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Lithiated oxides like Li[NixCoyMnz]O2 (x + y + z = 1) with high nickel content (x $ 0.8) can possess high

specific capacity $200 mA h g−1 and have attracted extensive attention as perspective cathode materials

for advanced lithium-ion batteries. In this work, we synthesized LiNi0.9Co0.1O2 (NC90) materials and

studied their structural characteristics, electrochemical performance, and thermal behavior in Li-cells.

We developed modified cationic-doped NC90 samples with greatly improved properties due to doping

with Mo6+ and B3+ and dual doping via simultaneous modification with these dopants. The main results

of the current study are significantly higher capacity retention, greatly reduced voltage hysteresis, and

considerably decreased charge-transfer resistance of the Mo and Mo–B doped electrodes compared to

the undoped ones upon prolonged cycling. We also revealed remarkable microstructural stability of the

Mo-doped electrodes, whereas the undoped samples were unstable and exhibited networks of cracks

developed upon cycling. Using density functional theory, we modeled the electronic structure of the

undoped, Mo, B single-doped, and Mo–B dual-doped samples and established that the Ni-site is

preferred over Co and Li sites. Additionally, density functional theory-based bonding strength

calculations suggest that the dopants form strong bonds with oxygen, possibly reducing oxygen release

from the cathode. An important finding is that B-dopant tends to segregate to the surface of NC90

similarly to that in NCM85 materials, as shown in our previous reports. In conclusion, this study presents

a general approach for effectively stabilizing high-energy Ni-rich layered cathodes charged up to 4.3 V.
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1. Introduction

One of the main challenges in the eld of advanced lithium-ion
batteries (LIBs), especially for electric vehicles (EVs), is the
development of new materials for the positive electrodes
(cathodes).1–5 Cathode materials of layered, spinel and olivine-
type structures can deliver high cycling performance and meet
current requirements for LIBs for EVs.3,5–13 An important class of
layered structure materials are lithiated oxides consisting of the
transition metals Ni, Co, and Mn and having the general
This journal is © The Royal Society of Chemistry 2023

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta00444a&domain=pdf&date_stamp=2023-06-17
http://orcid.org/0000-0001-6866-5154
http://orcid.org/0000-0001-9661-7037
http://orcid.org/0000-0002-5522-2829
http://orcid.org/0000-0002-6382-0888
https://doi.org/10.1039/d3ta00444a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta00444a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA011024


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 4
/2

7/
20

26
 3

:4
8:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
formulae Li[NixCoyMnz]O2 (x + y + z = 1, NCM, R�3m space
group). Ni-rich NCM materials (nickel content $80 at%) have
attracted much attention from R&D groups globally due to
specic capacities of $200 mA h g−1. This high capacity results
from nickel serving as the main electroactive species in the host
structure of NCM, undergoing two-electron redox reactions
(Ni2+ 4 Ni3+ 4 Ni4+).14–16 It has been shown by Manthiram
et al.3,12 that cathodes based on these Ni-rich NCM materials or
Li and Mn-rich layered oxides enable longer driving-range EVs.
However, despite the promise of Ni-rich NCM materials, recent
scientic reports demonstrated a vital need to improve several
intrinsic drawbacks of these NCM materials: low electronic and
ionic conductivities, structural instability, fast capacity decay,
high voltage hysteresis, and insufficient rate capability.17–21 It is
well accepted in the literature that material modication
approaches are surface coatings with metal oxides or salts (for
instance, Al2O3, ZrO2, AlPO4, Li3PO4, Li2AlZr(PO4)3) and lattice
doping of NCMs with mono- and multi-valence cations (for
example, Ag+, Mg2+, Cu2+, Al3+, Ga3+, Cr3+, B3+, Fe3+, Ti4+, Sn4+,
Zr4+, Ta5+, Nb5+, W6+, and Mo6+). They result in improved
structural and interfacial stability of Ni-rich materials and can
resolve shortcomings.16,22–29 Doping with anions like F−, Cl−,
and S2− has also facilitated stable cycling performance of Ni-
rich cathodes.23,30,31

In the current work, we aimed to study high-Ni and low-Co
content lithiated oxides LiNi0.9Co0.1O2 (90 and 10 at%, respec-
tively, NC90) in terms of their electrochemical performance in
half-cells (vs. Li-anodes) and full cells (vs. graphite anodes).
Cobalt plays an important role in Li[NixCoyMnz]O2 materials. It
enhances ionic and electronic conductivities and hence rate
capability and improves structural characteristics, low-
temperature behavior, and thermal stability.32 The total
removal of cobalt from NCM materials results in the deterio-
ration of their positive characteristics and limits, thus the
commercial application of Co-free cathodes.32 Several compo-
sitions of NCMs with nickel content close to 90 at% that include
small amounts of both Co and Mn and dopants (Mg, Al) has
been proposed by Manthiram and co-workers (for instance,
LiNi0.890Mn0.055Co0.055O2 (NCM-89), LiNi0.883Co0.053Al0.064O2

(NCA-89), LiNi0.890Mn0.044Co0.042Al0.013Mg0.011O2 (NMCAM-89),
and LiNi0.883Mn0.056Al0.061O2 (NMA-89)).33 It was pointed out
that Co played some advantageous roles in NCMs, such as good
electronic conduction and reduced Li/Ni mixing for facile ionic
conduction. However, as it follows from the literature, Co3+ does
not seem benecial in improving electrochemical, structural,
and thermal stability in LiNiO2 (LNO) by doping up to 10%.34

The above issues regarding cobalt's exact role and requirement
in low-cobalt or cobalt-free high-nickel layered cathodes are
currently under discussion in LIBs.35

The present work, which continues our methodical research
on synthesis and studies of electrochemical performance,
electronic properties, surface segregation phenomena, post-
cycling analysis, and theoretical modeling of high-Ni NCMs, is
focused on NC90 samples, containing only 10% of Co and
doped with Mo6+ and B3+. These dopants were chosen because
of their signicant positive effects on Ni-rich NCMs, as reported
by several authors. For instance, Konishi et al.36 demonstrated
This journal is © The Royal Society of Chemistry 2023
that partial substitution of manganese by Mo6+ in NCM811
suppressed the structural transformation from layered-to-
spinel-to-rock-salt phases and improved the thermal stability
of the doped samples in reactions with electrolyte solutions.
Recently, H. Zhu et al.37 reported on optimal Mo-doped
LiNi0.89Co0.1Mo0.01O2 cathode materials with high discharge
capacity and enhanced cycling behavior even at a 5C rate.
Furthermore, a boron-doping strategy was proposed by Sun
et al. in 2018, revealing that the B3+ dopant can modify the
surface energy of high-Ni materials, releasing thus some of the
intrinsic internal strain associated with the H2 to H3 hexagonal
phase transition at the end of charge to 4.3 V.18 Additionally,
these authors suggested a new class of Mn-free, binary boron-
doped materials Li[Ni0.9Co0.1]O2 for advanced LIBs.38 Feng
et al. reported on “a three-in-one strategy” of modication of
NCM811 material (80% Ni, 10% Co, and 10% Mn) by dual
doping with zirconium and boron (using ZrB2 as dopant
precursor) and forming an interfacial coating comprising Li–Zr
species. The modied cathodes exhibited superior cycling
behavior and improved thermal stability.39 Dual doping has
been considered a more effective means to improve the struc-
tural stability of nickel-rich layered materials and enhance the
electrochemical behavior of the corresponding electrodes in Li-
cells. There are a few reports on high-nickel NCM cathodes
dually doped with cations like lanthanum and aluminum,40

zirconium and aluminum,41,42 and zirconium and gallium.43 A
couple of Zr4+ and Al3+ dopants effectively decreased the
cationic mixing, anisotropic lattice changes, and microstruc-
tural cracking in LiNi0.83Co0.12Mn0.05O2 particles upon charge–
discharge cycling of these high-Ni electrodes.42

Recently, we have also synthesized and studied a family of
several Ni-rich materials NCM811, in which Ni or both Ni and
Mn were partially substituted with minor amounts (1–3 mol%)
of the molybdenumMo6+-dopant and NCM85 (85% Ni, 10% Co,
and 5%Mn) doped with B3+.44 These works revealed the positive
effect of Mo6+ allowing stable cycling behavior of NCM811 and
NCM85 cathodes, lowering their voltage hysteresis, charge-
transfer (interfacial) impedance, and heat evolution in reac-
tions with battery solutions.45,46 One of the main ndings in our
recent work on NCM85 materials doped with B3+ was that B-
doping enhanced the electrochemical performance, lowered
the self-discharge of the above cathodes, and prevented signif-
icant microstructural changes cracking across grains upon
cycling in the doped samples compared to the undoped ones.44

To our knowledge, no reports discuss the synthesis, structural
characteristics, electrochemical performance, and thermal
properties of Ni-rich NCM cathode materials (Ni $ 0.8) dually
doped with Mo6+ and B3+ cations. Therefore, based on our
promising results obtained with Mo6+ and B3+ doped Ni-rich
cathodes, we were motivated to synthesize and study LiNi0.9-
Co0.1O2 materials with high-Ni (90%) and low-Co (10%) content.
The main goal was to elucidate the impact of high-valence state
molybdenum Mo6+ and low-valence state boron B3+ dopants, as
well as dual doping with these cations on structural and elec-
tronic characteristics, metal–oxygen bonding, dopants segre-
gation to the surface in the above oxides, electrochemical
behavior, and thermal reactions of NC90 cathodes in the
J. Mater. Chem. A, 2023, 11, 12958–12972 | 12959
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charged state (4.3 V) with battery solutions. The present work
contains new ndings on NC90 high-Ni cathodes modied by
single and dual doping with Mo6+ and B3+ cations. Despite the
extensive work in the eld and the reports in the literature about
so many types of cathode materials for Li ion batteries, we
provide herein a comprehensive information on new materials
and describe a very systematic work. The results we obtained
from several channels of information – electrochemical, struc-
tural, thermal, impedance measurements are very coherent and
conclusive. These results – both experimental and computa-
tional models – will advance the knowledge and future devel-
opment of complex electrode systems for advanced, high energy
density rechargeable lithium batteries.
Fig. 1 Morphological microscopic images obtained by HRSEM of the syn
Mo (0.5 mol%), B (0.5 mol%), and dual doped with Mo–B (0.25mol% of ea
follows: det TLD; HV 15.00 kV; WD 5.0 nm; curr 0.4 nA; mag 10 000×; m
NC90 material undoped, doped with 0.5 mol% Mo, doped with 0.5 mo
sectional SEM images of NC90 undoped and (g) 0.5 mol% Mo-doped pr

12960 | J. Mater. Chem. A, 2023, 11, 12958–12972
2. Results and discussion
2.1 Chemical composition, structural and morphological
characteristics of LiNi0.9Co0.1O2 materials

The results of the chemical analysis of the synthesized NC90
materials demonstrate that the compositions of the synthesized
samples are close to the desired ones (Table S1†). Their chem-
ical formulae can be represented as follows: LiNi0.9Co0.1O2, Li
[(Ni0.9Co0.1)99.5Mo0.5]O2, Li[(Ni0.9Co0.1)99.5B0.5]O2 and Li[(Ni0.9-
Co0.1)99.5Mo0.25B0.25]O2.

The synthesized compounds' morphological microscopic
images obtained by HRSEM are presented in Fig. 1a–d. Typi-
cally, the compounds are ball-shaped micron-sized
thesized NC90materials: (a) undoped, (b)–(d) doped, respectively, with
ch dopant). Themachine setting parameters for HRSEM studies were as
ode SE; HFW 29.8 micron; tilt 0 deg; Magellan BINA. (e) XRD profiles of
l% B and dual-doped with 0.25 mol% Mo and 0.25 mol% B. (f) Cross-
istine materials.

This journal is © The Royal Society of Chemistry 2023
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Table 1 The unit cell parameters of undoped NC90 and single Mo, B, and dual Mo–B doped materials and the corresponding ratios of the
integrated intensities of 003, 104, and (012 + 006)/101 reflections were calculated using the Rietveld refinement. Cell parameters and volume
values were determined with a standard deviation of about 0.0001 and 0.001, respectively

Materials Cell parameters (Å)
Cell volume
(Å)3 Ratio I003/I104

Ratio
(I012 + I006)/I101

Reliability
factor Rp (%)

NC90 undoped a = 2.8731 101.41 1.22 0.41 1.70
c = 14.1863

NC90 0.5 mol% Mo-doped a = 2.8732 101.42 1.35 0.40 1.84
c = 14.1860

NC90 0.5 mol% B-doped a = 2.8731 101.41 1.26 0.39 1.91
c = 14.1859

NC90 0.25 mol% Mo + 0.25 mol%
B-doped

a = 2.8726 101.38 1.33 0.41 1.84
c = 14.1861
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agglomerates (secondary particles) comprising submicron
primary particles. However, it should be noted that doping
results in reduced sizes of primary submicronic particles, for
instance, from ∼200 to 450 nm in undoped NC90 to ∼150 to
250 nm in the Mo-doped sample, as follows from the compar-
ative analysis of the cross-sectional SEM images in Fig. 1f and g.
This effect can be ascribed to the so-called induced inhibition of
the NC90 particle growth due to the presence of even a small
amount of the dopant precursor at the crystallization front
during the synthesis47,48 and agrees with our previous data on
doped NCM85 materials.44

XRD patterns measured from NC90 undoped and the cor-
responding doped materials are shown in Fig. 1e, while cell
parameters calculated using the Rietveld renement of these
samples are collected in Tables 1 and S2† (calculated by DFT,
PBE + U + D3). We indexed all patterns based on the rhombo-
hedral phase Li(TM)O2 (TM – transition metal) of the layered a-
NaFeO2-type structure (R�3m space group). The calculated XRD
peaks intensities ratio (I012 + I006)/I101 (around 0.4) point to
a perfect NC90 layered structure with a low degree of mixing
with Ni atoms in layers predominantly lled with Li atoms.49,50

The cell parameters a, c, and their ratio a/c= 4.94 almost do not
change with doping, while the calculated integral intensity ratio
of 003 and 104 peaks I003/I104 measure the perfectness of layered
NCM materials, increasing with doping. The value (I003/I104) >
1.2 indicates a good separation of transition metal ions and Li
Fig. 2 Examples of electron diffractions taken from Mo-doped NC90 m
denotes a rhombohedral (R�3m) structure. (b) CBED pattern associated w

This journal is © The Royal Society of Chemistry 2023
ions in the respective layers in doped materials. Below, we will
discuss cationic Ni2+/Li+ mixing from the viewpoint of mixing
energy Emix and superexchange interactions calculated by DFT
(Fig. 3). The lattice parameters obtained from DFT calculations
show only minimal changes upon single doping of NC90 with
Mo or B, as well as by dual doping with these dopants. It is in
line with the experimental data in Table 1. DFT calculations
underestimated lattice parameters, as observed in previous
studies.44,51 It could be due to inaccuracies in the DFT method
and a lack of inclusion of nuclear thermal effects in the
calculations.

TEM analysis of Mo-doped NC90 demonstrates that doping
does not change the overall morphology. Regardless of whether
a dopant is present or not, the microstructure of the material
consists of somewhat elongated grains. However, compared to
the undoped material, the grain size in the doped material is
noticeably smaller, about 150–200 nm wide.

Analysis of the convergent beam electron diffraction (CBED)
patterns obtained from the Mo-doped NC90 material reveals
that doping does not cause crystal structure changes compared
to the undoped material. Most grains analyzed in TEM were
identied as a rhombohedral phase described by the R�3m space
group. Fig. 2a shows an example of the CBED pattern indexed in
terms of the Li(TM)O2 phase. However, in a few cases, grains
with the structure assigned to the lithium molybdate Li2MoO4

phase (rhombohedral, space group R�3) were observed, as
aterial. (a) CBED pattern indexed in terms of Li(TM)O2 phase. Label “r”
ith the Li2MoO4 phase.

J. Mater. Chem. A, 2023, 11, 12958–12972 | 12961
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evidenced by the CBED pattern in Fig. 2b. This phase can be
formed during the synthesis of NC90 materials, as it follows
from schemes (1) and (3).

To identify the most favorable dopant site in NC90, we
computed the formation energy Ef according to eqn (1) and (2),
which suggests that for all dopants (i.e., single Mo and B as well
as dual Mo–B doping), the Ni-site is preferred over Co and Li
sites (Fig. S1†); this is in agreement with previous studies.44,46,52

Therefore, the following equations were employed for forma-
tion energy calculations:

Dopant residing at Ni sites:

ED@Ni
f = E(LiNi0.9−xDxCo0.10O2) + xE(MO)

+ 0.00419E(O2) − E(LiNi0.90Co0.10O2) − xE(DO) (1)

Dopant residing at Li site:

E
D@Li

f ¼ EðLi1�xDxNi0:90Co0:10O2Þ þ x

2
EðLi2OÞ þ 0:00419EðO2Þ

� EðLiNi0:90Co0:10O2Þ � xEðDOÞ
(2)

Here, D stands for dopants (Mo, B or Mo–B), E(LiNi0.9−xDx-
Co0.1O2), E(Li1−xDxNi0.9Co0.1O2), E(LiNi0.9Co0.1O2), E(MO),
E(Li2O), E(DO), and E(O2) are the energies of doped NC90 at Ni
or Li sites, undoped NC90, metal oxide (M = Ni or Co), lithium
oxide, the dopant in the form of oxide used, and an oxygen
molecule, respectively. When B is doped in NC90, DO is B2O3,

while for Mo-doping, it is MoO3 per the current work's synthetic
procedures. The constant coefficient associated with E(O2), i.e.,
0.00419, is used to balance the equations that may change to
Fig. 3 Crystal structures and spin orientation of nearest Ni-ions upon
single-doped with molybdenum (b), single-doped with boron (c) and du
energy Emix of the above materials are indicated. Note: black arrows ind

12962 | J. Mater. Chem. A, 2023, 11, 12958–12972
dopants concentrations. An equation similar to (1) may be
deduced for doping at Co-sites.

In boron-doped NC90, it is evident that B-ions occupy
interstitial sites upon geometry optimization due to the rela-
tively shorter bond lengths in B–O.44 It contributes to a reduced
calculated lattice parameter (a = 2.77 Å, Table S2†) for this
material. We can conclude from the data obtained that doping
does not signicantly inuence cell characteristics (lattice
parameters). At the same time, the calculated X-ray intensity
ratios I003/I104 and (I012 + I006)/I101 indicate a perfect NC90
structure of both undoped and doped samples and a good
separation of Ni2+ and Li+ ions. These ions have comparable
sizes of 0.69 Å and 0.76 Å, respectively, which can lead to their
mixing,53 resulting in a less ordered structure. Single doping
with molybdenum and dual doping with molybdenum and
boron result in slightly improved Ni2+/Li+ ordering compared to
undoped NC90, as follows from higher I003/I104 ratios for these
samples. Our ndings were conrmed by DFT calculations of
the Ni2+/Li+ mixing energy (Emix)54,55 which we dened as the
difference between the energy of layered NC90 (undoped and
doped) structure and Ni2+/Li+ inter-mixed NC90 (undoped and
doped). Lower Emix values indicate more favorable Ni2+/Li+

cation mixing. DFT results show (Fig. 3) that the Emix of doped
NC90 materials is higher than that of undoped (pristine) NC90:
NC90 = 1.45 eV; Mo-doped NC90 = 2.18 eV; Mo–B-doped NC90
= 1.98 eV; B-doped NC90 = 1.76 eV, suggesting there will be
lesser mixing in the doped materials. We note that the current
ndings are in contradiction to the recent work of Sun et al.55

To further rationalize the obtained mixing energies, we
analyzed the spin orientations of Ni atoms and their local
arrangement in undoped (pristine) and doped NC90 with and
Ni2+/Li+ interlayer mixing of undoped NC90 material (a) and those of
al-doped with these dopants (d), calculated by DFT. Values of mixing
icate the Ni-ions in the Li-layer.

This journal is © The Royal Society of Chemistry 2023
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without Ni2+/Li+ interlayer mixing. Ideally, Ni2+/Ni3+ ions in the
TM layer form 90° intra-layer, superexchange environments
with their neighboring TMs via O2− due to their unpaired d-
electrons. Upon Ni2+/Li+ mixing, Ni2+ ions in the Li-layer
might form 180° superexchange interactions via O2− with
other TM-ions in the TM layers. The strongest superexchange
interactions occur for Ni2+–O–Ni2+ linear arrangements, due to
eg([[)–(Y)2p([)–eg(YY) electron interactions, while Ni2+–O–
Ni3+ arrangements are weaker, due to eg([[)–(Y)2p([)–eg(Y)
electron interactions.32,56 Higher Emix implies that cation mixing
is less favorable (i.e., the possible absence of Ni2+–O–Ni2+ linear
arrangements with anti-parallel spins). Indeed, we may attri-
bute higher values of Emix to the absence of Ni2+–O–Ni2+ linear
sequences with anti-parallel spins.32 Hence, a lack of super-
exchange interactions, as the spin orientation of Ni@Li (Ni2+

mixed into Li+ layer) and nearest neighbor Ni-ions are mostly
parallel (Fig. 3). It agrees with our experimental observations of
intensity ratios of 003/104 peaks obtained from the XRD proles
(Table 1), where this ratio for doped NC90 is greater than 1.2.46

Conclusively, single doping of NC90 with Mo, B, and dual Mo–B
modication form more stable structures without signicant
cation mixing, resulting in improved electrochemical perfor-
mance as cathodes in Li-battery systems, higher discharge
capacities, and steady cycling behavior.

To further validate our cationmixing results, we analyzed the
crystal orbital Hamiltonian population (COHP) for Ni2+/Li+

inter-mixed NC90 (undoped and doped systems) shown in
Fig. 4 DOS and PDOS of (a) undoped NC90 and (b) Mo-doped, (c) B-
dopant is Ni-site in NC90. The Fermi level is set at 0.0 eV.

This journal is © The Royal Society of Chemistry 2023
Fig. S2.† It is evident from Fig. S2† that the value of the absolute
integrated COHP (ICOHP) for Ni–O in undoped NC90 is greater
than the ICOHP (Ni–O) of its doped counterpart (including Ni2+/
Li+ mixing), suggesting that Ni2+/Li+ mixing results in weaker
Ni–O bonding. Furthermore, it indicates that cation mixing is
unfavorable in doped NC90 materials.

2.2 Electronic structure and distribution of Ni-ions in NC90
materials

It is important to understand the electronic structure and redox
activity of each elemental species of undoped and doped NC90.
The total and partial densities of states (DOS) of NC90 undoped
and doped samples are shown in Fig. 4a–d.

A small energy gap is observed for all systems except for Mo-
doped NC90. A signicant orbital mixing of Ni-3d and O-2p
states was observed near the Fermi level in the undoped NC90
material (Fig. 4a), along with some Co-3d states. Inspection of
the partial DOS indicates that Ni2+ states dominate the valence
band (VB), suggesting that Ni-ions are the predominant redox
active species in undoped NC90. These ions will be oxidized rst
upon charging the cathode in Li-cells. Asymmetric spin chan-
nels (up and down) are observed in Ni2+ and Ni3+ states, while
the spin channels are symmetric for Ni4+ and Co3+ states. We
note that asymmetric spin channels yield high-spin (HS) states
while symmetric spin channels give low-spin (LS) states. Thus,
in undoped NC90, Ni2+ and Ni3+ states are HS species, while
Ni4+ and Co3+ are in LS states. The partial DOS for Mo-doped
doped, and (d) Mo–B dual-doped materials. The favorable site of the

J. Mater. Chem. A, 2023, 11, 12958–12972 | 12963
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NC90 is shown in Fig. 4b. Also, Ni2+ and Ni3+ are in HS states,
while Ni4+ and Co3+ are in LS states. Seemingly, Mo6+ is slightly
spin-polarized, which could indicate some reduction. Mo, in
a high valence state (+6), introduces more electrons into the
system, helps reduce interfacial charge-transfer resistance, and
improves electronic conductivity.45,46 Mo introduces numerous
additional Mo-4d states in the conduction band (CB), which
facilitates charge transfer (Fig. 4b and d), in agreement with our
previous reports.46,52 A signicant spread of Ni3+ states can be
seen in Fig. 4c, while low spectral intensity peaks are observed
for Ni2+ states. B-2p states are not found near Fermi level.44 Ni2+

and Ni3+ states are present in HS, whereas Ni4+ and Co3+ are all
in LS states (Fig. 4c).44 Ni2+ and Co3+ states are observed near the
Fermi level in the VB region, while a small peak of Ni3+ states is
seen in the CB near the Fermi level. The partial DOS of dual-
doped NC90 with Mo–B is shown in Fig. 4d, which shows that
Ni2+ states are located in the VB, while some Mo-4d states are
observed in the CB, along with low-intensity Ni3+ states. Ni2+

and Ni3+ states are present in HS, while Mo6+, Ni4+, and Co3+

states are in LS.
To analyze the effect of doping in NC90 on the distribution of

Ni-ions in different oxidation states (Ni2+, Ni3+, and Ni4+), we
calculated the magnetic moments per Ni-site, as the oxidation
states of Ni-ions are characterized by magnetic moment per Ni-
ion.57–59 The distribution of Ni-ions in undoped and doped
NC90 is given in Fig. S3.† The moments for Ni2+, Ni3+, and Ni4+

were calculated to be ca. 2 mB, 1 mB, and 0 mB, respectively. Upon
doping, the variation in oxidation states of Ni-ions is attributed
to maintaining charge neutrality by charge-redistribution. Upon
B-doping, the concentrations of Ni2+ and Ni4+ ions are signi-
cantly reduced while Ni3+ becomes the dominant species. In
Mo-doped NC90, the concentration of Ni2+ ions is higher by
∼2.2 times compared to the undoped material, while the
concentrations of Ni3+ and Ni4+ ions are signicantly reduced.
In Mo–B-doped NC90, Ni2+ ions are more abundant than in
undoped NC90, and there are also more Ni3+ ions in Mo–B-
doped NC90 than in the undoped one. Our calculated Ni-ions
populations agree well with the experimental XPS data in
Fig. S4.† Indeed, these XPS studies (though relatedmostly to the
surface of NC90 samples) and the corresponding calculations
demonstrate, for instance, that in the Mo-doped NC90, the Ni2+

content is higher by ∼3 times compared to that in the undoped
one. Spectroscopic results also show that Ni2+ increased by
a factor of ∼2 in the Mo–B double-doped material; this is in
good correlation with the model of the Ni-ions population in
Fig. S3.†

To further verify our ndings regarding the stability of
undoped and doped NC90 in terms of possible oxygen evolu-
tion, we performed COHP calculations, which provide infor-
mation regarding metal–oxygen bonding (Fig. S5†). A more
negative integrated COHP (ICOHP) is indicative of stronger
bonding. Undoped (Fig. S5a†) and doped NC90 (Fig. S5b and
d†) do not signicantly affect the bond strength of Ni–O and
Co–O. However, the ICOHP of Mo–O in Mo-doped (Fig. S5b†),
B–O in B-doped (Fig. S5c†), and Mo–O and B–O in dual Mo–B-
doped (Fig. S5d†) NC90 models exhibit stronger bonding.
12964 | J. Mater. Chem. A, 2023, 11, 12958–12972
Such strong bonding implies that B and Mo dopants can
prevent, to some extent, lattice oxygen evolution.44,52,60,61
2.3 Electrochemical behavior of NC90 cathodes in half Li-
cells and full cells with graphite anodes

We studied the cycling performance of undoped and single Mo,
B, and dual Mo–B doped cathodes vs. Li-counter electrodes in
half-cells and graphite anodes in full cells using coin-type and
pouch-type congurations, respectively.

Fig. 5 exhibits smooth charge–discharge voltage proles of
the 1st cycle in a 3.0–4.3 V range (C/10 rate, 25 °C) of these
electrodes in coin-type cells. The calculated voltage curves ob-
tained from DFT studies (PBE + D3 and rigidly shied by 0.8 eV)
are shown in Fig. 5b, demonstrating good agreement with the
experimental proles. These proles are typical for Ni-rich NCM
electrodes in EC-EMC/LiPF6-based solutions exhibiting short
voltage plateaus at ∼4.2 V, ascribed in the literature to struc-
tural phase transitions of the coexisting hexagonal phases (H2 +
H3) to H3.62,63 An overvoltage of ∼100 mV measured during the
charge at ∼3.7 V of undoped and B-doped NC90 electrodes can
be attributed to some resistance due to remaining surface
impurities (LiOH, Li2CO3), boron-containing species, like
Li3BO3. This overvoltage usually disappears upon further
cycling during the second charging and subsequent cycles
(Fig. 5c). The irreversible capacity losses of undoped, Mo, B and
Mo–B doped electrodes were calculated to be 10.5, 10.6, 11.6,
and 11.5%, as averaged from three galvanostatic charge–
discharge tests, for statistical purposes. Although undoped
samples deliver slightly higher discharge capacity in the 1st

cycle (∼215 mA h g−1 compared to 213, 213, and 210 mA h g−1,
respectively, for Mo, B, and dual doped cathodes), those deliv-
ered by Mo, B, and Mo–B doped electrodes upon further cycling
are much higher as demonstrated in Fig. 5c and d. These doped
NC90 cathodes display higher capacities upon prolonged
cycling in lithium half-cells and full-cells with graphite anodes,
Fig. 6a and c, respectively. We suggest that enhanced discharge
capacities can be explained by a higher content of the electro-
chemically active Ni2+ ions, for instance, in Mo andMo–B doped
NC90. It follows from our calculations of Ni-ion concentrations
in undoped and doped samples (Fig. S3†). Note that surface-
sensitive XPS studies in Fig. S4† indicate a higher amount of
divalent nickel in doped materials. As expected, we have
measured a remarkably increased of up to 95% capacity reten-
tion (expressed as the ratio of capacities obtained at 100th and
24th cycles, Q100/Q24) of the corresponding Mo-doped electrodes
compared to undoped ones (only 70–76%) cycled vs. Li-metal
and vs. graphite anodes, respectively. Doped cathodes (mainly
those with Mo and Mo–B dually doped) also deliver higher
discharge capacities, enhanced capacity retention at various
rates (Fig. S6†), higher energy densities around 700–
770W h kg−1 (Fig. S7†), and much lower voltage hysteresis. This
parameter was calculated as the difference between the mean
voltage in charge and discharge (Fig. 6b). We attribute these
results to more stable structures of doped cathodes due to the
higher Ni2+/Li+ mixing energy of these samples in agreement
with our conclusion from DFT studies of crystal structures and
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a, c and d) Charge–discharge voltage profiles of the 1st cycle in a 3.0–4.3 V range of NC90 undoped and doped electrodes (as indicated)
tested in coin-type cells with LP57 solutions (C/10 rate, 25 °C). (b) The calculated voltage profiles obtained from DFT studies (PBE + D3)
demonstrated good agreement with the experimental data.

Fig. 6 (a) and (c), respectively, show the cycling behavior of electrodes comprising NC90 undoped and doped materials, as indicated, in half-
cells vs. lithium anodes (1C rate) and full-cell vs. graphite anodes (C/3 rate, LP57 solutions). Capacity retentions (Q) are indicated as ratios of
capacities delivered in cycles 100th and 24th (a), and 15th (c). The potential range was 3.0–4.3 V at 25 °C. (b) Demonstrates mean voltage profiles
measured from the above electrodes.

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 12958–12972 | 12965
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spin orientation of nearest Ni-ions upon Ni2+/Li+ interlayer
mixing (Fig. 3), as well as strong dopant-oxygen bonds.

We have also established that doped electrodes exhibited
lower interfacial charge-transfer resistance Rct calculated from
impedance spectra than their undoped counterparts (Table
S3†). Impedance spectra of NC90 electrodes (Fig. S8a and b†)
measured at 4.0 V aer the 10th and 50th cycles were typical for
NCM cathodes and similar to those presented in our previous
reports on undoped and Zr-doped NCM622 electrodes64 and
NCM811 and NCM85 cathodes single doped by Mo and B.44–46

These experimental observations of lower Rct for doped cath-
odes correlate well with our suggestion that Mo6+ doping
introduces more electrons into the system and induces, thus,
the formation of additional conduction bands near the Fermi
level (Fig. 4b and d). Moreover, we propose that a new phase
Li2MoO4 (lithiummolybdate) formed upon synthesizing the Mo
and Mo–B-doped samples (schemes (1) and (3)) contributes to
modifying the electrode/solution interface of NC90 cathodes
due to its tunnel structure and electrochemical activity in Li-
cells.65–67 Therefore, lower charge transfer resistance and higher
exchange current facilitate ion and electron transport at the
interface of doped electrodes, similar to that in NCM85 Mo-
doped materials.45 Decreasing the charge-transfer resistances
measured from NC90 cycled electrodes dually doped with Mo
and B can be explained by a synergistic effect where both
dopants modify the electrode/solution interface, as follows:
Mo6+ contributes by the formation of a new conduction band
near the Fermi level and a new Li-conducting phase of Li2MoO4.
At the same time, due to the B3+ dopant, ion-conductive surface
species Li3BO3 were formed, which are known to promote Li+

interfacial transport.62 Faster electrochemical kinetics of doped
NC90 cathodes is illustrated by the differential capacity (dQ/dV)
vs. potential (V) plots of these electrodes in Fig. 7. Indeed, Mo
and B single-doped and Mo–B dual-doped samples exhibit
sharp anodic and cathodic peaks, and much lower potential
differences Ean – Ecath compared to the undoped NC90 (Table
Fig. 7 Differential capacity (dQ/dV) vs. potential (V) plots of electrodes co
at cycle 50th (a) and 100th (b) in half-cells vs. lithium anodes (LP57 solutio
and their possible multistep structural transitions in NC90 electrodes up
instance: refs. 18, 68, 39 and 44).

12966 | J. Mater. Chem. A, 2023, 11, 12958–12972
S4†). Notably, oxidation peaks recorded at around 4.2 V and
related to the structural transition of H2 + H3 hexagonal phases
to H3 at the end of charging, reect higher reversibility in the
doped cathodes, implying thus enhanced structural stability, in
line with literature reports.37,46,52

Interestingly, we observe that boron segregates at the surface
of NC90, similarly to that in the related Ni-rich material
comprising 85 at% Ni.44 Fig. S9† illustrates the segregation
(depth) prole of the B3+ dopant in NC90measured by ToF-SIMS
and indicates that the “outermost surface layer” of ∼30 Å is
enriched with boron. Note this prole represents an average
from several similar measurements of NC90 samples doped
only with boron and those dually doped with B3+ and Mo6+.
Inserts to Fig. S9† are 3D renders of B, Mo, and both dopants
(Mo–B) exhibiting, respectively, enrichment of the surface layer
with boron and a homogeneous distribution of boron and
molybdenum on the surface and in the bulk of the corre-
sponding NC90 samples. We note that the 3D render overlay of
B and Mo in this gure exhibits both partial segregations of
boron to the surface and distribution of the dopants in bulk.
The homogenous dispersion of Mo throughout the particles is
somewhat puzzling as in the similar material NCM85, and we
observed that Mo segregates at the surface.46

To better understand the Mo surface segregation phenom-
enon, we modeled the NC90 surface with eight atomic layers (48
formula units) in the (104) surface plane, as it is a non-polar and
stable plane,18,44 and this plane allows Li conductivity. We
calculated the surface energy difference Dg = gundoped − gdoped

(meV per A2 per atom) for undoped and doped samples corre-
sponding to 1.66 mol% (Table S5†). To determine the preferred
position of a dopant (for instance, molybdenum), we
substituted a Ni-ion with a Mo-ion at the top and in the middle
of the slab, respectively, as shown in Fig. S9b.† Our computa-
tional results demonstrate the energy preference for doping at
the surface relative to bulk (i.e., in the middle of the slab). For
instance, Mo prefers surface segregation by 3.37 eV. For a clear
mprising NC90 undoped and doped materials, as indicated, measured
ns, 1C rate, 25 °C). Indicated are hexagonal H and monoclinic M phases
on charge/discharge, as it is well established in the literature (see, for

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 DSC profiles of electrodes comprising NC90 undoped and
doped materials terminated in a charged state of 4.3 V during the 1st

cycle in half coin-type vs. lithium anodes.
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understanding of the effect of dopant concentration on the
surface segregation phenomenon, we performed a comparative
analysis with different doping concentrations. Specically, we
extended the unit cell by increasing it with 768 atoms (modeling
∼0.5 mol%Mo-dopant concentration). To model the even lower
B and Mo concentration of 0.25 mol% used in the dual-doped
samples, we included 960 atoms in the unit cell. The surface
energy differences per atom between the undoped and the
singly Mo-doped and the dually B andMo-doped NC90 decrease
with a lowering dopant concentration of Mo or B (Table S5†).
Therefore, we can qualitatively conclude that surface segrega-
tion decreases with decreasing dopant concentration. Indeed,
segregation is less pronounced in the case of dually Mo and B
Fig. 9 FIB cross-sectional images of NC90 undoped (a and c) and Mo-do
50 times at a C/3 rate (25 °C).

This journal is © The Royal Society of Chemistry 2023
doped NC90 with half the concentration (0.25 mol%) of each
dopant compared to single-doping samples.

Based on the DSC proles of the electrodes, we can draw an
additional important conclusion from our study, namely that
Mo-doped electrodes (in the charged state at 4.3 V) were found
to be more stable in thermal interactions with EC-EMC/LiPF6
solutions demonstrating much lower heat evolution QT2

compared to undoped NC90 (Fig. 8). Since this exothermic heat
is commonly associated with reactions of the lattice oxygen and
solution species, we assume less O2 is released from doped
electrodes in the charged state. This correlates well with the
conclusion on stronger metal-O bonds (Ni–O) made from the
corresponding ICOHP calculations (see discussion of Fig. S5†
above), implying that stronger bonding prevents, in part, lattice
oxygen release upon charging of NC90 doped electrodes.
Interestingly, the heat evolution QT1 at around 85 °C due to the
surface interactions of B-doped materials with solution species
is much higher than that for the undoped samples (Fig. 8). This
is likely because along with surface Li2CO3 formed on the
material upon contact with air, and LiOH remaining from the
synthesis, some newly formed B-containing species, like Li3BO3,
Ni3(BO3)2 also interact at the surface and contribute to the heat
evolved from thermal reactions.44
2.4 Post-cycling structural analysis of NC90 cathodes

We have established a correlation between the electrochemical
performance of NC90 electrodes and their microstructural
deteriorations caused by cycling. Undoped NC90 electrodes
demonstrate severe capacity fading in coin-type Li-cells and full
pouch-cells (Fig. 6), resulting in substantial structural changes
in the electrodes. It is shown by cross-sectional images of these
samples in Fig. 9a and c.
ped (b and d) electrodes terminated in the discharge state after cycling

J. Mater. Chem. A, 2023, 11, 12958–12972 | 12967
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Fig. 10 CBED patterns taken from cycled NC90 electrodes (50 cycles at a C/3 rate, 25 °C). (a) The pattern is indexed based on the rhombohedral
Li(TM)O2 phase labeled “r” in undoped cycledmaterial. (b) and (c) Mo-doped cycledmaterial. Pattern (b) is indexed in terms of the Li(TM)O2 phase,
and pattern (c) corresponds to Li2MoO4 rhombohedral phase.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 4
/2

7/
20

26
 3

:4
8:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The secondary particles of undoped NC90 material are dis-
integrated and possess an extended network of deep cracks
among the primary particles (grains). Such cracks are partly the
reason for capacity fading as the electrolyte solution can pene-
trate through the cracks, deep into the particle's interior,
causing side reactions and allowing further structural and
morphological destruction of the active material.38 In contrast,
Mo-doped samples reveal good capacity retention of 95%, and
their secondary particles remain intact and integrated, showing
no cracks (Fig. 9b and d). It may be further explained by the
smaller grains and more closely integrated particles in the Mo-
doped material relative to the undoped one (Fig. 1f and g). It
agrees with literature reports that Mo-dopant can rene and
suppress grain and particle growth.69,70 Our TEM studies of the
cycled doped and undoped NC90 materials show no noticeable
changes in the grain morphology and crystallographic struc-
ture. The grain size is about 400–450 nm and 150–200 nm, as in
the uncycled undoped and Mo-doped materials, respectively,
and the rhombohedral structure attributed to the Li(TM)O2

phase remains unchanged (Fig. 10a and b).
A new phase of lithium molybdate Li2MoO4 (rhombohedral,

space group R�3) formed upon the synthesis of doped NC90 is
retained during prolonged cycling, as conrmed by diffraction
patterns in Fig. 10c. Furthermore, it indicates that surface
Li2MoO4 species contribute to modifying the interface of NC90
cathodes, enhancing the electrochemical performance
(decreased charge-transfer resistance and faster kinetics) of
doped samples, as discussed above.
3. Conclusions

This work successfully synthesized the high-nickel, low-cobalt
layered cathode material LiNi0.9Co0.1O2 and its modied
analogs: singly doped with Mo6+ and B3+ and as well as dually
doped with these cations. Analysis of XRD patterns of the above
materials allowed us to conclude that there is a good separation
of transition metal ions (especially Ni2+ and Li+) into their cor-
responding layers. Based on DFTmixing energy calculations, we
conclude that Ni2+/Li+ cation mixing is not favorable in doped
NC90, thanks to the effect of the dopants on the electronic
12968 | J. Mater. Chem. A, 2023, 11, 12958–12972
properties of the materials. Computed formation energies
indicate that the dopants prefer Ni-site substitution over Co and
Li sites for all the dopants (i.e., single Mo and B and dual Mo–B
doping).

We further demonstrated that doping LiNi0.9Co0.1O2 results
in stable electrochemical performance in half-cells and full-cells
vs. lithium and graphite anodes, respectively. Typically, stabi-
lized cathodes doped with Mo or dual Mo–B doped exhibit
much higher capacity retention (by 20–25%), half the voltage
hysteresis, and substantially decreased interfacial charge-
transfer resistance Rct calculated from impedance measure-
ments during cycling. This improved electrochemical cycling
behavior of doped NC90 can be attributed to more stable
structures of doped cathodes due to higher Ni2+/Li+ mixing
energy in these samples. Lower Rct is explained by the formation
of additional conduction bands near the Fermi level resulting in
a higher exchange current. Moreover, lithium molybdate
Li2MoO4 – a new phase formed upon the synthesis of doped
NC90 and preserved during prolonged cycling, also contributes
to modifying the interface of cathodes due to its tunnel struc-
ture and electrochemical activity with lithium. We suggest that
decreased Rct and faster electrochemical kinetics measured
from Mo–B dual-doped electrodes can be attributed to a syner-
gistic effect of these dopants: Mo6+ contributes by the formation
of a new conduction band near the Fermi level and a new Li-
conducting phase of Li2MoO4, while the B3+ dopant forms the
ion-conductive surface species Li3BO3, promoting Li+ interfacial
transport.

The structural and chemical stability of the doped NC90
cathodes was rationalized based on strong Mo–oxygen and B–
oxygen bonding in the doped materials, using ICOHP calcula-
tions. It implies that dopants can prevent, to some extent, lattice
oxygen evolution and stabilize these high-Ni electrodes upon
charging to 4.3 V. Furthermore, we observed less evolved heat
upon reactions of the doped samples in the charged state (4.3 V)
with battery solutions in DSC studies. We conclude that the
particles of cycled Mo-doped NC90 cathodes retain the integrity
and microstructural stability (i.e., no cracks were formed), in
contrast to undoped particles that exhibit signicant structural
degradation with a network of cracks. It correlates well with the
This journal is © The Royal Society of Chemistry 2023
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more stable and reversible electrochemical behavior of doped
samples especially upon charging in the potential domain of
4.2–4.3 V corresponding to an H2 + H3 / H3 phase transition,
in agreement with previous reports.

We emphasize the coherence of all the experimental results
we obtained. The doped materials outperform the reference
undoped NC90 cathodematerial, while the best electrochemical
performance was obtained with Mo-doped NC90 and dually B
and Mo-doped NC90 material. This order of improved perfor-
mance is fully correlated with lower impedance, lower heat
evolution in thermal reactions of charged cathode materials
with standard electrolyte solutions, and higher structural
stability demonstrated in post-mortem analyses of cycled elec-
trodes. The dual doping may deserve further optimization work
since we assume that doping by several cations may have
important synergistic effects. In addition, the current work can
inspire further theoretical and experimental studies that will
determine whether atomic vacancies are created due to doping
by heteroatoms in lithiated transition metal cathode materials.

In summary, we anticipate that this work can play a role in
a further improved design of Ni-rich high-energy layered-
structure electrodes for advanced lithium-ion batteries.
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