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Doping-Induced Surface and Grain Boundary Effects in

Ni-Rich Layered Cathode Materials

Liang-Yin Kuo, Christoph Roitzheim, Helen Valencia, Joachim Mayer, Séren Méller,
Seung-Taek Myung, Martin Finsterbusch, Olivier Guillon, Dina Fattakhova-Rohlfing,

and Payam Kaghazchi*

In this work, the effects of dopant size and oxidation state on the structure
and electrochemical performance of LiNij 3Co, ; Mn, ; O, (NCM811) are
investigated. It is shown that doping with boron (B) which has a small ionic
radius and an oxidation state of 3+, leads to the formation of a boron
oxide-containing surface coating (probably Li;BO;), mainly on the outer
surface of the secondary particles. Due to this effect, boron only slightly
affects the size of the primary particle and the initial capacity, but significantly

1. Introduction

Li-ion batteries (LIBs) are becoming in-
creasingly important due to the growing de-
mand for portable electronic devices and
electric vehicles (EVs).[!l In particular, the
development of high energy density LIBs
for EVs, is an important issue due to the in-
creasing environmental concerns. Many ef-

improves the capacity retention. On the other hand, the dopant ruthenium
(Ru) with a larger ionic radius and a higher oxidation state of 5+ can be
stabilized within the secondary particles and does not experience a
segregation to the outer agglomerate surface. However, the Ru dopant
preferentially occupies incoherent grain boundary sites, resulting in smaller
primary particle size and initial capacity than for the B-doped and pristine
NCM811. This work demonstrates that a small percentage of dopant

(2 mol%) cannot significantly affect bulk properties, but it can strongly
influence the surface and/or grain boundary properties of microstructure and

thus the overall performance of cathode materials.

forts have been made to find novel cathode
materials to replace LiCoO, (LCO), which
dominated the first generation of commer-
cial LIBs, by alternative layered oxides con-
taining less toxic and expensive elements.?]
In addition, a novel cathode material should
provide reasonably high energy density and
safety, as well as, long cycle life. Ni-rich
NCM materials such as LiNi, ;Co, ;Mn, ; O,
(NCM811)B3] are currently among the most
promising cathodes that can meet the
aforementioned requirements. Although
they can provide a better electrochemical
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Figure 1. Computed spatial spin density difference (SDD) and number of unpaired electrons (NUE) on Ni, Co, Mn, Ru, and B for a) 2Ru-NCM811
(Model 1), b) 2Ru-Li0.98NCM811 (Model I1) c) 2B-NCM811, and d) 2Ru-Li0.25NCM811 (Model I1). The yellow and blue features in SDD plots represent
up- and down-spin electrons. A SDD isosurface of 0.007 was used for all structures.
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Table 1. Computed lattice parameters of NCM811, Ru-doped NCM811 in model (1) and (I1), and B-doped NCM&11 and their corresponding experimental
results. The experimental results for NCM811 and 2B-NCM811 are reprinted with permission from ref. [7a] Copyright 2022, American Chemical Society.

Theory Experiment
alA biA c[A] alA bA c[A]
NCM811 2.889 2.879 14.301 2.870(4) - 14.196(4)
2Ru-NCM811 (model 1) 2915 2.874 14.298 2.876(4) - 14.208(5)
2Ru-Li0.98NCM811 (model I1) 2915 2.895 14.366 - - -
2B-NCM811 2.917 2.862 14.339 2.874(4) - 14.206(4)

performance compared to LCO, they still suffer from poor
thermal stability and severe capacity fading during long-term
cycling.l Doping and coating are promising strategies to im-
prove the capacity retention of NCM cathodes.’) Numerous
ions such as Mg?* [ B¥ 7] AP+ [7b8] Ga¥+ 9] Fe¥+ [10] Sh3+ [4a]
Zr** 1 Ryt 121 N>+ 131 Wor 14 and Mo®+,1'5] have already
been investigated as the dopants for the NCM structure. The size
and oxidation state of the dopants are expected to critically affect
the properties of the host materials. Therefore, understanding
their effects on the crystalline structure and morphology of NCM
host materials is very important for the rational development
of efficient NCM cathodes. Boron (B**) and ruthenium (Ru**)
are particularly interesting ions to study the effects of dopants
due to their different size and oxidation state. Boron is a light
element and has the smallest ionic radius compared to other
commonly studied dopants (0.27 A for B** compared to 0.68 A
for Ru?*).[1] Ruthenium can have a high oxidation state (up to
5+) compared to Ni (up to 4+). In Na[Ni, ;Ru,;3]O,, which is
used as a cathode material for sodium-ion batteries, Ru has the
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oxidation state 5+, and due to its higher Pauling electronega-
tivity of 2.2 compared to Ni (1.91), the Ru—O bond is likely to
be partially covalent. The more pronounced covalent character
of the transition metal (TM) with oxygen stabilizes the oxygen
redox reaction, mitigates the release of oxygen gas, and increases
the structural rigidity.'*'”] Ru doping also drastically improved
the rate performance of spinel LiNiysMn, O,.'8! Little has been
reported on Ru as a dopant in NCM cathodes for LIBs. As far as
the authors are aware, only Song et al.l'! investigated the effect
of Ru doping on the structure and electrochemical properties
of a Lirich system, namely Li(Li;,,Mn,,Ni;;Co,3)0,, and
reported an increase in interlayer spacing, enhanced Li diffusion,
and improved capacity retention during cycling. The superior
performance of B-doped NCM cathodes has already been in-
vestigated in several publications.’*?] A multiscale modeling
simulation (a combination of density functional theory (DFT),
ab initio atomistic thermodynamics, and continuum mechanics)
from our group has found for the first time the reason for the
enhanced the stability of B-doped Ni-rich cathodes.!?*] 1t was

: (b’)
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Figure 2. Side views of a) 2Ru-Li0.98NCM811 and b) 2B-NCM8&11 on (003) and (104) surfaces and their interlayer separation distance on (104) surfaces.

The inset shows the top view of BOj; triangles.
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Figure 3. a) Diffusion mechanisms of pristine and Ru-doped NCM811 b) Density of states (DOS) of (104) surface for pristine (black), and Ru-doped

NCM811 (red).

shown that B doping leads to the formation of a Li;BO, layer
on the (001) surfaces of LiNiO,2%! and LiNi, 4, Coy g, Aly g, O.12
This leads to an increase in the chemical stability of the above
mentioned cathode interfaces with the electrolyte as well as a
change in the microstructure morphology, resulting in higher
integrity. This result has been confirmed by electrochemical
tests of Ni-rich NCM and NCA cathodes, which showed a better
capacity retention compared to the bare systems.?] However,
to our knowledge, the effects of dopant size and oxidation on
the properties of NCM811 have not been investigated so far. To
fill this knowledge gap, we have performed in detail theoretical
and experimental investigation of Ru-doped LiNi, ;Co,,Mn, O,
(Ru-NCMS811) and completed our recent studies on B-doped

LiNi; ¢Coy;Mn,,0, (B-NCM811) to compare the impact of Ru
and B on bulk, surface, grain boundaries, and microstructures
of NCM811.

2. Results and Discussion
2.1. Theory

Our extensive electrostatic analysis and DFT calculations with
Perdew—Burke-Ernzerhof (PBE) functional, PBE with Hubbard
U (PBE+U), and Heyd—Scuseria-Ernzerhof (HSE) functionals
show that the preferred occupation site and oxidation state of
Ru correlates with the mechanism of charge balance. To find

Figure 4. Atomistic structure of the coherent twin grain boundary GB £3[110]/(112) of LiNiO, with Ru and V|, at a) GB and in b) bulk as well as B at

c) GB and in d) bulk.
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Figure 5. a) Powder XRD patterns of pristine NCM811, 2B-NCM811, and 2Ru-NCM811. b,c) Magnifications of selected 26-regions from a). The patterns
for NCM811 and 2B-NCM811 are reprinted with permission from ref. [7a]. Copyright 2022, American Chemical Society.

the realistic model, we studied two structures that can lead to
different charge balancing mechanisms (see Figure 1), namely:
I) 1Ru — INi (2Ru-NCM811) and II) 1Ru — INi + 1V,; (2Ru-
Li0.98NCM811). The number of unpaired electrons (NUE) on
ions and spin density difference (SDD) are illustrated in Figure 1.
The DFT-HSE calculation shows that to compensate the 4Mn**
— 4Ni** replacement in pristine and doped NCM811(modeled
by LixNi) systems the following reduction takes place: 4Ni** —
4Ni?*, which can be seen in Figure Sla-d (Supporting Infor-
mation) (NUE > 1.55 for Ni?* and NUE < 1.55 for Ni**). Any
additional reduced Ni cations, besides 4Ni**, should be due to
the Ru — Ni doping. For the model I, namely 1Ru — 1Ni (2Ru-
NCM811), Ru prefers to occupy a Ni site close to Mn cations.
The SDD plot (Figure 1a) shows a small oxidation of several O
anions close to Ru and Ni cations, indicating a delocalization
of electrons between Ru and O as well as Ni and O (probably
due to the overlap between Ru,,, Ni;4 and O,, orbitals). Based
on the shape of SDD feature and the NUE value of > 1 for Ru,
we propose the formation of Rut*~4 — O72+2 and Nit*-4" —
O=2+4" (Figure 1a). This means that to compensate the forma-
tion of 1Ru™ -4, 1Ni cation is reduced (Figure la: 4Ni’* for
4Mn**t and 1Ni?* for 1Ru**~2 in the supercell). For the model
II, namely 1Ru — 1INi + 1V|; (2Ru-Li0.98NCM811), Ru prefers
to occupy a Ni site in the TM layer where only Ni (and no Co
or Mn) is present (Figure 1b). Several nearest neighbor O an-
ions of Ru and 2Ni cations experience a small oxidation. From
the shape of SDD and the NUE value larger than 2 for Ru (see
Figure 1b’), we propose the formation of Ru**~# — O72+2 and
Nit3-4" — 072+ 2" Thus, the large charge state of 1Ru*>~2 is
compensated by 2Ni**~2'+1V,,. An enhanced Ni’* amount was
also observed based on X-ray diffraction (XRD) for the Ru-doped
sample (Table S2, Supporting Information), which will be dis-
cussed later in this article. In comparison to model I (Ru —
Ni with Ru at the Ni/Mn layer), the estimated charge state of
Ru as well as the Ru-doping induced change in lattice param-
eters (Aa and Ac) for model II (Ru — Ni + 1V; with Ru at
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the Ni layer) is in better agreement with our X-ray photoelec-
tron spectroscopy (XPS) and XRD data (Figure 6 and Table 1).
We have recently studied the B-doped NCM811 system.”2] B was
found to occupy a tetrahedral site and since it has a charge state of
3+ (similar to the replaced Ni**), no significant change in the ox-
idation state of other Ni cations is expected after B doping as the
formation of 4Ni%* cations is because of the presence of 4Mn**
(see Figure 1c).

The DFT-calculated lattice parameters a and ¢ for NCM811,
2Ru-Li0.98NCM811 (model II), and 2B-NCM811 are in qualita-
tive agreement with our XRD data (Table 1). As the computed
doping-induced increase in a and c s larger than the correspond-
ing experimental values, we conclude that in fact only a small
amount of dopants can be found in the bulk lattice, and the rest
are present on the surface and/or grain boundaries (GBs) as will
be discussed later in this manuscript.

The influence of Ru- and B-doping on the
lithiation/delithiation-induced change in a (|Aa|) and ¢ (|Ac|)
was also computed (Figure S2, Supporting Information) to be
small: |Aa| < 0.14% and |Ac| < 0.06%. Our in-situ XRD data
confirm that |Aa| and |Ac| are small for the Ru-doped case
(Figure S3, Supporting Information). A previous experimental
study also showed that B doping has a minor effect on the lattice
parameters change during cycling (|Aa] = 0.20% and |Ac| =
5.9% for pristine NCM90 versus |Aa| = 0.19% and |Ac| = 5.1%
for 1 mol% B-doped NCM90).12%! As the impact of doping on
|Aa| and |Ac| is slightly overestimated in our calculation (Figure
S2, Supporting Information) compared to experiment (Figures
S3 and S5b in ref. [20c], Supporting Information) we again
conclude that the concentration of lattice doping in the real
system should be smaller than that in our modeled structure
(2% Ru or B), and a large portion of dopant content should be
either at surfaces or grain boundaries of NCM811 particles. This
result also indicates that the integrity of NCM811 secondary
particles (i.e., cycling performance) cannot be affected by Ru or
B bulk lattice doping, as the delithiation/lithiation-induced Aa

© 2024 The Authors. Small published by Wiley-VCH GmbH
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and Ac cannot be suppressed by a small amount of dopants in
the bulk. However, the presence of dopants at the surface of
agglomerate (in the B-doped case) and/or at grain boundaries
(in the Ru-doped case) can strongly influence the capacity and
cycling stability of NCM811, which will be discussed later in this
article.

To understand the effect of Ru doping on delithiation-induced
oxidation mechanism in NCM811, we computed NUE and
SDD for 2Ru-NCM811 (model II) with a 0.25 Li concentration
(Figure 1d). It is found that the computed NUE of 77% Ni cations
decrease, which can also be seen by their small and disappeared
SDD features, compared to those of Ni ones at the high Li con-
centration case (Figure 1b). This indicates the oxidation of 3%
Ni** — Ni** and 64% Ni** — Ni** and 10% Ni** — Ni** for
2Ru-Li0.98NCM811 — 2Ru-Li0.25NCM811. However, the oxida-
tion state of 2 Ni (5%) close to Ru cations at the Ni/Ni layer re-
mains 2+. The computed NUE and the SDD features on Ru re-
main the same but the oxidation of O increases in the Ni/Ni layer
(Figure 1d’). Moreover, half of Co shows the increase in the com-
puted NUE and SDD features indicating 50% Co** — Co** ox-
idation. The oxidation state of Mn remains 4+ with unchanged
NUE and SDD features.

To study the tendency of Ni, Ru, and B to segregate to the sur-
face of NCM811, we focused on two probable orientations in lay-
ered oxide materials, namely (003) and (104), which have been ob-
served experimentally and predicted by simulation on LiNiO, 2!
and LiNi, g,C0p o, Aly 040,211 Our calculation indicates that Ni
prefers to segregate to the topmost surface layers, while the Co
and Mn are homogeneously distributed in the bulk region. In our
previous work on LiNiO,(003),12%! we found that boron, which
was at the subsurface Ni site in the initial structure, moves to
the topmost layer after geometry relaxation. Simultaneously, the
B dopant dragged three O anions to the surface and rearranged
several surface Li ions forming a Li;BO;-like structure. In this
work, we computed how much is the energy gain for this process
on Ru- and B-doped NCM811(003) surface. It is found that Ru
prefers binding to the Ni subsurface sites, and probably in the
bulk region, on (003) as well as (104) surfaces. The segregation
energy (the energy difference between structures with dopant in
the subsurface and surface sites: AEq = E s — E,) of Ru for the
(003) and (104) surfacesis 0.72 eV per atom and 0.18 eV per atom,
respectively (Figure 2a). The computed AE, value for B doping is,

(a)
C1sC-C

s 283.6 eV

8 | C1s carbonate

> 287.8 6V A

k7] e

2 p

2

£

C1s0-C=0 C1sC=0 C1sC-O
: : : : :
292 290 288 286 284 282 280

Binding Energy (eV)
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however, —5.06 and —2.27 eV, respectively, for the (003) and (104)
surfaces. This clearly shows that B tends to migrate to the surface
of both cases (Figure 2b). As the average B- O bond lengths in
the formed BO, triangles (~1.39 A) at the topmost layer of (003)
surface (insert in Figure 2b) is very similar to that of a-Li;BO,
(monoclinic P2x/c) reported by Stewner,/??] the B-doping might
eventually lead to the formation of a surface a-Li;BO, layer. A
formation of a-Li;BO; layer on the surface of Ni-rich cathode ac-
tive materials has also been predicted by our simulation for B-
doped LiNiO,[2°] and LiNi o, Coy g4 Al 44 O,.[2!] As can be seen in
Figure 2b, despite a large displacement of B, O, and Li ions oc-
curring during its formation, the curved like Li;BO; structure is
thermodynamically very stable (>5 eV per B) in comparison to
the initial structure with B at the subsurface site. We believe that
the Li;BO; structure remains stable even after lattice delithiation
as it forms only on the surface far from the Li sites in the bulk
region.

The formation of a surface oxide layer takes place only for B-
doped Ni-rich systems and not the Ru-doped ones. The segrega-
tion of Ru to the topmost surface layer is not energetically favor-
able, which might be due to the unfavorable lower coordination
of TM sites for Ru at the surface compared to the bulk.

As B-doping leads to the formation of a-Li;BO; surface coat-
ing, we compare the conductivity of NCM811 with that of Li;BO;
The ionic conductivity of a-Li;BO; has been recently computed
by Y. Lietaltobe 3.2 X 1077 S cm™!, which is around two orders
of magnitude higher than that for NCM cathodes (8.7 x 107°
S cm™! for NCM523 at 50 °CI?]).[2*] For the case of Ru-doped
NCM811 in which Ru prefers Ni site in bulk, we simulated Li-ion
migration in the bulk model. The computed Li-ion diffusion bar-
rier in pristine (0.60 eV) and Ru-doped (0.88 eV) cases (Figure 3)
indicates that the ionic conductivity of the latter is lower. This is
because of a large electrostatic repulsion between Li* and Ru**
at the transition state. Moreover, we have calculated DOS for the
(104) surface model to evaluate both bulk and surface contribu-
tions. Our calculations indicate the band gap of Ru-doped system
is only slightly narrower, which might mean that the electronic
conductivity of the Ru-doped NCMS811 is slightly higher than in
the pristine case. This result shows that the overall conductiv-
ity (ionic + electronic) of bulk NCM811 decreases by Ru doping.
However, a significant lowering of conductivity is not expected as
only a small amount of Ru dopant is found in the bulk lattice.

(b)

Ru 3p, Ru 3p,
486.9 eV 465.0 eV

Intensity (a.u.)

T T T T T T T " .
495 490 485 480 475 470 465 460 455
Binding Energy (eV)

Figure 6. a) C 1s as well as Ru 3d and b) Ru 3p XPS spectra collected from 2Ru-NCM811.
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Furthermore, we modeled a coherent twin grain boundary
>31-12[110]/(112) for the Ru- and B-doped systems (Figure 4).
We focused on the simple LiNiO, composition to reduce the
complexity of the GB model. Geometry optimization with DFT-
PBE+U leads to the sliding of grains along the GB resulting in the
formation of an incoherent twin grain boundary. This is probably
driven by the minimization of electrostatic interaction. The total
energies of Ru- and B-doped NCM811-GB are listed in Table S1
(Supporting Information). It is found that Ru is energetically (by
40 meV per formula unit) more favorable at the incoherent GB
site than in the bulk site. This result shows the tendency of Ru-
doped NCM811 to form incoherent GBs resulting in the shrink-
age of the primary particle size as well as lowering of Li-ion con-
ductivity with Ru doping. The Ni cations at TM sites block the
Li-ion pathway and can considerably decrease the conductivity of
secondary particles. A similar trend has not been found for the
B-doped case in which the occupation of a Ni site at GB by B is
less favorable (190 meV per formula unit) compared to that in the
bulk site (see Table S1, Supporting Information). As the absorp-
tion of B to the bulk is energetically less favorable than its surface
segregation (Figure 2), we propose that B doping leads to the for-
mation of lithium boron oxide on the surface of agglomerate and
will not influence the size of primary particles.

2.2. Experiment

In experimental investigation, we extensively examined the mi-
crostructure, particle size, morphology, and electrochemical per-
formances of 2 mol% Ru-doped NCM811 (2Ru-NCM811), while
also making a comparative analysis with pristine NCM811 and 2
mol% B-doped NCM811 (2B-NCM811) as discussed in our previ-
ous studies.!”?) The chemical analysis by ICP-OES (Table S2, Sup-
porting Information) confirms that the cathode materials have
the targeted NCM composition and dopant (Ru and B) concen-
tration. The powder XRD patterns of pristine, Ru-doped, and B-
doped NCM811 indicate phase pure materials with a hexagonal
a-NaFeO, structure, and the space group R3m (166) (Figure 5).1%°]

The clear peak splitting of (006)/(102) at 38 — 38.5 °(20) and
(108)/(110) at 64 — 65 °(26) (Figure 5b,c) indicates the pres-
ence of a well ordered hexagonal layered structure with high
crystallinity.[?] No impurity phases were observed, and no addi-
tional reflections appeared by introducing the dopants. A slight
peak shift toward smaller angles is observed. It is more pro-
nounced for 2Ru-NCM811 and indicates a lattice expansion due
to the incorporation of the dopant into the lattice (Figure 5b,c).
These results agree with our DFT calculation (Table 1). For all
cathode materials, a splitting of the Bragg reflections (108) and
(110) is observed in Figure 5c. This peak splitting is device spe-
cific and caused by k,, radiation.

The lattice parameters for pristine, doped NCM811 were calcu-
lated from the XRD patterns using the Rietveld refinement (Table
S3 and Figure S3, Supporting Information). The here obtained
values for NCM811, fall within the span reported in literature
(@ = 2.8661—2.8805 A; c = 14.2021 — 14.249 A).[”) Compared
to pristine NCM811, doping with 2 mol% Ru leads to a slight
expansion of the lattice parameters a and ¢ (Table 1), which was
expected in view of peak shift observed in the XRD pattern and
is consistent with the previous work on Ru-doped CAM.['*] Thus,
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the XRD analysis indicates that Ru was successfully incorporated
into the NCM lattice. In the case of doping with the small-sized
boron, the expansion of the lattice parameters is less significant.
However, as reported previously, a successful incorporation of
boron into the NCM lattice is possible, even if no lattice expan-
sion is observed.l’?!

X-ray diffraction and Rietveld refinement results (Table S4,
Supporting Information) indicate that B and Ru occupy the TM
positions which was confirmed by DFT calculation as discussed
above. A closer examination of the XRD patterns (Figure 5) in
terms of the Bragg reflection intensity ratio 1(003)/1(104) and the
splitting of the (108)/(110) Bragg reflections reveals additional ef-
fects of doping. By Ru and B doping, the 1(003)/1(104) ratio de-
creases (Table S3, Supporting Information) and the splitting of
the (108)/(110) Bragg reflection is less intense in the Ru-doped
sample. These observations are indicative of an enhanced cation
disorder (Ni** occupies Li sites). The c/a ratio, which is an addi-
tional indicator of the degree of cation disorder shows decreased
values for the doped cathode active materials. For an ideal hexag-
onal closed-packed lattice with R3m (166) and layered structure,
c/a = 4.99. Partial cation mixing is indicated by c/a < 4.96.
Thus, all cathode materials exhibit cation disorder, which is en-
hanced in 2B-NCM811 and 2Ru-NCM811 (Table S3, Supporting
Information).

In comparison to boron with its fixed oxidation state of 3+, the
oxidation state of Ru in Ru-doped NCMS811 is not known. X-ray
photoelectron spectroscopy (XPS) was used in order to determine
the oxidation state of Ru by analyzing the binding energies. The
Ni 2p, region of the XPS spectrum (Figure S7, Supporting Infor-
mation) indicates that the main oxidation state of nickel is 3+,
since the obtained spectrum could be fitted with a set of peaks
derived from NiOOH.[?8] The XPS spectrum in Figure 6a shows
that the Ru 3d; and Ru 3d, core peaks occur at 283.6 eV and
287.8 eV, respectively. The Ru 3ds binding energy of 283.7 eV
for Ru-doped NCMS811 in this work, is in an agreement with that
found by U. Manju et al.?% for Ru’* ions in RuSr,GdO,. The
Ru 3d spectrum does not show an intense peak at 281.8 eV cor-
responding to RuCl,*%) used as Ru source during the synthesis.
This result indicates a successful incorporation of Ru into the
NCM811 lattice accompanied by a change of the oxidation state
of Ru to a higher value than 3+. Since the Ru 3d spectrum par-
tially overlaps with the C 1s spectrum, the Ru 3p XPS spectrum
(Figure 6b) was additionally analyzed. Fitting of the Ru 3p spec-
trum was not performed due to lack of literature data, but the
binding energies for the Ru 3p,; and Ru 3p, core peaks can be
estimated from Figure 6b to be 465.0 and 486.9 eV, respectively.
These binding energies are similar to those found by N. Voron-
ina et al.l"’l for the Ru’*—O binding energy in Na[Ni, ;Ru, ;5]O,,
where the peaks were found at 465 and 487 eV, respectively. The
comparison of the binding energies for Ru in 2Ru-NCM811 with
the literature values of other material systems suggests that the
oxidation state of Ru in our Ru-doped NCM811 is 5+. The mea-
sured oxidation state of Ru (5+) (Figure 6) agrees qualitatively
with the computed one (Ru* ~*) for model I (Figure 1).

Furthermore, the effect of doping with dopants of different
sizes and charges on the particle size and morphology were in-
vestigated. The analysis of the particle size distribution (PSD)
shows that all powders consist of hard secondary particles with
a D50 value of 13, 11, and 14 um for the pristine NCM811,
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2Ru-NCM811, and 2B-NCM811, respectively (Figure S6, Sup-
porting Information). Thus, the PSD of NCM811 is not strongly
affected by doping. SEM analysis shows that the synthesized
NCM811 powders consist of spherical agglomerates (Figure
S5a—c, Supporting Information). Each individual agglomerate is
composed of nano-sized cuboidal primary particles (Figure 7).
The primary particles in pristine NCM811, Ru-doped NCM811,
and B-doped NCM811 synthesized within this work by the same
method (Figure S5d, Supporting Information) are randomly ori-
ented and no alteration of the particle orientation by doping is
achieved. However, Ru doping has a strong influence on the av-
erage primary particle size. While the primary particle size is
around (318 + 38) nm for pristine NCM811 (Figure 7a) and is
not affected by B doping (297 + 71) nm), it strongly decreases
to (145 + 38) nm for 2Ru-NCMS811 (Figure 7c). Such reduced
primary particle size agrees with the previous findings about Ru
doping of different cathode materials.[8-1]

Smaller primary particles in the case of Ru doping were also
predicted by our DFT calculation. As discussed before (Figure 4),
Ru segregates to the grain boundaries. In general, it is known
that dopants segregated to grain boundaries can change the rel-
ative grain boundary mobility and energy.?!l Thus, Ru doping
possibly limits the grain growth during the calcination step, so
that smaller primary particles form compared to pristine and B-
doped NCM811, where a significantly stronger coarsening of the
primary particles is observed. Moreover, the calculation empha-
sized that Ru can be incorporated into the NCM811 secondary
particles while B enriches on the secondary particle surface.

To experimentally verify the theoretical findings, the pris-
tine and doped NCM811 was analyzed by high-angle annular
dark field scanning transmission electron microscopy (HAADF-
STEM), energy-dispersive X-ray spectroscopy (EDS), ion beam
analysis (IBA), and time-of-flight secondary ion mass spectrom-
etry (ToF-SIMS).

The atomic resolved high angle annular dark field image
(HAADF) in Figure 8a reveals the layered structure (R3m) of pris-
tine NCM811 up to the edge of the particle. The schematic struc-
ture of NCM811 fits to the visible layered structure, as the cation
positions match the bright dotted rows in the Z-contrast image.
In Figure 8b, the HAADF image of the B-doped NCM811 sam-
ple is presented. For more information on the different regions
visible in this cutout of the original image, the reader is referred
to ref. [7a] In short, two regions with a different structure were
identified for the B-doped NCM. The FFT of the surface region
(blue square) reveals the desired layered structure (R3m), while in
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the bulk of the primary particle (green square) a rock-salt struc-
ture (Fm3m) has formed. The Ru-doped samples are displayed
in Figure 8c,d. In Figure 8c, the layered structure is visible and
fits the corresponding 2Ru-NCM811 schematic structure. On the
other hand, it is clearly visible that bright contrast spots at the
edge of the particle can be found even on the Li positions. This
could be due to Ni%* occupying the Li sites. Such a cation dis-
order was found to be enhanced based on XRD and Rietveld re-
finement, especially for the doped samples (Table S3, Supporting
Information). Taking into account that the DFT calculation sug-
gests that the Ru is enriched at the grain boundaries, this could
explain the appearance of atoms occupying the Li positions along
the grain boundaries (Figure 8d). By taking a closer look at the up-
per edge of Figure 8d where such a grain boundary to a different
oriented particle is shown, one can see that between the cation
rows gradually an additional atom row becomes visible (yellow
rectangle), this would support the suggestion. In order to further
support the Ru segregation at such a grain boundary, electron en-
ergy loss spectroscopy (EELS) line scans were performed in the
region shown in Figure 8d. However, due to the Ru-edge over-
lapping with the carbon background EELS was not able to define
Ru in the sample. Therefore, the grain boundary and the adja-
cent primary particles shown in Figure 8d were further character-
ized by EDS (Figure 8e). The EDS mapping shows a homogenous
distribution of all elements, including Ru dopant. This was con-
firmed for additional primary particles at a different position on
the sample (Figure S8, Supporting Information), where the EDS
spectrum shows the Ru-L, and Ru-L; peaks at 2.6 and 2.7 keV, re-
spectively, in addition to the expected signals for Ni, Co, and Mn.
The EDS analysis clearly confirms the presence of Ru in the pri-
mary particles, but a Ru enrichment at the grain boundary could
not be proven by EDS since optimal sample properties such as
stability under the electron beam would be required to provide
an atomic resolution EDS mapping.

In addition to TEM and EDS, IBA and ToF-SIMS were used
to experimentally verify the exact location of the dopants in
NCM811. Rutherford backscattering spectrometry (RBS) was
used to detect and quantify the Ru dopant. The RBS part of the
spectrum of interest for Ru (Figure S9a, Supporting Informa-
tion) shows a perfect match between the backscattering of Ru
at around channel 780 and the simulated spectrum. The quan-
tification of Ru based on RBS results in an average concentra-
tion of (2 + 1) mol% Ru in the analyzed 2Ru-NCM811 pow-
der in agreement with ICP-OES (Table S2, Supporting Informa-
tion). Since the channel range of Ru in this measurement is very
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Figure 8. STEM images showing primary particles of a) pristine NCM&11, b) 2B-NCM811, and c) 2Ru-NCM811 with their corresponding FFT’s. The
FFT s with white frames are taken out of the hole image while the blue and green framed FFT ’s are taken out of the corresponding areas. d) Shows the
grain boundary to a second 2Ru-NMC811 particle. €) HAADF-STEM image and EDS mappings for Ni, Co, Mn, and Ru of the grain boundary and the
adjoining primary particles shown in d). Panels a) and b) are reprinted (adapted) with permission from ref. [7a]. Copyright 2022, American Chemical

Society.

scarce, RBS provides only near-surface information. Therefore,
particle induced X-ray emission (PIXE) was used since it en-
ables a higher penetration depth. The PIXE spectrum (Figure
S9b, Supporting Information) shows a clear, background free
K, and K, signal at 19 and 21.5 keV, respectively. PIXE ver-
ifies the presence of Ru not only on the surface but also in
the bulk of the Ru-doped NCM811 particles. In the case of 2B-
NCMB811, the light element boron was detected and quantified
by nuclear reaction analysis (NRA), as presented in our previous
work.72]

The surface of Ru- and B-doped NCM811 particles was fur-
ther characterized by ToF-SIMS with positive polarity (Figure 9).
Independent on the used dopant, the depth profiles show that
the Ni*, Co*, and Mn* signals slightly increase and remain con-
stant after a certain sputtering time. A possible reason for this
finding is that the sputter ions remove surface contaminations
(e.g., carbonates, hydroxides, etc.) formed during the transfer of
the samples to the instrument. It is noted that the Ru* signal
is nearly constant throughout the sputtering process (Figure 9a),
indicating a constant Ru concentration on the surface of the sec-
ondary particles as well as in the bulk of the Ru-doped NCM811
primary particles. In the case of 2B-NCM811 (Figure 9b), the
B* signal decreases with the sputtering time and stays con-
stant after 150 s which indicates an enrichment of B on the sec-
ondary particle surface, as well as a significant high and con-
stant concentration in the primary particles bulk, as discussed
previously.l”?]
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Furthermore, in contrast to B doping, which leads to a surface
enrichment of boron on the secondary particles!’?! (Figure 9b), no
gradient in the Ru-concentration was observed for 2Ru-NCM811.
However, a homogenous concentration from the surface to the
bulk was found. The results of TOF-SIMS analysis support the
conclusions of XRD, EDS, and PIXE that the Ru is incorpo-
rated into the bulk structure of the core of the primary particles.
As known from previous experimental and theoretical studies
on NCA?? and experimental work on NCMI[2% as well as our
present theoretical work on NCM811 (Figure 2) boron atoms tend
to segregate to the crystal surface.[?] Such a phenomenon is not
observed in the case of Ru doping.

Furthermore, the effects of doping on the NCM lattice with
different-sized and charged dopants on the electrochemical prop-
erties of NCM811 were investigated. In the following, the electro-
chemical performance of Ru-doped NCM811 is compared to that
of pristine NCM811 and 2B-NCM811 presented in our previous
work.l”2] The CV curves of pristine NCM811, 2B-NCM811, and
2Ru-NCM811 (Figure 10a) confirm their electrochemical activity.
As known for Ni-rich NCM811, also the doped NCM811 shows
multiple redox peaks corresponding to the H1 to M, M to H2,
and H2 to H3 phase transitions. However, the M to H2 and H2
to H3 transitions appear to be less pronounced for 2Ru-NCM811,
as indicated by the lower peak currents compared to pristine
NCM811 and 2B-NCM811. Although a Ru* < Ru®* redox couple
has already been reported for the spinel structure,3?! the hexag-
onal layered structure investigated here shows no any additional
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Figure 9. TOF-SIMS depth profiles of a) 2Ru-NCM811 and b) 2B-NCM811. The depth profile for 2B-NCM811 is reprinted (adapted) with permission

from ref. [7a]. Copyright 2022, American Chemical Society.

peaks in the analyzed potential range. This either means that Ru
is not electrochemically active in the selected potential window,
the amount of Ru is too small to show a significant contribu-
tion in the CV curve, or that the redox peaks of Ru are superim-
posed by those of Ni and Co. The potential difference between the
oxidation and reduction peaks at around 3.80 V is 0.11 V for
pristine NCM811, 0.09 V for 2B-NCM811, and 0.14 V for 2Ru-
NCMS811. Thus, the Ru-doped NCM811 exhibits a larger poten-
tial difference, suggesting a higher polarization of the Ru-doped
cathode due to slower insertion/extraction of Li ions in the lay-
ered structure. The increased polarization due to Ru doping is
more evident in the first CV scan (Figure S10, Supporting Infor-
mation).

The incorporation of Ru is evident also from the altered
galvanostatic charge/discharge profiles (Figure 10b), which ex-
hibit shorter and less intense charge/discharge plateaus at
~4.2 V compared to the pristine NCM811 and 2B-NCM811.
After an initial conditioning cycle, a discharge capacity of 191
and 193 mAh g! was obtained for pristine NCM811 and
2B-NCMS811, respectively, while only 164 mAh g=! was ob-
tained for 2Ru-NCM811 (Figure 10b). The Coulombic efficien-
cies are 97 % for pristine NCM811, 98 % for 2B-NCM811
and 94 % for 2Ru-NCM811. Moreover, the rate performance
test, prolonged cycling test at 0.5 C (Figure 10c) also show
lower capacities for the Ru-doped sample compared to the un-
doped and B-doped cathode active material. By electrochemical
impedance spectroscopy, a strongly enhanced contribution of
the charge-transfer resistance in the medium to low-frequency
range was found for 2Ru-NCMS811 (Figure S12, Supporting In-
formation). During long-term cycling, all samples show con-
tinuous capacity fading (Figure 10c). After 120 cycles, 88, 145,
and 68 mAh g~! were obtained for pristine NCM811, 2B-
NCM811, and 2Ru-NCMS811, respectively. The highest capacity
retention was obtained for 2B-NCM811 (87 %) while the reten-
tion for 2Ru-NCM811 (62 %) is higher than that for pristine
NCMS811 (53 %). For all cathodes, similar Coulombic efficiencies
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were obtained during long-term cycling (Figure S11, Supporting
Information).

Compared to previous studies about Ru-doped cathode active
materials for LIBs,['¥191 2 mol% Ru doping of NCM811 does
not show the expected beneficial effects. Ru doping appears to
have a detrimental effect on the electrochemical performance of
NCMS8I11. In general, a reduced capacity is a known side effect
of doping as explained by M. Eilers-Rethwisch et al.**] It should
be noted that there is no evidence for the electrochemical activ-
ity of Ru in NCM811. If Ru is electrochemically inactive within
the applied potential window, a decrease in gravimetric capacity
is reasonable due to the high molar mass of Ru. The high oxi-
dation state of Ru (Ru>*), causes the formation of Li vacancies
and increases the cation disorder, as verified by XRD (Table S3,
Supporting Information), for charge balancing. Additionally, the
introduction of Ru>* ions into the transition metal sites can lead
to the formation of more Ni** species which migrate to the Li
layer resulting in an enhanced cation disorder. This applies also
for other high valent dopants like W®* as reported by G. Park et
al.3* A cation-disordered phase has a higher activation energy
barrier for lithium diffusion, which is due to the smaller dis-
tance between the slabs and the barrier caused by the TM-ions
in the lithium layer.>! Moreover, our calculation (Figure 3) in-
dicates a considerably higher diffusion barrier for Li-ion pass-
ing near Ru™ 2 (due to the strong Ru*®~4 — Li'* repulsion)
but only a slight decrease in the band gap in the Ru-doped case
compared to the pristine one. This shows that the overall con-
ductivity of bulk NCM811 decreases with Ru doping, but since
only a small amount of Ru is found in the crystal the decrease
is small. However, due to the significant increase in the diffu-
sion barrier of Li ions that migrate close to a Ru dopant (see
Figure 3a) as well as the structure of Ru-doped stabilized inco-
herent GB (see Figure 4a) in which the pathway of migrating Li
ions from the Li plane of a grain to the nearby grain is blocked
by its TM layer, the accumulation of Ru at the GBs can strongly
slow the Li-ion diffusion. Therefore, a higher polarization and
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Figure 10. Electrochemical performance of NCM811, 2B-NCM811, and 2Ru-NCM811. a) Cyclic voltammogram curves at a scan rate of 0.05 mV s~! for
the second cycle. b) Galvanostatic charge—discharge profiles at 0.04 C for the second cycle. c) Rate capability tests at various C-rates with prolonged
cycling at 0.5 C (cc, cv). The data for NCM811 and 2B-NCM811 are reprinted with permission from ref. [7a] Copyright 2022, American Chemical Society.

resistance can occur, and consequently, only a lower percentage
of Li can de-/intercalate limiting the resulting charge/discharge
capacities for Ru-doped NCM811. An overall lower Li utilization
can explain the higher capacity retention after 120 cycles due to a
reduced mechanical stress. It was found that Ru doping reduces
the primary particle size, which leads to an enhanced number of
grain boundaries that could negatively affect the cell resistance
that was found to be strongly increased for 2Ru-NCM811.

In contrast to Ru doping, B doping improved the electro-
chemical performance of NCM811 during long-term cycling
(Figure 10c).”! The main difference between these dopants is
their effect on the surfaces and grain boundaries of NCM811. The
Ru doping does not lead to the enrichment of the dopant on the
secondary particle surface as it was reported for B doping. Due
to surface enrichment of boron, the formation of a lithium boron
oxide surface layer is suggested, which can serve as a protective
coating and enable improved capacity retention during long-term
cycling.
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3. Conclusion

The impact of large size and charge of dopant ruthenium on the
microstructural (summarized in Figure 11) and electrochemical
properties of Ni-rich NCM811 was investigated and compared to
that of dopant boron with small size and charge by a combined
theoretical and experimental approach. It is found that ruthe-
nium segregated to the gain boundaries and leads to a reduced
primary particle size. Due to the large repulsion between Ru>*
and migrating Li* ions as well as the formation of incoherent
grain boundaries that blocks Li* diffusion pathway, Li-ion con-
ductivity in the case of Ru-doped is expected to be low, which
can be one of the reasons for its low initial capacity at high C-
rates. Furthermore, smaller primary particles expose more sur-
faces to the electrolyte which increases the side reaction between
NCM811 surface and electrolyte. However, the small size and
lower charged boron tends to enrich on the agglomerate surface
forming a lithium boron oxide surface coating that protects the
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Figure 11. Schematic of a) pristine NCM811, b) 2Ru-NCM811, and c) 2B-NCM811 secondary particles showing the distribution of dopants (red: Ru,

green: B) and their impacts on the morphology.

NCMS811 surface from aggressive electrolyte attacking. Thus, B-
doped NCM811 shows superior electrochemical performances
than the pristine and Ru-doped materials. In this work, we in-
dicate that the effect of doping on bulk properties such as lattice
parameters and charge states of ions is very small. However, it
shows a significant effect on gain boundaries between the pri-
mary particles of Ni-rich layered oxide materials and their ex-
posed surfaces to the electrolyte, which correlates to the dopant
size and charge state.

4. Experimental Section

Theoretical Section:  Bulk: Total Coulomb energy (E.) analysis and den-
sity functional theory (DFT) calculations were used to find the most fa-
vorable atomistic structures of Ru-doped NCM811.38] E_ calculations
on various possible combinations were carried out using the supercell
code.l?] Spin-polarized DFT calculations were performed with the Pro-
jector Augmented-Wave (PAW)[38] pseudopotential method implemented
in the Vienna Ab initio Simulation Package (VASP) code.3° The Perdew—
Burke—Ernzerhof (PBE) functional of generalized gradient approximation
(GGA)[“O1 was applied for determining the atomistic structures. To esti-
mate the lattice parameter changes with delithiation, the PBE functional
with Hubbard U and dispersion correction (i.e., PBE + U and DFT +
D3) are included for DFT calculations. The Hubbard U parameters U—J =
6.0, 5.9, 5.2, and 8.0 eV were used for Ni, Co, Mn, and Ru, respectively.
Moreover, the DFT with Heyd-Scuseria—Ernzerhof (HSE) functionall#?]
was used to calculate the electronic structures. The Li[Niy gCoq 1Mng 1]O,
(NCM811) bulk was modeled using a4 x 4 x 1 (LizgNiszgCosMnyuOqe)
supercell.’] Two models were considered for Ru-doped NCM811 to find
the atomistic structures of Ru-doped NCM811. For model |, all possible
configurations for 1 Ru in 36 Ni sites with four fixed Ni were modeled.
These four Ni were determined from the previous study which shows the
charge state of 2+.31 Moreover, we considered one extra Ni2* in 36 Ni sites
to balance the charge. Thus, we have % X 13754!, = 1260 configurations
(Ligg Ni3gCosMn,Ru;Ogg) in total. The most favorable structure was found
to be the one with Ru in between Mn in Ni/Mn layer after E calculations.
To compare the total free energies with DFT-PBE, we also modeled Ru at
Ni/Ni and Ni/Co layers. Finally, the most favorable structure of Ru doped
in NCM811 was found in the Ni/Mn layer. For model I, the Ru-doped
NCM811 with 1 Li vacancy was investigated. For E_ calculation, we mod-
eled all possible arrangements of removing 1 Li from 48 Li sites and replac-
. . P . . 1 1
ing 1 Ru in 36 Ni sites with 4 fixed Ni, namely % X % = 1728 config-
urations (Lis;NizgCosMn4Ru;Og6). The Ru replaced Ni site in Ni/Mn layer
with the Li vacancy nearby was the most favorable structure for E_ calcu-
lations. To find the most favorable configuration, the structures with Ru in
Ni/Ni and Ni/Co layers were also modeled and their total energies were
computed by DFT-PBE. Finally, the most favorable structure was found to
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be the one with Ru at the Ni/Ni layer with 1 Li vacancy. The charge value
of Niwas 2+ and 3+, while Co is 3+ and Mn is 4+ for all above E_ calcula-
tions. For Li and O, we applied the charge value of 1+ and 2—, respectively.
A2 X 2 x 1k-point mesh and an energy cutoff of 500 eV as well as an
energy and force convergence criterion of 107* eV and 10~3 eVA~', respec-
tively, were used for DFT-PBE and PBE + U calculations on atomistic struc-
tures. The spin density difference (SDD) and number of unpaired electrons
(NUE) and density of state (DOS) were simulated bya 1 X 1 X 1k-point
mesh with electronic and force convergence criterion of 1076 eV and 10~>
eVA~T, respectively, for DFT-HSE calculations. The atomistic structures
and SDD were visualized with the VESTA program.[*}] The energy barri-
ers (E,) for Li-ion diffusion were computed using the DFT-nudged elastic
band (NEB) calculation. We considered five images for DFT-NEB calcula-
tions. Surface: To calculate surface segregation and energies of bare, Ru-
and B-doped NCM811, (003) and (104) surfaces were modeled. The B-
doped Li-rich nonstoichiometric LiNiO, (003) surface with and without
boron oxides in the recent work[2¢] were used to model structures of Ru-
and B-doped NCM811 on (003) surfaces. The (003) surfaces were calcu-
lated by a vacuum space of 28 A. The (104) surface of Ru-doped NCM811
was constructed from the model II. The Ni sites on the surface and in the
subsurface were studied to find the favorable site of Ru and B. Five-layer
slabs for (104) surfaces were used and a vacuum space of at least 12 A
between slabs was introduced. A1 x 5 x Tandal X 2 x 1k-point
mesh was applied for simulating (003) and (104) surface, respectively. An
energy cutoff of 600 eV as well as an energy and force convergence cri-
terion of 107 eV and 10~% eV A~1 were used for DFT-PBE calculations.
Grain Boundary: The DFT-PBE calculation was performed to compute the
atomistic structures of twin grain boundaries. A2 x 2 X 1k-point mesh
and an energy cutoff of 600 eV as well as an energy and force convergence
criterion of 107* eV and 1073 eV A=, respectively, were used for DFT-PBE
calculations. The atomistic structures and SDD were visualized with the
VESTA program.[43]

Cathode Material Synthesis:  Pristine LiNiygCoqy1Mng;0, (NCM811)
and 2 mol% B-doped LiNig3Cog1Mng 10, (2B-Lil.ONCM811) were syn-
thesized by a hydroxide co-precipitation route reported before.[’2] For the
synthesis of the 2 mol% Ru-doped NCM8&11 precursor, RuCl; - xH,0
(Alfa Aesar, 99.9 %) was dissolved in deionized water and a desired
volume of the resulting solution, with a Ru content of 39.8 g LT,
was added to the transition metal solution to realize a molar ratio of
Ru:(Ni + Co + Mn) = 0.023:1. Afterward, the co-precipitation of
the Ru-doped hydroxide precursor was performed in exactly the same
way as reported for the pristine NCM8&11 precursor. In order to form
the final, 2 mol% Ru-doped LiNiggCoy1Mng 0, (2Ru-NCM811), the
hydroxide precursors were mixed with LIOH (Merck, 98 %) in a mo-
lar ratio of Liz(Ni + Co + Mn) = 1.03:1. The mixture was thor-
oughly ground in an agate mortar and calcined in an Al,O; crucible
for 5 h at 480 °C, and subsequently for 10 h at 800 °C under a pure
0, atmosphere, whereas heating and cooling rates of 5 K min~! were
applied.

Material Characterization: The chemical composition of the NCM
powders was analyzed by inductively coupled plasma-optical emission
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spectrometry (ICP-OES) by using a Thermo Scientific iCAP7600 (Thermo
Fischer Scientific, USA). The particle size distribution (PSD) was mea-
sured by a laser diffraction particle size distribution analyzer (La-950,
Horiba Ltd., Japan). The evaluation was based on the Mie-theory by us-
ing a refractive index of 1.24 for NCM.[44] The synthesized NCM powders
were characterized for phase purity and crystal structure by using X-ray
diffraction (XRD). X-ray powder diffraction was carried out using a D4 EN-
DEAVOR (Bruker Corporation, USA) with Cu-K, radiation. For the qual-
itative phase analysis, powder XRD data were collected in a 20 range of
10 - 80 °, with a step of 0.02 ° and a collecting time of 0.75 s/step. In the
case of measurements for Rietveld refinement, a 20 range of 10 — 140 °
was chosen. The qualitative phase analysis of the diffraction patterns was
carried out based on the powder diffraction file (PDF) database and the
inorganic crystal structure database (ICSD) using the software HighScore
(Malvern Panalytical Ltd, UK).[*4] Crystal structural refinement and deter-
mination of lattice parameters by means of Rietveld refinements were car-
ried out using the program FullProf.[43] For morphology investigations and
phase determination, scanning electron microscope (SEM) images were
taken by using a Zeiss Gemini 450 (Carl Zeiss Microscopy Deutschland
GmbH, Germany). The powders were prepared on sticky carbon tape and
coated with a thin platinum layer. Secondary particle cross-sections were
prepared by focused ion beam (FIB) with a 15 nA (initial) and 700 pA (final)
Ga beam and analyzed using a Zeiss Crossbeam 540 SEM (Carl Zeiss Mi-
croscopy Deutschland GmbH, Germany). An aberration-corrected FEI Ti-
tan G2 80-200 ChemieSTEM field emission electron microscope at 200 kV
was used for high-angle annular dark field (HAADF) imaging and acquisi-
tion of energy-dispersive X-ray (EDS) elemental mapping. The FEI Titan G2
80-200 ChemiSTEM is equipped with a Schottky-type high-brightness elec-
tron gun (FEI X-FEG), a Cs probe corrector (CEOS DCOR), an in-column
Super-X energy dispersive X-ray spectroscopy unit (ChemiSTEM technol-
ogy), a post-column energy filter system (Gatan Enfinium ER 977) with
dual electron energy-loss spectroscopy (EELS) option allowing a simul-
taneous read-out of EDX and EELS signals at a speed of 1000 spectra per
second.!*®] The powder samples were prepared just before the microscopy
session by drop casting the sample on a 200 Mesh copper carbon film grid.
For X-ray photoelectron spectroscopy (XPS), a 200 um spot of the powder
sample, prepared on an indium foil, was analyzed by using a Phi5000 Ver-
saProbe Il (ULVAC-Phi Inc., USA) spectrometer with monochromatic Al K,,
radiation (1.486 keV). For the analysis, 23.5 eV pass energy, 0.1 eV steps,
and 100 ms/step were applied. The charge correction was performed by
setting the C—C component of the C 1s signal to 285 eV. The charac-
terization of the Ru-doped NCM811 powder by ion beam analysis (IBA)
was carried out in a sample holder specially developed for the analysis of
powders by IBA. This powder sample holder was made of aluminum and
equipped with a 500 nm thick SiN window that was optically transparent
for the beams. Ruthenium was detected by RBS and PIXE using 2960 keV
protons and Si-detectors for simultaneous detection of the RBS and PIXE
spectra. The evaluation of the IBA data was performed with the SimNRA
7.02 software.l[*’] Time of flight secondary-ion mass spectrometry (TOF-
SIMS) was applied for depth profiling using a TOFSIMS_5.NCS system
(ION-TOF GmbH, Germany). The powders were prepared by spreading
them on an indium foil and fixing them through self-adhesion. A 30 keV
Bi* primary beam for analysis and a 1 keV O,* beam for sputtering (to
alter the analysis depth of the measurement) was scanned over an area
of 400 pm x 400 pum, operating under a non-interlaced mode and using a
1s:1s sputter:analyze cycle. The analyzed area by the Bi beam was 130 um
X 130 um, with either positive or negative secondary ions detected. Data
analysis was carried out with the SurfaceLab 7.0 (ION-TOF GmbH, Ger-
many) software. The intensities were normalized to ®Li*.

Electrochemical Characterization: In order to investigate the electro-
chemical activity, electrodes with an active material loading of ~5 mg cm~2
were fabricated by casting a cathode slurry onto an Al foil current collec-
tor. The slurries were prepared by mixing NCM, carbon black (Alfa Aesar,
Super P Conductive, 99+ % metal basis), and poly(vinylidene fluoride)
(PVDF) (Alfa Aesar, mp:155 — 160 °C) with a weight ratio of 90:5:5 in N-
methyl-2-pyrolidone (NMP) (Alfa Aesar, 99+ %). A gap-bar coater (MSK-
AFA-HC100, MTI Corporation, USA) with vacuum and heating function
was used to cast the slurry on an Al foil. The resulting tape was afterward
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dried at 120 °C and further dried in a vacuum furnace (VO 500, Memmert
GmbH + Co.KG, Germany) at 80 °C for 12 h. Coin cells (CR2032) were
assembled in an argon filled glovebox by using the NCM cathodes, a glass
fiber separator (Whatman), and a Li metal foil (Alfa Aesar) as anode. As
electrolyte a 1.0 M solution of LiPFg (Sigma—Aldrich, battery grade) dis-
solved in an ethylene carbonate (Sigma—Aldrich, 99 %)/dimethyl carbon-
ate (Sigma—Aldrich, 99 %) /ethylmethyl carbonate (Sigma—Aldrich, 99 %)
mixture (1:1:1 by volume) with 2 wt.% vinylene carbonate (Sigma-Aldrich,
99.5 %) additive was used. The electrochemical tests were carried out
by using a multipotentiostat (VMP-300, BioLogic Sciences Instruments,
France) combined with a climate chamber (VT 4002EMC, Vétsch Indus-
trietechnik GmbH, Germany) at a constant temperature of 25 °C. Cyclic
voltammetry (CV) was performed in a potential range from 3.0 — 4.5 V ver-
sus Li/Li* with a scan rate of 0.05 mV s~'. Galvanostatic cycling was per-
formed at different C-rates (0.04,0.1,0.5, 1,and 2 C; 1C = 160 mA g~")
in a voltage range of 3.0 — 4.3 V versus Li/Li*. After the rate capability
test long-term cycling was performed by constant current (cc) charge dis-
charge at 0.5 C followed by constant voltage (cv) charge-discharge until
a current of C/10 was reached. Electrochemical impedance spectroscopy
(EIS) was performed at 4.3 V in a frequency range from 1 MHz to 10 mHz
with an amplitude of 10 mV.

The data were evaluated by the software EC-lab (BioLogic Sciences In-
struments, France).
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