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SUMMARY

Lithium-ion batteries (LIBs) are among the most promising power sources for
electric vehicles, portable electronics and smart grids. In LIBs, the cathode is ama-
jor bottleneck, with a particular reference to its low electrical conductivity and Li-
ion diffusivity. The coating with carbon layers is generally employed to enhance
the electrical conductivity and to protect the active material from degradation
during operation. Here, we demonstrate that this layer has a primary role in
the lithium diffusivity into the cathode nanoparticles. Positron is a useful quantum
probe at the electroactive materials/carbon interface to sense the mobility of Li-
ion. Broadband electrical spectroscopy demonstrates that only a small number of
Li-ions are moving, and that their diffusion strongly depends on the type of car-
bon additive. Positron annihilation and broadband electrical spectroscopies are
crucial complementary tools to investigate the electronic effect of the carbon
phase on the cathode performance and Li-ion dynamics in electroactivematerials.

INTRODUCTION

In recent decades, Li-ion batteries1–4 have proven to be one of the most promising chemical-to-electrical

energy converters for power electronic devices.5–8 The increasing demand for high performing devices al-

ways includes higher power and energy densities, excellent charge-discharge cycle performance andmore

safety. A key element limiting battery performance is the cathode,9,10 having a low Li-ion mobility in the

bulk.11 As of today, cathode carbon coating is deemed to boost the transport of electrons through the

active nanoparticles,12–15 and to offer a physical protecting layer against the chemical degradation on

cycling.16,17 The only strategy that has been demonstrated to be valuable to improve the Li-ion mobility

in the bulk material, without modifying the cathode chemical composition, is the active nanoparticles

downsizing.11,18 In this way, a shorter pathway is required for Li-ions to enter the cathode nanoparticle

full volume, thus enhancing the material rate capabilities. Studies of the cathode electric response and

Li+ dynamics are rarely performed on pristine electrode,19 because full- or half-cells are commonly inves-

tigated.20,21 In these studies, improvements of 1-2 orders of magnitude in the Li-ion diffusion coefficient are

obtained after coating with carbon or other composite materials.12,20,21 However, with this cell configura-

tion a cathode electrolyte interphase (CEI) layer is formed on the surface of nanoparticles on the chemical

contact with the electrolyte. The CEI gives a contribution to the material electric response, which limits the

other interfaces information (i.e., carbon/LiCoO2) extracted from the experiments.

This work gives the fundamental understanding at the atomic scale of the carbon coating role to achieve

ultrafast Li-ion mobility in cathodes. Broadband electrical spectroscopy (BES) and positron annihilation

spectroscopy (PAS) are used to study the Li-based battery cathodes. The pristine cathode is prepared

bymixing LiCoO2 with the PVDF polymer binder, without the addition of carbon (NoC). The other cathodes

are obtained by coating the LiCoO2 nanoparticles with carbon: Super P (SP), nanospheres (XC) and nano-

tubes (NT).
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RESULTS AND DISCUSSION

Broadband electrical spectroscopy studies

The interactions between carbon and LiCoO2 (LCO) can be probed with BES studies. This is a useful tool to

detect the dependence of the electric response of the cathodes on the structural relaxations and polariza-

tion phenomena of materials, which are modulated by the interfaces formed between carbon and LCO
iScience 26, 105794, January 20, 2023 ª 2022 The Author(s).
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Figure 1. Broadband electrical spectroscopy results

Real permittivity (ε0, A) and conductivity (s0, B) spectra on frequency of the four different samples containing LiCoO2, PVDF

and: without carbon (No C, blue circles), carbon Super P (SP, green triangles), carbon nanospheres (XC, red diamonds),

and carbon nanotubes (NT, black squares). Markers represent experimental data and dashed lines are the fitting results.

Concentration of effective mobile lithium ions (nLi + eff , C) and lithium diffusion coefficient (DLi
+, D) as a function of the

carbon employed into the cathode electrode. Error bars (2 sigma) are calculated on the basis of the fitting error and

experimental data accuracy. Dotted lines in C represent the total lithium ion concentration in the electrodes with (red line)

and without (blue line) carbon.
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nanoparticles. A detailed description of the BES theory and the obtained results are in the method details

section. A summary of the real permittivity and conductivity spectra of the four investigated cathode ma-

terials is reported in Figures 1A and 1B. Their full results are shown in Figures S1–S4 of the supplemental

information. To separate the contribution of each polarization phenomenon and dielectric relaxation

event, the electric response is analyzed using Equations 6 and 7 (see the method details section). All the

samples reveal the presence of several polarization phenomena: (1) s1 is the electrode polarization, attrib-

uted to the Li-ion accumulation at the interface between cathode and Pt electrodes of the measuring cell;

and (2) sk (k > 1) are the interdomain polarizations, which correspond to the charge accumulation at the

interface between domains in bulk cathode materials with different permittivity, i.e., LCO-PVDF, LCO-car-

bon interfaces in bulk cathode particles with different shape and/or size. The observed dielectric relaxa-

tions (εf) are assigned to the host LCO material dynamics. In particular, these modes are associated with

the fluctuating dipole moments of the distorted octahedra of 3D LCO involving metal-oxygen bonds,

coupled with carbon matrix relaxations. Indeed, it has been demonstrated that the 3D structure of cathode

materials is dynamic.22 Coupling this latter structural flexibility with elementary Li+ ion migration events re-

sults in an enhanced Li-ion diffusion in 3D material.22,23 BES studies establish that the carbon layer formed

on the LCO surface has a primary role in the dynamics and in the long-range charge migration processes

occurring in the cathode. The real permittivity has a sharp increase of 1-2 orders of magnitude as the carbon

component is added into the samples (Figure 1A). The same is observed for the real conductivity spectra

(Figure 1B) and for the obtained fitting results related to the conductivity and relaxation frequency of the

polarization phenomena associated with the Li-ion conduction (Table S1 in supplemental information). This

gives a clear indication that the carbon layer is not a simple current collector but its interaction with LCO

particles plays a very complex and primary role in the dynamics and percolation activation of charges at the

carbon/LCO interface. This is likely the result of a significant electronic interaction existing at the interface

between carbon and the functionalities of LCO at the surface. The physico-chemical and morphological

properties of the carbon material seem to differently influence the observed behaviors, thus revealing

that the selection of the carbon matrix is challenging. Therefore, to maximize the battery performance,

it is crucial to dispose of suitable techniques to study these types of interactions.
2 iScience 26, 105794, January 20, 2023



Figure 2. Positron lifetime spectra of LiCoO2

cathodes

The spectra of SP, XC, NT and No C cathodes are

normalized at the same high peak after subtracting

the source and spurious components (NT spectrum

is multiplied by a factor of 5 to avoid overlapping

with XC spectrum). The inset shows the intensity of

the second lifetime component I2 as a function of

the carbon employed to coat the cathode grains

(see Table 1). Error bars are calculated on the basis

of the experimental errors.
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The Li-ion mobility into a solid crystalline material is strongly hindered, differently from what is observed in

a system such as an aqueous electrolyte containing ions. Indeed, the actual number of really mobile species

differs from that of the total of charges present into the host matrix. In our case, the total Li+ concentration

in active cathode material is 47 mol L�1, whereas in the carbon-based cathodic materials is 43 mol L�1. In

practice, the effective concentration of mobile Li-ions in the cathode bulk materials (nLi + eff ) shown in Fig-

ure 1C (see Table S1) can be determined combining BES studies and electric response results of cathode

materials by using Equation 8 (see the method details section). As expected, nLi + eff is lower than the stoi-

chiometric Li+ content value of cathodic materials (ca. 45 mol L�1): (1) of a factor of 102 for carbon-based

cathode materials; and (2) of more than three orders of magnitude lower for No C sample. This is clear ev-

idence that the addition of carbon to the active material does not only enhance its electrical conductivity,

but plays a fundamental role in controlling the Li-ion migration mobility. To investigate this effect in further

details, the diffusion coefficient (DLi
+) and the average migration distance (<rLi

+>) of Li+ in bulk are deter-

mined using Equations 9 and 10 (see the method details section), respectively. Results of DLi
+ and <rLi

+>

are reported in Figures 1D and S5 of supplemental information, respectively, and summarized in Table S1.

This is a clear and definitive argument that the presence of carbon is fundamental, not only for the electrical

conductivity enhancement (i.e., carbon as electron collector), but also for the Li-ion diffusion. Unlike the

state of the art,12,16,20 two innovative and unconventional concepts are given here: (1) The data obtained

are not contaminated by the wetting of the electrolyte; and (2) not only the addition of carbon can improve

the Li-ion mobility by two orders of magnitude, but the type of carbon can further boost the dynamics by

two extra orders of magnitude in the case of carbon nanotubes.

Positron annihilation spectroscopy studies

To shed light on the interaction between Li-ions and the carbon/cathode grain interface, an antimatter

quantum probe, the positron, is used. A relevant difference in the positron lifetime spectra is shown in Fig-

ure 2, theNo C cathode can be represented with only one lifetime component, whereas the carbon coated

cathodes possesses two. A more accurate analysis using a deconvolution method24 is illustrated in Table 1.

The first lifetime component has a similar value in all cases (145–165 ps).25 Theoretical calculations give a

positron lifetime of 131 ps in the LCO bulk crystal.26 The measured values indicate that t1, which in carbon

coated samples is increased after ball milling, is an unresolved lifetime component that includes both the

bulk as well as the vacancy-like defect contributions. However, the most significant difference in Figure 2 is

the appearance of the second lifetime component, averaging about 330 ps, whose intensity I2 depends on

the carbon type (inset of Figure 2 and Table 1). It is easy to attribute this second component to carbon at the
iScience 26, 105794, January 20, 2023 3



Table 1. Positron lifetime components, relative intensities, average positron lifetime and S parameter

(‘‘asymptotic’’ value, Figure 3C) obtained in the LCO cathodes

Cathode t1 (ps) t2 (ps) I1 (%) I2 (%) t (ps) S parameter

No C 145 (2) – 100 – 145 (2) 0.432 (2)

SP 154 (2) 319 (2) 74 (2) 26 (2) 197 (3) 0.478 (2)

XC 165 (2) 347 (3) 63 (2) 37 (2) 231 (4) 0.488 (3)

NT 163 (2) 332 (2) 59 (2) 41 (2) 233 (3) 0.489 (3)
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grain boundary.27,28 Nevertheless, considering that the vast majority of the cathode material volume frac-

tion is occupied by LCO crystals, almost all positrons have been implanted inside them. After thermaliza-

tion positrons can diffuse inside the defected grains only tens of nanometers compared to the grain dimen-

sion (�1-2 mm).26 Therefore, almost all positrons are expected to annihilate inside the grain, as found in the

No C cathode. Positrons are in a single state associated with the crystal in the carbon-free coated LCO,

whereas positrons are in two states in the carbon-coated crystals.

To understand the nature of this second quantum state that gives rise to the second lifetime component,

Coincidence Doppler Broadening (CDB) measurements were performed. Figure 3 shows the CDB results

(see the method details section). The annihilation peak intensity IðpLÞ and the momentum distributions

NðpLÞ are presented in Figures 3A, B and D, 3C illustrates the S parameter as a function of the positron im-

plantation energy. This parameter mainly describes the annihilation of positrons with valence electrons.29S

parameter values in the bulk (at �17 keV) are quite different for cathodes with and without carbon. The

same tendency is observed for the average positron lifetime t (Table 1). To shed light on the nature of

the second quantum state, NðpLÞ data of Figures 3B and 3D provides the cathode electrons distribution

(centered around the Fermi momentum30) supplying the chemical environment information at the annihi-

lation sites. The NðpLÞ carbon-free LCO distribution is explained by oxygen 2p character.31,32 Instead, the

carbon-coated cathodes distributions are clearly shifted to the left, in the direction of the carbon side (black

histogram) which is described by the carbon 2p orbitals. In fact, it is possible to reproduce the carbon-

coated distributions NðpLÞ using a linear combination of the carbon and the No C distributions consistent

with the lifetime results (green, red and black histograms in Figures 3B and 3D, see details in method details

section). Therefore, the origin of the second quantum state is rationalized by the important fraction of pos-

itrons that, once implanted in the grain, spill over onto the carbon. This requires an attractive potential at

the interface created by the carbon presence.

Several studies establish that LCO grains have semiconducting characteristics with a variable bandgap (�1-

3 eV) because of the possible inclusion of disordered phases.34,35 In addition, Tukamoto et al.36 suggest

that the LCO growth conditions favor the presence of a small concentration of Co4+, so LCO exhibits

p-type semi-conductivity. Beyond this fact, the positron attraction by the carbon capping layer leads us

to conclude that there are two possible interactions at the carbon/LCO interface after ball-milling:

(i) A Schottky junction carbon/LCO(n-type) is formed (a detailed description of the Schottky junction is

discussed in the method details section). The first Schottky barrier in a carbon/semiconductor was

observed by Tongay et al.37 In this case the negative charges are localized in the carbon coating,38

which attract positrons. A spheroidal Schottky barrier is expected which could change the band

structure of the crystal.39

(ii) A carbon/LCO ohmic contact is formed, in this case the positive charge/ion inside the crystal forms a

negative image charge at the carbon coating layer that in turn attracts the positrons, as predicted by

Rivas et al.40 In fact, Shi et al.41,42 have shown that ‘‘positrons’’ are a highly sensitive probe at the

coating/semiconductor quantum dots interface.43 Positron surface states spilling over at this inter-

face have been explained within the Weighted Density Approximation. These states are bound to

the interface by a long-distance image potential.42

PAS results show clear evidence that positrons are attracted by the carbon coating layers. These data seem

to be inconsistent with a recent electrical characterization performed in an analogous system showing the

existence of a carbon/LCO(p-type) Schottky barrier.44 It is important to keep in mind that PAS does not
4 iScience 26, 105794, January 20, 2023



Figure 3. (A) Coincidence Doppler broadening of the annihilation radiation of the studied cathode materials

Distribution of the annihilation peak intensity IðpLÞ (normalized in area) as a function of the momentum pL of the

annihilation pair in the longitudinal direction of detection.

(B and D) Momentum distribution NðpLÞ associated with the high momentum electron contribution, i.e., the chemical

fingerprint of the annihilation site (NT distribution is translated adding 0.25 NðpLÞ units to prevent overlapping).

(C) S parameter evolution as a function of the positron implantation energy (or mean implantation depth, upper frame) in

LCO cathodes and in carbon (black dashed line). The dashed lines through the experimental data in panel c correspond to

a VEPFIT fit.33
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affect the interface charge configuration. Here, we use a single positron at the time as a quantum analogue

of the Li-ion. Its delocalized wavefunction can sense the interface globally. Moreover, when the number of

positron surface states is largely populated, this value becomes an accurate descriptor for the Li-ion ability

to hop outside the nanoparticle. Therefore, it is not surprising that the lifetime intensity I2 could be a suit-

able descriptor for Li-ion conductivity.
Battery test

The effect of carbon coating on the electrochemical properties of the LCO material is provided by imple-

menting the cathodemixes here proposed into a battery prototype device, which is cycled under operative

conditions. Results are shown in Figure S8 of supplemental information. At low current rates (i.e., 0.5 and

1C), as the specific capacity delivered by each battery is within the experimental error, the discrepancy be-

tween the different cathodes is not evident. As expected, at moderate high C-rates (i.e., 2 and 4C) the per-

formance of the prototype drops down in the order NT > XC > SP, confirming the trend revealed in these

systems by both BES and PAS spectroscopies. It should be noticed that these latter techniques are useful

for predicting the long-term stability during cycling of cathodic materials, thus demonstrating that when

LCO is coated with NT, XC and SP carbon their retained specific capacity decreases in the order

NT > XC > SP.
Conclusions

Clearly, there is an excellent agreement between BES and PAS results. Both effective mobile Li-ion number

nLi + eff (Figure 1C) and the number of positrons reaching the carbon capping layer (I2 in the inset of Figure 2)

are influenced by the carbon coating layer type. Moreover, BES and PAS measurements can be explained

by an attractive potential at the carbon/oxide interface that acts on Li-ions and positrons. Besides, a crucial
iScience 26, 105794, January 20, 2023 5
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influence on the Li+ diffusion coefficient DLi
+ (Figure 1D) is observed. All these data reveal that the carbon/

oxide interface is the key region for understanding Li-ion mobility during charge and discharge processes.

Indeed, the interface region is the ionic exchange zone that can be optimized to boost the charge and

discharge rate of ion batteries. Our work shows that positrons can be used as quantum simulators to probe

the quality of crucial interfaces in batteries. This unique quantum information tool can be therefore adop-

ted by the battery industry for quality inspection.

Limitations of the study

The studies on these electrode materials can be further integrated performing BES and PAS investigations

on functional materials at different state of charge and different type of coating.
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58. Pagot, G., Vezzù, K., Martinez-Cisneros, C.S.,
Antonelli, C., Levenfeld, B., Varez, A.,
Sanchez, J., and Di Noto, V. (2021). Interplay
between conductivity, matrix relaxations and
composition of Ca-polyoxyethylene polymer
electrolytes. Chemelectrochem 8, 2459–2466.
https://doi.org/10.1002/celc.202100475.

59. Pagot, G., Tonello, S., Vezzù, K., and Di Noto,
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65. Schütt, H., and Gerdes, E. (1992). Space-
charge relaxation in ionicly conducting
glasses. II. Free carrier concentration and
mobility. J. Non-Cryst. Solids 144, 14–20.
https://doi.org/10.1016/S0022-3093(05)
80378-3.

66. Dubov, L., Akmalova, Y., Stepanov, S.,
Shtotsky, Y., and Shtotsky, Y. (2017).
Evaluation of positron implantation profiles in
various materials for 22Na source. Acta Phys.
Pol. 132, 1482–1486.

67. Murty, R.C. (1965). Effective atomic numbers
of heterogeneous materials. Nature 207,
398–399. https://doi.org/10.1038/207398a0.

68. Arifov, P.U., Grupper, A.R., and Alimkulov, H.
(1982). Coefficients of positron mass
absorption and backscattering. In Positron
Annihilation, P.G. Coleman, S.C. Sharma, and
L.M. Diana, eds., pp. 699–701.

69. Aers, G.C., Marshall, P.A., Leung, T.C., and
Goldberg, R.D. (1995). Defect profiling in

https://doi.org/10.1063/1.40182
https://doi.org/10.1063/1.40182
https://doi.org/10.1103/PhysRevB.46.3729
https://doi.org/10.1103/PhysRevB.46.3729
https://doi.org/10.1103/PhysRevB.104.115120
https://doi.org/10.1103/PhysRevB.104.115120
https://doi.org/10.1149/1.1837976
https://doi.org/10.1149/1.1837976
https://doi.org/10.1063/1.3268788
https://doi.org/10.1063/1.3268788
https://doi.org/10.1016/j.physrep.2015.10.003
https://doi.org/10.1016/j.physrep.2015.10.003
https://doi.org/10.1063/1.1425434
https://doi.org/10.1063/1.1425434
https://doi.org/10.1063/5.0071042
https://doi.org/10.1063/5.0071042
https://doi.org/10.1103/PhysRevLett.121.057401
https://doi.org/10.1103/PhysRevLett.121.057401
https://doi.org/10.1063/1.4942609
https://doi.org/10.1002/pssc.200675753
https://doi.org/10.1116/6.0000695
https://doi.org/10.1016/j.jpowsour.2010.05.048
https://doi.org/10.1016/j.jpowsour.2010.05.048
https://doi.org/10.1016/j.physb.2012.02.008
https://doi.org/10.1016/j.physb.2012.02.008
https://doi.org/10.1016/j.actamat.2009.06.003
https://doi.org/10.1016/j.actamat.2009.06.003
https://doi.org/10.4172/2090-0902.1000146
https://doi.org/10.4172/2090-0902.1000146
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref49
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref49
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref49
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref49
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref49
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref49
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref49
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref50
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref50
https://doi.org/10.1007/978-3-540-68411-4
https://doi.org/10.1007/978-3-540-68411-4
https://doi.org/10.1021/ja975608v
https://doi.org/10.1021/ja975608v
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref53
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref53
https://doi.org/10.1063/1.1750906
https://doi.org/10.1063/1.1747496
https://doi.org/10.1063/1.1747496
https://doi.org/10.1002/polc.5070140111
https://doi.org/10.1002/polc.5070140111
https://doi.org/10.1016/j.jpowsour.2022.231084
https://doi.org/10.1016/j.jpowsour.2022.231084
https://doi.org/10.1002/celc.202100475
https://doi.org/10.3390/batteries4030041
https://doi.org/10.1016/j.ssi.2018.03.003
https://doi.org/10.1016/j.electacta.2016.09.091
https://doi.org/10.1016/j.electacta.2016.09.091
https://doi.org/10.1016/j.ssi.2018.03.001
https://doi.org/10.1016/j.ssi.2018.03.001
https://doi.org/10.1016/j.electacta.2017.06.089
https://doi.org/10.1016/j.electacta.2017.06.089
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref64
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref64
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref64
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref64
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref64
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref64
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref64
https://doi.org/10.1016/S0022-3093(05)80378-3
https://doi.org/10.1016/S0022-3093(05)80378-3
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref66
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref66
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref66
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref66
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref66
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref66
https://doi.org/10.1038/207398a0
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref68
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref68
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref68
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref68
http://refhub.elsevier.com/S2589-0042(22)02067-3/sref68


ll
OPEN ACCESS

iScience
Article
multilayered systems using mean depth
scaling. Appl. Surf. Sci. 85, 196–209.
https://doi.org/10.1016/0169-4332(94)
00332-7.

70. Cesano, F., Uddin, M.J., Lozano, K., Zanetti,
M., and Scarano, D. (2020). All-carbon
conductors for electronic and electrical wiring
applications. Front. Mater. 7. https://doi.org/
10.3389/fmats.2020.00219.

71. Rut’kov, E.V., Afanas’eva, E.Y., and Gall, N.R.
(2020). Graphene and graphite work function
depending on layer number on Re. Diam.
Relat. Mater. 101, 107576. https://doi.org/10.
1016/j.diamond.2019.107576.
72. Schuld, S., Hausbrand, R., Fingerle, M.,
Jaegermann, W., and Weitzel, K.-M. (2018).
Experimental studies on work functions of
Li+ ions and electrons in the battery
electrode material LiCoO2: a
thermodynamic cycle combining ionic and
electronic structure. Adv. Energy Mater. 8,
1703411. https://doi.org/10.1002/aenm.
201703411.
iScience 26, 105794, January 20, 2023 9

https://doi.org/10.1016/0169-4332(94)00332-7
https://doi.org/10.1016/0169-4332(94)00332-7
https://doi.org/10.3389/fmats.2020.00219
https://doi.org/10.3389/fmats.2020.00219
https://doi.org/10.1016/j.diamond.2019.107576
https://doi.org/10.1016/j.diamond.2019.107576
https://doi.org/10.1002/aenm.201703411
https://doi.org/10.1002/aenm.201703411


ll
OPEN ACCESS

iScience
Article
STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Lithium cobalt oxide (LCO) Nippon Chemical Industrial CELLSEED(Lithium-Cobalt Oxide)

Carbon black, Super P (SP) Alfa Aesar H30253

Carbon black (XC) CARBOCROM XC-72R

Multi-walled carbon nanotubes (NT) US Research Nanomaterials US4300

Poly(vinylidene fluoride) Sigma-Aldrich 182,702

1-methyl-2- pyrrolidone (NMP) Sigma-Aldrich 328,634

Lithium hexafluorophosphate solution Sigma-Aldrich 746,711

Lithium Chips MTI EQ-Lib-LiC

Aluminum Foil Substrate MTI EQ-bcaf-15u-180
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, V.D.N. (vito.dinoto@unipd.it).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this Paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
METHOD DETAILS

Reagents

The LiCoO2 (LCO) cathode was obtained from Nippon Chemical Industrial. Three different types of car-

bon conductive material were used in this work: (i) carbon black (Super P, the abbreviations are pre-

sented in the next paragraph), purchased from Alfa Aesar; (ii) XC-72R carbon black nanospheres (ca.

30-50 nm in diameter), provided as a courtesy by Carbocrom srl; and (iii) multi-walled carbon nanotubes

(>95%, OD < 7 nm), obtained from US Research Nanomaterials, Inc. Super P carbon is obtained by

partial combustion or by thermal decomposition of liquid or gaseous hydrocarbons, and the result is

the formation of branched structures and aggregates bigger than 100 nm.45 The BET surface area is

57-67 m2 g�1. XC-72R nanoparticles tend to maintain their nanosphere morphology and not to aggre-

gate forming larger agglomerates. The BET surface area is ca. 220 m2 g�1. The multiwalled carbon nano-

tubes are prepared by means of the CVD method. They have an outer diameter <7 nm and an inner

diameter of 2-5 nm. The length of each nanotube is 10-30 mm and their BET surface area is 500 m2

g�1. The polyvinyl difluoride (PVDF, Sigma-Aldrich) binder was suspended in 1-methyl-2- pyrrolidone

(NMP, 99.5%, anhydrous, Sigma-Aldrich) at 10 wt % concentration. The battery-grade aluminum foil

and lithium metal chips were obtained from MTI. The 1 M LiPF6 in EC/DMC 1:1 V/V electrolyte solution

was purchased from Sigma-Aldrich. All materials were used instantly as received. Densities of the LCO,

Super P conductive carbon, and PVDF were determined to be 4.9317 G 0.0003, 2.2375 G 0.0016, and

1.6870 G 0.0006 g cm�3, respectively, using an Ultrapyc 1200e gas pycnometer produced by

Quantachrome.
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Electrode preparation

LCO and each carbon allotrope were grinded together using a planetary ball-miller for 2 h at 500 rpm.

Then, an exact amount of the 10 wt % PVDF in NMP suspension was added to each LCO/C mixture in order

to prepare a cathodic ink with an LCO:C:PVDF weight composition of 93.75:4.00:2.25. The obtained inks

were deposited onto the Al foil by means of a doctor-blade automatic system. The cathodic layers were

dried overnight at 70�C and for 24 h in vacuum at 120�C. A cathode electrode without the addition of

any type of carbon has been prepared by simply mixing LCO and PVDF (97.75:2.25 wt %). Identical depo-

sition and drying processes as described above were carried out in this case. Summarizing, four different

cathode electrodes were obtained and labeled according to their carbon allotrope constituents: (i) ‘‘NoC’’,

without carbon; (ii) ‘‘SP’’, with carbon Super P; (iii) ‘‘XC’’, containing carbon nanospheres; and (iv) ‘‘NT’’, con-

taining carbon nanotubes. All the cathode electrodes have a thickness of 120 G 10 mm. The morphology

and element distribution of the obtained cathode electrodes is investigated using a JEOL JSM 7900F HR-

FEG-SEM. The cathode electrodes were attached on an aluminum support holder by means of a carbon

adhesive tape and placed into the instrument. An accelerating voltage of 15 kV was applied during the

measurements. EDS mapping is performed using an Oxford Instrument ULTIM MAX 40 probe. Results

are shown and discussed in Figures S9 and S10 of supplemental information.
Broadband Electrical Spectroscopy studies

Broadband Electrical Spectroscopy (BES) studies were carried out after drying the samples in vacuum at

120�C for 24 h. The complex permittivity and conductivity spectra were acquired in the frequency range

between 0.03 and 107 Hz at 25 G 0.5�C using a Novocontrol Alpha-A analyzer. The cathode electrodes

were cut into disks being 13 mm in diameter, sandwiched between two platinum electrodes and placed

into a sealed cylindrical Teflon cell. The cell assembly was performed inside an argon-filled glove box in

order to avoid moisture contaminations. Experimental data for SP and NT samples show a strong noise

at low frequency (experiments were performed three times to confirm this phenomenon), so these points

have been cut off.
Positron annihilation lifetime spectroscopy

The positron annihilation lifetime experiments were performed using a fast–fast coincidence lifetime setup,

which employs a time resolution (FWHM) of �235 ps and a time calibration of 25.35 ps per channel for a

multi-channel analyzer (MCA) card. The positron source 22Na (2 mCi) enveloped by two 7.5 mm thick Kapton

foils was sandwiched between two pairs of identical cathode samples (see the schematic illustration of the

source/sample configuration in Figure S6 in supplemental information). Each layer of the cathode samples

has a thickness of 120G 10 mm. All lifetimemeasurements were performed at room temperature (21G 1�C)
at atmospheric pressure. Each positron lifetime spectrum was recorded on �43106 annihilation events,

requiring an acquisition time of 36-48 h. The source component of 382 ps associated with annihilations

within the Kapton foil was accurately measured with the carbon coating-free cathode with an intensity of

14.0(0.5)%, which were considered constant throughout the analysis with all LCO samples. PALS spectra

were fitted using the LT software.24 The lifetime spectrum obtained in PALS appears as a convolution of

instrumental resolution and measured components. The LT program employs certain algorithms to carry

out the deconvolution and fitting of the experimental data with optimum parameters, so that each lifetime

component can be identified. Generally, after subtraction of the Kapton component, there appear two or

three discrete components. In the latter case, t1<t2<t3 with their corresponding intensities, I1, I2 and I3 can

be observed. The goodness parameter of the fit (c2/dof) lay between 0.9 and 1.05. The so-called ‘‘spurious’’

component t3 of about 2.0(0.2) ns has, in general, a very low intensity I3 (<0.05%) for a smoothly-surfaced

metal or semiconductor being measured with the source in question under ideal condition. For a sample

with porous or coarse surface, as in the case of the cathode oxide (LCO), the intensity of this component

was between 0.2 and 0.4%. A more realistic analysis with one or two lifetime components is presented in

this work after subtraction of the source and spurious contributions (see Figure 2). Our estimation indicates

that about 98(1)% of the positrons annihilate inside the LCO cathode material (see the positron implanta-

tion profile discussion here below).
Doppler broadening spectroscopy

Doppler broadening spectroscopy of the annihilation radiation was used to monitor the microstructure of

the studied cathode crystal. Positrons were implanted at various depths in the sample using a variable en-

ergy positron beam ranging between 1 and 17 keV. Two HPGe detectors (Ortec, relative efficiency�50% at
iScience 26, 105794, January 20, 2023 11
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1.33 MeV) were used to measure the spectrum of the annihilation gamma radiation. The measurements

were carried out at room temperature (21 G 1�C) in a vacuum condition (�10�7 mbar). The broadening

of the 511 keV annihilation peak due to the Doppler effect caused by the motion of the annihilating elec-

trons was characterized by identifying the area around themaximumof the annihilation peak and defining a

parameter called S parameter. The S parameter is the fraction of annihilating positron-electron pairs in the

energy range within 511G 0.85 keV (corresponding to the momenta |pL|% 0.456 atomic units), determined

by the ratio of the area under the central part of the annihilation peak to the total peak area covering the

energy range 511G 4.25 keV. The S parameter mainly corresponds to annihilation of positrons with valence

electrons moving with low momenta in the sample. To obtain information of the chemical environment at

the annihilation site, it is necessary to reduce the background in the high-momentum region of the annihi-

lation peak, which is obtained by adopting the Coincidence Doppler Broadening (CDB) technique. It uses

two detectors mounted at 180� from each other working in coincidence in energy and in time. CDB spectra

with �107 total counts were measured with a peak/background ratio of 105 to 106. The experimental pro-

cedure performed in this study is described in detail in the literature.46

The distribution of the annihilation peak intensity IðpLÞ was obtained by summing the counts in the two-

dimensional spectrum represented by the matrix SðE1;E2Þ along the diagonal line pL=ðE1 � E2Þ= c, in

the interval 1022 keV � DE <E1 +E2<1022 keV +DE, where DE = 2:1 keV .47 The intensity IðpLÞ of the pho-

tons emitted by the annihilating positron-electron pairs are represented in Figure 3A. The energy spectrum

of these photons is subject to a Doppler shift, due to the center of mass of the annihilated pairs varying

comparatively to the laboratory reference frame. The Doppler effect mainly depends on the velocity distri-

bution of the electrons at the annihilation site. The contribution of positrons to the Doppler effect is negli-

gible because they thermalize at the measurement temperature (at about tens of millielectronvolts in a few

picoseconds). Therefore, CDB maps the velocity distribution of electrons in the studied material. In

general, a moving center of mass of the annihilating particles with respect to an observer will result in

the angle between the photon propagation directions differing from 180� by an amount dq of an order

of vCM/c, where vCM is the velocity of the center of mass of the particles and c is the speed of light. The

measurements are performed in the longitudinal direction of the momentum component pL = m0vCML

along the axis that passes through the annihilation site inside the studied material and the midpoint be-

tween the two HPGe detectors. The measured angular deviation is typically of the order of milliradians,

which is proportional to the momentum pL by dq =10�3 pL

m0c
(mrad), where m0 is the electron or positron

mass. As illustrated in Figure 3, the longitudinal pLmomentum x-axis in atomic units (a.u.) in the lower frame

(1 a.u.h Z
a0
,where Z is the Plank’s constant h divided by 2p and a0 is the Bohr’s radio). The CDB distributions

generally show an inverted parabolic shape at low momentum (IðpLÞf - p2
L) associated with the ‘‘free’’ con-

duction and/or valence electrons up to the Fermi momentum pF. The distributions also contain a broad and

less intense distribution that includes the contribution of core electrons. The experimental measure of IðpLÞ
is somewhat enlarged by the resolution function RðpLÞ that behaves in a Gaussian-like form of shape

(FWHM= 3.5 3 10�3m0c).

From IðpLÞ distribution in Figure 3A it is possible to obtain the directional average value of the

momentum distributionNðpLÞ, which facilitates comparing the LCO cathodes coated with and without car-

bon NðpLÞ = � k pL
dIðpLÞ
dpL

, where k is a constant.30NðpLÞprovides the distribution of the atomic orbital elec-

trons that reveal information about the chemical environment at the annihilation sites.

Battery tests

Battery studies were performed by cycling a CR2032 coin cell prototype device assembled using a lithium

metal anode, a solution of 1 M LiPF6 in EC/DMC 1:1 V/V as electrolyte, and each cathode electrode

proposed in this work. The cathode electrodes were cut into disks being 15 mm in diameter. Battery pro-

totypes were cycled between 3.0 and 4.3 Vat different C rates (1C = 145 mA g�1). Long-term cycling is per-

formed at 0.5C of current rate.

Broadband electrical spectroscopy theory

In general, materials subjected to an electric field undergo a rearrangement in the distribution of charges

and dipole moments hosted in their matrix.48,49 After the removal of the electric field, dipole moments and

charges tend to relocate in their equilibrium position. This latter event is not instantaneous and occurs with

a certain delay, which is known as relaxation time.49 All these phenomena are subjected to the Maxwell
12 iScience 26, 105794, January 20, 2023
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theory and are described by the Maxwell equations as time-dependent phenomena.50 These interactions

are macroscopically observed and quantified bymeans of the BES technique, as they result in the formation

of local induced charges on the surface of the material which generate a field known as the depolarization

field.50 The number and magnitude of these phenomena are a consequence of the intrinsic properties of

the investigated material, which is commonly addressed as its electric response. The electric response of a

compound is commonly described on the angular frequency (u, with u = 2pf) in terms of complex permit-

tivity (ε*(u)), complex conductivity (s*(u)) and complex impedance (Z*(u)).49 The electric response of a

material appropriately fits with the principle of superposition in the linear regime, thus the net response

of the system to a stimulus is the sum of the responses of all the events involved in the interactions.51 In

the case of a dielectric or an ion-conducting material, these events are: (i) polarization events, which arise

from accumulation of charges at the interfaces between domains (i.e., interdomain polarizations) or mate-

rials (i.e., electrode polarizations) characterized by a different permittivity, and from the reorientation of

dipole moments of a portion of molecules or crystals49; and (ii) dielectric relaxations, which are the expo-

nential decay of the polarizations when the applied external field is removed.49,52

The first theoretical model used to describe the electric response of materials was proposed by Debye:49,53

RjðuÞ =
1

1+ iutj
(Equation 1)
ε
0ðuÞ = εN +

ε0 � εN

1+u2t2
= εN +

Dε

1+u2t2
(Equation 2)
ε
00ðuÞ =

ðε0 � εNÞut
1+u2t2

=
Dε ut

1+u2t2
(Equation 3)

where Rj(u) is the complex relaxation function in the frequency domain of the jth event, and ε
0 and ε’’ are the

real and imaginary part of the complex permittivity, respectively. u is the angular frequency, εN is the

dielectric constant of the sample measured at frequencies so high that the dipole orientational contribu-

tion has vanished (electronic contribution), ε0 is the absolute dielectric permittivity in vacuum conditions, t

is the relaxation time andDε is the dielectric total strength (ε0 - εN). Different empirical equations have been

proposed starting from the Debye model (i.e., Cole-Cole54 and Cole-Davidson55), which find their general

expression in the Havriliak-Negami (HN) model:56

RjðuÞ =
1

ð1+ ðiutHNÞaÞb
(Equation 4)

where a and b are empirical parameters (0 % a % 1, 0 % b % 1). The Debye model can be obtained when

a = b = 1, while for b = 1 or a = 1 the Cole-Cole and Cole-Davidson equations are obtained, respectively.

Thus, the HN relaxation function (Rj) in Equation 1 is a combination of the Cole-Cole and Cole-Davidson

models. The empirical constants a and b are associated with the shape parameters m and n (symmetric

and asymmetric broadening) of complex dielectric functions in a supramolecular system (m = a and n =

a$b).49 In the case of the electrode and interdomain polarizations, a general equation can be extrapolated

from the Maxwell theory and the double-layer model:49

ε
�
kðuÞ =

skðiutkÞgk
iuε0½1+ ðiutkÞgk � (Equation 5)

where εk*(u) is the complex permittivity of the kth event (k = EP or IPi for the electrode and interdomain po-

larizations, respectively), and sk and tk are its conductivity and relaxation time, respectively. gk is the expo-

nential factor of the kth event and accounts for the broadening of the related peak. As discussed above,

Equations 4 and 5 can be combined considering the principle of superposition in the linear regime, using

one equation for each event observed in the experimental data. The result can be summarized as:49,57–60

ε
�
mðuÞ = � i

�
s0

uε0

�N

+
sEPðiutEPÞgEP

iuε0½1+ ðiutEPÞgEP � +
Xg
i = 1

sIP;iðiutIP;iÞgIP;i
iuε0½1+ ðiutIP;iÞgIP;i � +

Xh

f = 1

Dεf

½1+ ðiutf Þaf �bf
+ εN

(Equation 6)
s�
mðuÞ =

ðs0ÞN
ðuε0ÞN� 1

+
sEPðiutEPÞgEP
1+ ðiutEPÞgEP +

Xg
i = 1

sIP;iðiutIP;iÞgIP;i
1+ ðiutIP;iÞgIP;i +

Xh

f = 1

iuε0Dεf

½1+ ðiutf Þaf �bf
+ iuε0εN (Equation 7)
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where ε*(u) = ε
0(u) - iε’’(u) and s*(u) =iuε0ε*(u).

61 The first term accounts for material conductivity at zero

frequency (s0) and N is the exponential factor of the direct current.62,63 The second and third terms are

related to the interdomain and the electrode polarizations, where sk and tk are the conductivity and the

relaxation times, respectively. The third term describes the dielectric relaxation phenomena in terms of

generalized HN functions, where tf is the relaxation time, and a, b and g are empirical shape parameters.

The actual number and concentration of mobile species (nLi
+
,eff) can be determined using the following

equation:64,65

nLi + ;eff =

0
BBBB@

sdcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ε
0 ðux Þ
ε
0
s

� 1
�r
ε0$ε0s$ux

1
CCCCA

4

ε0$ε
0
s$k$T

e2$d2
(Equation 8)

where sdc in our case corresponds to s1, ux is the angular frequency in the slow regime of the Li+ ions ki-

nematics, and ε
0(ux) is the permittivity value of the material at ux. ε

0
s is εN of Equation 6, k is the Boltzmann

constant, T the temperature in Kelvin, e the electron charge and d the thickness of the sample.

The diffusion coefficient (DLi) and the average migration distance (<rLi>) of Li
+ in bulk can be calculated

using the following equations:59

DLi =
sdc$R$T

nLi + ;eff $F2
(Equation 9)
< rLi > =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6$DLi$ti

p
(Equation 10)

where R and F are the gas universal constant and the Faraday constant, respectively, and ti is the relaxation

time of the electrode polarization.

Positron annihilation spectroscopy compatibility tests

Positron implantation profile

To maximize the number of positrons implanted in LCO cathodes during the PALS measurements it was

necessary to use a multilayer source/sample configuration (Figure S6) with a large lateral dimension

(near 1 cm). The LCO cathodes normally used in batteries are deposited on an aluminum foil (d2=

15 mm). The thicknesses of the studied LCO cathodes is d1= 120 mm. For the analysis, it is essential to obtain

an estimate of the positrons fraction that annihilate in the LCO and Al layers, such intensity in the sample

can be identified from the PALS measurements. Due to the mirror symmetry of the configuration used in

this work, it is sufficient to perform such analysis on one side of the 22Na source and normalize to the total

amount of positrons.

Upon discrimination and subtraction of the source and spurious components from the experimental data,

as explained in the Methods section, the remaining portion of the positrons are considered as normalized

to one hundred percent in the analysis.

To estimate the implantation profile for positrons emitted by a22Na source through each layer, an approach

using the equation proposed by Dubov et al.66 was used. This profile depends on the mass density and the

atomic number (or the effective atomic number67). To evaluate the fraction of positrons that effectively

annihilate inside the LCO cathode, positron propagation in the layers is considered and the backscattering

of positrons at the interfaces. Here we assume that the thickness of each layer zi is large enough for the

implanted positrons to be analyzed with a reliable approximation to effectively annihilate in each layer,

i.e., the positron diffusion length L+<<zi, which is realistic in the studied case and in general, for any thick

layers. The backscattering coefficients of positrons incident from the vacuum on a semi-infinite elementary

system using the energy spectrum of a 22Na source were estimated by Arifov et al.68

Aers et al.69 proposes an approach to correct the implantation profile P(z,E) of a positron beam by consid-

ering that the scattering processes of a positron at a given depth z is affected by the adjacent layer. This

correction considers the relative backscattering coefficient, i.e., the difference between the coefficients

of the neighboring materials. Using these ideas, we propose a similar approach, instead using the
14 iScience 26, 105794, January 20, 2023
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implantation profile P(z) given by Dubov et al.66 for the positron energy spectrum of a 22Na source. In gen-

eral, the implantation profile near an interface with a less dense material is lowered due to reduced back-

scattering (see Figure S7, zone I and III). Also, the opposite considerations are true, the profile near an inter-

face with a denser material is increased since the heavy material is a more efficient back-scatterer (see inset

of Figure S7, zone II).

Following this approach, the total fraction of positrons thermalized inside Al were estimated to be

1:9ð0:6Þ%. Therefore, it can be safely concluded that, after substracting the source (Kapton) and the

spurious components, about 98(1) % of the positrons annihilate within the LCO cathode, and the remaining

positrons annihilate in aluminum in our sample configuration.
Linear combination of annihilating contributions

The CDB results of Figures 3B and 3D show that it is possible to reproduce with good approximation the

momentum distributions of the carbon coated cathode materials NðpLÞ using a lineal combination of the

No C cathode NLCONo C
ðpLÞ and carbon NCðpLÞ distributions. The histograms in Figures 3B and 3D repro-

duce with reliable approximation the trend of the experimental data according to:

N
�
pL

�
= a$NLCONo C

�
pL

�
+ b$NC

�
pL

�
(Equation 11)

Where a and b are the weights of the quantum states associated with the LCO crystals and the coating car-

bon (a+b = 1). The b values estimated using a best fit for the carbon coated cathodes (Figures 3B and 3D)

are presented in Table S2. Furthermore, there is a connection between the measured lifetime and CDB

measurements. The integral of the momentum distributions in Figure 3 is proportional to the average anni-

hilation rate l, the inverse of the average positron lifetime. Therefore, the average lifetime tE can be esti-

mated by the following equation as a function of the weight b:46

lE = t� 1
E yð1 � bÞ$t� 1

1 + b$t� 1
2 (Equation 12)

Using the b values and the positron lifetime of t1 and t2 measured in each sample (Table 1). Comparison of

the estimated average lifetimes (Table S2) and measured values (Table 1) showed coherence within exper-

imental and propagation errors. This is a consistency test of two independent approaches that provides a

complementary view.
Schottky junction

In results and discussion section were proposed two possible interactions at the carbon/LCO interface. The

intimate contact between a conductor (metal or semimetal-carbon or graphene-70) and a semiconductor

can result in two ideal devices: the Schottky junction or an ohmic junction.

It has been demonstrated that the interface between a contacted conductor with a semiconductor crystal

can form a Schottky barrier (SB). Schottky barriers have rectifying characteristics, suitable for the use as a

diode. When the barrier is formed, the Fermi levels EF of the two components tend to correspond to

the same value. Consequently, as Figure S11 shows, a bending of the energy bands of the semiconductor

near the interface is produced. The bending depends on the characteristics of the conductor (work function

FC ) and the semiconductor (band gap EC � EV and the difference between the vacuum level and the con-

duction band at the interface X = E0 � ðEC +FiÞ).38 The ideal Schottky barrier height is given by:

FB = FC � X (Equation 13)

Here, the case study is the carbon/LCO interface. Figure S9 shows in a SEM micrograph the grain distribu-

tion of the LCO crystals in compact cathodes. It is noteworthy that given the irregular spheroidal-like LCO

grain symmetry and capping of the grain, the classical planar geometry of the Schottky barrier is not valid in

this case, therefore the barrier becomes non-conventional. Some efforts weremade to treat a spherical-like

Schottky barrier,39 where the calculations predict a dependence between the grain radius R and the thick-

ness of the space charge or depletion region w appears (see Figure S12). In this work, R has an average

value between several hundred nanometers and a micrometer (Figure S9). Effects such as flattening of
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the band bending and the decrease in the surface state density when w tends to be an appreciable fraction

of R have been foreseen.39 In the case study, the barrier height FB would be nominally of the order of hun-

dreds of millielectronvolts (considering the difference between the graphite work function71,72 and LCO

work function for positive ions71). At any rate, a large range of values of the Schottky barrier height as a func-

tion of the impurities and defects densities at the junction was observed.38

The positron lifetime results (Figure 2 and Table 1) demonstrate that positrons are attracted to the carbon

at the grain boundary. Therefore, the presence of a Schottky junction with an LCO n-type, as shown in inset

of Figure S12 or a metallic ohmic junction is expected.
16 iScience 26, 105794, January 20, 2023
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