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Oxygen hole states facilitated cleavage of Ni–O
bonds in the rock-salt phase of a conversion-type
anode†
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This work studies the influence of oxygen chemistry on the

reduction potential in conversion-type NiO anodes in lithium-ion

batteries and reveals that the hole states on oxygen are highly

polarized and serve as a bridge that facilitates the reduction of Ni2+,

representing a higher potential plateau associated with Ni–O bond

cleavage.

The metal–oxygen interaction plays a crucial role in metal
oxide-related electrochemistry. For example, the oxygen evolu-
tion reaction (OER) on oxides involves multiple steps: oxygen
species adsorption,1 electron hopping from the adsorbate to
the oxide surface,2 electron transport within the oxide,2,3 and
oxygen desorption via bond cleavage.1 Additionally, the metal–
lattice oxygen bond can break through lattice oxygen oxidation,
contributing to dioxygen formation.4 Under OER conditions
(applying oxidation potential), the cleavage of the metal–lattice
oxygen bonds highly depends on the metal–oxygen covalency.5

For example, in Sr-doped LaCoO3, Sr-doping-induced hole
doping enhances OER activity, where the valence state of the
active metals increases or the oxygen vacancies are created as
charge compensation.5 Shifting oxygen charge in spinel oxides
also can be used to facilitate the OER.6 Density functional
theory also unveiled that the oxygen vacancies can facilitate
the OER in the metal–oxygen battery; for example, Nb2O5 for
the sodium-oxygen battery.7

This insight motivated us to investigate the charge compen-
sation effect in another electrochemical reaction involving
metal–oxygen bond cleavage: the lithiation of metal oxide
under a reduction potential in a conversion-type Li-ion battery
anode. In this process, metal cations are reduced to metal while
oxygen anions form Li2O.8 Each transition-metal oxide exhibits
distinct reduction potentials and specific capacities.8,9 Li dop-
ing can induce charge compensation (hole doping) and
improve anode performance. For example, Li0.10Ni0.90O demon-
strates higher capacity and reduction plateau (1–0.9 V by Li
et al.10) compared to pristine NiO (0.6 V by Poizot et al.8) during
the first lithiation.11 Such improvements are also observed in
medium/high-entropy oxides such as (LiMgCoNiZn)O and
(LiMgCoNiCuZn)O, where Li doping increases oxygen vacancies
and enhances lithiation performance.12 These results highlight
the influence of oxygen chemistry on the cleavage of the metal–
oxygen bond during lithiation. The difficulty of cleaving the metal–
oxygen bonds can be reflected by the reduction potential in the
lithiation process. Though oxygen vacancies have been reported to
benefit the anode performance,12 to our knowledge, few works
focused on the correlation between the reduction potential of
conversion-type anodes and the oxygen chemistry from the aspect
of metal–oxygen bond cleavage. In this work, we were the first to
indicate the dependence of the reduction potential on oxygen holes
in the metal–oxygen bonds, which is associated with the first
lithiation process of conversion-type anodes.

To investigate the role of oxygen chemistry in metal–oxygen
bond cleavage in the lithiation, NiO and Li-doped NiO were
selected as the study models for the following reasons. Firstly,
Ni2+ reduces directly to Ni without the intermediate state in
NiO.13 Secondly, charge compensation in Li-doped NiO occurs
primarily on the O 2p orbital,14 avoiding interference from Ni3+

states. Beyond the effects of electronic states, the oxide surface
area also impacts the observed reduction potential, with a large
surface area for a higher reduction potential.15 In this work, we
synthesized Li-doped NiO powders LixNi1�xO (x = 0, 0.05, 0.12,
0.17) using a similar sol–gel method16 to minimize differences
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in the surface area. Our results show that the Li doping induces
extra charge (hole states) near the Fermi level on oxygen, and
these hole states predominantly align along the nickel–oxygen
bond direction. This chemically active oxygen correlates with
the higher reduction potential observed during lithiation asso-
ciated with the cleavage of the Ni–O bond, suggesting that
oxygen serves as a bridge in facilitating the reduction of metal
cations during the lithiation process. Besides, Li doping also
lowers the formation energy of Li insertion into NiO. Our
scenario can be extended to a counterexample: Mg0.05Ni0.95O,
where oxygen holes are inhibited, and the reduction potential
plateau is decreased.

The synthesized oxides are designated as NiO-syn,
Li0.05Ni0.95O, Li0.12Ni0.88O and Li0.17Ni0.83O, based on the actual
Li concentration in the oxides (Table S1 and Fig. S1, ESI†).
Their surface areas are small and of negligible differences
(Fig. 1a and Fig. S2, ESI†). No obvious impurity is observed
from the X-ray diffraction (XRD) Rietveld refinements (Fig. S3–
S6, ESI†). Li doping causes the diffraction peaks to shift to the
high-angle direction, indicating the reduced lattice parameters.
Note that Li-doped NiO has a pure rocksalt phase, while NiO-
syn contains mixed rocksalt and monoclinic phases, which
have similar XRD patterns.17 In Fig. 1a, we label these diffrac-
tion peaks according to the rocksalt phase. Fourier-
transformed extended X-ray absorption fine structure (FT-
EXAFS) results show that Li doping lowers the intensity of the
Ni–O and Ni–Ni bonds (Fig. S7f, ESI†), and the fitted Ni–O bond
lengths of the commercial NiO, the synthesized NiO and
Li0.05Ni0.95O are close to 2.08 Å, and Li0.12Ni0.88O and
Li0.17Ni0.83O have a relatively shorter Ni–O bond length of
2.07 Å (Fig. S8f, ESI†). In the first lithiation curve of NiO
(Fig. 1b), the solid electrolyte interphase formation dominates
the initial charge process,18 while the conversion reaction
Ni2+ - Ni0 dominates the part exhibiting a potential

plateau.11,13,18 At a reducing current density of 0.05 A g�1, the
reduction potential plateau at 100 mA h g�1 increases dramati-
cally from 0.67 V (NiO) to 0.92 V (Li0.05Ni0.95O), indicating that the
Li doping facilitates Ni reduction. Higher Li concentration slightly
increases the Ni reduction potential plateau further to 0.95 V
(Li0.12Ni0.88O) and 0.99 V (Li0.17Ni0.83O). Below 25 mA h g�1, the
dip in potential corresponds to the Ni nucleation barrier.13 During
the first de-lithiation process, both NiO and Li-doped NiO exhibit
a similar plateau, consistent with the previous report.11 Initial
cyclic voltammetry (CV) curves (Fig. 1c) of the LixNi1�xO series
show that increasing the Li concentration shifts the reduction
peaks positively, from 0.30 V (NiO) to 0.57 V (Li0.05Ni0.95O) and
0.65 V (Li0.12Ni0.88O). Li0.17Ni0.83O exhibits two distinct reduction
peaks at around 0.56 V and 0.20 V, respectively. Moreover, the
onset potential for Li+ increases from 0.86 to 0.90, 0.97 and 1.05 V
with Li doping, suggesting that more Li doping benefits the
LixNi1�xO reduction. The LixNi1�xO series have a similar oxidation
peak at around 2.17 V in the CV curves (Fig. 1c), which agrees with
the similar potential plateau in the de-lithiation curves (Fig. 1b).
Increasing the carbon black ratio in the electrode coating compo-
site rules out the influence of the contact area between NiO and
the conductive matrix on the reduction potential, and a compar-
ison between NiO-syn and commercial NiO (NiO-comm) shows no
significant differences in the reduction potential plateaus (Fig.
S10, ESI†). Considering the kinetic effects in CV and galvanostatic
tests, the galvanostatic intermittent titration technique (GITT)
shows that the synthesized NiO, Li0.05Ni0.95O, Li0.12Ni0.88O and
Li0.17Ni0.83O have open circuit potentials at 0.869, 1.122, 1.192,
and 1.228 V at 100 mA h g�1, respectively, which agrees with the
potential trend from CV and galvanostatic tests (Fig. S11, ESI†).

The charge compensation on the oxygen orbital in Li-doped
NiO is confirmed by the presence of a peak at B528 eV in the O
K-edge electron energy loss spectroscopy (EELS, Fig. 2a). Peaks
below 535 eV are attributed to transitions to the Ni 3d–O 2p
covalent bond.19 For NiO, the peaks at B531 eV are ascribed to
the transition from O 1s2–Ni (3d8L + 3d9L�1) to O 1s–Ni 3d9L.20

Here, L and L�1 denote the ligand and the ligand with a hole,
respectively. With increasing Li doping amount, the peak at
B531 eV weakens while an additional peak at B528 eV appears
and intensifies, corresponding to the transition from O 1s2–Ni
3d8L�1 to O 1s–Ni 3d8L.20b,c The final state, 3d8L, suggests
oxygen oxidization and hole formation in oxygen,21 driven by
the strong Ni 3d–O 2p hybridization.22 Besides, the Ni 2p3/2 XPS
results also support the oxygen charge deviation (Fig. 2b). For
NiO, the Ni 2p3/2 XPS displays three distinct peaks at around
853.8 eV, 855.8 eV and 860.9 eV, corresponding to the final
states associated with the local screening 3d9L�1, and nonlocal
screening 3d9L, and 3d8, respectively.20c,23 Li doping weakens
the peak related to the local screening 3d9L�1 final state and
strengthens the peak related to the nonlocal screening 3d9L.
This suggests that higher Li concentration promotes the
oxygen charge dislocation, which interacts with Ni cations,
facilitating hole transport and contributing to electrical
conductivity.24 While oxygen orbitals primarily accommodate
charge compensation after Li doping,14 some experimental25

and theoretical works20 suggest partial oxidation of Ni from 2+

Fig. 1 (a) XRD patterns, (b) the first lithiation–delithiation curves at 0.05 A g�1

and, (c) the first CV curves at the scan rate of 0.1 mV s�1 of the synthesized
LixNi1�xO (x = 0, 0.05, 0.12, 0.17) from open circuit voltage after at least
24 hours of stabilization.
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to 3+. The X-ray absorption near edge structure (XANES) results
(Fig. 2c) show a shift in the Ni K-edge to higher energy in
Li0.05Ni0.95O, indicating a higher Ni oxidation state. However,
for Li0.12Ni0.88O and Li0.17Ni0.83O, no further shift in the Ni
K-edge is observed. Due to the lack of standard Ni3+ oxides with
a similar crystal structure, the degree of Ni oxidation cannot be
quantified by XANES results. The Ni-L3,2 edge EELS (Fig. 2d)
corresponds to the transition from Ni 2p to Ni 3d.26 The
broadened profiles of the Ni L3-edge peaks are observed for
Li0.12Ni0.88O and Li0.17Ni0.83O. This additional broadening can
be attributed to an increase in covalency and the presence of
extra screening channels.27 A comparison of the reported Ni3+

EELS curves28 and Ni2+ EELS curves14 indicates that no sig-
nificant Ni3+ exists in our samples.

The charge compensation (hole states) by Li doping is
further confirmed by density functional theory (DFT) calcula-
tions. The density of states (DOS) of pristine NiO (Fig. 3a) shows
that it is insulating with the Ni 3d–O 2p hybridized orbitals
dominating the valence band near the Fermi level, while the
lowest unoccupied states above the Fermi level are primarily
derived from Ni 3d orbitals, consistent with the report by
Wrobel.29 In contrast, Li-doped NiO (Fig. 3b) features Ni 3d–O
2p hybridized states spanning the Fermi level, leading to hole
states above the Fermi level. These states around the Fermi
level contribute dominantly to the charge transport30 and the
conduction behavior at moderate temperatures, as argued by
Feinleib and Adler31 and effectively pin the Fermi energy.32 For
the specific atom O1 and Ni2 along the Li–O bond direction, the
projected DOS shows that states spanning the Fermi level are
primarily derived from O 2pz and Ni 3dz2, which are spin-
polarized (Fig. 3c and d). The corresponding real-space distri-
bution of these hole states is shown in Fig. 3e–g. Fig. 3f and g
show that Li doping induces significant extra charge on oxygen

(O1) nearest to the doped Li, and these extra charges are
predominantly polarized along the Li–O bond directions. The
influence of doped Li extends to the Ni atom (Ni2) along the Li–
O–Ni bond but does not affect the charge of the nearest Ni atom
(Ni1), despite Ni1 being bonded to O1. This can be attributed to
the absence of direct interaction between Li and Ni1, with the
extra charge on O1 not polarized to Ni1. Interestingly, although
the polarized extra charge on O1 has minimal impact on the
Ni1–O1 bond, a slight extra charge is observed on the O3 atom,
which is bonded to the Ni2 (the Ni atom carrying the polarized
extra charge). In contrast, no extra charge can be observed in
the second nearest oxygen atom (O2), located at a corner of the
Li–Ni–O cubane body diagonal and not bonded to any Ni along
the Li–O bond direction (Fig. 3c). These results suggest that the
induced extra charge predominantly aligns along the Li–O
bond direction, and the extra charge on Ni can, in turn, induce
extra charge on oxygen in the Ni–O bond, even when that
oxygen is not in the Li–O bond direction.

For the process of Li insertion into the oxide prior to Ni
reduction, formation energy calculations (Fig. S12 and S13,
ESI†) reveal that Li insertion into undoped NiO is energetically
unfavourable (positive formation energy), while it becomes
favourable (negative formation energy) in Li-doped NiO. For
NiO, the inserted Li breaks the original Ni–O bond and forms
bonds with lattice oxygen. In Li-doped NiO, the most stable
configuration involves two Li trapped in a Ni–O cage, each
bonded to three neighbouring oxygens but not to each other.
For surface Li absorption, the most stable configuration
involves added Li bonding to two surface oxygens near a doped

Fig. 2 Electronic state characterization of EELS of the synthesized
LixNi1�xO. (a) EELS of O K-edge, (b) XPS of Ni 2p, (c) XANES of Ni
K-edge, and (d) EELS of Ni L3,2-edge. The commercial NiO data are
included. The spectra in (a), (b) and (d) are normalized to the peak heights.

Fig. 3 The DOS of (a) NiO and (b) Li-doped NiO, projected DOS on (c) O
2p orbitals and (d) Ni 3d orbitals for specific atoms in Li-doped NiO. The
structure of Li-doped NiO with decomposed charge densities for the hole
states (the isosurface value of 3� 10�3 e� Å�3) from (e) bulk view, (f) cross-
section view, and (g) specific atom view. The green, grey and red balls
represent the lithium, nickel and oxygen atoms, respectively. The yellow
contour represents the electron density in (e)–(g).
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Li site. Similar bonds of the surface Li can also be found in the
subsurface configurations.

Based on our proposed scenario, we continue to examine the
reduction potential of a counterexample rocksalt Mg0.05Ni0.95O
(Fig. S14, ESI†), in which the oxygen hole formation is inhib-
ited. The reasons are as follows. (1) The charge compensation is
not expected due to isovalent Mg2+ and Ni2+. (2) During the
lithiation process, Mg2+ is not reduced to metallic Mg,33 mini-
mizing the influence of a second metal. (3) It is established that
the non-local screening from oxygen is inhibited after Mg
substitution,34 meaning that oxygen hole formation is sup-
pressed and electron delocalization from oxygen is restricted.
In the first lithiation process (Fig. S15, ESI†), compared with
NiO-syn, Mg0.05Ni0.95O has a lower reduction potential plateau
in the first lithiation curve and a lower onset potential in the
negative scan of the first CV curve. This indicates that the
cleavage of the Ni–O bond becomes more difficult by Mg
substitution. It fits our scenario on the relation between the
cleavage of the Ni–O bond and the oxygen hole formation. We
also examine the lithiation and CV curves of Mg0.50Ni0.50O (Fig.
S15, ESI†), which does not exhibit an obvious lithiation plateau
and CV response with very low specific capacity. It could be
explained that excess Mg substitution obstructs the charge
transport pathway caused by the Ni 3d–O 2p interaction and
lowers the intrinsic conductivity, which makes the oxide more
difficult to be reduced.

In summary, we utilized NiO and Li-doped NiO as models to
investigate the correlation between the hole states on oxygen
and the higher reduction potential in the first lithiation. Our
findings suggest that the oxygen acts as a bridge that facilitates
metal reduction. We found that the significant hole states on
oxygen induced by Li doping are highly polarized along the
Li–O bond direction, but negligible holes emerge in the diag-
onal direction of Li–Ni–O cubane. In addition, Li doping is
helpful to lower the formation energy of additional Li into the
bulk oxides. The case of Mg0.05Ni0.95O, where the hole states are
inhibited and the reduction potential is lower, further supports
this correlation. This work serves as a guide to enable orbital
physics for optimizing the reduction potential in the metal–
oxygen cleavage process in the energy field. More importantly,
we noticed that such reaction potential adjustments by
doping are also applicable to the intercalation-type anodes,
for example, the constructed molecule-layered MnO2-pillared
structures.35
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