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Positron unveiling high mobility graphene
stack interfaces in Li-ion cathodes
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Meiying Zheng 1,2, Jan Kuriplach3, Ilja Makkonen 4, Rafael Ferragut 1,5 , Vito Di Noto 6,
Gioele Pagot6, Ekaterina Laakso7 & Bernardo Barbiellini 2,8,9

Carbon-based coatings in Li-ion battery cathodes improve electron conductivity and enable rapid
charging. However, the mechanism is not well understood. Here, we address this question by using
positrons as non-destructive probes to investigate nano-interfaces within cathodes. We calculate the
positron annihilation lifetime in a graphene stack LiCoO2 heterojunction using an ab initio methodwith
a non-local density approximation to accurately describe the electron-positron correlation. This ideal
heterostructure represents the standard carbon-based coating performed on cathode nanoparticles
to improve the conduction properties of the cathode. We characterize the interface between LiCoO2

and graphene as a p-type Schottky junction and find positron surface states. The intensity of the
lifetime component for these positron surface states serves as a descriptor for positive ion ultra-fast
mobility. Consequently, optimizing the carbon layer by enhancing this intensity and by analogizing Li-
ion adatoms on graphene layers with positrons at surfaces can improve the design of fast-charging
channels.

In commercial Lithium-ion batteries (LIBs)1,2, active cathodemicroparticles
are coated with the carbonaceous nano-layers to promote fast charging, by
increasing electronic conductivity and preserving structural integrity3–7.
Documented byG. Ceder et al.8 andQ. Cao et al.9, these layers are integral to
improvements in charging and discharging rates. Designing the optimal
electrode is a difficult task since the interstitial carbon-binder domains
(CBD) composed of conductive additives affect the Li-ion transport within
the nanocircuitry of LiCoO2 (LCO) cathodes for LIBs

10. In LCO, the redox
reaction11 governing the operation of the cathode can be written as follows
LiCoO2↔ xLi++ Li(1−x)CoO2+ xe−.Upon charging, Li-ions andelectrons
leave the cathode and that is why transport properties are important. The
presence of conventional carbon black in CBD leads to an increased tor-
tuosity of the pore structure, thereby hindering the movement of Li-ions.
The incorporation of graphene presents an ingenious solution12 by reducing
tortuosity, thus enhancing Li-ion diffusion.

By employing broadband electrical spectroscopy (BES), Pagot et al.13

have taken a more fundamental and radical approach. They demonstrated
that carbon coating plays a primary role independent of the electrolyte.
Notably, unlike previous literature, their study investigated electrode

materials before the additionof the electrolyte, avoiding this contribution. In
this way, the authors focused solely on the interactions between the carbon
matrix and lithium cobalt oxidemicroparticles. Their findings revealed that
the addition of carbon results in a two-order-of-magnitude improvement in
conductivity. Their experiments also show that using nanotubes leads to an
additional two orders of magnitude improvement. These findings confirm
that the ideal coating design should consider both electron and ion con-
duction pathways14. The study by Barone et al.15 on the adsorption and
diffusion of lithium atoms on graphene surfaces revealed the crucial role of
Li adatoms in enabling rapid diffusion processes. Adatoms are defined as
atoms that are adsorbed on the surface of a material. Upon trapping on a
smooth carbon surface, the Li adatoms can easily move in multi-hopping
processes15 that allow fast charging to occur.

In the studies of positron trapping, quantumwells are often utilized to
describe the trapping of positrons in copper quantum dots embedded in
iron16,17. In our study, a lithium-deficient layer adjacent to the carbon layer
presents a scenario similar to a quantumwell.However, the positron affinity
arguments utilized in the quantumwellmodels, which are typically valid for
metals, may not fully apply to heterojunctions involving semiconducting
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materials like LCO. In this work, by using fundamental laws of quantum
mechanics manifested by highly accurate first-principles simulations, we
demonstrate the existence of a positron trapped near a graphene stack (GS)
interface in bulk LCO cathode with an energy comparable to Li sticking at
the same surface. In this way, the positron acts as a light Li-ion analog.
Therefore, once such a positron is trapped on a graphene surface inside the
cathode, it indicates that some Li ions have followed a similar fate. Pagot
et al.13 suggested that positron annihilation spectroscopy (PAS) not only
probes but also amplifies the detection of fast-moving Li adatoms within
CBD structures inside cathodes of LIBs. Our study provides definitive proof
of the role of the positron surface state as a quantum analog to investigate
fast Li-ion mobility. To examine the positron surface state, we consider a
simple yet highly realisticmodel of the bulk graphene interface at the surface
of an LCO particle based on advanced two-component Density Functional
Theory (TCDFT) for both electronic and positronic states.

Results and discussion
We consider an ideal graphene stack LCO heterostructure, denoted G⊕
LCO.Theoptimized structures are illustrated inFig. 1.Vacuummodel (VC-
G⊕ LCO) is employed to represent the edge area of the core-shell gra-
phene/LCO interface structure, while the sandwich model (SW-G⊕ LCO)
is utilized to simulate the bulk graphene/LCO nano interfaces. To examine
the stability of our models, binding energy curves for the G⊕ LCO het-
erostructures were calculated by using the Perdew–Burke–Ernzerhof
(PBE)18 with an additional Hubbard-type U term19 (PBE+U) and Van der
Waals (VdW)dispersion-correlationDFT-D320 functionals. The strengthof
the interlayer bonding between graphene layers and LCO crystal is esti-
mated using the binding energy per surface given by
Eb = (EG⊕LCO−ELCO−EG)/A

21, where EG and ELCO are the total energies of
the graphene, and the LCO components, respectively, and EG⊕LCO is the
total energy of theG⊕ LCO interface heterostructure.Eb as functions of the
interlayer distance for G⊕ LCO heterostructures is presented in Fig. 1e. A
negative value of Eb indicates the energetic stability of the constructed
heterostructures. Results also indicate that DFT-D3 functional VdW cor-
rection isnecessary for bothmodels, sincePBE+Udidnot predict any stable

heterostructure from theEb > 0. It isworthnoting that SW-G⊕ LCOshows
lower energy due to bothC5 andC6 graphene layers bondingwith the LCO
surface. It is not surprising that the equilibriumdistances in both systems are
consistent at d1 = 2.4Å, suggesting the presence of comparable electrostatic
ionic interactions between the C5 graphene layer and the LCO in both the
SW and VC heterostructures. Our results of equilibrium distances exhibit
reasonable agreement with previously reported values. Total-reflection
high-energy positron diffraction (TRHEPD) determined a distance of 2.1Å
in the Graphene/metal (Co)22, low energy electron diffraction (LEED)
recorded 2.2Å for Graphene/metal (Ni)23, and normal incidence X-ray
standing wave (NIXSW) identified 2.6Å for Graphene/insulator (α-
Al2O3)

24. Furthermore, theoretical calculations withVdWcorrections show
the result of 2.1Å for graphdiyne/LCO25 and Graphene/Co26, 2.6Å for
Graphene/Cr2O3 with an oxygen-termination model27, and 2.9Å for gra-
phene/Cu28, also support our findings. According to the results obtained at
the equilibrium interlayer distances, SW-G⊕ LCO displays a negative
binding energy of−0.18 eVÅ−2, whereas VC-G⊕ LCO exhibits a negative
binding energy of −0.13 eVÅ−2, respectively.

Figure 2 shows the electronic band structure and the density of states
(DOS) of SW-G⊕ LCOat the equilibriumdistance d1 = 2.4Å. Notably, the
uncoatedLCOslab exhibits a direct band gapof 2.63 eV (seeSupplementary
Fig. 1a), consistent with the experimental value of 2.5 eV29. However, after
graphene is stacked with LCO, a metallic property emerges, predominantly
due to the Dirac point of graphene shifts downward by 1.0 eV from the
Fermi level (EF) when compared to free-standing graphene (see Supple-
mentary Fig. 1b), indicating charge transfer from LCO to the carbon layer.

Notably, as defined in ref. 30, the Schottky barrier height (SBH) for
n-typeorp-type canbedescribed as the energydifference between theFermi
level (EF) and the valence band maximum (EV) or conduction band mini-
mum (EC), denoted as ΦBn = EC−EF or ΦBp = EF−EV, as shown in Sup-
plementary Fig. 2.Anohmic contact is established if eitherΦBp orΦBn holds
a negative value. Besides, when ΦBn >ΦBp indicates the formation of a
p-type Schottky interface, otherwise it is an n-type interaction. Herein,ΦBn

of LCO is predicted of 2.5 eV after coating, while the valence band max-
imum upon the Fermi level, with ΦBp = 0 eV. This result provides a

Fig. 1 | Two distinct schematic structures of graphene stack (GS) (001) LiCoO2

(LCO) heterostructure. a Side view of the surface structure (vacuum model VC).
b Side view of the buried interface structure (sandwichmodel SW). cTop view of SW
and VC. d Schematic of positron injection into the SW supercell. e Binding energy
with different interlayer distances of VC/SW-G⊕ LCO heterostructures. Interlayer

distance between carbon and LiCoO2, two carbon layers are shown as d1, dc,
respectively, while dv indicates the vacuum distance in the VCmodel. The primitive
cell is indicated by the black dashed lines, calculated supercells are shown in the
yellow highlight area. The gray, green, blue, orange and white balls denote carbon,
lithium, cobalt, oxygen, and missing lithium atoms, respectively.
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reasonable explanation for the open question posed in our previous
experimental work13. Our DFT calculations confirm the interaction type
between carbon and LCO interface identity as a p-type Schottky Junction
rather than an ohmic contact.

To understand the long-range electron exchange process, we display
the plane-averaged charge difference parallel to the interface between GS
and LCO, shown in Fig. 3. The charge density difference is defined as
Δρ ¼ ρρG�LCO

� ρLCO � ρG, where ρG⊕LCO, ρLCO, ρG are the charge den-
sities of G⊕ LCO, LCO, and graphene layers, respectively. From Fig. 3, it is
evident that the charge transfer process due to the heterojunction con-
struction is predominantly localized at the bulk interfaces, leading to

electron charge depletion near the lithium-terminated interlayer. In con-
trast, the graphene surfaces exhibit an electron charge density accumulation
area, consistent with our earlier electronic band structure analysis. Conse-
quently, a surface dipole per unit area forms at the GS and LCO interface.
The Schottky barrier height is influenced by this interface dipole, primarily
due to the charge transfer process occurring in the absence of external
electric fields30. The physical explanation for this dipole formation is that
electron displacement induced the carbonhole doping, leading to a negative
charge region (−q), where the subtle electrostatic field effect can occur31.

The properties of positrons in LCO can be reliably calculated through
DFT by using weighted density approximation (WDA) functional and

Fig. 2 | Electronic band structure and density of
states (DOS) of SW-G⊕ LCO at the equilibrium
distance d1= 2.4Å. Total electronic states, C, Li,
Co, and O, are shown in black dashed lines, gray,
lime green, blue, and orange, respectively. High
symmetry lines are calculated along Γ, M, K, Γ. Dirac
point of graphene is located at theK-point and shifts
downward by 1.0 eV with respect to the Fermi level
shown in the red dashed line.

Fig. 3 | Calculated plane-averaged charge density
difference of SW-G⊕ LCOperpendicular to (001)
plane at the equilibrium distance. The corre-
sponding isosurface of charge density difference is
the inset. Orange (green) region represents charge
accumulation (depletion). The interlayer dipole
moment per surface area is 0.14 DÅ−1. The isosur-
face value is 0.0016 eÅ−3.
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correspond to the first-lifetime component identified in the positron
annihilation experiment performed by Pagot et al.13. However, the second
component lifetime above 300 ps measured by these authors have not been
explained from the first-principles in previous papers. Here we bridge this
gap in knowledge. Our main results are shown in Fig. 4 and demonstrate
that the second-lifetime component originates from a positron surface state
on a GS interface. Figure 4a corresponds to a positron state inside GS bulk,
typically referred to as graphite, with a calculated lifetime below 300 ps.
Therefore, one can conclude that the experimental second component
lifetime does not correspond to GS bulk. In contrast, in the cases of Fig. 4b
six-layer GS slab and Fig. 4c SW-G⊕ LCO heterostructure, the calculated
lifetime exceeds 300 ps, aligning with the experiment. Compared to the GS
slab model, which exhibits the double-sided edge effects, the SW model
demonstrates surface states primarily at the interface between the C6 gra-
phene surface and the oxygen-terminated layer. As a result, the SWmodel
has a shorter lifetime than the GS slab. This is due to enhanced positron
confinement at the lithium-depleted layer, which leads to more rapid
annihilation events and, consequently, shorter lifetimes. The agreement
between theoretical and experimental values indicates that a positron sur-
face state can explain the experimental value of the second-lifetime
component.

We now discuss the similarity between the Li adatoms and positron
surface states on graphene. The Li adsorption energy on the GS surface
Ead(Li) is calculated by using

EadðLiÞ ¼ EtotðLi� GÞ � EisoðLiÞ � EtotðGÞ; ð1Þ

where Eiso(Li) is the isolated lithium ion, Etot(Li⊕G) and Etot(G) represent
the total energies of the lithium-adsorped graphene system and pristine
graphene, respectively.We confirm that the most stable coordination site is
at 1.6Å from the graphene surface, with an adsorption energy of about
−1.02 eV in good agreement with previously reported values of 1.8Å

(−1.06 eV)32, 1.44Å (−1.46 eV)33, 1.52Å (−1.69 eV)34, respectively.
Particularly, the maximum positron density of Fig. 4c (see Supplementary
Fig. 3) is located at about 1.8Å, which compares well with the Li adatom
equilibrium positions. Moreover, Fig. 4d shows the comparison of the
positron potential to the lithiumadsorption energyEad(Li). As expected, the
two curves show similar behaviour, and the positron eigenvaluewith respect
to the vacuum level is −1.28 eV. Therefore, we can conclude that the
positron surface state is the analogue as of the Li-adatom sticking on the
graphene surface. Notably, the observed discrepancy of ~0.4 eV in
the surface state binding energy of graphene between the theoretical
calculation and experimental results may be attributed to the presence of
defects in the real surface. Also, positron surface binding energies vary with
changes in surface atomic structure and electron density, as well as with
surface reconstruction35,36.

Another possible analogue of the Li-ion is the positive muon (μ+),
known to experience similar potentials as positrons, which also tends to
localize in empty spaces37. This elementary particle is already routinely used
as a battery probe, andMcClelland et al.38 have reviewed howpositivemuon
spin relaxation (μSR) spectroscopy is employed to study ion diffusion in
various battery materials. These authors have reported typical lithium dif-
fusion coefficient values in active cathode materials ranging from 10−10 to
10−12 cm2 s−1, and similar values have been detected in Johnston et al.’s
work39. Notably, the BES study detects fast mobilities, and the PAS study
indicates the pathway using positron lifetime in the cathode LCO/C sam-
ples, with a Li-ion diffusion coefficient between 10−7 and 10−9 cm2 s−113. The
Li adatom and positron surface states correspondence shown in this work
allow us to conclude that these new results can be assigned to Li adatoms15

moving on smooth carbon layers such as graphene, which form fast high-
ways for Li ions within the cathode nano circuitry40. Combined BES and
PAS experiments also observed that the concentration of mobile Li ions in
the fast diffusion channels of the cathodes is 1%, while the fraction of
positrons in these same locations outside the cathode LCO material is

Fig. 4 | Results of the positron calculations. aGraphene stack (GS) bulk.b Six-layer
GS slab. c SW-G⊕ LCO heterostructure. The maximum positron probability
density occurs at 1.8Å from the graphene surface. Ground-state positron densities
are presented along the c direction. d Three-dimensional plot of calculated WDA
positron total potential in a GS slab. The positron eigenvalue with respect to the

vacuum level is −1.28 eV. DFT calculated energies of Li-ion adsorption on the
graphene surface are shown in green circles. The stable adsorption site is located at
1.6Å near the C6 surface with a coordination energy of −1.02 eV. The primary
mechanisms in carbon–positron and carbon–lithium interactions are
electron–positron correlation effects and Van der Waals interactions, respectively.
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26–41%, given by the intensity I2. Positron lifetime for the surface state on
carbon can determine the parameters α and β in the linear combination of
the LCO/CDoppler profile contributions, as demonstrated by Pagot et al.13.
Consequently, we deduce that PAS amplifies the BES signal given by the
mobile Li-ion concentration. This phenomenon is easily understandable,
given the substantial mass difference between the positron and the Li-ion,
together with the quantummechanical nature of the positron, which aids in
rapidly identifying fast pathways for positive ions.

Conclusions
We have shown that the interface between LiCoO2 and graphene forms a
p-type Schottky junction. Our findings also confirm the existence of a
positron surface state, serving as the quantum counterpart to a classical Li
adatom on the GS LCO interface. This unique positron state functions as a
precise probe for identifying Li-ion fast highways along buried GS LCO
interfaces within the Li-ion battery cathode. Our method enables the iden-
tification of ultra-fast channels for Li diffusion within the active cathode
microcrystals. The intensity linked to the positron surface state lifetime
provides an amplified signal reflecting the concentration of Li fast-moving
adatomsdetected byBES.This innovative approach allows the assessment of
electrode performance. Our studies without liquid electrolytes not only
introduce a novel direction for the technological advancement of ultrafast
batteries but also ensure the applicability of our conclusions to lithium-ion
solid-state batteries since solid electrolytes do not penetrate the cathode
materials. A comprehensive understanding of the intricacies at the buried
interfaces of the cathode material is imperative for enhancing conventional
LIBs andpropelling thedevelopmentof next-generation solid-state batteries.

Methods
Vienna ab initio simulation package (VASP) calculations
We calculate the electronic ground state by using a first-principles method, as
implemented in the Vienna ab initio simulation package (VASP)41. The
projector augmented wave (PAW)42 basis and the Perdew–Burke–Ernzerhof
(PBE)18 exchange-correlation energy functional within the generalized gra-
dient approximation (GGA)43 were employed in the relaxations. To address
the on-site Coulombic interactions in the localized d electrons of Co ions, the
GGA+U method19 with an additional Hubbard-type U term (with a U–J
value of 3.3 eV)44 was applied. A cutoff energy of 600 eV and a Γ-centered
Monkhorst–Pack 9 × 9 × 1 k-mesh45 with a 0.2 eV Gaussian smearing were
utilized.Thehexagonal cellwitha= 5.6Å is shown inFig. 1c.Theconvergence
criterionwas 10−4 eV for total energy, and the valence electronswere treated as
the Li-2s, Co-3d4s, O-2s2p, C-2s2p electrons. Surfaces in the vacuum model
were set in a slab with the vacuum region no < 20Å along the c-direction
(perpendicular to the interface) to avoid interactions between the periodic
images.We utilize the DFT-D3method20 with VdW-dispersion correction to
predict stable heterostructures, effectively capturing the interactions of weakly
bonded layers that critically influence binding energies. The equilibrium
interlayerdistanceof graphenewithABstacking isfixedasdc of 3.30Å

46,while
the interlayer distance between the carbon and lithium layers is presented as a
variable d1 changing from 0.8 to 5.0Å.

Two components density functional theory (TCDFT)
In order to calculate the positron annihilation characteristics, we employ
two components density functional theory (TCDFT)47,48 with zero positron
density limit. Using this computing scheme, we calculate the positron wave
function, where the positron potential is given by the sum of the Coulomb
potential and the electron-positron correlation potential. Concerning
this last contribution of the potential for solid bulk materials,
Boroński–Nieminen local density approximation (LDA)47 and parameter-
free GGA49 provide reliable results. As shown in Table 1, the GS bulk LDA
andGGA lifetimes are predicted to be 187, 200 ps, respectively. Remarkably,
these values align with the previous atomic superposition Boroński-
Nieminen LDA lifetime calculated as 204 ps and experimental value of 208
ps50. Moreover, for the LCO bulk lifetime, our LDA and GGA calculations
indicate lifetime values of 120, 129 ps, respectively. These results are

consistent with prior parameter-free GGA positron lifetime calculations of
131 ps51 and correspond to the first-lifetime component identified in the
positron annihilation experiment performed by Pagot et al.13. The slightly
higher experimental value 145 ps can be explained by the presence of few Li
vacancy in the LCO crystal.

However, when applied to the surface, these standard (semi-)local
approximations fail to describe the image potential outside the surface52.
Non-local approaches such as weighted density approximation (WDA)53–56

are important for obtaining the correlation effects arising from the complex
clouds present at surfaces and interfaces. The positron calculation results for
G⊕ LCOheterostructure are also illustrated inSupplementaryFig. 3.While
all three methods produce similar positron wavefunctions upon solving the
three-dimensional Schrödinger equation for the positron, the WDA
method predicts a surface state lifetime of 327 ps. Since the lifetime values
are obtained from the inverse of the annihilation rate, the enhancement
factor γ is the key to predicting reliable results. The lifetime of 350 ps spe-
cifically reflects the ground state of the 6-layer GS slab model using the
WDAapproximation; it does not represent a linear combination of the bulk
state and surface state. Our theoretical predictions align with the range of
lifetime values from 319 to 347 ps observed in PASmeasurements by Pagot
et al.13, performed on the cathodes without electrolyte. Notably, P. Parz
et al.57 reported PAS experiments on carbon black (Super P)-coated LCO
cathodes, indicating a different scenario when the liquid electrolyte is
involved. Moreover, their PALS analysis57 utilized a different criterion for
subtracting the Al contribution, as discussed by Pagot et al.58. However, the
lifetime result of 206 ps57 for fully lithium-loaded cathodes aligns with the
average positron lifetime of 232 ps calculated in our work.

The electron-positron enhancement factor γ is a crucial component to
calculate the annihilation rate λ and the positron lifetime τ47,48 given for the
LDA case by

λ ¼ 1
τ
¼ πr2ec

Z
dr neðrÞ np ðrÞγðneðrÞÞ; ð2Þ

where re is the classical electron radius, c is the speed of light, ne(r) and np(r)
are, respectively, the electron and the positron density. In the WDA, the
local density is replaced by the total effective density eneðrÞ.

eneðrÞ ¼ ne;cðrÞ þ n�e;vðrÞ; ð3Þ

where ne,c(r) is the core electron density and n�e;vðrÞ is an effective valence
electrondensity, amethodknownas the shell-partitioning scheme. Positron
lifetimes are then given by

λ ¼ 1
τ
¼ πr2ec

Z
dr neðrÞ np ðrÞγðne;cðrÞ þ n�e;vðrÞÞ: ð4Þ

All the lifetimesmentioned in themain part are based onWDA, andwe use
the screening charge Q = 1.0 to determine the effective electron density by
solving the modified sum rule described in ref. 54.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Table 1 | Positron lifetime components

TCDFT (ps) Exp (ps)

Samples LDA GGA WDA

GS bulk 187 200 220 20850

LCO bulk 120 129 136 14513

GS slab 451 491 350 /

G⊕ LCO 240 280 327 319–33213
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