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Supplementary Fig. 1 | Model-dependent capacities and measured CVs of various graphenic
carbons. a, Theoretical Li-storage capacities of graphenic carbons dependent on the layer numbers
(monolayer (n = 1), fewlayer (n = 2-5), and multilayer (n = 6—10))* based on the two viewpoints
mentioned in the text. The insets display the deductive configurations of lithiated bilayer graphene
under the two conditions, where the orthohexagnal Ce ring serves as the minimum storage unit for
each Li atom to form the theoretical and empirical LiCs stoichiometry of 372 mAh g . b, CVs of
monolayer graphene on flat Cu foil at the range of 0.25-0.001 V. It should be the space between
the graphene sheet and Cu substrate to contribute such capacitive-like behavior? . ¢, CVs of
bilayer graphene on flat Ni foil at 0.25—0.001 V. The Ni substrate would also induce capacitive
behavior to the graphene/Ni composite, in particular at relatively high sweep rates (e.g., 0.5 mV
s 1). Only when the sweep rate is small enough (e.g., 0.02 mV s 1), there would emerge the featured
CV redox peaks for graphenes/graphite electrodes. d, Capacitive CVs of N atom-doped multilayer
graphene foam at 0.25—0.001 V, illustrating the impact of rich defects on the Li-storage behavior.
The insets in (c) and (d) showed the typical Raman spectra of the applied graphenic carbons.



1300 7

;C (gra) + Ni "t i :ben:z?ne : _19Cmin’

=

[N

[

o
!

. graphene
1000 ] @11

Temperature
Do
0’77/,'7 .,
4,,&

850 1 E carbon

700 3 0.3 9

Temperature (°C)

550 1

~—5min— =—— 10min ——= =4 min-=

N
o
o

Py

=

96 97 98 99 100

c at. (%) Ni Time
d ‘%i{:‘ﬂ '
C I:_ }{,43
. . "Mﬁ
with the concentration  at the C saturation high-crystallinity SRS
of Celementin Ni>S_. concentration (S,) graphenic carbon A
Interface
t = = '
R .- ccEN. . B s ' 5
BJIk at T, atT, At the moment of

rapid cooling —

Supplementary Fig. 2 | Preparation of bilayer graphene foam. a, C-Ni phase diagram®. b,c,
CVD program to prepare bilayer graphene at a high-temperature range using 3D nanoporous Ni
substrate (np-Ni, 0.8 cm x1.2 cm %30 pm) and the possible growth mechanism®’. This fabrication
generally followed an ever-proposed process in ref. 8. However, in considering the C-Ni phase
diagram (@) and the growth mechanism of graphene on Ni (i.e., the cooling-induced segregation
of the dissolved C atoms)®, the previous CVD process was divided into three stages as shown in
(b) and Fig. 1a, such as the C-swallow period at a high temperature Th (at 850—950 °C, lasting for
5 min including the carbon-dissolution time), the C-spitting period at a low temperature T, (at
750—850 °C, lasting for 4 min), and the in-between slow temperature-fall period (AT = 100 °C, 10
°C min?) for the uniform C diffusion in the bulk of Ni. On the one hand, such an operation can
efficiently limit the carbon uptake and release to enable bilayer graphenic carbon to generate on
Ni at T\® rather than at the moment of rapid cooling as before®*° (b, c). On the other hand, due to
the resistance from the improving graphene crystal with less defects and the decreased diffusivity
of C element in the fast-cooling Ni (in 1520 s from the displayed T; to 400 °C and then ca. 1 min
to 60 °C, b), it would also restrain the precipitation of excess C atoms at the Ni-graphene interface
to yield high-quality bilayer graphene’*° (c). d, SEM images of the as-prepared graphene@np-Ni
composite (scale bar, 5 pm and 500 nm, respectively).
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Supplementary Fig. 3 | Microstructure identification of the bilayer-graphene foam. a,b, SEM
images of freestanding bilayer-graphene foam (~30 pum thick) exfoliated from 3D porous Ni foam.
c—e, Typical TEM images and SAED patterns from different regions of the bilayer-graphene
sample. The (c) inset showed the residual Ni. The lattice spacings for the {0110} and {1210}
planes were measured to be ca. 2.12 and 1.23 A from the normal-incidence SAED pattern in (d,
namely Fig. 1d; scale bar, A1), respectively, approximate to the theoretical 2.13 and 1.23 A. The
I o110/ I§12103 iNtensity was estimated according to the measured brightness of each diffraction peak
(namely the numbers marked in the pattern), as follows: lgo110/l51210y= (40 + 31 + 12 + 39 + 20 +
18)/(17+ 121 +9+ 10 + 155 +16) =~ 0.488. The bended/curly graphene sheets (i.e., Regions 1 and
3in (e)) exhibited distorted hexagonal diffraction patterns, quite different from the orthohexagnal
one from the flat part (d) and indicating the effects of curvature®'2, when the local fold area (e.g.,
Region 2 in (e) covering two layers of pristine graphene sheets) gave more than two sets of
diffraction patterns’®'4. Quite local curvature, corrugation, or misorientation inevitable for a
suspended but flat graphene sheet seem not to change the l{o1103/l{12103 ratio too much in view of
the previously reported values stable at 0.4—0.5 for various bilayer graphenes'*>% and our
simulated 0.44 (Fig. 3d). f, Typical HR-TEM image collected from the sheet edge. Due to the weak
diffraction intensity and grain contrast as well as the tilt angle between the electron beam and the
normal direction to the selected graphene sheet, the as-obtained TEM images tended to show
barely differentiable lattice and disturbed crystal planes***"é. The scale bars refer to 10 um, 2 um,
200 nm, 50 nm, 200 nm, and 2 nm in (a—f), respectively.
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Supplementary Fig. 4 | CD performances the bilayer-graphene foam electrode. a, CD curves
the bilayer-graphene foam electrode at 0.5 A g™* between 0.5 and 0.001 V (reproduced from the
inset of Fig. 2a, refer to ref. 19), consistent with the CV observations (Fig. 2b). b,c, CD profiles
(1-30 circles) of one used bilayer-graphene foam electrode (after the CV test) at 1.0 A g between
0.5 and 0.02 V. d,e, CD profiles (1-70 circles) of one fresh bilayer-graphene electrode at 0.1 A
g * between 0.5 and 0.005 V. These results verified both the stable enough performance of the 3D
nanoporous bilayer-graphene material during a long period of testing and the exemption of the
serious influence from the surface SEI (generated at > 0.5 V during the initial electrochemical
cycles), guaranteeing the reliability of our experimental results.
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Supplementary Fig. 5 | Evolution of the CVs of the bilayer-graphene foam electrode. a,
Comparative CVs of the bilayer graphene@np-Ni composite and the freestanding bilayer-
graphene foam at 2.0 mV s™2, indicating the influence of Ni substrate. b, CVs of the freestanding
bilayer-graphene foam at 0.2 mV s at varied potential ranges. The attribution of the redox peaks
above 0.5V can refer to refs 3 and 4. No NiO or stainless steel (SUS) spacer-related peaks emerged
after the upper limited voltage decreased to 1 V, illustrating the exemption from some other side
reactions of our measurements. c,d, Different forms for CVs of freestanding bilayer graphene foam
at 100 to 0.2 mV s %, which clearly display the evolutive CV peak shapes and an ever-present CV
hysteresis loop (see its related discussion at Supplementary Fig. 11c).
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Supplementary Fig. 6 | Identification of the CV features of the bilayer-graphene foam
electrode. a, CVs varied by 0.10 to 0.002 mV s* at the range of 0.25-0.001 V (vs. Li*/Li) for the
freestanding bilayer-graphene foam. b, CVs from 0.02t0 0.002 mV st at 0.105—0.04 V (vs. Li*/Li),
which exhibit the corresponding relation of C> and A, peaks as well as the intrinsic existence of
the ClI shoulder peak. c,d, CVs performed at alternative potential ranges at 0.008 mV s* (c) and
0.02 mV st (d), respectively. e,f, Kinetics analysis of the b values based on the cathodic and
anodic peak currents displayed in (a).
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Supplementary Fig. 7 | Identification of the energy storage performances of the bilayer-
graphene foam electrode. a,b, Specific capacities for 3D nanoporous graphene samples prepared
at varied experimental conditions (e.g., time and temperature in Supplementary Fig. 2b) as a
function of CD current densities ranged from 50 to 0.1 A g~*. Thereinto, for the (i) and (ii) samples,
the Th and T, values were 850 and 750 °C, respectively, which were 950 and 850 °C for the (iii)
and (v) samples, when the (v) sample was prepared following the procedure described in ref. 20.
Their performances were measured both at the initial period (a) and after the GCD tests at 0.2 A
g ! for 30—50 circles (b), respectively. The results show that the graphene samples’ capacities were
always lower than 372 mAh g* of graphite, and suggest that the average graphene layers were
2-3,~3, and 46 for the (i—iii) samples and > 8 for the (vi) and (v) samples (refer to Supplementary
Fig. 1a), in line with their Raman features (refer to Fig. 1e). ¢, Specific quantity of electric charge
of the bilayer-graphene sample (theoretically at 8040 C mol ™ for LiCi2) and the corresponding
average number of C atoms in the stoichiometric LiCx units based on the CV performances in
Supplementary Fig. 6a. d, Average compositions of various phases by calculating individual peak
areas over the CV curves in Supplementary Fig. 6a.
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Supplementary Fig. 8 | Comparative CVs of various graphenic carbons. a, CV profiles at 0.02
mV st of the commercial graphite electrodes supported by Rany Ni substrate or not. b,
Comparative CV profiles at 4 uV s of the freestanding bilayer-graphene foam and commercial
graphite. ¢, Comparative CV profiles of the graphene foams and graphite electrodes obtained by
different post-processing routes. The bilayer graphene 1# (950—850 °C) and 2# (850750 °C)
samples with different defective ratios were both obtained through the supercritical-drying process.
The liquid-transferred sample means that the as-prepared graphene foam was directly assembled
into the coin cell after removing Ni in HCI aqueous and being washed in the EC-DMC solution
(without the drying process). The C1 peak (as well as the C5 peak) was noticed to vary a lot in
different samples, when the CV shapes at the CI position (marked by grey triangles) were similar
for the multilayer graphene sample and graphite electrode. It is worth mentioning that, graphite
electrodes would also exhibit changeable CV shapes due to their specific preparations (and thus
defects)?™.
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Supplementary Fig. 9 | Comparative analyses for the planar images of the possible LiCx
compositions. a, Ideally areal distribution of Li atoms on the X-Y plane according to the estimated
Li-intercalation/deintercalation process shown in Supplementary Fig. 7d, namely the range and the
mean of the seven x values for each LiCx phase. It can be seen that every Li atom can locate at the
Ce-ring center or vertex, which from geometry view is also necessary to keep the large-range
periodicity and ordering of the microstructure corresponding to each LiCy unit (refer to the regular
XPS results in Fig. 4). According to this rule, the as-claimed Li-graphite intercalation product of
LiCyp, if this estimation was relatively accurate, may be revised as LiC127 (P3”) compared with the
other adjacent viable composition of LiC1os, as shown in the P3 image. By the way, the succedent
Cs7-65LiICs7-65 next to CeLiCe is perhaps close to the stoichiometric composition at the
transitional P2 phase (with an unstable quasi-SP stacking configuration between ARB and ARA
as discussed at Supplementary Fig. 16). However, judging from the highly overlapping CV peaks
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of strong C2 and weak CI (Fig. 2b and Supplementary Figs 6 and 8) and the following XRD
(Supplementary Fig. 16) and XPS results (Fig. 4 and Supplementary Fig. 21), the real LiCyx product
at this transient state seem to become the mixture of the Pl and P3 (or more) intercalation
compounds?. b, Distribution of Li atoms on the graphene network according to the average
stoichiometric LiCx phases, namely C < LiCi2 < LiCs27 S LiCi4 < LiCs. c,d, Geometrical
position relationships of Li atoms at the staged Li-graphene phases based on the data in (b). The
scale bar in (c) refers to 1 nm. The inset three equilateral triangles in (c) indicate that the incoming
Li atoms (except for the Pl formation marked by the solid red circle) can happen to locate at the
geometric centers of three adjacent Li atoms in the present phase. Each vertex of the inset color-
coded regular hexagons in (d) refers to one Li atom generated at the corresponding phases. After
each Li intercalation, there will emerge 6 Li atoms around each Li atom in the former phase until
achieving the Li-saturated state in the graphene interlayer, yielding a “visual expression” of fractal-
way Li intercalation. e, Theoretical planar image of LiCe plotted following the reverse fractal Li-
intercalation way, in which the color-coded balls refer to the intercalated Li atoms at each step. As
a result, the “backward” series from CsLiCg iS CeLiCg — C18LiC18 — Cs4LiCs4 — Ci62LiC1620 —
C. In this hypothetic mode, the three main intermediate phases (P5, P4, and P3) possess much
lower Li distribution densities than the above experimental ones, which would not increase the Li*
diffusion resistances greatly at the 2D space even for the final formation of CeLiCs because of the
always large enough distances between any two neighbouring Li atoms.
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Supplementary Fig. 10 | EIS measurement and Li-diffusion analysis for the bilayer-graphene
foam electrode. a, Intermittent CVs at 0.02 mV s™* to obtain every phase for the Nyquist plots in
(b). Specifically, when reaching a preset voltage, the workstation stopped automatically and the
cut-off voltage was set as the open-circuit voltage for the prompt EIS measurement. The (a) inset
(amplified in Supplementary Fig. 11a) refers to the ever-proposed equivalent circuit to simulate
the Nyquist curves of graphite electrode?®. b, Experimental (the solid lines) and simulative (the
dashed lines) EIS curves. The rugged plot at 0.13 V in (i) should relate to the aberrant CV behavior
for the P3 formation (Supplementary Fig. 6c¢,d). c, Plots of the real part of impedance (Z') as a
function of the inverse square root of angular frequency (o ) in the Warburg region (i.e., the
frequency ranges of the slope with 45° in the Nyquist curves). From the slopes of Z’ versus o /2
(Zw = o (1) 0 ) (i, ii), the values of Warburg coefficients ¢ at each open-circuit voltage were
calculated firstly, as plotted in (iii). Thus, apparent chemical diffusion coefficients of Li* (i.e., Dii*)
(Fig. 2e) could be further obtained according to the equation of & = RT/ ((2Dwi*)*2n*F2AaCLi)> 7.
Thereinto, (1) R is the gas constant; (2) T is the room temperature; (3) n is the number of electron
taking part in the intercalation reaction; (4) F is the Faraday constant (96486 C mol™); (5) A is the
area of electrode (ca. 0.05 cm? and 0.026 mg for the as-applied sample here); and (6) aCvi is the
changed concentration of Li in the lithiated graphene material.
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Supplementary Fig. 11 | Simulation analysis of the AC impedances for the bilayer-graphene
foam electrode. a, Equivalent circuit for the simulation of the Nyquist plots in Supplementary Fig.
10b. Thereinto, (1) Re is the total resistance of the electrode, electrolyte, and separator; (2) Rsi is
the resistance of the SEI film, and CPEL refers to its space charge capacitance; (3) Rct is the charge
transfer resistance at the electrode-SEI interface, CPE2 refers to the double-layer capacitance
based on the surface roughness of the electrode, and Zy is the Warburg impedance owing to Li
diffusion in the electrode; (4) the C4||Rs unit is inserted into the circuit to subsume the contribution
of the SEl-solution interface, where Cp is regarded as the insertion capacitance around the
measured potential®. The resulting chi-squared functions were ~10 2 and the largest errors for the
resulting parameters were less than 10%2. b, Evolution of various charge transfer resistances, such
as (i) Re, (i) Ry, (iii) Ret, (iv) Zw, (V) Ra, and (vi) the total resistance Rrotal. It can be observed that
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the SEI film led to the vast majority of the system resistance?® (~90% for Ret + Rsi), for which the
graphene electrode itself only contributed < 3%. Associated with the Li* diffusion in the bilayer-
graphene interlayer, the Warburg impedance Z., always achieved the maximum value at P1 in
either the Li-intercalation or its inverse processes. Besides, Rtota decreased by some extent along
with the Li intercalation?®. ¢, Evolution of the capacitive-like units. The changes of CPE1 and
CPE2 (Q's", in which a n-value of ~0.5 refers to a semi-infinite diffusion controlled
electrochemical behaviour, and a n-value of ~1.0 represents a capacitor-like surface controlled
electrochemical behaviour) kept pace with their parallel resistances Rsi and Rct, respectively. Their
values varied alternatively between exact 0 (n = 0.98-1.0) and ca. 0.0012 (n = 0.75-0.80),
suggesting the influence of the stacking configuration or Li concentration (refer to the changed
spatial relationship of local Li and C atoms in Supplementary Fig. 9b and Scheme 1b) on the SEI
interface. CL became much larger at the ARA stacking CeLiCs phase and the ever-present CV
hysteresis loop (Supplementary Fig. 5d) may be associated with this parameter.
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Supplementary Fig. 12 | In-situ Raman spectra measurements for the graphene foam. a,
Schematic of the liquid-cell device for the in-situ Raman study. b,c, CV curve at 0.1 mV s* (b)
for the in-situ Raman spectra shown in (c), for which the CV voltage ran from 0.25 to 0.001 V
firstly and then returned to 0.25 V. The G peak tended to vanish after 0.090 V during the Li
intercalation process, and to reappear after 0.103 V during the Li deintercalation process. The
intensity evolution of the emerging X band assigned to the electrolyte showed its close relationship
with the intercalated Li population.
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Supplementary Fig. 12 | In-situ Raman spectra for the graphene foam. d,e, In-situ Raman
spectra with the CV rate at 0.02 mV s* (on behalf of a much longer laser-irradiation time than at
0.1 mV s 1), which were captured at a fixed location (d) and then from two locations (e) in case of
the irreversible irradiation damage suggested by (d). Each spectrum was recorded at an interval of
0.01 V. The G peak tended to vanish after 0.09 V during the Li intercalation process, and to
reappear after 0.10 V during the Li deintercalation process, in line with the observation at 0.10 mV
s (c), which should be associated with the stacking configuration transformation between ARB
and ARA induced by Li intercalation at this voltage range (corresponding to the phase changes
from P3 to P2 and further PI). Both the failure illustrated in (d) and the rapid enlargement of the
X band at a new probe position (see the spectra from 0.01 to 0.03 V in (e)) can further suggest the
source of this special band associated with both the laser irradiation and Li concentration. Refer to
the detailed discussion in Supplementary Note 1.

16



(i) [ Exp (i) [— P11 P12 — P21
—— Lorentzian fit P22 ---- PO Sum
© Exp R2

R2
2701.8/
501 099N 1|

—_ 2705.9/ =
g 48.7 0.979
g 2705.7/
S 2702.3/
= 49.0 0.978 P3
2701.8/
55, 0.974 P4
2699.2/
552 0.973 ™2
1000 2000 3000 2600 2700 2800 2600 2700 2800
Raman shift (cm™) Raman shift (cm™") Raman shift (cm™")

Enhanced Raman D band
at armchair edge

A,y mode

Supplementary Fig. 13 | Identification of the morphology and Raman features of the used
bilayer-graphene foam electrodes. a, SEM images (scale bar, 1 um) of the ex-situ Li-bilayer
graphene samples at the P5, P4, P3, P2, PI, and P1 phases, respectively. The characterizations were
carried out after the XPS measurement (Fig. 4 and Supplementary Fig. 21), when these lithiated
samples had been oxidized due to being exposed in air for a long time. All the samples can maintain
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the 3D porous morphology. b, Raman spectra of these samples (i) together with the comparative
Lorentzian fitting analyses of their Raman 2D bands (ii—iv). (ii) Single peak-fitting results (with
R? at 0.97-0.98), which simultaneously show the peak position and FWHM information
(summarized in (i)). (iii) Combined-fitting results (R? > 0.994) by assuming that all the oxidized
P3, P2, Pland P1 samples possessed the A-B stacking configuration (refer to the explanation below)
and by using the same processing method in Fig. 1e(ii) (i.e., keeping the peak distance of P1» and
P21 at 2022 cm 1)** 3% which display the contributions of monolayer or misoriented graphene
regions (3—5% according to the integral area ratio of each pink fitting curve). (iv) Four scattering
processes of the Raman 2D band of Bernal bilayer graphene corresponding to the P11, P12, P21 and
P22 peaks in (iii)?°. The assumption at (iii) about the stacking configuration of the oxidized P3, P2,
Pl and P1 was based on the following facts, such as their similar FWHM and I.p/l values to those
of the pristine Bernal bilayer graphene and the P5 and P4 oxidation products shown in (i), the
significantly different intensity changes of the in-situ Raman G bands (Supplementary Fig. 12c—e),
and the comparative XRD results for the fresh and oxidized lithiated samples (Supplementary Fig.
16). Accordingly, although the macroscopic morphology (like porous structure) of the oxidized
P3, P2, PI, and P1 samples (with relatively higher Li distribution densities) maintained as well as
those of P5 and P4 (a), the oxidation and aggregation of Li atoms during the air exposure possibly
caused all the oxidation products to possess the microscopic AR’B stacking configurations (R’:
the generated Li2Ox layer). Thus, there should be two reasons which can account for the differences
between the ex-situ®! and in-situ? Raman spectra focusing on the intensity and shift of G band,
including here the extrinsic configuration change caused by Li oxidation and the inherent Li-
doping effect?323 discussed at Supplementary Fig. 12. ¢, Schematic of the influence of Li atoms
at the defective sites (e.g., DVs) on the Raman D band intensity enhancement®*. The Raman D
band is known to be generally induced by the Aiq zone-boundary mode at the graphene edge®,
including the equivalent defective sites of high order illustrated in (c). Therefore, during the in-
situ experiment (Supplementary Fig. 12), because Li* ions just diffuse through these sites and Li
atoms simply adsorb there, the quality of graphene sheet won’t be disrupted to exhibit enhanced
D band. However, once the lithiated graphene samples were exposed in air (the cases here), Li
atoms would be oxidized into larger Li.Ox species at the defective sites to greatly aggravate these
defects, which seemed to be particularly obvious at high Li-density but structurally unstable
phases®! like P3 and P1 (refer to the HR-TEM and XPS results in Supplementary Figs 14 and 21b,
respectively).
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Supplementary Fig. 14 | Typical HR-TEM images of the well-preserved P4, P3, PI, and P1
samples. Scale bar, 5 nm. The lattice spacings were all estimated by using the inset Fast Fourier
Transform (FFT) patterns, and the white-color values refer to the dominant lattice sizes. The P3
and P1 samples displayed relatively blurry fringes possibly due to the unstable stacking
configurations of the selected local areas under irradiation. The PI image displayed a FFT pattern
composted by two sets of hexagonal patterns'® with a rotational angle of ca. 28.5° (characteristic
of quasicrystalline bilayer graphene®%), which was quite similar to its SAED pattern collected at
the same but much enlarged region (Supplementary Fig. 17c(iv,v)). The spacing at ca. 0.32 nm
may come from the DV sites. The spacings of 0.27 and 0.23 nm are possibly from the inflated
honeycomb lattice constants, when Li atoms driven by electron beam would enter into the
hexagonal centroids (refer to the configuration model in Fig. 3b(iv)). Besides, the (002) spacing
of LiF (possibly present in the SEI film, LiPFs — LiF + PFs) is ca. 0.190 nm®’, which may disturb
the localized HR-TEM imaging but it possesses no sixfold-symmetry electron diffraction pattern.
In brief, quite different from the pristine bilayer graphene (Supplementary Fig. 3), these lithiated
graphene phases displayed discriminable lattices in their HR-TEM images. Besides, we noticed
that prolonging irradiation time would enable the lattice fringes to become much clearer (refer to
the circle-marked local regions in P3, PI, and P1), suggesting the considerable influence of electron
beam (refer to the SAED results in Fig. 3a—c and Supplementary Fig. 17 as well as the above laser-
irradiation damage in Supplementary Fig. 12d). The commensurate rotation of the two graphene
layers for PI should also be associated with the irradiation effect (refer to Supplementary Fig. 18b).
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Supplementary Fig. 15 | EELS analysis. a, Comparative EELS mappings for the well-preserved
P4, P3, P1, and P1 samples. b,c, EELS mappings captured from another regions for Pl and P1. All
the scale bars refer to 100 nm. No Li dendrites generated in all the cases, except that some big Ll
particles or clusters appeared on the basal plane of the sole P1 sample (a, ¢). These results suggest
the defective or edge regions (including the junction of fewlayer and bilayer areas shown by Pl in
(a)) of graphene sheets to induce the Li enrichment (or called Li-plating behavior®®) and thus the
Li-storage position (i.e., graphene interlayer). The contrast evolution displayed by the composite
images (a) may be associated with the staged SEI on the surface (refer to the discussions about the
in-situ Raman spectra and O 1s XPS results in Supplementary Figs 12 and 21, respectively).
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Supplementary Fig. 16 | XRD analysis to identify the interlayer spacing information. a, XRD
patterns of pristine graphenic carbon foams with increased graphene layers (until the average n
value > 10). All the pristine graphene foam samples should possess the predominant AB stacking
configuration in view their larger 26 angles (with the typical interlayer spacings doo2 at 3.36 #0.01
A) than that for AA stacking (24.8°, dooz = 3.58 A)*, in line with the Raman results and discussion
(Fig. 1e). The slight shift of the XRD (002) peak for the bilayer and multilayer samples (also
considering the reported varied dooz values for different graphites, 3.34—3.37 A) may result from
the altered fractions of their coexisting misorientation configurations. The (002) peak of the bilayer
sample (as well as its lithiated products (b)) is rather weak due to the sole crystal face for
diffraction (d(i)). b, XRD patterns of the bilayer graphene-based samples before and after being
oxidized/exposed in air. Kapton tape displays no sharp XRD diffraction peak. In view of the
patterns of the three fresh bilayer products, a new peak seemed to emerge at 24.4° at the Pl phase
(with ARA configuration in theory). Although its corresponding dooz value (3.64 A, if correct) was
smaller than that for LiCs of graphite electrode (~3.70 A, 24.09), it is understandable by
considering the different average valences of C atoms in CeLiCs (bilayer graphene) and LiCe
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(graphite) and thus the varied repulsive forces between the adjacent graphene sheets (refer to (d)
and the smaller doo2 for AA stacking graphite). After exposure to air, however, each oxidation
product seemed to display a sole diffraction peak at 26.5° (no LiCyx peaks), as further confirmed by
the stronger-signal spectra of the oxidized multilayer samples (c). This specific phenomenon
should indicate that, all the oxidation products possessed the AR’B structure (R’: Li2Ox layer)
regardless of the intrinsic stacking configurations of their fresh counterparts, possibly due to the
random oxidation and thus aggregation of Li atoms at the interlayer on this occasion, in favour of
the Lorentzian fitting analyses of the ex-situ Raman spectra (Supplementary Fig. 13b). ¢, XRD
patterns of the multilayer graphene-based samples before and after being oxidized/exposed in air.
The XRD pattern of the pristine sample was double checked, from which its (002) diffraction peak
was determined to be centred at 26.59° (dooz = 3.35 A). In view of the typical patterns of the overall
four fresh lithiated samples, as the Li concentration increased, this original (002) peak was slightly
blueshifted in the foregoing phases until 26.42° at P2 (dooz = 3.37 A) and seemed to vanish at the
final ARA-stacking PI, exhibiting a suspected new peak at 24.01° (doo2 = 3.70 A, quite close to
that for LiCe). The pattern of the material for the transitional P2 phase (refer to the highly
overlapping Cl and C2 CV peaks in Fig. 2b and Supplementary Fig. 8c and to the abnormal Li 1s
and C 1s XPS spectra of P2 in Fig. 4a,c) was quite similar to that of the unstable LiCi
stoichiometry of graphite (identified to be a mixture of LiCs and “liquid-like” LiC12-15)?%, which
displayed multiple diffraction peaks such as at 23.5°(3.78 A), 23.8°(3.74 A), 24.4° (3.64 A), 25.1°
(3.54 A), and 25.7° (3.46 A). In line with the P2 pattern, there was also a broad diffraction peak
centered at ca. 25.7° (3.46 A) for P3 in addition to the retentive one at 26.4° (refer to the stronger
and broader (002) peak of its oxidation product). In view of the definite LiCx composition at P3
for either graphenes or graphite (different from that at P2), we consider its real product to possibly
form two stacking configurations, including the initial ARB mode and another relatively
balanced/stable SP mode (namely a theoretically intermediate state between A-B and A-A, refer
to Fig. 4e,f and Supplementary Figs 6¢,d and17b(xi)), consistent well with its Li 1s XPS spectrum
containing two Li 1s species (Fig. 4c). Thus, P3 can be regarded as another transition phase due
its relatively large Li density (refer to its multiply peculiar results summarized at Supplementary
Fig. 19); however, due to its much lower Li density, it is more stable than P2 (possibly with a
theoretically quasi-SP structure by following P3, and considering the ideal SP structure of either
CuLiCu4 for P3 (Scheme 1b) or CsLiCs for P1 (Fig. 4e,f)). The single weak peak of 26.6° for P4
indicates that this low-Li density phase should retain the A-B structure of the pristine sample, and
so should the P5 phase. Even so, the intercalated Li atoms seems to be able to be located at two
sites at P4 (namely Site 1’ and Site 2’ shown in Fig. 4e,f) in its ideally stacking configuration
(Scheme 1b and Supplementary Fig. 9b), still agreeing with its C1s, Li 1s, and O 1s XPS results
and further explaining the difference between its XPS spectra and those of P5 (Fig. 4a—d and
Supplementary Fig. 21b—d). d, Schematic of the Z-axis structures of the PI phases (with LiCe
stoichiometry in plane) for (i) bilayer graphene and (ii) graphite/multilayer graphene, assuming
that the PI pattern in (b) is accurate and the valences of the embedded Li atoms are constant at
+0.9 (or with a quite slight change)®4%4*,
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Supplementary Fig. 17a | Normal-incidence SAED pattern from a flat region for the
bilayered P4 sample. The scale bars refer to 50 nm and 1 A% in (i) and (ii), respectively. The
angles close to 120° together with the high coincidence of the circles and regular hexagon
connecting the target {0110} and {1210} diffraction spots (iii), can help confirm that, the as-
obtained pattern was captured from a flat enough region (i). Thus, it is feasible to use the data for
the further analysis, as shown in Fig. 3a(i) for the brightness ratio of the {0110} and {1210} peaks
(ca. 0.53) and in Fig. 3c for their corresponding in-plane lattice spacings (ca. 2.12 and 1.23 A).
Similar processing method (geometrical analysis) was applied to identify the SAED patterns of
the other samples. As a result, the interplanar distance was estimated to be about 3.42 A from the
weak diffraction ring in this pattern, a little larger than the theoretical doo2 value at this low-Li
density phase (ca. 3.35-3.37 A at the ARB configuration by the XRD results in Supplementary
Fig. 16). In consideration of here the locally misoriented stacking configuration caused by the
beam irradiation (as suggested by the rotation angle marked in this pattern, refer to Fig. 3a,b and
Supplementary Figs 18 and 19) and the typical interplanar spacings for graphite (varied between
3.35 A at AB mode and 3.58 A at AA mode)*, the doo2 value for the ARB-stacking P4 (with low
Li concentration) is supposed to be smaller than the observed 3.42 A in (ii) and be more close to
3.35 A

23



(xX) A-A stacking LiCyg
Ghaag = 123 A

........ ~° gl
iy L sdng =213 A

L) °e e 0 _ 60 0 _o_o / / \

\

-------- ~ -

(Xi) SP stacking LiCog
(d002: 343 ,8\)

LR A Lo

Supplementary Fig. 17b | Normal-incidence SAED patterns of the bilayered P3 sample and
simulated in-plane spacings for the given LiCzs structure models with varied stacking orders.
The scale bars refer to 50 nm in (i), 200 nm in (vii), and 1 A" in (ii, iv, viii), respectively. The
patterns in (ii; i.e., Fig. 3a(ii)) and (iv) were captured rapidly and successively from the same
region marked in (i), and the pattern in (viii) was obtained at another position (vii) after long-time
irradiation. The initially sixfold symmetry for the {0110} and {1210} peaks became rather
ambiguous at this phase, as further confirmed by using one multilayered sample in Supplementary
Fig. 17e (refer to the literature statement about this phase of graphite, namely no in-plane
ordering*®?4424%) The ring-like diffraction patterns (ii, iv/vi, viii) should be composed by several
hexagonal diffraction patterns with arbitrary rotation angles (refer to (viii)), reflecting various
spacings were measured to ca. 2.18 and 1.27 A (ca. 3% larger than the pristine values). However,
there appeared four spacings in the later pattern with more identifiable diffraction spots (iv—vi).
Thereinto, the {0110} spacing increased to 2.298 A (ca. 7.9% larger) from the normal 2.13 A
(denoted by the white ring in (vi)), in line with the above HR-TEM observation (Supplementary
Fig. 14) and the theoretical expansion degree for the honeycomb lattices of the Li-inlaid LiCas
(Supplementary Fig. 19b), while the {1210} spacing (ca. 1.232 A) still seemed to approach to that
of pristine graphene. Another two spacings in (vi) were ca. 2.463 and 1.422 A, rather close to those
(2.464 A and1.426 A) of the lattice constant and C-C bond length for pristine graphene (refer to
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Fig. 3a(iv))*®“°. In the third pattern (vii—ix), the lattices spacings were measured to be 2.641 and
1.518 A from the highly distinguishable diffraction spots with sixfold symmetry (refer to Fig.
3b(iv)). Quite similar to the above expansion degree of the {0110} planes, these two values were
6—7% larger than the initially lattice constants assigned to the honeycomb units of graphene. The
simulation results in (x, xi) can help account for the above experimental results under different-
degree irradiation (similarly in the Supplementary Figs 17c(x), 18, and 19). Moreover, it can be
seen that the simple changes in the interplanar spacing (e.g., with dooz at 3.33, 3.43, and 4.00 A),
stacking configuration***?, and Li density would not influence the in-plane lattice spacings. All
the above phenomena, including the initial ambiguous patterns (ii), the appearance of two sets of
diffraction spacings after short-time irradiation (vi), the multiple sets of diffraction patterns after
adequate irradiation (viii), and the ever-increasing lattice spacings, were considered to be induced
by the beam irradiation (refer to the schematic explanation in Supplementary Figs 18 and 19). In
short, the high-energy electrons should easily drive the interbedded Li atoms (considering their
“real” valence states in the graphene interlayer, e.g., +0.9|e| for Li in the Ces-Li constitutional unit
due to the charge transfer between it and its surrounding C atoms)>“%“! to enter into the hexagonal
centroids of one graphene layer (denoted as Li-inlaid graphene layer below), leaving the other
layer to become a “pure”/Li-free graphene sheet. The random movements of electrons and Li
atoms (refer to Supplementary Fig. 19a) would further exacerbate such misorientation in the
stacking order (incommensurate structure) between the lattice-expanded Li-inlaid sheet and the
pure graphene one (refer to Supplementary Fig. 18).
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Supplementary Fig. 17c | Normal-incidence SAED patterns of the bilayered Pl sample and
the simulated in-plane spacings for the ARA-LiC12 models with varied interplanar spacings.
The scale bars refer to 500 nm in (i), 100 nm in (iv), and 1 A in (ii, v), respectively. The pattern
in (ii, namely Fig. 3a(iii)) was captured rapidly, when the in (v) one was obtained by prolonging
irradiation time. The EELS results in Supplementary Fig. 15a indicated the coexistence of fewlayer
graphene at the sampled area in (iv). From the orthohexagonal pattern in (i—iii), the lattice spacings
of the {0110} and {1210} peaks were estimated at 2.11 and 1.22 A (marked by the violet circles
in Fig. 3c), respectively. The mixed pattern in (iv, v), displaying two sets of diffraction spots (with
a rotation angle of 28.5° (viii), refer to Supplementary Fig. 14 and the similar observation at the
P1 phase in Supplementary Fig. 17d(vii)), possibly suggested the misorientation of the adjacent
graphene layers at this sampled flat area®. The paired/parallel diffraction spots (marked by green
in (vi, viii)) indicated that this Li-graphene region was also perhaps a little curved*? (refer to the
inner angles in (vii, ix) and Region 1 in Supplementary Fig. 3e). The two distorted sets suggested
the in-plane lattice spacings to be ca. 2.19/1.27 A (ca. 3% larger) and 2.06/1.19 A (ca. 3% smaller),
corresponding to the black and pink symbols in Fig. 3c, respectively. All the phenomena in (iv—ix)
can be well explained by the irradiation effect discussed in detail in Supplementary Fig. 18.
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Supplementary Fig. 17d | Normal-incidence SAED patterns of the bilayered P1 sample after
some-time irradiation. The scale bars refer to 100 nm in (i) and 1 At in (ii, iv, vii), respectively.
These patterns, including Fig. 3b(iii), were captured successively from the large flat region marked
in (i, refer to the HR-TEM result in Supplementary Fig. 14). The lf110)/l{12103 ratios for the
bright/dark paired patterns (marked by yellow/green in (iv)) were measured to be 5.0/1.9 in (ii),
3.1/1.8 in (iv), and 2.1/1.8 in Fig. 3b(iii), respectively. The in-plane lattice spacings of the
2.09/1.20 A (ca. 2% smaller) in (iv—vi), and 2.18/1.25 A (ca. 2% larger) mixed with 2.07/1.18 A
(ca. 2—4% smaller) in (vii—ix), respectively. A spacing (2.45 A) close to the lattice constant of
graphene (2.46 A) was also observed in (viii), similar to that at the P3 phase (Supplementary Fig.
17b(vi)). The dooz interplanar spacing observed from (viii) was 3.50 A, much smaller than the value
indicated by the nondestructive XRD technique (3.64 A if not reaching 3.70 A of LiCs;
Supplementary Fig. 16b—d). The reason for this result should lie in the beam irradiation or rather
the incommensurate structure it caused (refer to the discussion at Supplementary Fig. 17a), as
reflected by both the above different in-plane lattice spacings of the pure and Li-inlaid graphene
layers and their stacking order deviating from the original ARA mode (ca. 8° in the rotation angle
here; see the extrinsic structure model in Supplementary Fig. 18b). Such consistently physical
phenomena induced by the electron beam irradiation further verify the CRC stacking configuration
of the original Li-bilayer graphene phases.
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Supplementary Fig. 17e | Normal-incidence SAED patterns of the multilayered P3 sample.
The scale bars refer to 200 nm in (i, iii) and 1 A ™Y in (i, iv), respectively. The long-time electron
beam irradiation caused the ring-like diffraction pattern (i, ii) to become a distinguishable
orthohexagonal pattern (iii, iv), in line with the bilayered phenomena (Supplementary Fig. 17b),
indicating the relative rotating between graphene layers driven by the chaotic movements of the
intercalated Li atoms (Supplementary Fig. 19a). The in-plane spacings for the {0110} and {1210}
peaks also became lager in this sample, e.g., 3—6% for the enhanced {0110} peaks (with do11o at
ca. 2.19 and 2.24 A'in (ii) and (iv), respectively). In addition, the observed area was noticed to roll
up at the end (refer to the phenomenon in Supplementary Fig. 17c(vi,viii)), indicating varied strains
between graphene layers with Li embedding or not (Supplementary Fig. 18b).
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Supplementary Fig. 18 | Interpretation of the relationship between the beam irradiation and
the SAED patterns at Pl. a,b, Schematic illustration of the structural remodeling of the Li-
saturated bilayer graphene (namely CsLiCs) under the electron beam irradiation. c—e, Theoretical
and experimental SAED patterns of CsLiCe before and after the configuration transformation. The
DFT-based structural relaxation shows that, as Li atoms enter into the hexagonal centroids of
graphene sheet, the lattice constant would expand by 6.5% for stoichiometric LiCis
(Supplementary Fig. 19b) and by 3% for stoichiometric LiCs (refer to the bottom layer in (b) and
its simulated diffraction pattern in (c)), in good agreement with the experimental observations
(Supplementary Fig. 17c,d). Although such a process is impossible in practical LIBs due to the
high formation energy (~4.16 eV for Li atom in LiCzs by our DFT calculation)?, it should be
feasible under the TEM condition based on the above systematic study. The high-energy electron
beam can easily drive the interlayered Li atoms to enter into honeycomb lattices of the bottom
sheet of bilayer graphene (b, side view). As a result, besides of the possible commensurate rotation
(with an arbitrary/indeterminate angle)®®, the lattice expansion in the Li-inlaid graphene sheet
would lead it to possess obviously incommensurate structure to that of the upper Li-free graphene
sheet (b), yielding the mixed SAED patterns (c, e; refer to the direct phenomena in Supplementary
Figs 14 and 17) consisting of two main hexagonal patterns with more obvious monolayer feature
(refer to the larger l{o1103/l{12103 ratios shown in Fig. 3b and Supplementary Fig. 17d). Meanwhile,
the interplanar spacing would possibly decrease along with the structural remodeling under
electron beam. Consequently, to avoid/alleviate the irradiation interference, it is a must to capture
the SAED pattern as quickly as possible (Fig. 3a).
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Supplementary Fig. 19 | Interpretation of the influence of the electron beam irradiation on
the specialized SAED patterns at the P3 phase. a, Schematic of the influence of the vacancies
(refer to the purple circles) on the electron beam-driven movements of Li atoms in the Li-
unsaturated bilayer graphene. For clarity, ARA stacking configuration (i) is adopted as the initial
state in the current model, whose simulant diffraction pattern (static) is shown in (ii). Besides, the
defect area (represented as DV sites here) is ca. 3% and the C/Li atom ratio is 17.6. Because of the
abound vacancies in the 2D space, the interlayered Li atoms can not only move freely in the Z-
axis direction but also on the X-Y plane. The chaotic/unsynchronised motions of a sea of Li atoms
driven by electrons with large momentum (i) will possibly lead regional graphene sheets (at the
bottom layer relative to the incident direction of the electron beam) to rotate in an arbitrary angle,
giving rise to various incommensurate stacking configurations in the selected area and thus the
ring-shape SAED pattern like that for a polycrystalline material/region (refer to Region 2 in
Supplementary Fig. 3e). This phenomenon can be identified in all the samples (Fig. 3a and
Supplementary Fig. 17) especially the “liquid-like” P3 phase (Supplementary Fig. 17b,e). By the
way, such a Li-density state, large enough but yet-to-be saturated in the graphene interlayer, may
also account for the other peculiar characterization results at P3 (under different disturbances in
the experimental processes), such as the incompletely reversible CV behavior (Supplementary Fig.
6¢c,d), the zigzag Nyquist plot (Supplementary Fig. 10b), the unordered lattice fringes
(Supplementary Fig. 14), and so on. In addition, although the presence of DV sites (with the
maximum Li-C distance at ca. 2.3 A%*%) will facilitate this unsteadiness under electron beam
irradiation, such local bonding would not contribute to Bragg peak in the diffraction pattern (ii)
but only diffuse scattering (i.e., Huang scattering shown in (i)). b, Structure model for Li-inlaid
monolayer graphene (LiCi4 stoichiometry) with lattice expansion at 6.5% (i) and its corresponding
diffraction pattern (ii), consistent well with the experimental result in Supplementary Fig. 17b(viii).
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monolayer graphene AA stacking bilayer graphene

lo110/ 1210 = 1.31 o110 /1210y = 1.36

Supplementary Fig. 20 | Brightness simulation for the electron diffraction patterns of
graphenic carbons. a, Monolayer graphene. b, AA stacking bilayer graphene. The results for
either monolayer graphene (a) or AB stacking bilayer graphene (Fig. 3d) are quite close to the
literature values (~1.4 and 0.4—0.5, respectively)':*°, validating our SAED simulation approaches
(refer to the detailed brightness values of the {0110} and {1210} diffraction spots in
Supplementary Table 1).
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Supplementary Fig. 21 | Chemical composition identification of the bilayered LiCx phases
during the Li-intercalation process. a, Full XPS spectra for pristine bilayer graphene and its
lithiated phases during the Li-intercalation process. b, Evolution of the Li, C, and O contents and
the Li/C ratios. Li species came from both of the SEI film (e.g., LioCO3 and Li-contained organic
molecules like R’-CH>OCO-Li*) and the interlayer. c,d, O 1s XPS spectra and the evolution of
binding energies of the O 1s species in the SEI film. Similar to the C 1s and Li 1s cases, a regular
trend also held for the O 1s spectra (b—d)***. Such phenomena (in particular the changes in the
surface compositions) should reflect the outer surface adsorption capabilities of the lithiated
bilayer-graphene phases with specific stacking configurations and Li densities (refer to the in-situ
Raman study in Supplementary Fig. 12 and the composite EELS mapping images in
Supplementary Fig. 15). Besides, as discussed at Supplementary Figs 9 and 16, the practical P2
sample should be a mixture of Pl and P3 (or more). Accordingly, the P1 product is also supposed
to be a mixture due to the local segregation and aggregation of Li atoms (known as the defect-
induced Li plating behavior®), as reflected by its EELS mapping images (Supplementary Fig.
15a,c) and its similar XPS profiles to those of P2,
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Supplementary Table

Supplementary Table 1. Simulated diffraction-spot intensity for bilayer graphene with
different configurations and varied Li concentrations. The intensity values are shown by their

logarithms (refer to Supplementary Note 2).

i i ' A-B stacking A-A stacking Graphene
Simulated configuration CgliCg CypLiCy, CpuliCyy  CgCg  CgliCg CypoLliCqp CyyliCyy  CeCe Cs
Logarithm Center 13.8155 13.8155 13.8155 13.8155 13.8155 13.8155 13.8155 13.8155 13.8155
relationship {0110} 5.0463 5.1242 5.1322 5.2102 6.2375 6.2907 6.3101 6.3436 5.5595
{1210} 6.0739 6.0507 6.0455 6.0240 6.0800 6.0575 6.0498 6.0326 5.2896

Intensity ratio |ouo/lnae 0358  0.396 0401 0443 1171 1263 1297 1365  1.310
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Supplementary Notes

Supplementary Note 1. For the in-situ Raman spectra results (Supplementary Fig. 12)

In-situ Raman spectra characterization was carried out to check the stability of the defective sites
on the lithiated graphene and to trace the Li intercalation/deintercalation process performed in the
CV modes. Besides of three characteristic peaks assigned to the bilayer graphenic carbon (i.e., D
band at 1352 cm ™%, G band at 1582 cm™2, and 2G band at 2702 cm™?, Fig. 1e)***2, multiple peaks
from the polymer electrolyte were observed from the evolutionary spectra. They remained stable
enough in both of their shift positions and intensities through a whole cyclic process, indicating
the steady state of the electrolyte and thus the SEI film during the operando measurements. The
inconspicuous variation trend for the D bands further suggested that there were no distinct defects
generating during the sluggish CV process. This result, as confirmed by the similar phenomena
observed at both 0.1 and 0.02 mV s, was different from either the previous ex-situ study®* or our
ex-situ Raman observation by using the oxidized samples (see the two reasons given at
Supplementary Fig. 13c). Originating from a second-order double-resonant Raman scattering
mechanism, the 2D peak also showed no obvious response to the Li intercalation (or the doping of
holes and electrons) in its position and intensity (irrespective of the peak shape here due to the
very high signal-to-noise ratio)'®%-33, Different circumstances took place on the G band induced
by doubly discrete Ezqy mode at the Brillouin zone center'**?. In particular, during the Li
intercalation process (from 0.25 to 0.001 V), the intensity of the G band with a blue shift (up to 10
cm™1) gradually decreased and began to vanish from 0.09 V (corresponding to the P3 phase). The
intensity phenomenon can be attributed to the interference of the Exg> mode with Raman active
continuum, when the chemical shift has ever been considered to be induced by electron and hole
doping®*22* (as well as the varying train?®*®), well suggesting the imbedding of Li atoms at the
interlayer which can greatly influence the vibrational mode associated with their surrounding C
atoms. The fundamental change after 0.09 V should also suggest the stacking configuration
transformation at the P2 stage from ARA to ARB, in good line with the following XRD
(Supplementary Fig. 16) and XPS (Fig. 4a,c and Supplementary Fig. 21c) results (refer to the quite
different XRD and XPS data for P2 from those for P3 and P4). Meanwhile, the ever-increasing
l.o/lG ratio, together with the blueshift of the G band®?, could imply the increasingly evident
monolayer-like feature for the gradually lithiated graphene sample***°, in line with the ex-situ
SAED phenomena (Fig. 3a). The rising Io/lg ratio® (particular from 0.1 V), together with the
blueshift of G band®*“¢, may indicate the ever-reduced size of the Li-intercalated graphene
domains (refer to various LiCy units in Supplementary Fig. 9b). Besides, an undefined and extrinsic
X band at ca. 1856 cm™ was noticed to emerge and fade away periodically under the necessary
laser irradiation (Supplementary Fig. 12c—e), which should be bound up with both the electrolyte
and the increasing Li population in light of its ever-changing intensity but stable chemical shift
(similar to those typical bands for the electrolyte). To be specific, in view of the charge distribution
in the LiCx units (e.g., ca. +0.9Je| for Li in the Ce-Li constitutional unit)>“%*!, Li-contained organic
molecules (e.g., the R’-CH2OCO.L.i presence in the SEI) may tend to directionally adsorb on the
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outer surface of the graphene sheet with electronegativity*’, which eventually led to the occurrence
and transformation of this new Raman band. The electrical nature of each LiCy unit (with specific
stacking configuration) may also influence its adsorbing capability for these Li-bearing organic
adsorbents (refer to the EELS and O 1s XPS results in Supplementary Figs 15 and 21), which can
protect the Li species from the direct irradiation of the laser beam (refer to the frustrated Raman
acquisition at the slower 0.02 mV st in Supplementary Fig. 12d) or also the electron beam (refer
to the HR-TEM results in Supplementary Fig. 14).

Supplementary Note 2. For the simulated diffraction-spot intensity (Supplementary Table 1)

On the one hand, the I{o1103/1{1210 ratio for each A-A stacking sample is always larger than 1, when
the value is lower than 0.5 for the A-B ones. On the other hand, the Li intercalation into the
interlayer tends to enhance the intensity of the {1210} diffraction spots and weaken that of the
{0110} spots, yielding a reduced lgo1103/1{12103 ratio for either of the configurations. This distinct
difference from the experimental phenomena (Fig. 3a(i,iii)) further reflects the electron beam-
irradiation effect fully discussed in Supplementary Figs 17—19.
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