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Graphene has been extensively used in hybrid electrodes 
for its notable improvement in lithium storage properties. 

However, direct visualization of the roles of graphene and the 
origin for the enhancement at nanoscale are highly 
inadequate, which are difficult to be obtained by ex-situ 10 

methods. Here, we use in-situ transmission electron 
microscopy to visualize the roles of graphene during lithiation 
using NiO-graphene hybrid as a model material. We witness 

that graphene has three roles in a strong-coupled NiO-
graphene hybrid: (1) it increases the Li+ diffusion rate by two 15 

orders of magnitude; (2) it strongly improves Li+ reaction 

kinetics with NiO at high current densites, and facilitates the 
homogeneous lithiation of NiO; (3) it severely restricts the 
expansion of NiO near the interface, ensuring stable electrical 

contact between graphene and NiO during extended cycling. 20 

Combined with the electrochemical measurements and first-
principles calculations, this study further verifies the 

interface-induced graphene enhancement and distinctly 
provides valuable insights for excellent lithium storage by 
constructing interfacial binding between graphene and active 25 

materials to make full use of the graphene. 

 With the advent of portable electronics, electric vehicles and 
large-scale grid energy storage, there is an urgent need for a 
substantial improvement of lithium ion batteries (LIBs) with both 
high energy and high power density1,2. However, using 30 

conventional LIBs with an insertion mechanism it is difficult to 
deliver sufficient energy to meet the increasing demands in the 
long term. A breakthrough in high energy LIBs will lie in the 
exploration of new materials3. Metal oxides, tin, silicon, et, al., as 
promising anode electrodes, have attracted significant attention 35 

due to their much higher specific capacities than commercial 
graphite4-9. However, their intrinsically poor lithium ion kinetics 
and large volume change during cycling severely limits their 
practical application10. To overcome these problems, carbon-
based hybrids have been extensively studied11-13. Among the 40 

carbonaceous materials, graphene attracts great attention for its 
high surface area and excellent electronic conductivity14. 
Improved lithium storage capacity, coulombic efficiency, cycling 
and rate capability have been reported for various graphene-based 
hybrids due to a so-called “synergistic effect”15,16. In our previous 45 

study, the synergistic effect was ascribed to the forming of the 
oxygen bridges between graphene with oxygen functional groups 
and active material (NiO) by experimental and theoretical 
evidence16. However, a direct visualization of the roles of 
graphene and the origin for the enhancement at nanoscale are 50 

highly inadequate. 

In-situ techniques, such as scanning electron microscopy17, 
atomic force microscopy18, solid-state nuclear magnetic 
resonance19, and synchrotron radiation X-ray tomographic 
microscopy20,21 have been used to explore lithium storage. 55 

However, the low spatial resolution of these techniques limits 
their applications at nanoscale characterization. In-situ 
transmission electron microscopy (TEM) has recently been 
introduced by Huang et. al.22 and exhibited intrinsic advantages 
to track detailed kinetics at the nanoscale23. Recently, there have 60 

been several in-situ TEM reports on the lithiation-delithiation of 
graphene composites, such as CeO2, Fe2O3 and CoS2

24-26. 
However, in these systems, graphene always used as a support 
matrix, the specific roles of graphene in the electrochemical 
process is seldom concerned.   65 

Here we have designed in-situ nano-cells inside a TEM 
chamber to investigate the roles of graphene in lithium storage by 
using three designed model materials: NiO@graphene, which 
was synthesized by a hydrothermal reaction; NiO/graphene, 
which was produced by the simple mechanical mixing of NiO 70 

nano-sheets (NSs) and graphene; and NiO NSs (pure NiO NSs 
only)16. In contrast to the weak van de Waals force between NiO 
and graphene in NiO/graphene, a strong interfacial bond between 
the two components was formed during hydrothermal reaction in 
NiO@graphene. To construct the in-situ nano-cells, these three 75 

samples were adhered to Au tips and used as working electrodes. 
Lithium metal attached to a scanning tunneling microscope (STM) 
tip served as a counter and reference electrode and its native 
surface Li2O layer acted as a solid electrolyte27 (Fig. S1). After 
applying a -2V bias (relative to lithium), an electrochemical 80 

reaction occurred through the following conversion mechanism 
(NiO + 2Li+ + 2e- = Ni + Li2O)4.  

Experimental section 

Materials and methods 

Materials: The samples’ preparation (NiO@graphene, 85 

NiO/graphene and NiO NSs) and the corresponding 
electrochemical half-battery measurements were described in a 
previous paper16. The graphene used here was obtained by 
chemical exfoliation and thermal reduction of the natural flake 
graphite powder (NFG). The number of graphene layers used in 90 

our experiments is 4-1028. 
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In-situ TEM setup: The in-situ TEM electrochemical 
measurements were conducted using a TEM-Scanning Tunneling 
Microscopy sample stage (Nanofactory Instruments AB ST1000) 
(Fig. S1) inside a FEI Tecnai F20. The HRTEM, STEM and 
EDPs images were performed using a FEI Tecnai F20 and the 5 

EELS mapping were conducted on an FEI Tecnai F30. To 
minimize the influence of beam irradiation, we used short time 
beam exposure for imaging and low beam intensity during 
reaction. 

Li+ diffusion coefficient determined by the EIS method: EIS 10 

spectra were collected at open circuit potential for the three 
samples16. The inclined lines in the low frequency range are 
attributed to Warburg impedance, which is associated with Li+ 

diffusion in the electrode material. The Li+ diffusion coefficient 
was calculated using the following equation:    15 

                  D = (R2T2)/(2A2n4F4C2σ2)                      (1) 

Where R is the gas constant; T is the absolute temperature; A is 
the surface area of the electrode; n is the number of electrons per 
molecule transferring during the reaction; F is the Faraday 
constant; C is the concentration of Li+ and σ is the Warburg 20 

coefficient. 

The Warburg coefficient σ was obtained using the following 
equation: 

                      Zre = Re +Rct + σ(2πf)-1/2                 (2) 

Where Re is the resistance of the electrolyte; Rct is the charge 25 

transfer resistance and f is the frequency in the low frequency 
region. We can conclude that: 

                      Zre ∝ σf-1/2                                        (3) 

From equation (3), the plot of Zre vs. the reciprocal root square of 
the lower frequencies (f-1/2) is proportional to σ. Meanwhile, from 30 

equation (1), the Li+ diffusion coefficient D is proportional to σ-2. 
Hence, we can obtain the values of D for the three samples by an 
approximate calculation.  

First-principles calculations: All calculations in this work were 
performed using DFT implemented in the Vienna Ab initio 35 

Simulation Package (VASP)29, using the generalized gradient 
approximation (GGA) of Perdew–Burke–Ernzerhof (PBE)30. The 
electron-ion interactions were described by the projector 
augmented wave approach (PAW)31,32. The energy cutoff for the 
plane wave expansion was set to 400 eV. All the geometries were 40 

fully relaxed until the forces acting on the atoms were less than 
0.01 eV/ Å by using only the point for the Brillouin zone 
sampling. During the relaxations, all atomic positions were 
relaxed to an energy convergence of 10−4 eV (equivalent to a 
force convergence of 10−2 eV/Å). The detailed calculation 45 

method was shown in supplementary information. 

 

Results and discussion 

Increase of the Li+ diffusion rate.  Because Li+ diffuses 5~7 
orders of magnitude faster in a liquid electrolyte than in a solid 50 

electrode material in a battery33-35, it is essential to investigate the 
solid phase Li+ diffusion, which plays the key role in achieving a 
high power density. The process for solid phase Li+ diffusion in 
electrode materials with graphene addition consists of two steps 
in in-situ TEM: (1) Li+ diffusion on the graphene surface; (2) Li+ 55 

diffusion via the interface from graphene to NiO. From the 
statistical data obtained, the average solid phase Li+ diffusion 
rates in the lithiation process were calculated to be 137, 23, and 4 
nm/s for NiO@graphene, NiO/graphene and NiO NSs, 
respectively (Fig. 1a). The Li+ mobility in NiO@graphene is two 60 

orders of magnitude higher than that in NiO NSs and one order of 
magnitude higher than that in NiO/graphene. The result clearly 
indicates that graphene can serve as a highway for Li+ diffusion 
(See Fig. S2 and Supplementary Movie S1 for the details).  

We further evaluated the solid phase Li+ diffusion in the three 65 

samples by electrochemical impedance spectroscopy (EIS).The 
relationships between Zre (impedance) and f-1/2 (frequency) in the 
low frequency region are shown in Fig. S3, and we estimated that 
the ratios of the Li+ diffusion coefficients 
D1(NiO@graphene)/D2(NiO/graphene) and 70 

D1(NiO@graphene)/D3(NiO NSs) are 1: 4*10-1 and 5*10-2. The 
detailed calculation method is shown in Experimental section. 
The results by in-situ TEM measurements have a similar 
tendency to that calculated from the EIS spectra in 
electrochemical tests and show a reliable description of the 75 

situation in a real battery. 

 For NiO@graphene and NiO/graphene, the first step for the 
Li+ diffusion is the same, so interfacial Li+ diffusion is 
responsible for the big difference. To explore the possible 
mechanism for this distinctly different interfacial Li+ diffusion, 80 

we used electron energy loss spectroscopy (EELS) and scanning 
transmission electron microscopy (STEM) characterization on the 
graphene surface. It was found that oxygen-containing functional 
groups are uniformly distributed on the graphene surface for both 
samples (Fig. S4, 5), which is well in accordance with the former 85 

characterization and the presence of these oxygen-containing 
functional groups promotes the formation of “oxygen bridges” 
through a hydrothermal reaction in NiO@graphene16. To verify 
this, we investigated the interfacial binding strength between NiO 
and graphene in the two samples (Fig. S6). In NiO/graphene, the 90 

NiO NS can be easily removed from the graphene surface with 
little damage to the graphene under an external force (Fig. S6b). 
However, in NiO@graphene, the interfacial interaction is strong 
enough that both NiO and graphene simultaneously break under 
an external force (Fig. S6d). The strong interfacial interaction in 95 

NiO@graphene ensures the existence of abundant interfacial Li+ 

diffusion paths. Once Li+ reaches the interface through the 
graphene, it easily transfers from graphene to NiO. In contrast, a 
simple mechanical mixing in NiO/graphene only can produce a 
weak interfacial interaction, which will hinder the interfacial Li+ 100 

diffusion.  
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Fig. 1 Li+ diffusion rates in NiO@graphene (blue), NiO/graphene 
(red), NiO NSs (black). The average Li+ diffusion rates measured 
by in-situ TEM are 137, 23, 4 nm/s, respectively. 

 To further understand the Li+ diffusion kinetics, first-
principles calculations were performed (see Fig. 2).We mainly 5 

focused on Li+ diffusion in three different situations: (1) a 
graphene surface (Fig. 2a), (2) bulk Li2O (Fig. 2b,c,e), and (3) a 
NiO surface (Fig. 2d). The diffusion barrier (Eb) for a Li adatom 
on the graphene surface was calculated to be 0.29 eV, which is 
consistent with the previously reported theoretical result (0.28 10 

eV)36. Such a low diffusion barrier implied that graphene could 
serve as an ultrafast Li+ diffusion path. For Li+ diffusion in bulk 
amorphous Li2O, the calculated Eb varies from 0.24 to 1.55 eV 
for eight possible diffusion paths starting from a center Li site, as 
listed in Fig. 2e. As for Li+ diffusion on the NiO (111) surface, a 15 

large Eb of 2.67 eV was calculated, implying the most difficult 
Li+ movement. For NiO NSs, without graphene, the Li+ only can 
diffuse via the forming Li2O after lithation to move forward, 
showing a slowest Li+ diffusion kinetics among the three kinds of 
samples. 20 

Fig. 2 Schematic of Li+ diffusion. Li+ diffusion within (a) 
graphene, (b) bulk amorphous Li2O and (d) on a NiO (111) 
surface with a p(2×2) octopolar reconstruction. (c) The calculated 
radial distribution function (RDF) g (r) for amorphous Li2O. The 
most energetically favorable sites and the transition states for a Li 25 

adatom on (a) graphene and (d) a NiO (111) surface with a p(2×2) 
octopolar reconstruction are represented by solid black ball and 
open black circles, respectively. The central Li site and its eight 
neighboring Li sites in amorphous Li2O (b) are highlighted in 
light blue and purple, respectively. (e) The calculated energy 30 

barriers (eV) for Li+ diffusion on a graphene surface, within 
amorphous Li2O bulk, and on a NiO (111) surface with a p(2×2) 
octopolar reconstruction. 

Improvement of the Li+ reaction kinetics with NiO. The Li+ 

reaction kinetics with NiO is directly related to the power density 35 

of a battery15,37. To investigate the difference between the Li+ 
reaction kinetics with NiO@graphene, NiO/graphene and NiO 
NSs, we focused on individual NiO NSs during lithiation process. 
In NiO@graphene (Fig. 3a-e), the contrast of the pristine NiO NS 
(Ⅰ) (dashed circle) is inhomogeneous (Fig. 3a). After 4 seconds 40 

(Fig. 3b), the majority (bottom-right) of the NiO NS is almost 
fully lithiated and has a uniform contrast (the arrows denote the 
expansion direction), while the residual region (top-left) remains 
the initial inhomogeneous contrast. We can see a smooth but 
distinct boundary between these two regions. Finally, the residual 45 

part finished lithiation after 6 seconds (Fig. 3c). High-resolution 
transmission electron microscopy (HRTEM) images and electron 
diffraction patterns (EDPs) show that the NiO NS changes from a 
polycrystalline structure to a composite of isolated Ni 
nanoparticles embedded in a Li2O matrix after lithiation (Fig. S7). 50 

However, in the NiO/graphene (Fig. 3f-k), the whole NiO NS (Ⅱ) 
(dashed circle in Fig. 3f) expands almost simultaneously (Fig. 3g-
i) during lithiation. The image superimposition of the evolution 
process for NiO NS (Ⅰ) and NiO NS (Ⅱ) are shown in Figs. 3d 
and j, respectively, clearly indicating the different reaction 55 

kinetics between Li+ and NiO in the two samples.          

The Li+ reaction rate with NiO highly depends on the 
interfacial Li+ supply between graphene and NiO. Hence, in 
NiO@graphene, based on the good Li+ diffusion provided by 
graphene and many interfacial Li+ diffusion paths (blue arrows) 60 

(right in Fig. 3e), the Li+ diffusion front on the graphene surface 
(red arrow) was almost the same as the reaction front of NiO. 
Meanwhile, the gradient distribution of Li+ along the Li+ 

diffusion direction results in the inhomogeneous lithiation of NiO 
in Fig. 3b. However, in NiO/graphene, due to the loose interfacial 65 

contact and few interfacial Li+ diffusion paths (right in Fig. 3k), 
Li+ transfer from graphene to NiO is much more difficult, thus 
hindering the Li+ reaction with NiO. The graphene had to collect 
excess Li+ to ensure the interfacial Li+ transfer to complete the 
lithiation of NiO. The Li+ will be uniformly distributed. 70 

Therefore, the lithiation of NiO in NiO/graphene is almost 
isotropic. The statistical data for the reaction of individual NiO 
NSs with Li+ in the two samples are listed in Tables S1 and 2. 
From the data, we can calculate that the average reaction time for 
the Li+ reacts with NiO is 5 seconds in NiO@graphene, which is 75 

4.2 times faster than that for NiO/graphene (21 seconds), 
regardless of the size of NiO.   

    In NiO NSs, during the lithiation process, we can see the 
lithiation of NiO proceeding one nano-sheet after another along 
the Li+ diffusion direction (See Fig. 3l–o, and Supplementary 80 

Movie S2). High-resolution transmission electron microscopy 
(HRTEM) images and electron diffraction patterns (EDPs) show 
the same transition as that in NiO@graphene (Fig. S8). When the 
first NiO nano-sheet (yellow) has finished its lithiation (15 
seconds), the others show negligible expansion (Fig. 3m). 85 

Similarly, when the second NiO (orange) achieved full lithiation 
after 51 seconds, the third NiO NS remains intact (Fig. 3n). 
Finally, the third NiO (green) completed its lithiation after 165 
seconds (Fig. 3o). As the large diffusion barrier at the NiO 
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surface (2.67 eV) by the first-principles calculations for Li+ 
diffusion, the lithiation of the second NiO NS can start only after 
the first NiO particle is fully lithiated to form a continuous Li+ 
conducive Li2O matrix, as shown in Fig. 3l-o. Furthermore, as the 
NiO reaction proceeds, the time required to produce full lithiation 5 

of a NiO NS becomes longer and longer, indicating the greater 
difficulty of transporting Li+ over a long distance. Hence, the NiO 
NSs exhibits the lowest Li+ reaction rate (estimated to be 77 
seconds on average). Considering the situation in the real battery 
fabrication, the agglomeration of NiO in NiO NSs electrode will 10 

far exceed the situation in in-situ TEM. A much slower Li+ 

reaction kinetics will be achieved in the real battery in NiO NSs. 
However, in NiO/graphene (Fig. S9a) and NiO@graphene (Fig. 
S9b), the time required to produce full lithiation of a NiO nano-
sheet is uninfluenced by the Li+ diffusion distance, which is 15 

contrary to that in pure NiO NSs without graphene, (See 
Supplementary Movie S1 for NiO@graphene and Supplementary 
Movie S3 for NiO/graphene). The results further indicate that 
graphene will facilitate the homogeneous lithiation of NiO in the 
hybrids.   20 

In view of the in-situ TEM situation, the results obtained from 
the TEM may correspond to the electrochemical behavior of 
electrode materials at a large current density in a battery. 
According to the electrochemical half-battery test, the capacity of 
NiO@graphene is 5.5 times that of NiO/graphene at a large 25 

current density (2.5 A g-1), while the NiO NS electrode became 
useless at the same current density (as shown in Ref. 16). These 
are well consistent with the in-situ observation, indicating 
graphene’s significant improvement of rate capability in the 
hybrids. 30 

In order to verify this, we calculated the rate capacity ratios at a 
large current density from the results of other studies, including 
Fe3O4

38,39, Fe2O3
40, CuO41(Fig. 3p). The trends of Li+ reaction 

kinetics are similar to our in-situ (red star) observations and the 
corresponding electrochemical tests (pink). These results imply a 35 

common conclusion that a graphene matrix, together with an 
intimate interface between graphene and active materials are both 
essential for metal oxide electrodes to achieve a superior power 
density.  

Meanwhile, considering the big difference between the Li+ 40 

diffusion barrier on the NiO surface (2.67 eV) and on graphene 
(0.29 eV), it is strongly implied that the Li+ behavior at large 
current densities in NiO@graphne should be identical in both 
electrochemical tests and in-situ TEM observations. The Li+ 
diffused on the graphene and then, through the interface to react 45 

with NiO, regardless of the liquid electrolyte used in the 
electrochemical tests and all solid systems examined in the in-situ 
TEM observations.  

Fig. 3 Li+ reaction kinetics with (a-e) NiO@graphene, (f-k) NiO/graphene, (l-o) NiO NSs and (p) statistical results from electrochemical 
tests. (a-c), (f-i) Snapshots for the Li+ reaction with NiO in (Ⅰ) NiO@graphene and (Ⅱ) NiO/graphene. (d, j) Image superimposition of 50 

NiO (Ⅰ) and (Ⅱ) during lithiation. (e, k) Schematics of the Li+ reaction behavior in the two samples. The blue arrows stand for the 
interfacial Li+ transport paths and the length of them show the amount of Li+ diffusion through the interface. (l-o) Snapshots for the Li+ 
reaction with NiO in NiO NSs. (p) The statistical rate capacity ratio of various graphene-metal oxides at large current density discharge. 
The MO represents metal oxide electrodes. The MO@G/MO represents the ratio of the rate capacity of metal oxide@graphene to its 
corresponding metal oxide (MO) electrode. The abbreviation is similar for (MO/G)/MO and (MO@G)/(MO/G). The capacity of MO 55 

electrodes becomes almost zero at a large current density, so in order to calculate the ratio, we assumed the capacity of metal oxide 
electrodes at high current densities were 10 mAh/g. 
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Interfacial restriction of the expansion of NiO. The large 
volume expansion of NiO during lithiation cannot be ignored and 
is detrimental to the cyclic performance of batteries containing 
them15. From the side-view of NiO@graphene, the NiO 
undergoes expansions both parallel and perpendicular to the NiO 5 

NS during lithiation, but the perpendicular expansion is much 
greater (57%) (Fig. 4a-e). Interestingly, no noticeable parallel 
expansion at the interface between NiO and graphene can be 
observed after full lithiation. However, an obvious expansion 
occurs at a position away from the interface, with the largest 10 

length increase being about 10%. Meanwhile, the angle between 
the side edge of the NiO NS and the graphene plane changes from 
α (59○) to β (43○) after lithiation (Fig. 4c, d). For comparison, we 
studied the morphology changes during the electrochemical 
lithiation of NiO in NiO/graphene (Fig. 4f-j). From the side-view, 15 

the expansion of NiO occurred both parallel and perpendicular to 
the NiO NS. The perpendicular expansion is 48%. Meanwhile, 
the angle (γ) between the side edge of NiO and the graphene 
plane was almost unchanged after lithiation (Fig. 4h, i). 
Schematics for the lithiation of NiO NS in the two samples from 20 

top and side-views are shown in Figs. 4e and j. 

Fig. 4 Lithiation of NiO NS in (a-e) NiO@graphene and (f-j) 
NiO/graphene. (c, h), (d, i) Magnified views of the red dashed 
frames in (a, f) the pristine state and (b, g) after lithiation. (e, j) 
Schematics for lithiation of NiO NS in the two samples. 25 

To confirm this interfacial restriction effect, we studied the 
expansion of NiO close to a graphene edge in the two samples 
(Fig.5). From the top-view, the edge of a NiO NS in 
NiO@graphene is straight (red circle in Fig. 5a and blue line in 
Fig. 5c). After lithiation, expansion parallel to the NiO NS is 30 

noticeable at both sides of the graphene edge (Fig. 5b, d, and 
Supplementary Movie S4). The region of the NiO NS attached to 
the graphene has an expansion parallel to the graphene plane that 
is more restricted than the part that is not attached to the graphene 
(Fig. 5d, e). In contrast to the NiO@graphene, the expansion of 35 

NiO NS parallel to the graphene plane is isotropic in 
NiO/graphene from the top-view regardless of whether the NiO 
NS is in contact with graphene (as shown in Fig. 5f-j).  

Fig. 5 Restricting effect of graphene during lithiation. TEM 
images of (a, d) the pristine NiO and (b, e) NiO after lithiation in 40 

NiO@graphene and NiO/graphene, respectively. (c, f) Magnified 
views of dashed circles (b) (red) and (e) (blue). (g, h) Illustration 
of NiO expansion near graphene edges in the two samples. 

  These observations indicated that, in NiO@graphene, due to 
strong interfacial bonding, the expansion of NiO NS, parallel to 45 

the graphene plane, is highly restricted, especially at the interface 
(side-view). This will ensure stable connectivity between the 
graphene and the active materials during subsequent charge-
discharge cycling, and an excellent cycling performance will be 
achieved in the battery. In contrast, the NiO NS in NiO/graphene 50 

debonds easily from the graphene and becomes useless during 
sustained expansion-shrinkage, causing capacity degradation in 
the battery. The statistical results of the expansion of NiO NS 
parallel to the graphene plane of the two samples (listed in Table 
S1, 2) further confirm the restrictive effect of the graphene. The 55 

electrochemical results (as shown in Ref. 16) also indicate that 
NiO@graphene has the largest first coulombic efficiency and the 
highest retention of initial capacity after 50 charge/discharge 
cycles, as predicated by the in-situ TEM observations. 

 We further studied the delithiation process by taking 60 

NiO/graphene as an example. After applying a reverse bias of 3.0 
V, the lithiated NiO/graphene started to delithiate (Fig. S10), and 
the NiO NS underwent irreversible volume change after 
delithiation (Fig. S10a, c). 42 
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Conclusions 

   In summary, from the in-situ TEM observation, we witnessed 
with graphene addiion, an increased Li+ diffusion rate, improved 
Li+ reaction kinetics and a facilitated homogeneous lithiation of 
NiO. Furthermore, in a strongly-coupled NiO@graphene, the 5 

interfacial interaction between graphene and NiO intensively 
enhances the Li+ diffusion from graphene to NiO via interface for 
achieving a superior rate capability and strongly restricts the 
expansion of NiO near the interface during lithiation ensuring a 
stable contact between graphene and NiO during sustained 10 

expand-shrinkage of NiO for obtaining an excellent cycle 
stability. Supported by the electrochemical half-battery tests and 
first-principles calculations, this research suggests that one can 
optimize graphene-based lithium storage by producing strong 
interfacial interactions (for example, face to face connection, in-15 

situ synthesis of composites). Importantly, The in-situ TEM 
results on the NiO-graphene hybrids also can be applied to other 
graphene-based hybrid anodes, e.g. Si, SnO2

43-45
, and maybe the 

graphene-based hybrid cathode, e.g. LiFePO4
46, LMO47 (Lithium 

Manganese Oxide Spinel) for lithium ion batteries. Meanwhile, 20 

these findings on graphene hybrids may shed light on the 
improvement of other carbon hybrid systems for excellent lithium 
or sodium storage. 
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