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ABSTRACT: In metal-N-C systems, doped metals have an obvious valence change
in the process of Li-ion deintercalation, which is in agreement with the operational
principle of traditional anode materials. Doped metals will transfer some electrons
to the neighboring N atoms to improve the valence state. Along with Li adsorption,
the charge transferred to the nearest N or C from Li is less compared to that
transferred to the doped metal. Hence, doped metals have an obvious valence
change in the process of Li-ion deintercalation, and doped N just serves as a
container for holding electrons. The local states of C and N p electrons in the Co-
N-C structure can be fully destroyed, which can effectively improve the electronic
properties of graphene.

1. INTRODUCTION

In the recent years, graphene has received attention as an anode
for Li-ion batteries (LIBs) because of its high intrinsic electrical
conductivity, excellent mechanical flexibility, and large theoreti-
cal surface area.1,2 Along with restacking or agglomeration of
graphene sheets by strong van der Waals interactions among the
sheets, the decrease in the surface area and the increase in
impedement will lead to low energy density and poor rate
capability.3 Heteroatomic doping is the most popular and
effective method to improve graphene’s performance. Various
heteroatom dopants have been investigated in carbon materials,
such as phosphorus, boron, sulfur, and nitrogen.4−6 The doped
heteroatom is able to enhance electronic and ionic conductiv-
ities, to add active sites for Li+ storage, and to improve
wettability between electrolytes and electrodes. Many inves-
tigations have also shown that transition metal (i.e., M = Fe, Ni,
andCo)7−9 single atoms or atom clusters embedded in nitrogen-
doped carbon frameworks (N−C) can lead to promising
electrochemical properties in catalytic applications. Metal single
atoms not only could possess amazing electronic and reactive
properties but also exhibit a theoretical 100% atom utilization
efficiency.10,11 The interaction between metal and N is
energetically favorable for the adsorption and reduction of
charge/mass at the metal site. Based on their remarkable oxygen
reduction reaction activities, metal-N-C systems as cathodes for
various metal (for example, Zn, Al, and Li)-air batteries have
been intensively reported.12,13 Moreover, the M-N-C systems as
cathodes for lithium sulfur batteries have also been found to
deliver high capacity and cycling stability.14−20 It is because the
electrical conductivity can be improved by the hybrid and the

adsorption ability of lithium polysulfides between metal-N-C
and sulfur can be enhanced along with significantly reducing the
“shuttle effect” of polysulfides during the cycles.21

In order to understand the role of heteroatoms in improving
the performance of carbon anodes in lithium batteries, we
investigate the adsorption of Li ions in metal-N-C structures by
first-principles calculation.With our results, it can be understood
which doped metals can improve lithium storage properties and
why are they good for the performance improvement of LIBs.

2. CALCULATION DETAILS
First-principles calculation was performed based on density
functional theory implemented in the VASP.22 PBE pseudopo-
tentials were used to describe the electron−ion interactions.23,24
The Ecut is set to 350 eV, and the allowed error in total energy is
10−4. The single-layer graphene with 66 atoms is adopted as a
calculation model, as shown in Figure 1. The vacuum region of
20 Å along with the Z-axis direction is adopted to avoid
interaction between images caused by periodic boundary
conditions. We use Bader’s theory to analyze the charge
change.25−27

The formation energy of metal dopants and the adsorption
energy of Li ions can be obtained by the following formula:
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= − −E E E Eadsoption energy total slab adsorbents

where Etotal, Eslab, and Eadsorbents are the total energies of different
adsorption sites, the energies of the clean slab, and the energies
of the adsorbent (metal or Li), respectively.

3. RESULTS AND DISCUSSION

3.1. Formation of Metal-N-C Structures. In experiments,
heteroatom doping can be prepared by an ionic liquid
impregnation silica templated method followed by an annealing
process.15−18 From a theoretical perspective, building a model
and calculating the formation energy of a structure can obtain
the stable structure of heteroatom doping. We build two models
to discuss metal atom doping, as shown in Figure 1. One is a
metal-N4-Cmodel that has four pyridinic N, which was reported
in an experimental paper.14 The other model is used to discuss
the Li metal doping structure, which has three pyridinic N and
forms a Li-N3-C interlink. Also, the formation enthalpy of the
Li-N3-C structure (−6.598 eV) is lower than that of Li-N4-C
(−6.237 eV), in which the formation enthalpy is calculated as
follows:

Δ ‐ ‐ = ‐ ‐ −

− −

H E E

nE mE

(metal N C) (metal N C) (metal)

(N) (C)
total total

total total

where Etotal is the density-functional total energy of every
element and n andm are the numbers of atoms N and C. Hence,
the adsorption of Li ions in the N−C structure may be derived
from Li-ion doping, and its formation energy is controlled by the
N amount.
The possible doping metals that we have considered consist of

nontransition metals, transition metals, and noble metals. Some
metal dopings have been reported, such as Zn, Al, and Li-air
batteries.13−18 The formation energies of metal-N4-C structures
are shown in Figure 2. It can be seen that the formation energies
of all metal dopings are negative. This means that metal-N4-C
structures are relatively accessible, which is in agreement with
lots of experimental reports. From the results, we can also find
that the formation energies for transition metals Fe, Co, and Ni
are lower than those for other metals. There is about 2−5 eV
difference from Zn to Co doping. Then, Fe/Co/Ni-N4-C
compounds have been synthesized for electrocatalytic hydrogen
evolution9,10 and oxygen electrocatalysts in Zn-air bat-
teries.11−13 Based on the loss of the electrochemical surface
area and TEM images, Pt/CNx have exhibited a better stability
than Pt/CNTs.28 Comparing the Li-ion doping formation
energy for Li-N3-C with the Li-N4-C structure, it can be seen
that the formation energy of the Li-N4-C structure is lower, and
then the N4-C structure more easily traps Li than N3-C. Hence,
the improvement of intercalation potential vs Li/Li+ may arise

from the adsorption of Li-ion vacancy defect in N−C
compounds without metal doping.14

In metal atom-dopedN−C systems, the length of C−Nbonds
and the number of electrons of N atoms will change. Figure 3
show the difference charge state of densities for different metal-
N4-C structures and Li-N3-C structure. Table 1 lists the lengths
of metal-N bonds and C−N bonds in the formed M-C-N
structures as well as the number of transferred electrons (NTE)
from the metal to N atoms. The bond length for Li doping N3-C

Figure 1. Adopted calculation model for Li-ion adsorption: metal-N4-C and Li-N3-C.

Figure 2. Formation energies of metal doping for different metals
located in M-N4-C structures and the Li-N3-C structure.

Figure 3. Difference charge state of densities for different metal-N4-C
structures and the Li-N3-C structure.
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decreases and those for other metal-N4-C increase. This is
because the interaction of Li and N is weaker than those of other
metals and N. Along with metal doping, electrons will transfer
from the doped metal to N atoms. The NTE from the metals to
N atoms is from 0.0367e (Pt) to 0.3424e (Al), in which the
number of transferred electrons from Al to N atoms is the
highest and Pt is the least. The number of transferred electrons
from Li to N is 0.1643e. The numbers of net electrons
transferred from the metals are 0.1468e to 1.3696e. Thereinto,
metal Co is 0.21e, Fe is 0.1804e, Ni is 0.3472e, and Pt is 0.1468e.
3.2. Adsorption of Li Ions in M-N-C Structures. As is

known to all, it is very important for the capacity to
accommodate Li ions as carbon anode materials. To illuminate
the capacity change for accommodating Li ions, we have
calculated the adsorption of Li ions on the surface of M-N4-C
structures. The results are shown in Figure 4. The blue dotted

line is the adsorption energy of Li ions on the surface of
graphene. There are two different adsorption sites with the
nearest metal in metal-N4-C structures, which are represented
by S and L. There are three equivalent sites in the Li-N3-C
structure, which are represented byH. It can be seen from Figure
4 that the adsorption energy of Li ions on the S site is higher than
that of the L site. Except for Al doping, other metal dopings are
able to improve the adsorption of Li ions on the L site. Only Fe,
Co, and Pt dopings are clearly better on the S site, and others are
even worse than graphene. For the Li-N3-C structure, the
adsorption energy of the H site (−1.4583 eV) is better and is
even better than Li-N4-C (the adsorption energy is−1.21 eV on
the L site14). Then, for Li doping, the N3-C structure has a more
obvious advantage than N4-C on Li-ion adsorption.
The lower NTE from metal to per N atom, the more Li-ion

adsorption for doped structure. In order to obtain the role of
doped metals, we collected together the charge change of metal
(Fe, Co, Pt, and Li) atoms along with Li-ion adsorption, shown
in Table 2. When the Li atom is adsorbed in the M-N-C
structure or graphene, the charge will transfer to the neighboring
metal, N, or C. The charge transferred to the nearest N or C
from Li is less compared to that transferred to the doped metal.
Compared with that transferred to C for pure graphene, doped
N has a stronger ability to accept charges from Li. Hence, N
doping can improve graphene electrochemical properties.29,30

Comparing the NET of metal atoms both in Table 1 and Table
2, it can be found that the number of electrons transferred by
metal atoms (for example, Co: 0.21e) during doping is basically
the same as that transferred by lithium ion absorption (Co:
0.2133e). That is to say, the valence of doped metals will
increase accompanying the doping process and will decrease
along with Li absorption. Therefore, doped metals have an
obvious valence change in the process of Li-ion deintercalation,
which is in agreement with the operational principle of other
anode materials (for example Li3VO4

31 and Li4Ti5O12
32).

Comparing the doped N and metal of the receptive electrons,
we also find that N does not have the rise and fall of the valence
state and just serves as a container for holding electrons, which
has the ability to better accommodate electrons than graphene
C. Therefore, a reasonable selection of doped metals can
availably improve the electrochemical properties of C anodes.

3.3. Electronic Properties of M-C-N. It is well known that
in graphene, the p hybridization of the 2px and 2py orbitals of
carbon atoms creates lateral σ bonds, and the remaining 2pz
orbitals form the π bonds.33 A single graphene sheet shows a
metallic behavior due to topological singularities at theΚ points
in the Brillouin zone,34 in which the conduction and valence
bands touch in the so-called conical or Dirac points and the
dispersion is essentially linear within ±1 eV of the Fermi level.
The interactions of transition metals and graphite or a graphene
sheet have shown that carbon pz orbitals hybridize strongly with
the d orbitals of transition metal atoms.35 Figure 5 shows the
partial state of density of p or d electrons for C, N, and Co atoms.
The p electronic states of C in graphene are localized near the
Fermi level, which consist of the hybridization of 2px, 2py, and
2pz orbitals. In the N4-C structure without doped metals, the p
electrons of the nearest neighbor C hybridized with the p
electrons of the N atom, and the local states localized near the
Fermi level shift to low energy and unfold into several local
energy levels due to the p electrons of the neighboring N atom.
Along with Co doping, the local states of C andN p electrons are
fully destroyed, which can improve graphene’s electronic

Table 1. Lengths of Metal-N Bonds and C−N Bonds in the
Formed M-C-N Structures and the Number of Transferred
Electrons (NTE) from the Metal to per N Atom

metal-N bond
length (Å)

C−N bond
length (Å)

NTE from the M atom
to per N atom

C-N4 1.3617 × 4;
1.3246 × 4

Co-N4-C 1.8660 × 4 1.3942 × 4;
1.3679 × 4

↑ 0.0525e

Fe-N4-C 1.8682 × 4 1.4038 × 4;
1.3708 × 4

↑ 0.0451e

Ni-N4-C 1.8781 × 4 1.3815 × 4;
1.3683 × 4

↑ 0.0868e

V-N4-C 1.9201 × 4 1.3931 × 4;
1.3832 × 4

↑ 0.1421e

Al-N4-C 1.8893 × 4 1.3972 × 4;
1.3746 × 4

↑ 0.3424e

Zn-N4-C 1.9552 × 4 1.3646 × 4;
1.3523 × 4

↑ 0.1691e

Pt-N4-C 1.9510 × 4 1.3707 × 4;
1.3657 × 4

↑ 0.0367e

Ti-N4-C 1.8660 × 4 1.4013 × 4;
1.3776 × 4

↑ 0.2435e

C-N3 1.3517 × 4;
1.3266 × 2

Li-C-N3 1.6272 × 3 1.3453 × 4;
1.3241 × 2

↓ 0.1643e

Figure 4. Adsorption energies of Li ions in different sites for metal-N-C
structures. The dotted line is the adsorption energy of Li for graphene.
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properties and electrochemical performance as an anode
material.14

4. CONCLUSIONS

The formation of metal-N-C structures is relatively accessible,
which is in agreement with lots of experimental reports. The
formation energies for transition metals Fe, Co, and Ni are lower
than those for other metals. Along with metal doping, the length
of the C−N bond will increase and electrons will transfer from
the dopedmetal toN atoms. The adsorption energy of Li ions on
the S site is higher than that of the L site. Except for Al doping,
othermetal dopings are able to improve the adsorption of Li ions
on the L site. Only Fe, Co, and Pt dopings are clearly better on
the S site; others are even worse than graphene. When Li is
adsorbed in the M-N-C structure or graphene, the charge
transferred to the nearest N or C from Li is less compared to that
transferred to the doped metal. Hence, the introduced N does
not have the rise and fall of the valence state and just serves as a
container for holding electrons, which is better than C of
graphene. Also, doped metals have an obvious valence change in
the process of Li-ion deintercalation, which is in agreement with
the operational principle of traditional anode materials.
Transition metal doping can clearly destroy the local states of
C and N p electrons. Therefore, transition metal doping (M-N-
C) is propitious to improve the electronic and electrochemical
characteristics of carbon anode materials.
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Table 2. NET to the Nearest N Atoms or C Atoms andNET to the DopedMetal along with Li Adsorbed inM-C-N Porous Carbon
or Graphene14

NET to the nearest N atom NET to the nearest C atom NET to the metal atom

site of Li-ion insertion S L H S L

Co-C-N4-Li 0.0366e 0.0404e 0.015e 0.2133e 0.1771e
Fe-C-N4-Li 0.0081e 0.0146e 0.013e 0.1860e 0.1617e
Pt-C-N4-Li 0.0420e 0.0530e 0.015e 0.1211e 0.1128e
Li-C-N3-Li 0.0885e 0.013e 0.0887e (H site)
graphene-Li 0.01e

Figure 5. Partial states of density of p electrons for C and N and d electrons for Co atoms during graphene heteroatom doping.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04673
ACS Omega 2022, 7, 2613−2617

2616

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiping+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3179-0784
mailto:zhipinglphy@gdut.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongqi+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lingling+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fugen+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04673?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04673?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04673?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04673?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04673?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) Yoo, E.; Kim, J.; Hosono, E.; Zhou, H.-S.; Kudo, T.; Honma, I.
Large reversible Li storage of graphene nanosheet families for use in
rechargeable lithium ion batteries. Nano Lett. 2008, 8, 2277−2282.
(2) Gogotsi, Y.; Simon, P. True performance metrics in electro-
chemical energy storage. Science 2011, 334, 917−918.
(3) Gopalakrishnan, K.; Moses, K.; Govindaraj, A.; Rao, C. N. R.
Supercapacitors based on nitrogen-doped reduced graphene oxide and
borocarbonitrides. Solid State Commun. 2013, 175-176, 43−50.
(4) Kicinski, W.; Szala, M.; Bystrzejewski, M. Sulfur-doped porous
carbons: synthesis and application. Carbon 2014, 68, 1−32.
(5) Song, H.; Li, N.; Cui, H.; Wang, C. Enhanced storage capability
and kinetic processes by pores- and hetero- atoms-riched carbon
nanobubbles for lithium-ion and sodium-ion batteries anodes. Nano
Energy 2014, 4, 81−87.
(6) Sleiman, C.; González, S.; Klippenstein, S.; Talbi, D.; Dib, G.;
Ganosa, A. Pressure dependent low temperature kinetics for CN
+CH3CN: competition between chemical reaction and van der Waals
complex formation. Phys. Chem. Chem. Phys. 2016, 18, 15118−15132.
(7) Li, S.; Cheng, C.; Zhao, X.; Schmidt, J.; Thomas, A. Active Salt/
Silica-Templated 2D Mesoporous FeCo-Nx-Carbon as Bifunctional
Oxygen Electrodes for Zinc−Air Batteries. Angew. Chem., Inter. Ed.
2018, 57, 1856−1862.
(8) Yang, S.; Zhang, T.; Li, G.; Yang, L.; Lee, J. Y. Facile synthesis of
N/M/O (M= Fe, Co, Ni) doped carbons for oxygen evolution catalysis
in acid solution. Energy Storage Mater. 2017, 6, 140−148.
(9) Jiang, K.; Liu, B.; Luo, M.; Ning, S.; Peng, M.; Zhao, Y.; Lu, Y.-R.;
Chan, T.-S.; de Groot, F. M. F.; Tan, Y. Single platinum atoms
embedded in nanoporous cobalt selenide as electricatalyst for
accelerating hydrogen evolution reaction. Nat. Commun. 2019, 10,
1743.
(10) Shui, J.-L.; Karan, N. K.; Balasubramanian, M.; Li, S.-Y.; Liu, D.-J.
Fe/N/C Composite in Li−O2 Battery: Studies of Catalytic Structure
and Activity toward Oxygen Evolution Reaction. J. Am. Chem. Soc.
2012, 134, 16654−16661.
(11)Meng, F.; Zhong, H.; Bao, D.; Yan, J.; Zhang, X. In Situ Coupling
of Strung Co4N and Intertwined N−C Fibers toward Free-Standing
Bifunctional Cathode for Robust, Efficient, and Flexible Zn−Air
Batteries. J. Am. Chem. Soc. 2016, 138, 10226−10231.
(12) Amiinu, I. S.; Liu, X.; Pu, Z.; Li, W.; Li, Q.; Zhang, J.; Tang, H.;
Zhang, H.; Mu, S. From 3D ZIF Nanocrystals to Co−Nx/C Nanorod
Array Electrocatalysts for ORR,OER, and Zn−Air Batteries.Adv. Funct.
Mater. 2018, 28, 1704638.
(13) Yu, M.; Wang, Z.; Hou, C.; Wang, Z.; Liang, C.; Zhao, C.; Tong,
Y.; Lu, X.; Yang, S. Nitrogen-Doped Co3O4 Mesoporous Nanowire
Arrays as an Additive-Free Air-Cathode for Flexible Solid-State Zinc−
Air Batteries. Adv. Mater. 2017, 29, 1602868.
(14) Liu, S.; Lin, Z.; Xiao, F.; Zhang, J.; Wang, D.; Chen, X.; Zhao, Y.;
Xu, J. Co-N-C in porous carbon with enhanced lithium ion storage
properties. Chem. Eng. J. 2020, 389, 124377.
(15) Li, J.; Chen, J.; Wan, H.; Xiao, J.; Tang, Y.; Liu, M.; Wang, H.
Boosting oxygen reduction activity of Fe-N-C by partial copper
substitution to iron in Al-air batteries. Appl. Cataly. B: Environ. 2019,
242, 209−217.
(16) Xu, J.; Lin, Y.; Connell, J. W.; Dai, L. Nitrogen-Doped Holey
Graphene as an Anode for Lithium-Ion Batteries with High Volumetric
Energy Density and Long Cycle Life. Small 2015, 11, 6179−6185.
(17) Song, X.; Wang, S.; Chen, G.; Gao, T.; Bao, Y.; Ding, L.-X.;
Wang, H. Fe-N-doped carbon nanofiber and graphene modified
separator for lithium-sulfur batteries.Chem. Eng. J. 2018, 333, 564−571.
(18) Liu, Z.; Zhou, L.; Ge, Q.; Chen, R.; Ni, M.; Utetiwabo, W.;
Zhang, X.; Yang, W. Atomic Iron Catalysis of Polysulfide Conversion in
Lithium−Sulfur Batteries. ACS Appl. Mater. Inter. 2018, 10, 19311−
19317.
(19) Sun, Y.; Silvionli, L.; Sahraie, N. R.; Ju, W.; Li, J.; Zitolo, A.; Li, S.;
Bagger, A.; et al. Activity-selectivity trends in the electrochemical
production of hydrogen peroxide over sing-site metal=nitrogen-carbon
catalysts. J. Am. Chem. Soc. 2019, 141, 12372−12381.

(20) Shen, M.; Gao, K.; Xiang, F.; Wang, B.; Dai, L.; Zheng, L.; Baker,
F.; Dian, C.; et al. Nanocellulose-assisted synthesis of ultrafine Co
nanoparticles-loaded bimodal micro-mesoporous N-rich carbon as
bifunctional oxygen electrode for Zn-air batteries. J. Power Sources
2020, 450, 227640.
(21) Fun, Y.; Ma, F.; Liang, J.; Chen, X.; Miao, Z.; Duan, S.; Wang, L.;
Wang, T.; Han, J.; et al. Accelerated polysulfide conversion on
hierarchical porous vanadium-nitrogen -carbon for advanced lithium-
sulfur batteries. Nanoscale 2020, 12, 584−590.
(22) Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B 1996,
54, 11169.
(23) Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B
1994, 50, 17953.
(24) Kresse, G.; Hafner, J. Ab initio molecular dynamics for open-shell
transition metals. Phys. Rev. B 1993, 48, 13115.
(25) Henkelman, G.; Arnaldsson, A.; Jónsson, H. A fast and robust
algorithm for bader decomposition of charge density. Comput. Mater.
Sci. 2006, 36, 254−360.
(26) Sanville, E.; Kenny, S. D.; Smith, R.; Henkelman, G. Improved
grid-based algorithm for Bader charge allocation. J. Comput. Chem.
2007, 28, 899−908.
(27) Tang, W.; Sanville, E.; Henkelman, G. A grid-based Bader
analysis algorithmwithout lattice bias. J. Phys. Compute Mater. 2009, 21,
No. 084204.
(28) Chen, Y.; Wang, J.; Liu, H.; Li, R.; Sun, X.; Ye, S.; Knights, S.
Enhanced stability of Pt electrocatalysts by nitrogen doping in CNTs
for PEM fuel cells. Electrochem. Commun. 2009, 11, 2071−2076.
(29)Wu, Z.-S.; Ren, W.; Xu, L.; Li, F.; Cheng, H.-M. Doped graphene
sheets as anode materials with superhigh rate and large capacity for
lithium ion batteries. ACS Nano 2011, 5, 5463−5471.
(30) Reddy, A. L. M.; Srivastava, A.; Gowda, S. R.; Gullapalli, H.;
Dubey, M.; Ajayan, P. M. ACS Nano 2010, 4, 6337−6342.
(31) Zhiyong, L.; Zhiping, L.; Yanming, Z.; et al. New understanding
of Li3VO4/C as potential anode for Li-ion batteries: Preparation,
structure characterization and lithium insertion mechanism. J. Power
Sources 2015, 274, 345−354.
(32) Yang, S.; Zhao, L.; Pan, H.; Xia, L.; Gu, L.; Hu, Y.; Li, H.;
Armand, M.; Ikuhara, Y.; Chen, L. Q. Direct atomic-scale confirmation
of three-phase storage mechanism in Li4Ti5O12 anodes for room-
temperature sodium-ion batteries. Nat. Commun. 1870, 2013, 4.
(33) Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang,
Y.; Duhonos, S. V.; Grigorieva, I. V.; Firsov, A. A. Electric field effect in
atomically thin carbon films. Science 2004, 306, 666−669.
(34) Shon, N. H.; Ando, T. Quantum transport in two-dimensional
graphite system. J. Phys. Soc. Jpn. 1998, 67, 2421.
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