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Conductive carbon additives in lithium-ion battery cathodes significantly increase electron transport,
facilitating rapid charging. However, quantifying this improvement remains challenging. Momentum
distribution of annihilating electron-positron pairs offers a powerful approach to selectively probe the O 2p
orbitals in LiCoO, microparticles and the 2p, carbon orbitals in the conductive carbon additives. By
analyzing this momentum distribution, we obtain the amplification of subtle electron momentum
distribution signals from carbon 7z bonds. Ab initio modeling of LiCoO, and various topologies of
carbon structures reproducing the experimental momentum distribution helps to quantify the fraction of
positron annihilation occurring within the carbon structures. Our theoretical results combined with earlier
experimental findings reveal potential charge transport pathways in the LiCoO,/C composite by
quantifying the spectral contributions of electron transfer orbitals, which constitutes the nanoscale
circuitry enabling efficient electron transport in battery cathodes.

DOI: 10.1103/9gfy-1xbp

Lithium-ion batteries (LIBs) are emerging as one of the
most promising power sources for electric vehicles and
portable smart devices. LIB cathodes typically feature a
porous structure composed of micrograins of active mate-
rials—LiCoO, (LCO) in this case—along with a polymer
binder, typically polyvinylidene difluoride (PVDF), and
conductive carbon additives. Carbon coating is demon-
strated to be benefit for cycle stability and rate capability
[1,2]. The improvement in rate capability arises from
enhanced electrochemical conductivity, including both
ionic and electronic transport, which is essential for under-
standing the fast charging mechanism [3]. The boost of
electron transport by carbon conductive network is well

“Contact author: meiying.zheng @polimi.it
Contact author: rafael.ferragut@polimi.it
*Contact author: bernardo.barbiellini @lut.fi

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

known, yet its quantum mechanical basis has not been fully
explored. Because of the lack of reliable heterostructure
models, accurately detecting electron transfer at buried
interfaces relying solely on first-principles calculations
remains significantly more challenging than their relative
success in predicting ionic diffusion pathways [4-7].
Therefore, there is an urgent need for a reproducible
feedback loop between theory, spectroscopy, and coating
material design, capable of identifying and validating the
mechanisms underlying fast charging mechanism.

In the carbon coated lithium cobalt oxide (LCO/C)
cathode [8], the dominant electron transfer orbitals (ETO)
at the interfaces include Co 3d, O 2p, and C 2 p orbitals. As
for the LCO active material, both Co 3d and O 2p orbitals
contribute to reduction-oxidation (redox) processes. It is
well known that transition-metal redox occurs in LCO [9],
yet the contribution of oxygen to charge compensation has
long been overlooked. In the past, only the Co 3d orbitals
contribution was considered near the Fermi level in LCO,
thereby underestimating ligand-to-metal electron sharing
[10,11]. Moreover, projected density of states analyses
based on muffin-tin radii partitioning downplay the oxygen
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contribution compared to Mulliken population analysis, as
shown in Supplemental Material of Ref. [12]. Recent real
space study [13] of the redox orbitals reveal high oxygen
character across all Li concentrations. This result is also
consistent with X-ray Compton scattering profile
differences for various states of charge [12]. Theoretical
analysis for LCO further support the interpretation of
oxygen’s role in charge transfer within mixed-valence
systems [14,15], where Co 3d electrons strongly hybridize
with O 2p orbitals, thereby enabling significant O 2p
participation in the cathode redox reaction. This reaction
can be written as LiCoO, <> xLi"™ + Li;_,CoO, + xe~,
where Li" ions and electrons (e7) are leaving the cathode
upon battery charging.

Concerning the ETO in carbon, techniques such as X-ray
absorption and emission spectroscopy can be employed to
investigate the electronic structure of carbon. Experimental
evidence from diamond, graphite, C;,, C¢y, and benzene
reveals distinct spectra influenced by z bands [16]. While
X-ray techniques probe the band structure, they do not
directly observe the actual motion of the electrons.
Conversely, experiments measuring electron momentum
density reveal how the momentum distribution of discrete
orbitals evolves into conducting bands [17]. X-ray
Compton scattering effectively elucidates electronic orbi-
tals and proves particularly useful in identifying carbon p,
orbitals, which are crucial for conjugation in C—C and
C=C bonds [18]. Interestingly, positrons, the antimatter
counterparts of electrons, are very sensitive to the small
electron momentum density signal originating from car-
bon’s 7 bonding [19-24]. This property enables the
detection of conductive pathways generated by the 7 band.
By combining high-quality experimental data with model-
ing of electron-positron annihilating pairs, we can extract
valuable information about O 2 p redox orbitals in LCO and
carbon 2p conducting orbitals, which are crucial for
enhancing energy storage device performance [25].

Our previous calculations revealed significant charge
redistribution from LCO to the C 2p orbitals after carbon
coating, leading to a 1 eV downward shift of the Dirac point
compared to pure graphite [7]. In this Letter, we analyze the
ETO at LCO/C cathode interfaces using coincidence
Doppler broadening (CDB) and two-component density
functional theory (TCDFT), with details provided in the
Appendix. CDB effectively characterizes positron annihi-
lation sites within the composite cathode, comprising
93.75 wt% metal oxide particles, 4 wt% carbon structures,
and 2.25 wt% of PVDF binder. The carbon ratio is an
amount consistent with previous reports [5,26]. Positrons
preferentially target the carbon z-bonding network [23]
before annihilation, and we introduce the parameter f to
quantify CDB contributions from carbon, revealing the
electron transfer pathways. Thus, the positron serves as a
selective quantum probe for studying ETO localized at the
cathode interfaces.

Graphene, as a 2D z-conjugated material [27], can be
either stacked into graphite [Fig. 1(a)], wrapped into
fullerenes [Fig. 1(b)], or shaped into carbon nanotubes
(CNTs) [Figs. 1(c) and 1(d)]. To characterize the spatial
localization of electrons within these carbon polymorphs,
we analyzed the electron localization function (ELF)
[28-30]. This function takes values in the range between
0 and 1. As shown in Fig. 1, regions with high ELF values
(ELF > 0.7) indicate localization of electrons in ¢ bonds,
observable both in the flat sheets of graphite and the curved
planes of Cgy and CNTs. In contrast, an ELF value between
0.2 and 0.7 corresponds to delocalized behavior in the z-
bonding network. And the ELF value = 0 to correspond to
a delocalized system.

Figure 1 also shows the positron density distribution
(PDD) n, (r) = |y (r)|? [31] for the graphite, Cgy, CNTs,
respectively. Our positron density calculations are based on
the zero-density limit, involving a single positron per
crystal [32]. In graphite, the main distribution of positron
density confined between the graphene layers [see magenta
regions in Fig. 1(a)], aligns well with our previous
calculations [7]. In Fig. 1(b), the positron density results
in Cg are presented on two planes, (001)-d; and (001)-d,,
defined by the distances, d; and d, from a reference plane
perpendicular to the [001] direction to the bottom layer of
Cego- n(r) in the interstitial open volume [magenta regions
in Fig. 1(b)] between the C¢, molecules agrees well with
the previous results [33-35]. For CNTs, we employ arm-
chair CNTs [36], which are characterized by the chiral
vector Cy, = nja; + n,ay = (ny,n,), where n;, n, are
integers and a;, a, are the primitive lattice vectors of
graphene. In this configuration, the condition n; —n, =0
classifies these CNTs as metallic, and their cylindrical
structure is fully conjugated, supporting a delocalized z-
electron system. In our Letter, we focus on chiral indices
(ny,n,) = (8,8) and (12,12), referred to as CNT(8,8) and
CNT(12,12), with diameters of 8.2 and 16.3 A, respec-
tively, are shown in Figs. I(c) and 1(d). The latter’s
diameter is closer to that of the CNTs used in our experi-
ments [8]. Results indicate that the positron wave function
is confined in the interstitial region [magenta regions in
Figs. 1(c) and 1(d)] of both CNT(8,8) and CNT(12,12)
when employing our ab initio approach [37], agree with
previous study [38]. From Fig. 1, we observe that positrons
predominantly avoid regions with localized electrons in ¢
bonds, favoring regions where 7 bonds can form external to
the carbon layers. Interestingly, several positron studies on
carbon materials [19-24] confirm that positrons are
attracted by z-electron regions. This attraction between
the positron and z electron is particularly useful for
detecting conduction networks. Notably, as natural electron
acceptors, Cgy and CNTs [39] can further promote positron
attraction.

Regarding the electronic and positron states in LCO, our
current TCDFT calculations using Vienna ab initio
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FIG. 1.

Calculations of the electron localization function (ELF) and positron density distribution (PDD) n, (r) in various carbon

allotropes: (a) ABA graphite, (b) fullerene Cg, (c) carbon nanotubes CNT(8,8), and (d) CNT(12,12). We selected two distinct planes,
represented by pink and blue, to display the results. Carbon atoms are denoted by cyan on the pink plane and by orange on the blue
plane. Other carbon atoms are shown in gray. In Cg, the planes at different distances along the [001] direction are distinguished as
(001)-d; and (001)-d,. In CNTs, the blue plane reveals the bonding characteristics between conjugated carbon atoms, depicted as an
orange chain. Density values reported herein are specific to each system and should not be directly compared, as they are influenced by
the chosen packing density and normalization volume. Note the value of n, (r) depends on the periodic boundary conditions defined for
the unit cells. The optimized six-layer ABA graphite was calculated with an in-plane lattice parameter of @ = 5.3 A and interlayer
distance of 3.3 A. C, exhibits a cubic structure with a parameter a = 14.0 A. In the case of carbon nanotubes, CNT(8,8) and CNT

(12,12) possess diameters of 8.2 and 16.3 A, respectively.

simulation package (vasp) [40] successfully reproduce
previous results based on the electronic structure calculated
with the wWIEN2k method [31]. In particular, our present
calculations confirm that the positron wave function has a
strong overlap with the O 2p orbitals, which plays a key
role in the redox reaction of the LCO cathode
[12,14,15,41,42]. Knowledge of the electron and positron
states allows us to calculate the momentum density of the
annihilating electron-positron pairs [32,43]. From this, we
can obtain the spherically averaged Doppler profile /(p),
which represents a one-dimensional projection of the
electron momentum density since the positron momentum
becomes negligible after thermalization. The contributions
to I(p) from the occupied orbital shells for LCO and
carbon polymorphs are shown separately in Fig. 2. While
the Li 2s orbital predominantly occupies the low momen-
tum regions, the Co 3d, O 2p, and C 2p ETO exhibit
significant contributions across both low and high momen-
tum regions. This decay behavior is useful for finger-
printing different orbitals. Interestingly, the signal from the

O 2p ETO in LCO [Fig. 2(a)] is strong due to the overlap
with the positron wave function and the enhancement
factor.

Next, we discuss the results of the Doppler profile for the
ETO within carbon nanostructures. The positron overlap
predominantly occurs with the p, orbitals extending
perpendicular to the sp’-hybridized carbon atoms. These
p, orbitals contribute to z# bonding, which is crucial for
carbon conduction, and are thus characterized as con-
ducting orbitals [27]. Although the carbon nanostructures
show very similar Doppler profile [see Figs. 2(b)-2(d)], we
highlight the differences by considering the ratios of the C
2p contribution to the total Doppler profile as shown in
Fig. S1 of Supplemental Material [44]. The ratio curves for
all carbon nanostructures show a prominent peak at 1.5
atomic units.

While for the carbon coated LCO heterostructures, our
recent theoretical Doppler broadening calculations [45]
modeled graphene stacked LCO with various terminations.
In all cases, the major spectral contributions originate from
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FIG. 2. Calculated spherically averaged Doppler broadening
spectrum /(p) of the studied cathode material LiCoO, and carbon
coating materials: (a) LiCoO,, (b) ABA Graphite, (c) fullerene
C¢o and (d) CNT(12,12). Distribution of (p) as a function of the
electron-positron annihilation pair’s momentum p. Black lines
indicate the total spectra, gray dashed lines indicate the core
orbital contribution. Key valence orbitals are highlighted using
color coding. Results show that positron, as a quantum probe, is
particularly sensitive to valence orbitals, traversing in interstitial
regions until trapping or annihilation.

C 2p, O 2p, and Co 3d ETO, illustrating that positron
annihilation selectively highlights the momentum-space
features of 2p orbitals, which are often less distinguishable
in band and density of states analysis [5,7,46]. However,
due to the computational limitation, constructing corre-
sponding Cgy or CNT-coated LCO heterostructure and
quantifying the ETO contribution at the interfaces remain
significant challenges for ab initio calculations thereby
hindering high-throughput studies. Thus, to remove com-
putational bottlenecks, we introduce a hybrid theoretical-
experimental method based on a linear combination of
LCO and carbon Doppler profile contributions to derive the
f parameter accurately. Therefore, we introduce a linear
combination method based on the Doppler profiles
obtained from TCDFT simulations of various carbon-
coated structures and LCO.

First, starting from the spherically averaged Doppler
profile I(p), we calculate the directional average of the

momentum distribution N(p) given by [47]

dI(p)
K3 “’

Then we use TCDFT results to model a linear combination
of LCO and carbon samples for comparison with exper-
imental carbon coated LCO:

(1-75)

where f is the fraction of positron annihilation within
carbon structures, N(p); co and N(p)¢ are the momentum
distribution of LCO and various carbon samples, respec-
tively. The TCDFT calculated N(p) results for LCO,
graphite, Cqy, CNTs and linear fitting curves are shown
in Fig. 3. The corresponding experimental data shown in
this figure is taken from our previous work [8]. The
momentum density peak of graphite at 0.9 a.u. is consistent
with previous research [47]. A shift from O 2p to C 2p
ETO in all cases is observed, aligning well with the
experimental results [8]. Table I gives the results of the
linear combination in Eq. (2) for the LCO cathode and
various carbon morphologies.

Our previous broadband electrical spectroscopy (BES)
studies [8] have quantitatively demonstrated that even a
mere 4 wt% addition of carbon can significantly increase
the Li-ion mobility and electron conductivity of LCO
cathodes by 2 orders of magnitude, depending on the type
of carbon—super P (SP), nanosphere (XC), and nanotubes
(NT). The electrochemical performance at moderate high C
rates confirmed this, following the trend NT > XC > SP,
while the carbon-free electrode (NoC) performs worst.
Li-ion diffusion coefficients extracted from BES, plotted as
a function of the carbon additive (see Fig. S2(a) in
Supplemental Material [44]). Furthermore, our recent
positron annihilation lifetime spectroscopy results [7,8]
indicate two lifetime components observed in all carbon
coated LCO samples, the first lifetime component attrib-
uted to LCO bulk, while the second lifetime leading to the
positron surface states associated to LCO/C interface.
Interestingly, the intensity of the second lifetime I,
increased by following the trend consistent with BES
results, as shown in Figs. S2(a) and S2(b) of
Supplemental Material [44]. For pristine LCO, the
implanted positrons are not expected to reach the grain
boundaries within the cathode [8], and theoretically, we
anticipate a f# value close to 0. Actually, the LCO sample
used in our previous experiment—referred to as NoC—is
composed of 2.25 wt% PVDF [(CH,-CF,), ] and 97.75 wt
% LCO. As a result, the linear fitting of the NoC
experimental data yields a f value of 0.15. This discrepancy
consistently appears and is compliant with the density
functional theory (DFT)-calculated heterostructure results
[45], as highlighted in the cyan region of Fig. S2(c) in
Supplemental Material [44]. And Fig. S3 [44] compares the

N(p)=-

N(p) = N(p)Lco +BN(p)c (2)
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FIG. 3. Momentum distribution, N(p) for calculated LCO and carbon, along with their linear combination, compared with

experimental results from diverse samples. The PAS experimental momentum profiles for different samples in (a) super P—SP,
(b) carbon nanospheres—XC, and (c),(d) carbon nanotubes—NT, are represented by black lines. The TCDFT calculated momentum
distributions for LCO, graphite, C4y, CNT(8,8), and CNT(12,12) are color coded by green, magenta, blue, black (dashed), and orange
lines, respectively. The theoretical linear combinations of the calculated spectra, as denoted by Eq. (2), are shown in red lines. These
profiles are instrumental in identifying the high-momentum electron contributions, serving as a chemical fingerprint of the annihilation

sites. The experimental data are derived from our previous work [8]. The distribution N(p) is normalized to one.

PAS-measured and DFT-calculated momentum densities
for NoC, with PAS statistical uncertainties indicated by
error band.

It should be noted that all carbon-mixed LCO cathodes
maintain a consistent weight composition ratio of
2.25:4.00:93.75 for PVDF, C, and LCO, respectively.
The variable among these samples [super P (SP),
carbon nanospheres (XC), and carbon nanotubes (NT)]
is their morphology [8]. Surprisingly, in all cases of
LCO + carbon, the fitting # value ranges from 0.48 to
0.74, in spite of only 4 wt% carbon, agrees well with the
experimental [8] and theoretical [45] results. The increase
in f is attributed to the attraction of the positron to the z
bonds, reflecting higher free electron density in the z band
and improved conductivity. As a matter of fact, fullerenes
and CNTs, as natural electron acceptors, show higher f
values compared to the graphite. Molecular orbital theory
explains how CNTs can be semiconducting or metallic,
with low-lying z* orbitals that readily accept electrons,
boosting electron transport along the tube axis. This
phenomenon, initially shown in Cgy, extends to tubular
carbon structures [39]. Thus, these results establish f

TABLE 1.

as a key descriptor to detect electrically conductive
pathways.

In conclusion, our Letter demonstrates the potential of
positron selectivity in distinguishing between different
atomic orbitals, providing valuable insights into electron
transfer orbitals within buried interface in cathode materials.
Therefore, it could be useful to study advanced interfacial
conduction theory at solid-liquid battery interfaces [48]. The
amplified CDB signals, characterized by the f parameter,
specifically reveal the contribution of 2p, carbon orbitals
associated to efficient electron transport, particularly in
carbon nanotubes. Our positron annihilation analysis of
various carbon morphologies in LCO-based cathodes opens
up new possibilities for exploring topological carbon phys-
ics discussed by Chen et al. [27]. This approach not only
deepens our understanding of fast charge mechanism based
on electron transport, but also aids in screening coating
materials for next-generation battery technologies. Our
Letter motivates future studies to incorporate morphological
models of carbon-coated heterostructures to directly identify
and quantify electron transfer orbitals, including those in
hybrid and disordered carbon systems.

The f parameter extracted for various carbon coating structures: positron annihilation spectroscopy (PAS) measurements

(Bo) [8], DFT calculations (/) [45], and linear combination fitting (/). The experimental samples of NoC refers to LCO without carbon
coating, while SP, XC, NT correspond to LCO coated with super P, carbon nanospheres, and carbon nanotubes, respectively. The DFT
LCO/C refers to graphene layers stacked LCO heterostructures.

PAS [8] Po DFT [45] b1 Linear combination Fitted g Adjusted R? (%)

NoC e LCO 0 LCO 0.15 99.135

SP 0.45(3) LCO/C 0.29-0.34 LCO + Graphite 0.48 99.712

XC 0.55(4) LCO/Cq - LCO + Cq 0.58 99.743

NT 0.60(3) LCO/CNT LCO + CNT(8,8) 0.64 99.976
LCO + CNT(12,12) 0.74 99.978
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incorporating a Hubbard-type U term (U — J = 3.3 eV)[59].
A plane-wave cutoff energy of 400 eV effectively

ensured convergence and we utilized a I'-centered 9 x 9 x 1
k mesh [60] for LCO with Gaussian smearing set at 0.2 eV.
The optimized LCO hexagonal a and ¢ parameter values
were calculated to be 2.81 and 13.91 A, respectively,
consistent with the experimental lattice parameters [60]. A
k-point spacing of 2z x 0.04 A~! was employed to gen-
erate ['-centered k-point grids for sampling the carbon
Brillouin zone. The convergence criterion was 1 07* eV for
total energy. The core spectrum is a sum of the core orbital
contributions (C 1s, Li 1s, Co 152s2p3s3d, O 1s), and the
valence electrons were treated as the C 2s2p, Li 2s, Co
3d4s, O 2s2p electrons.

To model the positron annihilation characteristics of
delocalized positrons, two-component density functional
theory (TCDFT) [62,63], in its zero positron density limit,
was employed to calculate the momentum density of
annihilating electron-positron pairs. TCDFT offers a favor-
able balance between the accuracy of many-body theories,
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such as quantum Monte Carlo [64,65] and many-body
perturbation theory [66], and computational efficiency.
TCDFT relies on several approximations, including the
electron-electron exchange-correlation functional, the elec-
tron-positron correlation functional, and momentum density
models with enhancement factors [32]. These functionals
are parametrized based on data from accurate many-body
calculations. However, as DFT is fundamentally distinct
from many-body perturbation theory, it is challenging to
directly compare their accuracies or quantify the inclusion of
virtual positronium formation within the DFT framework.
A parameter-free [67] GGA was applied to the electron-
positron correlation potential and enhancement factor to
capture the response of the electron gas to the positron. The
calculated Doppler spectra were obtained by using the
state-dependent model [50]. To enable Doppler profile
decomposition in Figs. 2 and 3, we used the self-consistent
potential and calculated the Doppler broadening using
atomic orbitals, assuming a spherical symmetry of the
positron wave function around nuclei. The core orbitals are
determined by solving the Dirac equation, following the
approach proposed by Koelling et al. [68]. In Fig. 2, we
used reconstructed PAW orbitals for valence electrons [68]

and calculated the spherical average of the Doppler 579
spectrum using stochastic integration, which is appropriate 580
when comparing with measurements of samples with 581
randomly oriented grains. Before comparing with exper- 582
imental data in Fig. 2, the theoretical spectra were con- 583
voluted with the experimental resolution function. 584

TCDFT’s predictions for Doppler broadening and anni- 585
hilation characteristics have been validated through com- 586
parison with experimental data and variational quantum 587
Monte Carlo (VMC) method. Recent studies [64,65] have 588
shown reasonable agreement between DFT models, exper- 589
imental results, and VMC benchmarks for bulk materials. 590
Furthermore, DFT’s accuracy has been benchmarked in 591
terms of positron and positronium affinities, achieving a 592
precision of approximately 50 meV in solid-state systems 593
like bulk copper [70]. While perturbative approaches, such 594
as those based on Hartree-Fock ground states and self- 595
energy corrections from virtual positronium diagrams [66], 596
offer greater formal rigor, their application to complex 597
systems like solids and interfaces remains computationally 598
prohibitive. Consequently, DFT represents the most prac- 599
tical and feasible approach for studying these systems at 600
present. Q1 601
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