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Nickel-rich layered oxides are important cathode materials for lithium batteries, but their effectiveness is
compromised by air sensitivity. Using LiNiO2 as a prototype in ab initio molecular dynamics simulations,
we find that oxygen active sites provide molecular orbitals and metal activation that work in synergy
to form impurity hydroxyl and carbonate species in the presence of air. This mechanism successfully
explains the high air sensitivity on the specific surfaces, the air-sensitivity transition after Li/Ni mixing,
and the treatment effect of cation (Co and Mn) and anion (F and S) doping methods. Doping with sulfur
ions proves to have the best protective effect against H2O and CO2. A series of first-principles calculations
show that oxygen active sites originate from electron loss, and the activation effect of metals is limited
by the type of elements, the number of coordination bonds, the coactivation effect and the Jahn-Teller
distortion. While impurity formation is usually a localized phenomenon, the autoprotolysis of H2O allows
long-distance proton transport to support the hydrolysis reaction. The adsorption energy of H2O and CO2

is not directly related to the air sensitivity, but is inversely proportional to the surface thermodynamic
stability in the study of Li/Ni mixing. However, the concentration of Li/Ni mixing depends on the exposed
surface, implying that the influence of Li/Ni mixing on air sensitivity and air adsorption capacity is uneven.
Our studies contribute to realizing a cost-effective and convenient experimental strategy for treating air
sensitivity of LiNiO2 cathode materials.

DOI: 10.1103/PRXEnergy.2.033001

I. INTRODUCTION

In support of the transition to renewable energy, lithium-
ion batteries (LIBs) are widely used for energy storage in
hybrid and purely electric vehicles. To date, endurance is
still one of the main obstacles restricting the promotion of
electric vehicles. Ni-rich layered oxides (LiNixMyO2, x ≥
0.8, x + y = 1, M = Co, Mn, Al) are one of the most
promising cathode materials to achieve high energy den-
sity (>200 mAh g−1) with low cost and toxicity [1–4].
However, while inheriting the high energy density of
LiNiO2, it also inherits many disadvantages such as poor
cycle performance, safety performance degradation, and
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high air sensitivity [2–5]. Air sensitivity is a particularly
noteworthy issue because the weak Ni—Ni bonding will
lead to the aggregation of Ni ions on the surface of Ni-rich
layered cathode materials [6,7], which further enhances air
sensitivity. Experimental observations [5] have shown that
air sensitivity increases with increasing nickel content, but
the role played by Ni ions in impurity formation remains
unclear. In most cases, the impurities on the surface of
Ni-rich layered cathode materials are harmful and cause
additional economic losses in the process of production,
storage, and transportation.

Experiments [8,9] show that the impurities mainly con-
sist of hydroxides, LiHCO3, Li2CO3, and NiO-like species.
The detrimental details of the impurities are summarized as
follows: (i) electronic conductivity, Li+ conductivity, and
electrochemically active lithium decreasing [8,10,11]; (ii)
accelerated surface degradation, adverse phase transforma-
tion, and secondary particle cracking rapidly decrease the
capacity retention rate [12]; (iii) local heating with higher
impedance increases the risk of catastrophic battery dam-
age and ignition of liquid electrolytes [13–15]; (iv) LiOH
and H2O not only consume electrolytes by electrochemical
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reactions but also produce HF, which further corrodes the
cathode materials and collectors [11,16–18], and cause
the dissolution of transition metals [19–21]; (v) gas evo-
lution [16]; for example, Li2CO3 decomposition causes
battery bulging and even structural damage; (vi) the high
alkalinity initiates defluorination of the polyvinylidene flu-
oride binder, which leads to the particle agglomeration and
slurry gelation [9,22–24]. To combat these hazards, some
experimental methods have been developed and proved
to be effective, such as cation doping [9,25–27], stor-
age in inert gas [4,8], secondary sintering [8,28], washing
and annealing process [29–32], surface coating [33–36],
and gradient design [37–40]. Surprisingly, compared with
the development of experimental technology, there are
few studies on the atomic-scale formation mechanism of
impurities [41,42].

From a macroscopic perspective, the surface of Ni-
rich cathode materials is considered chemically active
in absorbing H2O and CO2. Because of the low sur-
face energy, the primary particles are smaller than in the
case of low Ni, thus obtaining a larger total surface area
for surface chemical reactions [5,43]. In addition, excess
lithium is beneficial to suppressing Li/Ni mixing, but intro-
duces additional active lithium oxides Li2O and Li2O2
[44–46] on the surface to react with H2O and CO2 to
form LiOH and Li2CO3 [11,47]. From a microscopic per-
spective, two chemical reaction mechanisms have been
used to explain impurity formation: (1) the redox mech-
anism [4,8] and (2) the H+/Li+ exchange mechanism
[4,48–50]. (1) According to crystal field theory, Ni3+ with
an electron configuration of t2g6eg1 tends to induce the
Jahn-Teller distortion in an octahedral coordination envi-
ronment. Therefore, Ni3+ on the surface tends to turn into
Ni2+ with an electron configuration of t2g6eg2 to pre-
vent lattice distortions. However, the reduction of Ni3+ to
Ni2+ also results in the formation of oxygen active sites
on the surface, which react with H2O, CO2, and Li+ to
form LiOH, LiHCO3, and Li2CO3. At the same time, due
to the consumption of lithium and oxygen, a NiO-like thin
layer is formed between the adsorption layer and the bulk
material. The redox mechanism is as follows:

2Ni3+ + 2O2−
s → 2Ni2+ + O2−

s,active + 1
2 O2, (1a)

O2−
s,active + CO2 → CO2−

3 , (1b)

O2−
s,active + H2O → 2OH−, (1c)

with subscript s indicating that O2− is the lattice oxygen
on the LiNiO2 surface. (2) Li+ migrate outward and pro-
tons diffuse into the bulk phase. Shkrob et al. [49] proposed
that the interaction of H+ with lattice oxygen is responsi-
ble for the c-axis contraction when LiNi0.5Co0.2Mn0.3O2 is
exposed to humid air. The H+/Li+ exchange mechanism

is as follows:

Li+ + H2O → H+ + LiOH, (2a)

LiOH + CO2 → LiHCO3, (2b)

LiOH + LiHCO3 → H2O + Li2CO3, (2c)

2NiOOH → 2NiO + H2O + 1
2 O2. (2d)

Although some experimental results support the H+/Li+

exchange mechanism, the promotion effect of high nickel
content on impurity formation cannot be explained. There-
fore, the H+/Li+ exchange mechanism is thought to
usually occur in the primary stage of air exposure [4].

Interestingly, some experiments show that Li2CO3 is
formed on the surface of Ni-rich cathode materials in pure
CO2 [51–53], while others show that H2O is necessary for
chemical reactions [54]. This obvious contradiction may
be attributed to the fact that the residual lithium oxides
are not excluded or the difference in synthesis methods
leads to the exposure of different surfaces. To solve the
above contradiction and study the details of the impurity
formation in air, we employ ab initio molecular dynam-
ics (AIMD) simulations to study the air sensitivity of the
(003), (012), (101), (100), (104), and (110) surfaces of
LiNiO2 in pure H2O and CO2 atmosphere, and ignore
the residual lithium oxides on the surface in this work.
It should be emphasized that, since high nickel content
accelerates the formation of impurities, we target LiNiO2
to study instead of LiNixMyO2 (M = Co, Mn, Al). The
chemical activity of surface oxygen ions and the activation
ability of metal ions are analysed through a series of first-
principles calculations (the structural relaxation, density of
states, spin electron density, partial density of states, and
crystal orbital Hamilton population calculations) to explain
the air sensitivity of the LiNiO2 surface. Furthermore, we
also study the contribution of Li/Ni mixing to air sensitiv-
ity. Finally, we study and discuss the protective effect of
cation and anion doping on the LiNiO2 surface.

II. RESULTS AND DISCUSSION

A. Air sensitivity on six surfaces

The AIMD simulations are performed to simulate dif-
ferent surfaces of LiNiO2 in pure H2O (1 ps) and CO2 (2
ps). The reason for using different AIMD simulation dura-
tions is that the number of CO2 molecules is only half
the number of H2O molecules when the densities of the
two are set close to each other (1.0 g/cm3 for H2O and
1.1 g/cm3 for CO2), which means that the probability of
CO2 contacting the surface is only half that of H2O. As
shown in Figs. 1(a)–1(f), hydrolysis reactions (separation
of H+ and OH−) can be observed within 1 ps on the (003),
(100) and (110) surfaces but not on the (104), (101) and
(012) surfaces, suggesting that the latter are more inert.
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The structural relaxation calculations (SRCs) further ver-
ify the results of AIMD simulations (Fig. S6 within the
Supplemental Material [55]) and are used to observe the
whole process of the hydrolysis reaction. As an example,
the (100) surface is selected to describe the detail of this
process in Fig. S7(a) within the Supplemental Material
[55]. When the hydrolysis reaction is desired, H2O is first
adsorbed on one Ni ion. Then H+ is transferred to active
O2−

s on the LiNiO2 surface and OH− formed by hydrol-
ysis tends to occupy the vacancies of metal octahedron
coordination. By performing partial density-of-states cal-
culations, Ni2+ and Ni4+ are found on the (003), (100), and
(110) surfaces [Fig. S8(a) within the Supplemental Mate-
rial [55] ]. The presence of Ni2+ on the surface of LiNiO2
has been confirmed by Liu et al. [8] and Zheng et al. [32]
from x-ray photoelectron spectroscopy analysis. However,
the presence of Ni4+ on the surface has rarely been men-
tioned so far. Our view is that the presence of Ni4+ is
beneficial to avoid the production of O− and thus reduces
the energy of the system in the initial stage of impurity for-
mation. According to the redox mechanism, the reduction
of Ni3+ to Ni2+ can activate O2−

s on the surface. The evi-
dence of the presence of active O2−

s will be exhibited later.
As shown in Fig. S8(b) within the Supplemental Material
[55], only Ni3+ is found on the (104), (101), and (012)
surfaces, so O2− on these surfaces may be inactive. The
details of judging the valence state of Ni ions are shown in
Sec. S7 within the Supplemental Material [55]. Here, we
propose the formation mechanism of active oxygen sites
and hydrolysis reaction process as follows:

O2−
s + 2Ni3+ → Ni2+ + Ni4+ + O2−

s,active, (3)

Li+ + O2−
s,active + H2O → LiOH + OH−,

Ni2+ + O2−
s,active + H2O → NiOH+ + OH−,

(4)

where subscript s indicates that the O2− is the lattice oxy-
gen on the LiNiO2 surface. Equation (3) is used to explain
the production of oxygen active sites O2−

s,active rather than
to indicate that we observe the disproportionation pro-
cess on the surface. In Eq. (4), based on our observations
from AIMD simulations, the O2−

s,active provide the molec-
ular orbital to accept H of H2O, while the metal as the
activator weakens the O—H bond within H2O, thereby
reducing the energy barrier of the hydrolysis reaction. We
prove this conjecture in the subsequent discussion. Eom et
al. [25] experimentally proved that increasing the content
of Co can effectively inhibit the formation of impurities,
which indicates that metal is also a crucial factor to partic-
ipate in the chemical reaction on the surface of cathode
materials. In order to visually demonstrate the role of
metals in hydrolysis, we calculate the bond length and
strength of H2O in vacuum and on surfaces. Table S2
within the Supplemental Material [55] shows that the bond
strengths of O—H bonds on the (012), (101), and (104)

surfaces (−4.4 to −3.9 eV) are weaker than that in vac-
uum (−7.4 eV), which indicates that metal ions contribute
to weakening the binding of O and H within H2O. In addi-
tion, we find that the formation of hydrogen bonds between
the H atom and surface oxygen O2−

s lengthens the O—H
bond (0.97 to 1.00 Å) and weakens the bond strength.
This attractive interaction will further help H atoms escape
from H2O. We also attempted to delete Ni ions on the
(100) surface and Li ions on the (003) surface to observe
whether or not the hydrolysis reaction still occurred in
SRCs. The results [Fig. S7(c) within the Supplemental
Material [55] ] prove that metal weakening the O—H bond
is a non-negligible reaction stage for the hydrolysis reac-
tion. Therefore, at least in the primary stage of impurity
generation, the microdynamics process of the hydrolysis
reaction should be a combination of the H+/Li+ and redox
mechanisms because Eqs. (1) ignore the activation of met-
als and Eqs. (2) lack active oxygen. An additional reaction
process, the autoprotolysis phenomenon [56], is observed
to promote the hydrolysis reaction. In order to explain this
phenomenon more clearly, SRCs are performed to repro-
duce the results of AIMD simulations. As shown in Figs.
1(g)–1(i), when an additional water molecule is added, No.
1 H2O transferred protons to No. 2 H2O to complete the
hydrolysis reaction. Then, No. 2 H2O transferred protons
to O2−

s,active. The protons transfer mechanism is as follows:

Li+ + 2H2O → LiOH + H3O+

Ni2+ + 2H2O → NiOH+ + H3O+ (5)

H3O+ + O2−
s,active → +H2O + OH− (6)

With the help of the abundant hydrogen bond network,
excess water molecules not only do not hinder the hydrol-
ysis reaction, but may also be beneficial to the proton
transport over long distances when metals and oxygen
active sites are far apart. We predict that the autoprotoly-
sis phenomenon will accelerate the formation of impurities
under high humidity conditions.

The air sensitivity of the LiNiO2 surfaces to pure CO2 is
similar to that of pure H2O in AIMD simulations [Figs.
1(j)–1(o)] and SRCs (Fig. S6 within the Supplemental
Material [55]). The significant changes in the O—C—O
bond angle (180◦ to approximately 120◦) are observed on
the (003), (100), and (110) surfaces, which means that
the hybridization mode of CO2 has changed (sp to sp2).
By further observing each frame of the reaction process,
the formation of CO2−

3 is found to take place under the
activation of metals, not between CO2 and O2−

s,active [Fig.
S7(b) within the Supplemental Material [55] ]. Once the
metal ions at the reaction site are deleted, the conver-
sion of CO2 to CO2−

3 is not found in SRCs [Fig. S7(d)
within the Supplemental Material [55] ]. In Table S2 within
the Supplemental Material [55], the weakening of the
O—C bond strength from vacuum (−18.4 eV) to surface
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(a) (b)
(c) (d) (e) (f)

(g) (h) (i)

(j) (k)
(l) (m) (n) (o)

FIG. 1. AIMD snapshots of (003), (012), (101), (100), (104), and (110) in pure H2O after 1 ps (a)–(f) and pure CO2 after 2 ps (j)–(o).
(g)–(i) Three stages of the autoprotolysis phenomenon on the (100) surface by SRCs. The green, silver, red, brown, and white ball
models represent the elements Li, Ni, O, C, and H, which are applicable to the whole article. All AIMD trajectories can be found in
the Video within the Supplemental Material [55].

(−10.1 to −9.4 eV) also implies that the metals can acti-
vate electron rearrangement to form an active CO2. These
observations show the importance of the joint participa-
tion of metals and oxygen active sites once again. The
formation mechanism of CO2−

3 is as follows:

Li+ + O2−
s,active + CO2 → LiCO−

3

Ni2+ + O2−
s,active + CO2 → NiCO3

(7)

Combining with the results of AIMD simulations in pure
H2O and CO2, we define the (100), (110), and (003) sur-
faces as highly air-sensitive surfaces as well as the (012),

(101), and (104) surfaces as lowly air-sensitive surfaces.
The reaction is spontaneous on the former, but needs to
cross the reaction barrier on the latter. The reaction energy
barrier calculations show that the hydrolysis reaction is
difficult to perform on the (104) surface (0.88 eV), but
relatively easy on the (101) and (012) surfaces (0.13 eV).
The adsorption energy [see Eq. (8) below for a definition]
obtained by SRCs shows that (Table I) there is no direct
positive correlation between air sensitivity and adsorp-
tion capacity. The adsorption energy mainly comes from
the formation of coordination bonds between O atoms of
H2O and CO2 and metal ions to reduce the surface energy.
Higher adsorption energy indicates stronger coordination
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TABLE I. The adsorption energy on different surfaces in pure
H2O and CO2.

003 012 101 110 104 100

H2O (eV) −0.81 −1.00 −0.88 −1.66 −0.61 −3.06
CO2 (eV) −0.71 −0.43 −0.39 −1.54 −0.39 −1.54

bonds, which may weaken the O—H and C—O bonds to
a greater extent. However, this is not the only condition
for chemical reactions. Oxygen active sites also play an
important role in the reaction process. For highly
air-sensitive surfaces, the exothermic chemical reaction
also contributes part of the adsorption energy.

In order to explain the high air sensitivity on the (003),
(100), and (110) surfaces, density of states (DOS) and spin
electron density calculations are performed for Li, Ni, and
O ions on the LiNiO2 surfaces. As shown in Fig. 2(a),
the electron energy of O2−

s on the (003), (100), (110) sur-
faces is closer to or even reaches the Fermi energy, which
proves that the O2−

s are indeed activated by the reduction
of Ni3+ to Ni2+ . However, we also observe that O2−

s of
the (012) surface is active, but does not arise from the
valence change of transition metals. Therefore, the pres-
ence of Ni2+ is not a unique mechanism for the production
of active O2−

s . The absence of coordination bonds may also
achieve a similar effect. Because of the loss of electrons,

(a) (b)

(c)

FIG. 2. (a) DOS of Li, Ni, and O ions for six kinds of surface. (b) DOS of air molecules and O2−
s before and after adsorption on the

(003), (100), and (110) surfaces. (c) Spin electron density maps for six kinds of surface. Yellow means spin up and blue means spin
down.

033001-5



XIAN-QI XU et al. PRX ENERGY 2, 033001 (2023)

O2−
s becomes more active and its electrons are pushed to

higher energy levels. These high-energy occupied orbitals
and partially empty orbitals near the Fermi energy tend
to combine with H of H2O and C of CO2 to form new
molecular orbitals [Fig. 2(b)]. On the other hand, although
the DOS of Li and Ni ions show no significant difference
between the highly air-sensitive and the lowly air-sensitive
surfaces, we note that the number of missing coordination
bonds of metal ions on the surfaces may affect the activa-
tion effect. In Fig. 2(c), the spin electron density (unpaired
electrons) is mainly concentrated in the direction of coor-
dination bonds. Therefore, the Ni ions on the (100) surface
have the largest bonding space and strongest bonding abil-
ity because they lost the most coordination bonds. In other
words, the Ni ions on the (100) surface have the strongest
activation. We think that same conclusion holds for Li ions
as Ni ions, although we cannot see the spin electron den-
sity of Li ions. In addition, the coactivation of metal ions
is also considered to strengthen the catalysis further. For
example, the O atom of H2O bonding with two metal ions
on the (003), (100), and (110) surfaces is observed after the
hydrolysis reaction [Figs. S6(a), S6(b), and S6(f) within
the Supplemental Material [55] ]. Generally, the activation
of the Li ion is weaker than that of the Ni ion, so there is
a more urgent need for coactivation on the (003) surface
to weaken the C—O and O—H bonds. As shown in Fig.
S7(e) within the Supplemental Material [55], the inabil-
ity of one single Li ion to achieve a hydrolysis reaction
is proved by SRCs. In general, the coactivation depends
on the spatial positions of Li and Ni ions and the direc-
tion of missing coordination bonds that are limited to the
exposed surface, but Li/Ni mixing and metal ion migration
may change the original surface morphology and affect the
local chemical activity of the surfaces. Another possibil-
ity to influence the activation capacity of the metal is the
Jahn-Teller distortion. According to crystal field theory,
the Jahn-Teller distortion is easily induced by Ni3+ on the
surface [Fig. 3(a)]. This distortion leads to two results.

1. Because of the repulsion of dz2 orbital electrons, the
distance between the air molecule and the surface of

(a)
(b) (c)

FIG. 3. Coordination models for Ni3+ on lowly air-sensitive
surfaces including before adsorption (a), after adsorption (b), and
after hydrolysis (c).

LiNiO2 is increased compared to the case without
the Jahn-Teller distortion [Fig. 3(b)], which causes
a mismatch with the lattice site and thus weakens
the metal activation.

2. Additional energy is required in the reaction to
drive the transfer in the distortion direction, i.e., the
electron renormalization within Ni3+ [Fig. 3(c)].

Both make it more difficult for chemical reactions to take
place on the lowly air-sensitive surfaces. A detailed dis-
cussion can be found in Sec. S12 within the Supplemental
Material [55]. In a word, the high activity of oxygen ions
and metal activation form a synergistic effect to achieve a
highly air-sensitive surface.

B. Li/Ni mixing on air sensitivity

Li/Ni mixing is the most common and the largest num-
ber of defects in LiNiO2 layered materials, so its impact on
air sensitivity should also be considered. The (012), (101),
and (104) surfaces with low air sensitivity are selected to
exchange the positions of Li and Ni ions. Previous work
[57] shows that Li ions are more exposed than Ni ions,
so we just consider two exchange modes, including Li-
exposed to the outermost layer (Li-exposed mode) and
Li-Ni exchanged in the same layer (same layer mode), as
shown in Fig. S3 within the Supplemental Material [55].
Since the effect of Li/Ni mixing on air sensitivity is usu-
ally localized at the ionic exchange, we choose SRCs to
study rather than AIMD simulations in this part.

By calculating the formation energy of Li/Ni mixing
[see Eq. (9) below for a definition] on the (012), (101), and
(104) surfaces, the Li-exposed mode is found to be more
easily formed than the same layer mode [Fig. 4(a)]. More-
over, the priority order of Li/Ni mixing is inconsistent for
different surfaces. The formation energy of Li/Ni mixing
is almost twice as high on the (012) and (101) surfaces
than on the (104) surface, which means that Li/Ni mixing
is more difficult to perform on the former two surfaces, but
occurs readily on the latter. We predict that the (104) sur-
face has a higher concentration of Li/Ni mixing than the
other two surfaces.

The influence of Li/Ni mixing on the air adsorption
capacity and air sensitivity is also studied by SRCs, as
shown in Figs. 4(c)–4(l). Note that CO2 adsorbed on
the (012) surface of the Li-exposed mode produced an
additional O—O dimer [Fig. 4(j)], resulting in overesti-
mating the adsorption energy. Therefore, the adsorption
energy of the overestimation system is excluded. Equa-
tions (9)–(11) prove that the difference in surface energy
is directly related to the Li/Ni mixing formation energy.
This difference is used to determine which surface is ther-
modynamically more stable. As shown in Fig. 4(a), the
difference in surface energy is inversely proportional to
the adsorption energies of H2O and CO2 on the same
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(a)

(b)

(c) (d) (e) (f)

(g) (h) (i)

(j) (k) (l)

FIG. 4. (a) The formation energy of Li/Ni mixing versus the adsorption energy of H2O (filled symbols) and CO2 (open symbols).
Here a square denotes the pristine state, a circle denotes the Li-exposed mode, and a triangle denotes the same layer mode. Dashed
lines are used to aid in observing results. (b) The DOS of O2−

s in the (101) and (012) surfaces include the pristine state, Li/Ni mixing,
and the adsorption model. (c),(d) The Li-exposed mode and (e),(f) the same layer mode on the (104) surface. (g),(h) The Li-exposed
mode on the (101) surface. (i),(j) The Li-exposed mode on the (012) surface. (k),(l) The same layer mode on the (012) surface. The
black arrow points to O2−

s at the reaction site.

crystallographic surface, except in a few cases. This
implies that the adsorption energy may be directly related
to the thermodynamic stability of the LiNiO2 surface.
Thermodynamically unstable surfaces have greater adsorp-
tion capacity for H2O and CO2. The reason for this result
may be that thermodynamically unstable surfaces prefer to
adsorb air molecules to reduce the surface energy. Since
thermodynamic stability is not a direct condition for chem-
ical reactions, our conclusions may not apply to systems
with air-sensitivity transition.

More interestingly, on the (101) surface of the Li-
exposed mode and the (012) surface of the same layer
mode, the transition from the lowly air-sensitive surface
to the highly air-sensitive surface is observed under the
Li/Ni mixing effect [Figs. 4(h) and 4(k)]. As shown in Fig.
4(b), the DOS of O2−

s before and after adsorption at the
reaction site are calculated to explain this transition. Com-
pared with the pristine state, O2−

s on the (101) and (012)
surfaces before adsorption have more empty orbitals near
the Fermi energy. The presence of these empty orbitals
indicates that the electrons of O2−

s are unsaturated, and
their disappearance after adsorption indicates that they are

directly involved in chemical reactions. Through PDOS
calculation (Fig. S9 within the Supplemental Material
[55]), we find that Li/Ni mixing will lead to the dispro-
portionation of Ni3+ and the reduction of Ni3+ to Ni2+,
but these are not the main reasons for the generation of
empty orbitals of O2−

s because they do not occur near
the reaction site. A more direct reason is that the Ni3+

at the reaction site is replaced by Li+, resulting in the
electron loss of the O2−

s . In addition, coactivation also con-
tributes to the hydrolysis reaction and the formation of
CO2−

3 . As shown in Figs. 4(h) and 4(k), O atoms of H2O
and CO2 are observed to bond with three metal ions to
form a strong coactivation effect. In these two systems,
we do not find the transfer in the Jahn-Teller distortion
direction (see Sec. S12 within the Supplemental Material
[55] for details). Based on these analyses, we believe that
the reasons for the air-sensitivity transition are consistent
with the previous section (high air sensitivity on the sur-
faces). Meanwhile, the air-sensitivity transition also con-
firms that the formation of impurities can be inhibited by
controlling the activity of O2−

s and the activation ability of
metals.
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(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 5. Doping Co, Mn, F, S on the (110) surfaces in pure H2O (a)–(d) and pure CO2 (e)–(h).

C. Cation and anion doping effect on air sensitivity

We find that both metals and oxygen active sites play
important roles in chemical reactions on the LiNiO2 sur-
face. Therefore, we attempted cation doping (Co or Mn
instead of Ni) and anion doping (F or S instead of O)
to treat air sensitivity, respectively. Elements Co and Mn
are very common in ternary layered cathode materials.
Elements F [58] and S [59] have also been shown to be
doped into Ni-rich layered materials. The (110) surface is
selected as the research object because it has a higher den-
sity of active sites than others. In order to check whether
the doped elements appear on the surface, we perform
formation energy calculations [see Eq. (12) below] for sub-
stitution doping at low doping concentrations (one Ni or O
is replaced, as shown in Fig. S4 within the Supplemental
Material [55]). The formation energies of the substitutional
doping are −2.0, −3.7, −2.3, and 1.3 eV for Co, Mn, F,
and S, respectively. The formation energy of F lies within
the range between those of Co and Mn, indicating that
F atoms can easily occur on this surface. The formation
energy of the S atom is positive, indicating that S atoms are

more difficult to be doped into the surface than F atoms.
In order to observe the effect of doping elements on air
sensitivity from AIMD simulations more conveniently, we
construct ideal surface models with high doping concentra-
tion, as shown in Fig. S5 within the Supplemental Material
[55]. As far as current experimental techniques are con-
cerned, these ideal surface models cannot be applied in real
situations yet, but they do not change the qualitative results
on the effect of doped elements on air sensitivity. For all
these surface models, we perform AIMD simulations for 5
ps with the NVT ensemble to check their stability. Finally,
we perform AIMD simulations for 1 ps in pure H2O and
2 ps in pure CO2. SRCs are applied to verify the results
of the AIMD simulations, as shown in Fig. S10 within the
Supplemental Material [55].

As shown in Figs. 5(a), 5(b), 5(e), and 5(f), the chem-
ical reactions are obviously inhibited on the Co-doped
surface but still occur on the Mn-doped surface. Com-
pared with their initial surface configurations [Fig. S5(a)
within the Supplemental Material [55] ], O2−

s with three
coordination bonds and four coordination bonds (O3b and
O4b) are observed on the Co-doped surface to form an
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(a)

(b)

(c)

(d)

FIG. 6. The DOS of anions on the (110) surfaces with (a)
pristine structure, (b) Mn doping, (c) Co doping, and (d) F
doping.

uneven morphology different from the Mn-doped surface.
This uneven morphology prevents the O atoms of H2O
and CO2 from bonding with two metal ions to achieve
a coactivation effect. To demonstrate the effect of transi-
tion metals on the activity of oxygen ions, we calculate the
lengths and strengths of the M—O bond (M = Ni, Mn and
Co) on the surface. The bond lengths of Co-O3b, Co-O4b,
Mn-O, and Ni-O are 1.70, 1.73, 1.86, and 1.98 Å, respec-
tively, and the bond strengths (spin up/spin down) are
−2.7/ − 3.8, −2.4/ − 3.3, −2.3/ − 2.6, and −1.6/ − 1.8
eV, respectively. Obviously, the bond strengths of Co-O
and Mn-O are stronger than that of Ni-O (Co-O > Mn-O
> Ni-O). The strong combination between transition met-
als and O2−

s is conducive to weakening the activity of O2−
s

and hindering electron rearrangement. The DOS of O2−
s

is also calculated to support this conclusion. As shown in
Figs. 6(a)–6(c), the electron energies of O2−

s on the Co-
doped and Mn-doped surfaces are pushed away from the
Fermi energy. The order of the activity of O2−

s reflected
by the DOS diagram is consistent with the results of bond
strength. The PDOS calculations also prove that the O2−

s
cannot be activated by reducing the valence state of the

TABLE II. The adsorption energies on the Co-, Mn-, F-, and
S-doped surfaces in pure H2O and CO2.

Co Mn F S

H2O (eV) −0.93 −2.08 −1.03 −0.22
CO2 (eV) −0.48 −1.89 −0.48 −0.16

doping transition metal (Fig. S11 within the Supplemental
Material [55]). Based on the above results, the weaken-
ing of metal activation ability and the activity of O2−

s are
the main reasons to inhibit the formation of impurities in
cation-doped systems.

As shown in Figs. 5(c), 5(d), 5(g), and 5(h), there are no
chemical reactions on the F-doped and S-doped surfaces
in pure H2O and CO2. Although the electronegativity of
F is greater than that of O, which may lead to stronger
hydrogen bond attraction, it is difficult for the F ion to
provide the molecular orbital to accept H of H2O and
C of CO2. As shown in Fig. 6(d), the 2p orbital of the
F ion has been completely occupied when the F-doped
surface is in vacuum. In addition, we observe that H2O
and CO2 can hardly be adsorbed on the S-doped surface.
As shown in Table II, the adsorption energy calculations
are performed to prove the weakest attractive interaction
between the S-doped surface and the air (H2O and CO2)
compared with other systems. The possible reasons are as
follows.

(a) The low electronegativity of S causes a weak hydro-
gen bond.

(b) S ions wrap the metal ions inside to isolate the
interaction between the metal and air.

(c) The outward movement of S ions destroys the crys-
tal potential field on the surface.

Because of the inaccessibility of air to the surface, metal
activation is ineffective on the S-doped surface so that the
surface chemical reactions cannot occur.

To sum up, we suggest using anion doping to treat air
sensitivity of LiNiO2, especially doping S, because S ions
not only suppress the formation of impurities, but also pre-
vent H2O and CO2 from being brought into the Li-ion
battery to cause side reactions.

III. CONCLUSION

The whole process of chemical reaction on LiNiO2
surfaces in pure H2O and CO2 was observed in AIMD
simulations. Unlike the redox mechanism and H+/Li+

exchange mechanism, both oxygen active sites and metal
ions were observed to participate in chemical reactions.
Based on our observations and analysis, oxygen active
sites provide molecular orbitals to bond with H or C atoms,
and metal ions are responsible for weakening O—H and
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C—O bonds and activating electron rearrangements. By
analyzing the results of the spin electron density and SRCs,
we concluded that the activation capacity of metal ions is
closely related to the type of elements, the number of coor-
dination bonds, the coactivation effect, and the Jahn-Teller
distortion. By performing DOS and PDOS calculations, the
existence of oxygen active sites was proved to arise from
the presence of Ni2+, the absence of coordination bonds,
and Li-Ni exchange. But other possibilities to generate
oxygen active sites are not ruled out. To sum up the above,
we recommend more exposure to Ni3+ on the surface to
mitigate air sensitivity.

Because of the autoprotolysis phenomenon of H2O, the
formation of impurities may be accelerated in a wet envi-
ronment. Thus, controlling the concentration of water in
the air properly may mitigate the formation of impurities.

Li/Ni mixing can affect the air sensitivity and air adsorp-
tion capacity of LiNiO2 surfaces. The activation of O2−

s
and the enhancement of metal activation are the main rea-
sons for air sensitivity. The adsorption capacity of LiNiO2
surfaces is not directly related to air sensitivity, but the
thermodynamically more unstable surfaces are found to
have stronger adsorption capacity for H2O and CO2. How-
ever, the priority order of Li/Ni mixing is not consistent
for different surfaces. We predict that Li/Ni mixing and its
influence on air sensitivity and adsorption are likely to be
uneven on LiNiO2 surfaces.

Doping Co and Mn can enhance the interaction between
the transition metals and the O2−

s to weaken the activity
of the O2−

s , but they have only limited support to pre-
vent the O2−

s from reacting with H2O and CO2. This is
because Co and Mn ions have a certain activation capac-
ity and actually have complex valence states in Ni-rich
layered oxides. Anion doping (F, S) is more direct and
effective than cation doping (Co, Mn) to treat air sensi-
tivity. Because of the lack of oxygen active sites on the
surface of cathode materials, the chemical reactions were
completely inhibited in our study. Doping with S is espe-
cially recommended since inhibition of interactions with
H2O and CO2 prevents side reactions in LIBs, but other
properties still need to be studied.

With the aid of AIMD simulations, it was also observed
on the LiNiO2 surface that Li ions were relocated a short
distance from their original lattice by air molecules (H2O
or CO2) [Figs. 1(a), 1(d), 1(n), and 1(o)]. However, it
is almost impossible to explain Li ions migrating to the
surface, degradation, and phase transition of the surfaces
in the air using short-timescale simulations. We speculate
that H ions bound to oxygen active sites will diffuse into
the bulk as Li ions continue to migrate to the surface. In
the future, observing the dynamic reaction processes on
LiNiO2 surfaces over a longer time scale will be interesting
and meaningful.

IV. METHODS

Density functional theory calculation are performed
using the Vienna ab initio simulation package (VASP)
[60,61] with the projector-augmented-wave method [62]
and the plane-wave basis sets. The plane wave energy
cutoff is set to 580 eV. The convergence criteria for the
self-consistent field and maximum force are set to 10−5 eV
and 0.02 eV/Å, respectively. For the AIMD and structural
relaxation calculations, the exchange-correlation energy is
described by the Perderw, Burke, and Ernzerhof (PBE)
functional [63], including the D3 (the Grimme method
[64]) dispersion correction. The NVT simulations are set to
300 K with the Nosé-Hoover thermostat with timestep =
1 fs. The Hubbard corrected PBE+U functional [65] is
applied to correct the strong on-site Coulomb interaction
of localized 3d electrons on the transition metals. Accord-
ing to previous work, the U values are set to 6.2 [66], 3.3
[67], and 3.5 [68] eV for Ni, Co, and Mn, respectively. The
DOS and PDOS calculations are performed with the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid exchange correlation
functional [69], including the D3 dispersion correction
using PWmat [70]. The chemical reaction energy barrier
is calculated using the Dimer method [71–74].

Bond length and bond strength results are obtained from
crystal orbital Hamilton population calculations using the
local-orbital basis suite towards electronic-structure recon-
struction (LOBSTER) program [75–80]. Images of all the
surface models are made using visualization for electronic
and structural analysis (VESTA) [81]. The open visualiza-
tion tool is applied to observe the trajectory of AIMD
simulations [82].

The surface models are built based on an α-NaFeO2
layered structure with a R3m space group [83,84]. Three
nonpolar surfaces, (104), (100), and (110), and three polar
surfaces, (003), (012), and (101), are selected to study air
sensitivity [57,66]. Although previous theoretical calcula-
tions and experiments [57,85,86] have shown that (003)
and (104) surfaces are the most stable, it cannot be ruled
out that the air erosion starts from some secondary sur-
faces, and some advanced experimental techniques allow
specific surfaces to be exposed to the air as the primary sur-
face [87–90]. To model LiNiO2-H2O/CO2 interfaces, we
first introduce a vacuum space of 15 Å between slabs. For
polar interfaces, we expose the same ions in the two out-
ermost layers (upper and lower surfaces) to eliminate the
built-in electric field, and delete one-half of the outermost
layers to ensure the stoichiometric ratio. Which atoms are
deleted can be found in the Build Model section of the Sup-
plemental Material [55]. The outermost two layers of the
lower surface are fixed to weaken the interaction between
the two surfaces. Next, we fill the vacuum layer with pure
H2O and CO2, respectively. But, for calculating adsorp-
tion energy, only one H2O or CO2 is placed on the LiNiO2
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surface. More details are given in the Supplemental Mate-
rial [55].

The electronic adsorption energy (�Eads) is calculated
using

�Eads = Etotal − Eslab − Eadsorbate, (8)

where Etotal and Eslab are the total electronic energies of the
surface with and without adsorbate adsorbed, and Eadsorbate
is the total electronic energy of single adsorbate.

The formation energy of Li/Ni mixing (�Eformation) on
the surface is calculated using

�Eformation = ELi/Ni
slab − Eslab

2
, (9)

where ELi/Ni
slab is the total electronic energy of the surface

after Li/Ni mixing.
The surface energy is defined as

γ = Eslab − Ebulk

2
, (10)

where Ebulk is the total electronic energy of the bulk. Since
Ebulk is the same before and after Li/Ni mixing, the differ-
ence in the surface energy �γ is equal to the formation
energy of Li/Ni mixing:

�γ = γ Li/Ni − γ pristine = �Eformation. (11)

The formation energy of the substitutional dopant can be
calculated using

�Ei
formation = Ei

slab + nj μj − Eslab − niμi + qEF , (12)

where superscript i represents the dopants (Co, Mn, F, and
S), and superscript j represents the replaced atoms (Ni
and O); ni is the number of the dopant atoms; and ni is
the number of the replaced atoms. The chemical poten-
tials of elements O and F can be estimated from F2 and
O2 gas. For example, μO = μO2/2. The chemical poten-
tials of elements S, Ni, Co, and Mn can be estimated in the
most common solid forms. The space groups of elementary
substance sulfur, nickel, manganese, and cobalt are Fdddz,
Fm̄3m, Ī43m, and P63/mmc, respectively. We denote by
q the difference in charge state at the doping sites and by
EF the Fermi energy. Since there is no band gap in both
the bulk and the (110) surface of LiNiO2, we do not con-
sider the Coulomb interaction term (the last term) in the
formation energy.
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