charge=discharge
xLiþ þ CðNÞMPþ xe�

To study the Li atom adsorption on the C(N)MP monolayer,
we investigated different adsorption sites (S1, S2, and S3) on
2 � 2 super-cell models (Fig. 1). The most favorable adsorption
configurations were identified by comparing their Li atom
adsorption energies (Ead), defined as

Ead ¼
ELixCðNÞMP � xELi � ECðNÞMP

x
(2)

where ELixC(N)MP and EC(N)MP are the total energies of the
C(N)MP monolayer with and without Li atom adsorbed,

Fig. 1 Optimized structures of (a) C-Mo2P and (b) N-Mo2P. The pink, blue,
grey, and dark-blue balls represent P, Mo, C, and N atoms, respectively. In
the low panel are the contour plots of the electron localization function
(ELF) map sliced in the direction of the monolayers.
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respectively, ELi is the total energy of metallic Li bulk, and x is
the number of Li atoms adsorbed per formula unit.

The open-circuit voltage (OCV), the potential difference
between the two terminals of the cell when disconnected from
any circuit, is an important metric in determining the state of
charge and state of health in LIBs. The average OCVs were
obtained by averaging the values of the calculated voltage
profile for different lithiation degrees. In principle, OCV should
be calculated from the Nernst equation. However, the pressure
term PDV and the entropic term TDS are negligible to the Gibbs
free energy (dG = DE + PDV� TDS) at low temperature, thus only
the energy term is used in voltage estimation.12 Thus, the OCVs
can be defined as

VOCV ¼ �
dG
xzF
�¼ �

ELix2 C Nð ÞMP � ELix1C Nð ÞMP � x2 � x1ð Þ � ELi

x2 � x1ð ÞF
(3)

where ELix2 C Nð ÞMP and ELix1C Nð ÞMP are the total energies of

C(N)MP compounds with different lithiation degrees, respectively.
z is equal to 1 for Li atom adsorption, and F is the Faraday
constant.

To evaluate the Li diffusion on the 2D anode materials, we
estimated the theoretical diffusivity D by the Arrhenius equation.

D � exp
�Ea

kBT

� �
(4)

where Ea, kB and T are the activation energy, the Boltzmann
constant, and the temperature, respectively.

Specific storage capacity (CSP) is one of the most critical
factors in the performance of electrode materials and can be
evaluated by the equation

CSP ¼
xzF

M
(5)

where M is the mass of the CMP(NMP) monolayer in g mol�1, x
represents the number of electrons involved in the electrochemical
process, z = 1 for Li atom adsorption, and F is the Faraday constant.

3. Results and discussion
3.1. Structure and stability properties

To construct the stable doped Mo2P monolayer, we need to
wisely choose suitable dopants, for which we used a simple
criterion based on the geometric fit. It is known that for a face-
center cubic, hexagonal close-packed or simple hexagonal in
carbides, nitrides, and phosphides, the structure is generally
stable when the ratio of RX/RM (radii of non-metal and metal
elements) is between 0.41 and 0.59.27 Thus, carbon and nitrogen
(atomic radii of 0.071 and 0.065 nm, respectively; in comparison,
the radius of phosphorous is 0.109 nm) were of our choice, the
resulting RC/RMo (0.55) and RN/RMo (0.50) values are in the
favorable range (0.41–0.59) (RMo = 0.13 nm). It is expected that
the C(N) atoms in the resulting CMP and NMP monolayers can
be strongly bonded to Mo atoms, leading to a highly robust 2D
materials with a high surface-to-volume ratio as the pristine 2D
Mo2P monolayers.

As expected, our DFT computations confirmed the strong
bonding between the C/N dopants and Mo atoms in CMP/NMP
monolayers. The newly formed C–Mo bonds (2.13 Å) and N–Mo
bonds (2.12 Å) are both shorter than the pristine P–Mo (2.35 Å)
bonds (Fig. 1 and Fig. S1, ESI†), because of relatively smaller
radii of C atoms and N atoms than the P atoms. Note that the C
and N dopants have larger electronegativity values (Pauling
scale: 2.55 and 3.04, respectively) than those of Mo elements
(2.19 and 2.16, respectively), the electrons in both CMP and
NMP layers are highly localized at heteroatoms C(N), as indi-
cated in the electron localization function (ELF) plot (Fig. 1).
Note that ELF60 values of 1.0 and 0.5 indicate perfect electron
localization and free electron gas (corresponding to metallic
bond), respectively, while the value close to zero denotes a low
electron density area. Typically, the large ELF number (40.5)
corresponds to a covalent bond or core electrons, while its
value lower than 0.5 can be represented as the ionic bond.
Here, the nearest-neighbor non-metal atoms suggest the
significant P–Mo, C–Mo, and N–Mo covalent bonding. Besides,
the charge delocalization is more concentrated around the
Mo atoms as compared with the P atoms or dopant atoms. We
further conducted the charge density difference to investigate
the charge transfer of P–Mo, C–Mo, and N–Mo. The results
showed (Fig. S2, ESI†) that the dopant (C and N) got more
charge than P, and N got the highest charge from Mo among
those elements, consistent with the electronegativity analysis.
Furthermore, we applied Bader charge analysis61 to discern the
quantified electron transfer of the bonding characters in P–Mo,
C–Mo, and N–Mo. As a result, it was found the P, C, and N got
B0.57 B1.05, and 1.27 from Mo, respectively. Therefore, we can
conclude that the C and N doping can modify the surface charge
of Mo2P, indicating the more positive surface that beneficial for
the intercalation of Li.

The structural stability of electrode materials is a dominant
factor determining its long-time cycling charge/discharge char-
acteristics of the lithium-ion battery. Thus, we systematically
evaluate the stabilities of the CMP and NMP monolayers. First,
we calculated the formation energy (Hf) by following the pre-
vious study,62,63 defined by Hf = Etotal[Mo18P(9 � z)Cz] �
Etotal[Mo18P9] + zE[P] � zE[C] for CMP and Hf = Etotal[Mo18P(9
� z)Nz] � Etotal[Mo18P9] + zE[P] � zE[N] for NMP. Where the first
and second terms on the right side of the equation are the
energies of doped and undoped Mo2P, respectively. The z is
the number of the dopant atom. The E[P] and E[C](E[N]) are the
chemical potentials atom for P and dopant of carbon
(nitrogen), respectively, calculated using the most stable bulk
phases. As a result, the obtained negative Hf values (�5.99 eV
and �8.78 eV for CMP and NMP, respectively) indicate that
these two monolayers are thermodynamically favorable. Then,
we calculated their phonon dispersion along with the high-
symmetry G–M–K–G direction and did not find any significant
imaginary vibrational frequency (Fig. S3a and b, ESI†), which
confirms the kinetic stability of these two doped monolayers.
These results show that our predicted C(N)MP monolayer has a
higher possibility to be synthesized under certain experimental
conditions.
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3.2. Electronic structure properties

The electronic properties are important factors in determining
the rate performance and battery cyclability of electrode materials.
Therefore, we calculated electronic band structures and projected
density of states (PDOS) of C(N)MP (Fig. 2 and Fig. S4, ESI†) at the
PBE level of theory. The high PDOS peaks across the Fermi level
reveal its intrinsic metallicity and high density of carriers, indicat-
ing excellent electronic conductivity. The atom-projected band
structures of C(N)MP (Fig. S5, ESI†) show that the electronic band
structure is dominated by the metal element (Mo), while the non-
metals elements (C, N, and P) make insignificant contributions to
the electronic band structures near the Fermi level. This finding is
inconsistent with the projected band structure of each atom
(Fig. S6a and b, ESI†). As we expected, introducing C/N dopants
into the Mo2P monolayer does not alter its intrinsic metallicity.

3.3. Li atom adsorption and diffusion on the CMP/NMP
monolayer

To evaluate the diffusion and storage properties of the lithium-
ion on the surface of the C(N)MP monolayer, we firstly inves-
tigated the preferred adsorption site of the lithium by using
potential energy surfaces of a Li adatom.64 As the result of
potential energy surfaces of a Li adatom on CMP and NMP (Fig.
S7a and b, ESI†), three possible adsorption sites strongly effect
by the heteroatoms, marked as S1, S2, and S3 (Fig. 3). For
pristine Mo2P, S1 has been reported as the most stable adsorp-
tion site with the largest binding energy compared to sites S2
and S3.37 For CMP, after full structure relaxation, we deter-
mined that the adsorption energies of S1, S2, and S3 are �0.63,
�0.61, and �0.53 eV, respectively. Clearly, site S1 is the most
stable adsorption site followed by sites S2 and S3 for CMP.
However, as NMP is concerned, the adsorption energies of at
sites S1, S2, and S3 are �0.60, �0.62, and �0.54 eV, respectively,
indicating that the most favorable adsorption site is S2 for NMP,
which is different from the case of CMP.

The Li diffusion barrier directly determines the charge–
discharge rate capacity of LIBs, thus high Li mobility and low

diffusion barrier are desirable for promising anode electrode
materials. With the aid of the nudged elastic band (NEB)
method,58,59 we investigated the diffusion barriers of Li
on C(N)MP between the nearest-neighboring low-energy
adsorption sites along the three possible migration pathways.
Specifically, the migration pathways of Li are selected between
two adjacent lowest energy adsorption sites (S1 for CMP, and S2
for NMP). Accordingly, we examined the S1–S1, S1–S2–S1, and
S1–S3–S1 pathways for CMP (Fig. 3a), while studied the S2–S2,
S2–S1–S2, and S2–S3–S2 pathways for NMP (Fig. 3b), respectively.
The schematic representations of the top view of the migration
pathways and the diffusion barriers profiles are given in ESI†
(Movies S1 to S3 for CMP and Movies S4 to S5).

For CMP, the diffusion barrier of the S1–S1, S1–S2–S1, and
S1–S3–S1 pathways are 0.100 eV, 0.037 eV, and 0.037 eV
(Fig. 3a), respectively. Consequently, the S1–S2(S3)–S1 pathways
are kinetically more favorable than the S1–S1 pathway. For
NMP, the diffusion barriers of Li migration on the surface
NMP are different: the S2–S3–S2 pathway is undesirable
because the energy barrier is high (0.078 eV) compared to the
pristine Mo2P (0.051 eV37); both S2–S2 and S2–S1–S2 pathways
exhibit the same diffusion barrier of 0.036 eV. The rather low Li
diffusion barrier can be understood by the stabilization of the
transition state, which facilitates the hybridization of Li orbital
and the orbital of relatively electron-richer C/N atoms (in
comparison with P).

Note that Li migration barriers of both CMP and NMP
monolayers are much lower than the commercial anode materials,
such as TiO2 (with Li diffusion barrier of 0.35–0.65 eV18,65–67)
and silicon (B0.57 eV68), and are comparable many 2D anode
materials, such as Mo2P (0.051 eV),37 MoS2 (0.25 eV),69–72 Mo2C
(0.043 eV),21 VS2 (0.22 eV),17,72 Ti2C3 (0.068 eV),73 graphene
(0.33 eV),8,74 and black phosphorus (0.084 eV).75 To get a
further impression about the Li mobility on CMP and
NMP monolayers, we roughly estimated the relative constant
diffusion D at the room temperature by Arrhenius equation
(Eqn 4), and found that the D value on the CMP (NMP)
monolayer is around twice faster than that on Mo2P,

37 and

Fig. 2 The electronic band structure and projected densities of states of (a) CMP and (b) NMP monolayers.
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3.7(3.9) � 103 times faster than that on MoS2,
69,70 and 8.3(8.6) �

103 times faster than that on graphene.8,74 Clearly, by simple
doping the heteroatoms to Mo2P monolayer, the resulting CMP
and NMP monolayers have a much accelerated the charging/
discharging capability, which can efficiently improve the cycling
and rate performance. To further validate the heteroatoms
strategy confirming reducing Li diffusion’s energy barrier, we
adopt the AIMD simulation method76–80 to derive the activation
energy by using the model that contains one Li atom on CMP.
As a result, the activation energy of CMP can be obtained from the
Arrhenius plot for the various diffusion coefficients at tempera-
tures from 400 K to 800 (Table S1 and Fig. S8, ESI†). The energy
barrier (0.044 eV) is very close to the result (0.037 eV) from the
NEB simulation, which will further confirm our NEB result.

3.4. Theoretical voltage profile of lithiation and maximum
storage capacity in CMP and NMP

Open-circuit voltage (OCV), the maximum output voltage, is
another important parameter to evaluate the performance of
the anode materials. The charge/discharging processes of the
stable voltage platforms are corresponding to the lithiation/
delithiation reactions of LIBs. Besides, the specific capacity
of adsorption anode materials can be obtained when the
maximum number of adsorbed Li atoms is known. Here, we
systematically examined 10 different Li concentrations (i.e.,
LixCMP and LixNMP, x = 1, 2, 3, 4, 6, 8, 9, 18, 27, and 36)
(Fig. S9, ESI†).

Our computations showed that all the Li absorption config-
urations being investigated are stable. The maximum adsorption
Li concentration in the lithiated CMP and NMP corresponds to
Li1Mo0.50P0.222C0.028 and Li1Mo0.50P0.222N0.028, respectively, which
includes 36 Li atoms in a CMP or NMP supercell (containing
27 atoms). In other words, the CMP or MMP monolayer can
adsorb two layers of Li atoms on each side of the surface (Fig. S9,
ESI†). Similar multilayer adsorption behavior has been observed
in TiC3

81 and TiC2O2.
82

The doped CMP and NMP anode materials remain metallic
after lithiation at different degrees (Fig. 4a and b; and Fig. S10
and S11, ESI†), and the densest TDOS is observed around the
Fermi level when the anode surface has the largest coverage,
indicating that lots of active electrons are available for high
electrical conductivity.

The concentration-dependent adsorption energies (Ead) of Li
on CMP and NMP monolayers (Fig. 5a) exhibits the same trend,
i.e., its values decrease with increasing the degree of lithiation.
Specifically, when only a single Li atom is adsorbed on the
surface of CMP, the adsorption energy is ca. �0.62 eV, and
the corresponding value on NMP is �0.61 eV. With increasing
the degree of lithiation, the Ead values in LixCMP are both
�0.73 eV when x reaches 0.25 and 0.5, and the corresponding
values in LixNMP are �0.76 and �0.77 eV. For the maximum
intercalation state x = 1, the Ead values on CMP and NMP
monolayers (�0.38 and �0.40 eV, respectively) remain quite
favorable, indicating its possibility for adsorbing more Li
atoms, which will not be further considered in this study.

Fig. 3 (a) Schematic representations of the top view of the migration pathways and the energy profile of diffusion for three pathways S1–S1, S1–S2–S1,
and S1–S3–S1 for CMP, (b) schematic representations of the top view of the migration pathways and the energy profile of diffusion for two pathways
S2–S2, S2–S1–S2, and S2–S3–S2 for NMP. The pink, blue, grey, and dark blue circles represent P, Mo, C, and N atoms, respectively.
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Typically, the lithiated monolayers anode electrodes do not
suffer the metal clustering problems if the adsorption energies
are negative numbers.83 For further checking the thermodyna-
mical stability of Li cluster (four atoms cluster), we found that
the energy of cluster formation is higher 1.57 eV (2.08 eV) than
the same number of Li adatom on the 2D surface of
CMP(NMP), which further confirms that the CMP(NMP) are
thermodynamically unfavorable to form the Li clusters.

The dopant concentration plays an important role in the
capacity and stability of LIBs. To gain insight into the dopant
level, we calculated the high doping level of 7.4% for
Mo0.500P0.194C0.056 (named as C2MP) and Mo0.500P0.194N0.056

(named as N2MP). The formation energy of C2MP is a positive
value of 1.03 eV relatively compared to CMP, suggesting
the high C dopant content is unfavorable. It worth noting that
the capacity was decreased in high carbon-doped concentration

compared to CMP based on the adsorption energy of Li1C2MP
is unstable during the optimized process. In N2MP, formation
energy is a negative value of �0.32 eV relatively compared to
NMP, suggesting the high nitrogen dopant content is thermo-
dynamically stable. Note that the N2MP has potential to
increase the capacity because of the high adsorption energy
compared to that in NMP (�0.97 eV for Li0.028N2MP; �0.81 eV
for Li0.25N2MP; �0.79 eV for Li0.5N2MP; �0.41 eV for
Li1N2MP.). Overall, the result suggested that the carbon-
doped Mo2P prefers low-level dopant concentration for high
capacity, while the nitrogen-doped Mo2P prefers high-level
dopant concentration for high capacity, which can be the
guidance for experimental study.

A high OCV value may contribute to its lithium storage
capacity, but hinder the process of charge–discharge. To meet
the needs of rapid charge/discharge, the OCV should not be too

Fig. 4 The total density of states (TDOS) for the (a) CMP and (b) NMP monolayers at various degrees of lithiation. The Fermi level is set to zero.

Fig. 5 (a) The variation of adsorption energy with increasing Li contents in CMP and NMP monolayers. (b) OCV as a function of Li content x on the CMP
and NMP. The corresponding schematics of LixCMP and LixNMP (top view and side view) are given in Fig. S9 (ESI†).
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high, low OCV and reasonably high OCV values are needed for
anode and cathode materials, respectively. For anode materials,
typically the desired OCV range is 0.1–1 V, because it can
help prevent dendrite formation of alkali metals during the
discharge/charge process.21 Herein, we calculated the OCVs
profiles of different intercalation states of LixC(N)MP according
to eqn (3), and Fig. 5b presents the OCV values as a function of
Li content x on the CMP and NMP. In general, the OCV values
decrease with increasing lithiation: when only one layer of Li
atom is adsorbed on each side of the anode materials (corres-
ponding to x = 0.5), the OCV values are 0.73 and 0.78 V for CMP
and NMP, respectively; further lithiation reduces the OCV
values, and both CMP and NMP are 0.03 V when those reaches
1.0. Nevertheless, the average OCVs of CMP and NMP are 0.38 V
and 0.40 V, respectively, which are comparable to the common
commercial anode materials, such as for graphite (B0.2 V),8,74

and TiO2 (1.5–1.8 V).18,65–67 The rather low or moderate OCVs
are beneficial for CMP and NMP monolayers to be used as
anode materials.

The maximum storage capacity (CSP) is the most critical
parameter to evaluate an electrode material. We calculated the
specific capacities of CMP and NMP monolayers following
eqn (5) using the (2 � 2 � 1) supercell modes using the same
method with previous literature.83,84 The CSP values increase as
Li atoms are gradually added to the anode surface during
the lithiation process. Based on the highest lithiation state
examined, which corresponds to the chemical formula of
LiMo0.50P0.222C(N)0.028, we determined the theoretical maximum
storage capacity capacities of CMP and NMP systems as 485.76
and 485.10 mA h g�1, respectively. Encouragingly, our estimated
maximum storage capacities of CMP and NMP monolayers
are larger than many other 2D anode materials, such as Mo2P
(240 mA h g�1),37 Mo2C (400 mA h g�1),21 VS2 (466 mA h g�1),17 a-
FeSe (340 mA h g�1),85 MXenes (447.8 mA h g�1),73 phosphorene
(389.02 mA h g�1),75,86 and graphite (372 mA h g�1).8,74 The high
specific capacities of CMP and NMPmonolayers can be attributed
to the heteroatom dopants (C and N), which enhance the inter-
actions between the intercalation host and the lithium atoms.

The thermal stability is another important descriptor for
anode materials, which can be estimated at different tempera-
tures by MD simulations. It complements the thermodynamic
and dynamic stabilities evaluated by the formation energies
and phonon dispersion curves at absolute zero temperature.
Thus, we conducted extensive AMID simulations for CNP
and NMP monolayers adsorbed by one-layer Li atoms at
each side of the surface (Li0.5CMP and Li0.5NMP, corresponding
to the chemical formulas of Li0.5Mo0.50P0.222C0.028 and
Li0.5Mo0.50P0.222N0.028, respectively) at different temperatures.
All the structures along the trajectory are recorded for Li0.5CMP
(Fig. S12a and Movie S7, ESI†) and Li0.5NMP (Fig. S12b and
Movie S8, ESI†). Both Li0.5CMP and Li0.5NMP do not collapse
throughout the 10 ps AIMD simulation at room temperature.
Considering that the temperature of LIBs would increase
during the charge/discharge process, we performed further
AIMD simulations at higher temperatures and found that the
Li0.5CMP and Li0.5NMP structures are not disrupted up to 500 K

during a simulation time of 20 ps (Fig. 6a and b). Thus, both
CMP and NMP are expected to have good thermal stability.

4. Conclusion

In summary, by systematic DFT computations and ab initio
molecular dynamics simulations, we explored the potential to
improve the performance of Mo2P monolayer as LIB anode
materials by simple doping C and N heteroatoms. Compared
with the pristine Mo2P monolayer, the resulting C- and
N-doped Mo2P (CMP and NMP) monolayers have a lower Li
diffusion barrier (B0.036 eV) along the 2D plane, and can
double the specific capacity (485.76 and 485.10 mA h g�1,
respectively). The average OCVs of Li intercalation for CMP
and NMP (0.38 and 0.40 eV, respectively) are in a good range
(0.1–1 V) for LIB anodes. After lithiation, both CMP and NMP
monolayers can remain stable at a high temperature (up to
500 K) and preserve the intrinsic metallic character. All these
computations demonstrated that the simple doing with wisely
chosen heteroatoms serves as an effective method to improve
the performance of 2D TMPs as electrode materials.
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