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Understanding the mechanism of the interfacial reaction between the cathode material and the electrolyte is a signif-
icant work because the interfacial reaction is an important factor affecting the stability, capacity, and cycling performance
of Li-ion batteries. In this work, spin-polarized density functional theory calculations with on-site Coulomb energy have
been employed to study the adsorption of electrolyte components propylene carbonate (PC) on the LiMn2O4 (100) surface.
The findings show that the PC molecule prefers to interact with the Mn atom on the LiMn2O4 (100) surface via the car-
bonyl oxygen (Oc), with the adsorption energy of −1.16 eV, which is an exothermic reaction. As the adsorption of organic
molecule PC increases the Mn atoms coordination with O atoms on the (100) surface, the Mn3+ ions on the surface lose
charge and the reactivity is substantially decreased, which improves the stability of the surface and benefits the cycling
performance.

Keywords: Li-ions batteries, electrolyte, density functional theory, surface, propylene carbonate
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1. Introduction
Li-ion batteries have received significant attention due

to their high energy density and environmental friendliness,
and are widely used as energy storage devices of small elec-
tronic products and electric vehicles. Currently, the research
and development of Li-ion batteries mainly focus on improv-
ing the performance of existing battery systems and develop-
ing new battery materials to achieve specific applications.[1,2]

In the Li-ion batteries system, the cathode material, as a
provider of Li-ions, plays a key role in the electrochemical
performance of the battery,[3–5] regarding safety, price, capac-
ity, etc. Different types of cathode materials have been consid-
ered for Li-ion batteries, including layered structured materi-
als LiMO2 (M = Co, Ni, Mn),[6–11] spinel structured material
LiMn2O4,[12–15] Li-rich material Li2MnO3,[16–18] and olivine
structured material LiFePO4.[19–22] Among these materials,
spinel LiMn2O4 has attracted much attention because of the
following advantages: (i) manganese is low-priced, abundant;
(ii) LiMn2O4 shows high working voltage with a theoretical
capacity of 148 mAh/g; (iii) LiMn2O4 has a three-dimensional
channel for the reversible diffusion of Li+ ions.[23,24]

However, LiMn2O4 also shows some undesirable features
as a positive electrode, such as disproportionated reaction and
Jahn–Teller distortion of Mn3+ ion.[14,25,26] Doping and sur-
face coating are considered to be effective methods to improve
the battery performance. Zhang et al.[25] found that Al/Co
dual-doped LiMn2O4 showed a good cycling stability. Ouyang

et al.[15] pointed out that Al2O3-covered LiMn2O4 (100) sur-
face inhibited the formation of Mn3+ ions. Although some
progress has been achieved in the investigation of LiMn2O4,
there are still problems to be solved in order to further improve
the electrochemical performance of LiMn2O4,[27–29] such as
severe capacity degradation at high temperatures, interfacial
reaction, etc.

In the present work, we studied the interfacial reaction
of propylene carbonate C4H6O3 (PC) on the LiMn2O4 (100)
surface and proposed the corresponding reaction mechanism
with the help of density functional theory (DFT) calculations.
The results provide a theoretical explanation to the better cy-
cling performance of PC based electrolyte for the LiMn2O4

cathodes.

2. Computational details
All calculations of interfacial reaction were performed us-

ing the projector augmented wave (PAW) method based on
DFT+U calculations as implemented in the Vienna ab ini-
tio simulation package (VASP) code.[30–32] The exchange–
correlation functional was modeled using the Perdew, Burke,
and Ernzerhof (PBE) within the spin-polarized generalized
gradient approximation (GGA). The plane wave cut-off en-
ergy of 520 eV and k sampling with 3× 3× 1 k-point mesh
in Brillouin zone were adopted for all surface adsorption mod-
els. Li-2s1, C-2s22p2, H-1s1, Mn-3d64s1, and O-2s22p4 were
modeled as valence electrons. The Hubbard U correction term
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was used to improve the description of the localized Mn-3d
electrons.[33] The on-site U parameter for the Mn-3d electrons
was set to be 4.5 eV based on previous study.[34]

In order to characterize the adsorption strength of PC
molecule on LiMn2O4 (100) surface, we calculated the ad-
sorption energy (Eads) at different adsorption sites with differ-
ent orientations on the molecule. The adsorption energy was
calculated according to the following equation:

Eads = Etotal −Eslab −EPC,

where Etotal represents the total energy of the slab after adsorb-
ing molecules, Eslab and EPC are the energies of the clean slab
and the isolated PC molecule, respectively. A negative value
of Eads corresponds to an exothermic and favorable absorption
process. The larger the negative value is, the more stable the
adsorption is.

3. Results and discussion
The spinel LiMn2O4 has a cubic crystal structure with

space group Fdm, and the structural model is shown in Fig. 1.
Li-ion occupies the 8a tetrahedral sites, Mn-ion occupies the
16d octahedral sites, and O-ion occupies the 32e sites. Mn is
present as Mn3+ and Mn4+ ions in LiMn2O4 bulk,[15,35] i.e., 8
Mn3+ and 8 Mn4+. Mn3+ corresponds to the t32ge1

g electronic
configuration, and Mn4+ is consistent with t32g electronic con-
figuration. According to the ligand field theory, there is a sin-
gle un-paired electron in dz2 component of the eg orbitals for
the Mn3+ ion, the Mn–O bond is elongated along the z direc-
tion, resulting in the so called Jahn–Teller distortion. Mn3+

is largely responsible for the structural instability of the spinel
LiMn2O4 cathode material.

c

a
b

Fig. 1. The structural model of the spinel LiMn2O4. The green, purple,
and red balls are Li, Mn, and O atoms, respectively.

For low index surfaces of spinel LiMn2O4, previous stud-
ies have pointed out that the Li-terminated LiMn2O4 (100) sur-
face is the energetically most favorable surface,[15,28] as shown
in Fig. 2(a). The Mn atoms in the LiMn2O4 (100) surface only
coordinate with 5 O atoms, the dz2 orbital is filled with elec-
trons. Therefore, all Mn ions in the LiMn2O4 (100) surface
are present in the form of Mn3+. Researches show that the
Mn3+ ions are easier to dissolve in the electrolyte than the
Mn4+ ions,[15,36] which is now considered to be an important
cause of performance fading. In the present work, the interfa-
cial reaction between the LiMn2O4 (100) surface and the PC

molecule is studied, the structural models are shown in Fig. 2.
To avoid the interaction between the periodic images, a vac-
uum layer of 15 Å along c axis was added to the (100) sur-
face. The initial adsorption configuration of the PC molecule
involved coordination with the surface via the carbonyl (Oc)

and ethereal (Oe) oxygens, and the adsorption positions stud-
ied included top-Li, top-Mn, and bridge-Mn sites, as shown
in Fig. 3. Various adsorption configurations and correspond-
ing adsorption energies Eads are presented in Table 1. It can be
clearly found that all the adsorption energies are negative. This
indicates that the adsorption of PC molecule on the LiMn2O4

(100) surface is an exothermic reaction that can occur sponta-
neously. For the monodentate binding pattern (sites A to F),
the adsorption energy of PC via Oc adsorption is greater than
that via Oe adsorption at the same site. The top-Mn site is the
favorite adsorption site, while the bridge-Mn is the opposite.
For the bidentate adsorption pattern, the case which interacts
with surface Mn atoms via Oc and one Oe has the adsorption
energy of −0.90 eV, while the adsorption energy of interac-
tion with surface Mn atoms via two Oe is only −0.42 eV. The
adsorption energy of the out-of-plane adsorption pattern via
H atoms (site I) is the smallest. Therefore, we can conclude
that the PC molecule prefers to interact with the Mn atom on
the LiMn2O4 (100) surface via Oc (site C) at a distance of
2.646 Å, with the adsorption energy of −1.16 eV, as shown in
Fig. 4. Hence the adsorption pattern which interacts with the
surface Mn atoms via Oc will be further studied due to more
negative adsorption energy.

(a) (b)

c

vacuum
Oc

Oe

C1

C3 C2

C4

Fig. 2. Structural models of (a) LiMn2O4 (100) surface and (b) propy-
lene carbonate C4H6O3 (PC) molecule. The green, purple, black, gray,
and red balls are Li, Mn, C, H, and O atoms, respectively. Oc and Oe
represent the carbonyl and ethereal oxygens, respectively. C1–C4 is the
code for the C atom.

top Li site

top Mn site

bridge Mn site

Fig. 3. Schematic diagram of adsorption sites on LiMn2O4 (100)
surface. The green, purple, and red balls are Li, Mn, and O atoms,
respectively.
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Table 1. Various adsorption configurations and corresponding adsorption energy Eads of PC adsorbed on LiMn2O4 (100) surface. The
green, purple, black, gray, and red balls are Li, Mn, C, H, and O atoms, respectively.

Site A B C

Adsorption 

configuration

Eads (eV) -0.82 -0.59 -1.16

Site D E F

Adsorption 

configuration

-0.70 -0.40 -1.05

Site G H I

Adsorption 

configuration

-0.90 -0.42 -0.23

Eads (eV)

Eads (eV)

2.646 A

Eads=-1.16 eV   

2.444 A

Oc

C1

Oe

1.219 A

1.355 A

(a) (b)
1.205 A

1.370 A

Fig. 4. Most stable adsorption configurations for the PC molecule on
the LiMn2O4 (100) surface (a) and structural changes of PC molecule
after adsorption (b). The green, purple, black, gray, and red balls are Li,
Mn, C, H, and O atoms, respectively.

In order to gain an insight into the reaction mechanism,
the differential charge density ρdiff = ρtotal − ρsurface − ρPC

(ρtotal, ρsurface, and ρPC represent the charge densities of to-
tal, surface, and isolated PC molecules, respectively) was first
studied, as shown in Fig. 5. It can be clearly seen that there
is an obvious charge transfer between Mn and carbonyl oxy-
gen. Mn is the donor of electrons and oxygen is the acceptor
of electrons. At the same time, the electron density aggrega-
tion between C1 and ethereal oxygen (Oe), and between H and
one surface O is observed, indicating that the interaction be-
tween these atoms becomes stronger. After the PC molecule
is adsorbed on the (100) surface, the C1–Oc bond length is
stretched from 1.205 Å to 1.219 Å, while the C1–Oe bond
length is compressed from 1.370 Å to 1.355 Å, and the H–
O bond length is 2.444 Å (Fig. 4). The change of bond length

is in agreement with the conclusions from the change density
in Fig. 5.

(a) (b)

Fig. 5. Side view (a) and top view (b) of the differential charge density
ρdiff = ρtotal −ρsurface −ρPC plot (0.05 e/Å3) of PC molecule adsorbed
on LiMn2O4 (100) surface. The yellow regions indicate increased elec-
tron density, and blue regions represent decreased electron density.

To further disclose the origin of the change in electron
density before and after adsorption, figure 6 shows the pro-
jected density of states (PDOS) for the 2p orbital of Oc atoms
of PC molecule before and after adsorption. Figure 7 shows
the PDOS for the dz2 component of the eg orbital of surface
Mn atom which interacts with Oc before and after adsorption.
As illustrated in Fig. 6, the Oc-2p level is shifted to the lower
energy, which shows that the Oc of the PC molecule is sta-
bilized, resulting in a weakened interaction between C1 and
Oc, thus the C1–Oc bond length is stretched from 1.205 Å to
1.219 Å. Next, we analyze the electronic state of the Mn atom
which interacts with Oc after adsorption. As shown in Fig. 7,
the peak of the dz2 component of the eg orbital is lowered after
the adsorption of the PC molecule, while the intensity of the

038202-3
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empty orbit above the Fermi level increases, indicating that
the dz2 component of the Mn3+ ion loses electrons. This is
consistent with the previous discussion that Mn3+ is the donor
of electrons and Oc is the acceptor of electrons. As a result,
adsorbing PC molecules on the LiMn2O4 (100) surface can
effectively decrease the reactivity of the Mn3+ ions, and thus
is beneficial to suppress the disproportionated reaction of the
Mn3+ ions on the surface. In this sense, the cycling perfor-
mance of the LiMn2O4 cathode can be enhanced by using PC
as the electrolyte.
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Fig. 6. The PDOS for the 2p orbital of Oc atom of PC molecule before
and after adsorption.

-1 0 1 2 3 4 5
-3

-2

-1

0

1

D
e
n
si

ty
 o

f 
st

a
te

s 
(s

ta
te

s/
e
V

)

Energy (eV)

clean surface Mn dz
adsorbed surface Mn dz

Fig. 7. The PDOS for the dz2 component of the eg orbital of Mn atom which
interacts with Oc before and after adsorption.

4. Conclusions
In summary, various adsorption configurations of the

propylene carbonate (PC) molecule on LiMn2O4 (100) sur-
face have been studied base on spin-polarized DFT +U calcu-
lations. The results show that the PC molecule prefers to in-
teract with Mn atom in the LiMn2O4 (100) surface via the car-
bonyl oxygen (Oc), with the adsorption energy of −1.16 eV,
which is an exothermic reaction. There is obvious electron
transfer between adsorbed molecules and the surface during
the adsorption of molecules. The dz2 component of the eg or-
bital of surface Mn3+ ion is the donor of electrons, while the
2p orbital of Oc is the acceptor of electrons, resulting in the
stabilizing of the Mn3+ ions in the LiMn2O4 (100) surface.
Our results suggest that increasing Mn coordination with O

atoms at the surface by coating or molecule adsorption (such
as carbonyl ad-layer, hydroxyl ad-layer, metallic oxide) can
effectively inhibit the reactivity of Mn3+, thereby enhance the
surface stability of the Mn-based cathode material.
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