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1. Slicing of MWCNT array
Epoxy resin (EPON-812, SPI Supplies, 12.51 mL) was mixed with a curing agent of
dodecenylsuccinic anhydride (SPI Supplies, 3.08 mL) and methyl nadic anhydride
(9.43 mL) and an accelerating agent of 2,4,6-tris(dimethylaminomethyl)-phenol (0.38
mL). An MWCNT array was then embedded into the mixing resin for slicing by a
diamond blade. The modulus of the embedding material was much lower than that of
the MWCNT, so its influence on the residual strains of MWCNTs may be neglected.
The slicing operation was performed at Leica FC7-UC7 at 25 oC. As the samples were
sliced one by one and arranged in line, the slicing direction can be verified by their
linear arrangement on the supporting copper grid (Figure S4).
2. Study of the MWCNT/epoxy interaction
Raman spectroscopy was used to study the MWCNT/epoxy interactions. A
representative Raman spectrum shows a weak peak at 1,348 cm-1 for the D band and a
strong peak at 1,582 cm-1 for the G band, which corresponds with the experimental
results in the other literatures1 (Figure S13). After embedding epoxy into MWCNTs
and then cutting the composite into slices, the Raman peak of MWCNT/epoxy
composite slices remained at 1348 and 1582 cm-1. The intensity ratio of D and G
bands is approximate 0.63 for both bare MWCNTs and MWCNT/epoxy composite.
Therefore, the chemical interaction did not exist between MWCNTs and epoxy. The
Fourier transform infrared spectroscopy also verified the physical interaction between
MWCNTs and epoxy, and the characteristic peaks of CNT/epoxy were consistent with
that of bare epoxy (Figure S14). Therefore, there were not chemical bonds between
MWCNTs and epoxy.
The modulus of epoxy resin was measured by nanoindentation. The epoxy resin film
was pressed at a load rate of 30 mN/min with a maximal load of 2 mN. The calculated
modulus of epoxy resin was 1.20 GPa (Figure S15). The Young’s modulus of
MWCNTs is 270-950 GPa1, which is almost three order of magnitude higher than that
of epoxy resin. Therefore, epoxy resin acted as an embedding medium can hardly
affect the mechanical behaviors during slicing.
3. Contribution of the displacement of graphene layers on the plastic strain
With the increasing L// / L ⊥ ratio, the δ// /δ ⊥ ratios were increased due to the
enhancement of the average δ// values while the δ ⊥ values remained almost
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unchanged (Fig. 3i and Figure S5). Here the δ// /δ ⊥ ratios were calculated and
compared with L///L ⊥ to analyze the contribution of the conjugation plane
displacement to the integral strain. The same value of L///L⊥ and δ// /δ⊥ implied that
the integral strains were completely resulted from the displacement of graphene layers
(the dashed black line with a slope value of 1.0 in Fig. 3i). However, the fitting curve
of experimental results was deviated from the reference line (Fig. 3i), indicating the
part contribution of displacement of graphene layers on the integral plastic strain and
the non-negligible distortion of atomic structure.
4. Slicing of graphite
Graphite powders were embedded in the above mixing resin and sliced at a slicing
speed of 5 mm/s. Two types of characteristic samples were selected and a series of
independent samples were analyzed for the distribution of lamellar distances (Fig. 3j,
k). The average lamellar distances for slicing across (δ//A) and along (δ⊥) the graphene
layers were ~3.61 and ~3.47 Å, respectively. As the intrinsic atomic structures
affected the atomic rearrangement under stress, and the van der Waals force between
two neighboring conjugated planes were weaker than the conjugated carbon/carbon
bonds themselves, the slicing across the relatively weak π-π conjugation planes
generated larger residual strains.
5. First-principles calculations
First-principles calculations based on the density functional theory were performed
using the Vienna Ab initio simulation package (VASP) code (See the web site:
http://www.vasp.at/), adopting the projector augmented wave (PAW) potential2, the
local-density-approximation (LDA) with the exchange-correlation functional of
Ceperley and Alder3 as parametrized by Perdew and Zunger4 and a plane-wave basis
set. A 400 eV energy cutoff and a 2×8×1 Monkhorst-Pack k-point grids5 were used for
the graphite supercell given in Figure 4 in the main text, which gives the energy
convergence of about 1 meV per atom.
To simulate the slicing process of graphene layers in various directions with
first-principles calculations, we considered applying both shear (εshear) and tensile
strains (εtensile) for the graphite supercell (Figure 4), which captured the main
characteristic of the slicing process. The quasi-static slicing process and relaxed
loading path were determined by a recently developed method6-9 in which the lattice
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vectors of the supercell of the graphite structure were incrementally deformed
simultaneously in both the shear and normal tensile directions. At each step, the εshear
and εtensile were fixed, which determine the calculated shear (σshear) and tensile stress
(σtensile). The other four independent components of the Hellmann-Feynman stress
tensor were negligibly small (less than 0.1 GPa) after the whole structure being
relaxed at each incremental step. The atoms in the central layers (indicated by the
dashed lines) of the supercell were relaxed so that the force on each of these free
atoms becomes negligible (less than 0.001 eV/ Å), while the other atoms in the
supercell were kept fixed during the relaxation. The shape of the (deformed) unit cell,
the positions of the atoms and finally the pattern of the bond breaking during the
slicing process were determined completely at each step by this constrained atomic
relaxation as shown in Fig. 4 in the main text.
The detailed stresses were calculated with the increasing strains. We found that there
was a yield process before cleavage fracture, and the maximal tensile stresses were
143 and 120 GPa for zigzag and armchair direction, respectively. The early
calculation studies suggested that graphene failed with a tensile stress of approximate
117 GPa10-12 (Figure S6). The value of tensile stress generated from slicing process
was almost the same as the tensile value of simply stretching graphene layers.
Therefore, we can provide a definite evidence for our slicing process. In addition,
when the tensile strain and shear strain increased to the same value, the tensile stress
was much larger than shear stress, verifying the anisotropy of modulus.
6. Calculation of strain energy
The stored strain energy (Estrain) can be written as a function of the elastic stiffness
constant (cij) and strain component (εi, εj):
1
E strain = V0 ∑ cij ε iε j
(1)
2 ij
The molar volume (V0) can be calculated as 5.33×10-6 m3/mol for the MWCNT on the
basis of graphite. For the sliced MWCNT, the cross section was isotropic in the
two-dimensional plane, so we can assume that the elasticity was isotropic. Combining
the strain-energy density (U0), Lame coefficients (λ) and poisson’s ratio (ν)

(

1
2
U0 = λ (ε1 + ε 2 + ε 3 ) + G ε12 + ε 22 + ε 32
2
vE
λ=
(1 + v )(1 − 2v )

)
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The equation of the stored strain energy may be written as below13.
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Here E is the Young’s modulus (1.28×1012 Pa for MWCNT)14, G is the isotropic shear
modulus and ε2 is the square of the mean strain. When the MWCNT diameter was

higher than 1 nm, the Poisson’s ratio (µ = E/(2G)–1) was 0.27 15. The MWCNT was
larger than 1 nm in diameter, so the shear modulus can be calculated as 5.04×10-11 Pa.
Therefore, the strain energy stored in the MWCNT can be finally obtained.
7. Characterization
The electrochemical performance was evaluated in coin cells (CR2032) with the
sliced MWCNTS as a working electrode and lithium foil as the counter/reference
electrode. A poly (vinylidene fluoride) solution in N-methyl-2-pyrrolidone (weight
concentration of 0.5%) was drop-coated onto the sliced MWCNTs after it was paved
on the button inside. The electrolyte was composed of 1.0 M LiPF6 in a solvent
mixture of ethylene carbonate, diethyl carbonate and dimethyl carbonate ethylene
with weight ratios of 1/1/1. The measurements were performed at an Arbin
electrochemical station (MSTAT-5 V/10 mA/16Ch) at a voltage range of 0.005 to 3 V
versus Li/Li+ for charge-discharge and cyclic voltammetry.
The structures were characterized by scanning electron microscopy (SEM, Hitachi
FE-SEM S-4800) and transmission electron microscopy (TEM, JEM-2100F).
Energy-filtered transmission electron microscopy was conducted by electron energy
loss spectroscopy (Gatan GIF-Tridiem). X-ray diffraction patterns and Raman spectra
were recorded from an X-ray single crystal diffractometer (Bruker SMART APEX
(II)-CCD) and Laser-Raman microspectroscopy (Renishaw in Via Reflex, 633 nm),
respectively. Geometric Phase Analysis was performed in Digital Micrograph16.

S5

Figure S1. Dependence of the diameter of MWCNTs on re-growth time.
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Figure S2. a) TEM image of an MWCNT. b) Corresponding geometrical phase
analysis (GPA) strain map of the marked white box at (a).
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Figure S3. SEM image of pristine carbon nanotubes with a diameter of 8 nm after
slicing.
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Figure S4. a) Schematic illustration to the MWCNT slices arranged in line. b) Optical
micrograph of MWCNT slices on copper grid.
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Figure S5. Dependence of δ// and δ⊥ on L///L⊥. L// and L⊥ are defined as the parallel
and perpendicular axis distances in relative to the slicing direction, respectively. δ//
and δ⊥ correspond to the lamellar distance of the graphene sheet along the L// and L⊥,
respectively.
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Figure S6. Dependence of equivalent stress on strain for zigzag (a) and armchair (b)
slicing. Both the shear and normal tensile showed an incremental strain step of ∆εshear
= ∆εtensile =0.005.
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Figure S7. Characterization of the N-doped MWCNT with nitrogen weight
percentage of ~1%. a) High-resolution TEM image. b) Corresponding strain map. c)
Isometric plot of strain intensity. Scale bar, 2 nm.

S12

Figure S8. Characterization of the N-doped MWCNT with nitrogen weight
percentage of ~3%. a) High-resolution TEM image. b) Corresponding strain map
(right). c) Isometric plot of strain intensity. Scale bar, 2 nm.
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Figure S9. Characterization of the N-doped MWCNT with nitrogen weight
percentage of ~5%. a) High-resolution TEM image. b) Corresponding strain map
(right). c) Isometric plot of strain intensity. Scale bar, 2 nm.
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Figure S10. Charging and discharging curves of sliced MWCNTs (height of ~500 nm)
at the 1st, 2nd, 5th and 10th cycles at a rate of 0.2 A/g.
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Figure 11. Specific capacities of the sliced MWCNTs (diameter of ~60 nm) with
increasing heights at a current density of 1 A/g.
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Figure S12. Charging and discharging curves of pristine MWCNT arrays at the 1st,
2nd, 5th and 10th cycles at a rate of 0.2 A/g.
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Figure S13. Raman spectra of bare CNT, epoxy and epoxy/CNT composite.
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Figure S14. Fourier transform infrared spectra of bare CNT, epoxy and epoxy/CNT
composite.
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Figure S15. Loading curves of epoxy resin film at a load rate of 30 mN/min with a
maximal load of 2 mN.
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