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1. Introduction

Graphite can serve as an intercalation host for versatile guest 
species in its galleries, forming binary/ternary graphite inter-
calation compounds.[1] Its capability of accommodating 
lithium ions via intercalation combined with its low cost and 
abundance has made graphite a standard anode for modern 
lithium-ion batteries (LIBs).[2–6] In the early development of 
LIBs employing graphite anodes, the search for an appropriate 
electrolyte system was important with respect to not only the 
ionic conductivity and/or electrochemical window but also its 

The intercalation of lithium ions into graphite electrode is the key underlying 
mechanism of modern lithium-ion batteries. However, co-intercalation of 
lithium-ions and solvent into graphite is considered undesirable because it 
can trigger the exfoliation of graphene layers and destroy the graphite crystal, 
resulting in poor cycle life. Here, it is demonstrated that the [lithium–solvent]+ 
intercalation does not necessarily cause exfoliation of the graphite electrode 
and can be remarkably reversible with appropriate solvent selection. First-
principles calculations suggest that the chemical compatibility of the graphite 
host and [lithium–solvent]+ complex ion strongly affects the reversibility of 
the co-intercalation, and comparative experiments confirm this phenomenon. 
Moreover, it is revealed that [lithium–ether]+ co-intercalation of natural graphite 
electrode enables much higher power capability than normal lithium intercala-
tion, without the risk of lithium metal plating, with retention of ≈87% of the 
theoretical capacity at current density of 1 A g−1. This unusual high rate capa-
bility of the co-intercalation is attributed to the (i) absence of the desolvation 
step, (ii) negligible formation of the solid–electrolyte interphase on graphite 
surface, and (iii) fast charge-transfer kinetics. This work constitutes the first 
step toward the utilization of fast and reversible [lithium–solvent]+ complex ion 
intercalation chemistry in graphite for rechargeable battery technology.
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compatibility with the graphite anode.[7–13] 
The use of propylene carbonate (PC)-based 
electrolytes resulted in rapid capacity deg-
radation of graphite anodes during battery 
operation despite their high electrochem-
ical stability.[14,15] Researchers observed 
that the degradation was related to the co-
intercalation of lithium ions and the large 
solvent molecules, which led to exfoliation 
of the graphene layers.[14,16–18] Thus, sub-
sequent efforts have been made to prevent 
co-intercalation in graphite anodes for 
LIBs, which naturally led to the perception 
that ion–solvent co-intercalation is detri-
mental in this system.[16,17,19] However, 
recently, Kim et al.[20] and Jache and Adel-
helm[21] independently reported the poten-
tial of graphite as an anode material for 
sodium-ion batteries (NIBs) by employing 
the co-intercalation of sodium ions 
and solvent molecules. In this system, 
graphite accommodated the intercalation 
of [sodium–ether]+ complex ions without 
noticeable side reactions such as the exfo-
liation of graphite. Moreover, the graphite 

anode provided superior cycle stability (more than 2500 repeti-
tive electrochemical cycles), demonstrating the reversibility of 
the co-intercalation chemistry despite the large volume expan-
sion of ≈345%.[20–23] Subsequent research conducted by Cui 
and co-workers also demonstrated the practical feasibility of 
[sodium–ether]+ complex ion intercalation in NIBs and sodium-
ion capacitors with good cycle stability.[24,25]

Our current study started from a simple question of the con-
tradiction between reversible [sodium–solvent]+ co-intercalation 
and well-known instability of [lithium–solvent]+ co-intercalation 
in graphite electrodes.[16,20–22,26] Although lithium and sodium 
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share similar chemical and electrochemical properties to 
some extent, they exhibit surprisingly distinct behaviors in the 
co-intercalation. Moreover, the origin of the severe exfoliation 
of graphite associated with the lithium ion–solvent complex 
despite the smaller size of lithium ions compared with sodium 
ions is unclear. This work unveils the importance of the chem-
ical compatibility of the co-intercalated solvent in determining 
whether exfoliation occurs in the lithium co-intercalation. In 
addition, it is demonstrated that the [lithium–ether]+ complex 
ion de/intercalation in graphite is remarkably reversible, ena-
bling a cycle life of more than 200 cycles, and that the previ-
ously reported instability of ether-based lithium co-intercalation 
is not due to the intrinsic irreversibility in graphite.[26] Fur-
thermore, the graphite electrode based on the co-intercalation 
is shown to be capable of delivering a high power capability, 
retaining ≈87% of its theoretical capacity at a current density of 
1 A g−1 without the risk of lithium metal plating. The observed 
high power capability of the co-intercalation is counterintui-
tive, considering that the intercalation of large guest ions in 
the host has been believed to be sluggish. The origin of this 

unusual phenomenon is discussed in relation to the desolva-
tion kinetics, nature of the solid electrolyte interphase (SEI) 
layer, and charge storage mechanism.

2. Results and Discussion

The electrochemical behavior of lithium co-intercalation in 
graphite was examined using an ether-based electrolyte as 
shown in Figure 1a, which presents the discharge/charge 
profile using 1 m lithium trifluoromethanesulfonate (LiTF) in 
diethylene glycol dimethyl ether (DEGDME).[23,26] The overall 
profile in the first cycle clearly differs from the characteristic 
lithium ion intercalation in conventional LIBs but agrees with 
the previous report of lithium ion/solvent molecule co-inter-
calation and is similar to that of the typical [sodium–ether]+ 
complex ion intercalation shown in Figure 1b.[20,26] However, 
the specific capacity decreases rapidly during repeated battery 
cycling; only a fraction of the initial capacity (≈20 mA h g−1) was 
maintained after 20 cycles, which is consistent with previous 
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Figure 1.  a) Charge/discharge profiles of graphite/lithium cells using 1 m LiTF in DEGDME electrolyte. b) Typical charge/discharge profiles of [sodium–
ether]+ complex co-intercalation using 1 m NaTF in DEGDME. c) Cycle performance of graphite anode in sodium and lithium cells using DEGDME 
electrolytes (black: 1 m LiTF in DEGDME; red: 1 m NaTF in DEGDME). d) Ex situ XRD analysis of the structural evolution of [lithium–ether]+ complex 
co-intercalation during intercalation and deintercalation into/out of graphite. XRD patterns of graphite after second, third, and tenth cycles are also 
shown. e) SEM image of graphite electrode after cycling with 1 m LiTFSI in DEGDME (inset: pristine graphite before cycling). f) Raman spectroscopy 
of the graphite electrode before (bottom) and after (top) cycling.
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speculations.[16,26] Changing the salt in the electrolyte from 
LiTF to lithium trifluoromethanesulfonimide (LiTFSI) for 
improved chemical stability[27,28] did not improve the cycle sta-
bility, as observed in Figure S1 (Supporting Information). In 
contrast, changing the salt from LiTF to NaTF, i.e., [sodium–
ether]+ complex ion intercalation, dramatically improved the 
cycle performance by more than 200 times using the same cell 
configuration (Figure 1c).[20–22]

To understand this distinct behavior of the graphite elec-
trode, we first characterized the structural change upon 
repeated lithium co-intercalation in the ether-based electrolyte 
using ex situ X-ray diffraction (XRD), as shown in Figure 1d. 
The XRD patterns for the first cycle indicate that the graphite 
electrode undergoes successive phase transformations, which 
is consistent with our previous work.[26] The evolution of the 
XRD patterns is analogous to that of [sodium–ether]+ complex 
ion intercalation into graphite, indicating a typical co-intercala-
tion staging phenomenon.[26,29] The expansion along the c-axis 
is slightly smaller for lithium than for sodium during the co-
intercalation (≈334% and 349%, respectively, in Figure S2a,b of 
the Supporting Information).[26] Interestingly, Figure 1d shows 
that the graphite crystal structure did not undergo any notice-
able degradation with the repeated cycles. The XRD patterns of 
the graphite electrode were nearly unchanged, and the pristine 
layered structure was maintained after 2, 3, and 10 cycles of the 
co-intercalation. This finding contradicts the observation that 
significant cycle degradation occurs after 10 cycles, as shown 
in Figure 1a,c, suggesting that the structural degradation of the 
graphite crystal may not be the main cause of the instability 
of the lithium cells. We further confirmed that no noticeable 
morphological change (i.e., exfoliation) occurred in the cycled 
graphite electrode in the ether-based lithium cell, as shown 
in Figure 1e, which indicates that the morphology of the pris-
tine graphite was well preserved after cycling. No significant 
increase of the structural defects in the graphite was detected 
by Raman spectroscopy analysis after the repeated lithium ion 
co-intercalation (Figure 1f).

The structural integrity of the graphite observed in 
Figure 1d–f was unexpected, considering the previous obser-
vation in PC-based lithium cells, where the graphite became 
severely exfoliated during the lithium–PC co-intercalation.[14,30] 
To better understand these contradictory results, we performed 
first-principles calculations to probe the relative stability 
of the [lithium–solvent]+ complex ions in the graphite host 
using different solvents. Figure 2a compares the highest occu-
pied molecular orbital/lowest unoccupied molecular orbital 
(HOMO/LUMO) levels and binding energies of [Li–DEGDME]+ 
and [Li–PC]+ complex ions. The [Li–DEGDME]+ complex ion 
exhibits a higher LUMO level than that of [Li–PC]+, and impor-
tantly, the Fermi energy of graphite lies well below the LUMO 
level of [Li–DEGDME]+ but above that of [Li–PC]+. According to 
previous first-principles calculations, comparison of the LUMO 
level of a [Na–solventx]+ complex and the Fermi energy of the 
host can hint at the relative stability of the co-intercalation.[31,32] 
When the Fermi energy of the host is higher than the LUMO 
level of the complex, downhill electron energy transfer may 
occur from the graphite host to the solvent molecule, which 
can subsequently trigger a parasitic chemical reaction between 
the two components.[31,32] This finding implies that the [Li–PC]+ 

complex would be unstable and possibly undergo chemical 
reactions with the graphite host, whereas the [Li–DEGDME]+ 
complex would be stable in the graphite galleries (Figure 2b). 
Furthermore, DEGDME shows stronger binding with lithium 
ions than PC in Figure 2a, inferring more robust solvation of 
lithium ions in the graphite host.

Our experimental results were consistent with the prediction 
from the calculations. We observed that [Li–PC]+ is not stable in 
the graphite galleries and that a substantial amount of carbon-
containing gas evolved during the co-intercalation, whereas the 
intercalation of [Li–DEGDME]+ did not induce this gas evolu-
tion. Figure 2c,d, and Figure S3 (Supporting Information) pre-
sent in situ mass spectrometry analyses of the graphite elec-
trodes with the PC and DEGDME electrolyte systems, respec-
tively (see Figure S4 of the Supporting Information for the 
experimental setup). During the discharge in the Li–PC electro-
lyte system in Figure 2c, gas-phase byproducts such as propene, 
CO2, CO, and H2 (shaded with yellow) were clearly detected. 
However, no noticeable gas evolution was observed in the Li–
DEGDME electrolyte system during the discharge and subse-
quent charge (Figure 2d), which is consistent with the observed 
structural integrity of the graphite electrode in the DEGDME 
electrolyte in Figure 1e,f. The scanning electron microscopy 
(SEM) results presented in Figure 2e reveal that gas evolution 
accompanied severe exfoliation of graphite during [Li–PC]+ 
complex ion intercalation in graphite galleries (see Figure S5 
for additional SEM images of the exfoliated graphite using the 
PC-based electrolyte) unlike for the Li–DEGDME electrolyte 
system. Moreover, the intensity of the characteristic graphite 
(002) peak of the XRD pattern was significantly reduced after 
the cycle, as observed in Figure 2f. These results strongly sug-
gest that the gas evolution within the graphite interlayer with 
the PC electrolyte could trigger the exfoliation of graphite and 
degradation of the crystal structure, as schematically proposed 
in Figure 2b.

We discovered that the observed capacity degradation for 
ether-based lithium cells did not originate from the degrada-
tion of the graphite electrode due to the [lithium–ether]+ co-
intercalation itself but simply stemmed from the degradation 
of the lithium metal counter electrode during the electrochem-
ical cycling. Figure 3a reveals that the lithium metal counter 
electrodes were covered with dark brown films after repeated 
battery cycling using both LiTF and LiTFSI in DEGDME, indi-
cating severe side reactions.[33,34] The SEM images in Figure 3b 
also confirm that the surface of lithium metal was passivated by 
unknown byproducts after the cycling with the ether-based elec-
trolyte. According to the energy dispersive spectroscopy (EDS) 
analyses in Figure 3c,d, the byproducts mainly consisted of 
carbon, oxygen, sulfur, and fluorine, which are the major consti-
tuting elements of the electrolyte, indicating electrolyte decom-
position. Further characterization of the film using X-ray photo
emission spectroscopy (XPS), as shown in Figure 3e, revealed 
the presence of mixed products with CF3O, CF2CH2, 
OCO, CO, and CC bonding, supporting the specula-
tion of a chemical reaction between the DEGDME and lithium 
metal.[34] However, no noticeable change was detected on the 
sodium metal surface after the cell was cycled with the ether-
based electrolyte (Figure S6, Supporting Information). This 
clear difference in the metal surface suggests that the instability 

Adv. Energy Mater. 2017, 7, 1700418
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Figure 2.  a) Comparison of LUMO and HOMO levels with the Fermi level of graphite and binding energy of lithium–solvents (left y-axis: energy level, 
right y-axis: binding energy). b) Schematic illustrations of lithiated graphite electrode using PC and DEGDME electrolytes. Gas evolution analyses during 
battery operations in c) PC and d) DEGDME electrolyte systems. The mass-to-charge ratio (m/z) on the x-axis represents the mass of the evolved 
gas molecules. e) Typical charge/discharge profile of graphite electrode using 1 m LiPF6 in PC electrolyte (inset: SEM image of graphite after cycling).  
f) XRD patterns of pristine graphite electrode and electrode after discharge with 1 m LiTFSI in PC.
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of the lithium metal electrode in the electrolyte caused the 
capacity degradation, particularly for the lithium cells. In a sep-
arate experiment, we further confirmed the chemical incom-
patibility of the lithium metal with the DEGDME-based elec-
trolyte, as shown in Figure S7 (Supporting Information). The 
DEGDME-based electrolyte turned dark brown after being used 
to store lithium metal for 72 h, indicating that lithium metal 
is chemically unstable with DEGDME-based electrolytes, i.e., 
1 m LiTF and 1 m LiTFSI in DEGDME. In contrast, no signifi-
cant changes were observed for carbonate-based electrolytes, 
i.e., 1 m lithium hexaflourophosphate (LiPF6) in ethylene car-
bonate/dimethylene carbonate (EC/DMC) and 1 m LiTFSI 
in EC/DMC, in the same experiment (Figure S7, Supporting 
Information). Based on these results, a graphite/lithium metal 
cell was assembled with 1 m LiTFSI in DEGDME and rested 
it for 72 h, followed by charging/discharging (Figure S8, Sup-
porting Information). It revealed that the capacity decreases 
much more rapidly in the 72 h rested cell than the immediately 
cycled cell (Figure S1, Supporting Information), confirming 
again that capacity degradation is attributable to the severe side 
reaction between lithium metal and the electrolyte. The incom-
patibility of lithium metal with the DEGDME electrolyte in the 
electrochemical cell was additionally confirmed for lithium 
metal cells employing a Li4Ti5O12 (LTO) electrode (vs lithium 
metal electrode), which underwent rapid capacity degradation, 
as observed in Figure S9 (Supporting Information). Inspired by 
this finding, we attempted to minimize the chemical reaction 
between the DEGDME-based electrolyte and lithium metal and 

reinvestigated the cycling performance of the graphite electrode 
based on the co-intercalation. Figure S10 (Supporting Informa-
tion) compares the cycle properties of graphite electrode cells 
with and without lithium nitrate (LiNO3) additives in the elec-
trolyte. The addition of LiNO3 results in a chemical protection 
layer on the lithium metal surface against the electrolyte after 
the initial battery cycling.[35,36] The cycle performance was sig-
nificantly enhanced with the LiNO3 additive, providing further 
evidence of the chemical reaction between the DEGDME-based 
electrolyte and lithium metal in the previously observed rapid 
capacity degradation of electrochemical cells containing the co-
intercalating graphite electrode.

The electrochemical property of the graphite electrode based 
on the co-intercalation is further explored in Figure 4. First, to 
verify the practical feasibility of the graphite co-intercalation, 
a full cell was assembled with a LiFePO4 (LFP) cathode and 
graphite anode in a DEGDME-based electrolyte. Figure 4a pre-
sents typical charge/discharge profiles of the cell, which dem-
onstrate that the characteristic profiles of both LiFePO4 and 
graphite were observed in the full cell and were not altered 
upon repeated battery cycling. In addition, no color change 
indicating side reaction was observed in the separator of the 
graphite/LFP cell whereas the separator of graphite/lithium 
metal cell turned black (Figure S11, Supporting Information). 
The full cell retained ≈80% of the initial discharge capacity 
even after 200 cycles (Figure 4b), validating that the [Li–
DEGDME]+ complex ion intercalation in the graphite is highly 
reversible and applicable as a full cell. To further understand 

Adv. Energy Mater. 2017, 7, 1700418

Figure 3.  Photoimages of lithium metal and separators after battery operation in a) 1 m LiTF in DEGDME (top) and 1 m LITFSI in DEGDME (bottom) 
electrolytes. b) SEM images of lithium metal before and after battery operation. c) EDS mapping, d) EDS spectrum, and e) XPS analyses of lithium 
metal after battery operation with 1 m LiTFSI in DEGDME.
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the co-intercalation, the electrochemical performance of the 
graphite electrode was compared with that of conventional 
lithium-ion intercalation, as shown in Figure 4c,d. Despite the 
fact that the theoretical capacity of [Li–DEGDME]+ complex 
co-intercalation is lower than that of conventional lithium-ion 
intercalation probably due to the space occupancy of the lithium 
solvating molecules in graphite galleries, the co-intercalation-
based reaction was capable of delivering a much higher power 
capability than the conventional lithium ion intercalation using 
graphite with an ≈100 µm particle size. The [Li–DEGDME]+ 
co-intercalation into the graphite could be performed up to 
1 A g−1 (charge time <6 min) without a significant reduction 
of the capacity, which is consistent with our previous find-
ings.[26] In contrast, a negligible capacity was achieved for the 
conventional lithium ion intercalation at 1 A g−1. Figure 4e plots 
the specific capacities of the two cells as a function of the cur-
rent rates. Although the normal lithium ion intercalation into 
graphite delivered higher capacity than the co-intercalation at 
low current densities, the capacity decreased dramatically with 
increasing current rate. However, the deliverable capacity from 
the co-intercalation remained nearly constant irrespective of the 
current rates and even exceeded that of the conventional lithium 
ion intercalation for currents greater than 0.5 A g−1. The faster 
kinetics of the co-intercalation into graphite is also supported by 

the smaller increase in the polarization between the charge and 
discharge with increasing current in Figure 4f. At low current 
rates, the polarizations were almost identical for both cases; 
however, the polarization of the co-intercalation became much 
lower at high current rates. At the 1 A g−1 rate, the polarization 
between the charge and discharge was as low as 0.3 V for the 
co-intercalation, which is only half of the value for the normal 
lithium ion intercalation. In Figure 4g, the rate capability is 
compared in terms of the normalized capacity retention, dem-
onstrating that the co-intercalation is capable of retaining ≈87% 
of the theoretical capacity at 1 A g−1. For a more practical feasi-
bility comparison, we assessed the energy densities for the co-
intercalation and normal intercalation in the full cell setup with 
LiFePO4 as a cathode (Figure S12, Supporting Information). 
The gravimetric/volumetric energy density of the co-intercala-
tion eventually exceeded that of the conventional intercalation 
at current rates above 0.5 A g−1, highlighting the viability of the 
co-intercalation-based graphite electrode for high-power energy 
storage devices, even with a slightly higher electrolyte price of 
ether-based electrolyte (Table S1, Supporting Information). 
However, it should be noted that the electrolyte accounts for 
≈8% of the total battery price,[37] thus it is believed that the cost 
difference would not be substantial. Additionally, the energy 
density of [Li–DEGDME]+ co-intercalation was compared with 

Adv. Energy Mater. 2017, 7, 1700418

Figure 4.  a) Charge/discharge profiles and b) cycle stability of LiFePO4/graphite cells. Rate capability of the graphite electrode in c) 1 m LiTFSI in 
DEGDME and d) 1 m LiPF6 in EC/DMC (1:1, v/v) electrolytes. Comparison of rate capability in terms of e) capacity, f) polarization, and g) capacity 
retention.
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Li4Ti5O12, a widely known electrode material for its high power 
capability. [Li–DEGDME]+ co-intercalation exhibits similar gravi-
metric energy density compared to Li4Ti5O12, but it was found 
that the co-intercalation graphite is capable of providing more 
merits in delivering higher practical volumetric energy density 
than Li4Ti5O12 considering all cell components including con-
ductive agents, binder and current collector (Figure S12d,e, 
Supporting Information). While there were not particular dif-
ference regarding the binder and the current collector, a larger 
amount of conducting agent was inevitable to prepare the LTO 
electrode owing to its intrinsic low electronic conductivity com-
pared to the graphite. Both full cells showed stable cycle life as 
demonstrated in Figure S13 (Supporting Information). Note 
that the high power capability of the graphite electrode can be 
beneficial to the safety of batteries. In conventional lithium-ion 
batteries, graphite can pose a safety issue during a fast lithiation 
process; the overpotential arising from the high current can 
lead to lithium metal plating on the electrode, which is highly 
detrimental.[38,39] The fast insertion kinetics of the co-intercala-
tion in graphite can be considered a merit to prevent such situa-
tions. Moreover, the relatively high redox potential (>0.3 V vs Li) 
of the co-intercalation, far greater than the lithium metal for-
mation potential, further precludes lithium metal plating,[21] 
which was also experimentally confirmed by surface observa-
tion of graphite using SEM after fast discharging (Figure S14, 
Supporting Information). As will be discussed later, the lack of 
thick SEI layers on the graphite anode cycled with the ether-
based electrolyte also aids in enhancing the safety properties of 
a graphite anode using co-intercalation.[40,41]

The high rate capability of [Li–DEGDME]+ complex ion 
intercalation in the graphite electrode is unusual considering 
the large size of the complex ion. To better understand this 
phenomenon, we considered the possible factors assisting the 
fast complex ion intercalation kinetics in graphite. In general, 
guest ion intercalation in electrochemical cells occurs in the 
following four steps: (i) guest ion diffusion in the electrolyte, 
(ii) desolvation process at the interface between the electrolyte 
and electrode, (iii) guest ion diffusion through the SEI layer, and 
(iv) bulk diffusion in the active electrode material.[42] For (i), we 
simply compared the ionic conductivities of 1 m LiTFSI in EC/
DMC and DEGDME (see the Experimental Section for detailed 
information). According to our measurements, the ionic con-
ductivities of the two electrolytes were 10.75 ± 0.99 and 9.56 ± 
0.16 mS cm−1, respectively, which are consistent with previous 
reports.[43,44] The marginally similar ionic conductivities indi-
cate that the ionic conductivity of the electrolyte is not a deter-
mining factor for the distinctive kinetics. To estimate the effect 
of (ii), the energy barriers of the desolvation process were com-
paratively calculated for DEGDME, DMC, and EC solvations 
(Figure 5a). The desolvation energy was estimated based on the 
energy required for a lithium ion to remove a solvent molecule 
(see the Experimental Section for a detailed description of the 
calculations).[45,46] Each step in Figure 5a represents the series 
of energies required to desolvate the multiple solvation shells. 
For example, in the bottom panel of Figure 5a, [Li–2EC]+ repre-
sents a lithium ion solvated by two EC molecules, and 1.748 eV 
is the energy necessary to remove one EC molecule and form 
[Li–EC]+. The first solvation (or last desolvation) energy is 
significantly higher for DEGDME (3.730 eV) than for DMC 

(2.091 eV) or EC (2.384 eV), indicating that the lithium ion 
and DEGDME solvent are strongly bound to each other, pro-
moting the co-intercalation.[31] This finding is consistent with 
the experimentally observed [Li–DEGDME]+ co-intercalation 
phenomena in graphite. Thus, we considered the second-last 
energy barrier in the DEGDME system to be the effective desol-
vation energy (1.434 eV), whereas the last energy barriers with 
the highest values were considered the desolvation energies for 
DMC (2.091 eV) and EC (2.384 eV) because of their conven-
tional intercalation (highlighted in red in Figure 5a). The ener-
gies required to desolvate EC or DMC solvents are much higher 
than that of DEGDME solvent desolvation by ≈0.7–1 eV, which 
implies that the desolvation of lithium ions in EC or DMC for 
the intercalation of graphite will be relatively slower than the 
desolvation kinetics of the co-intercalation in DEGDME.

We further characterized the SEI layers of the graphite elec-
trodes, which can affect the intercalation kinetics, using trans-
mission electron microscopy (TEM) and XPS. Interestingly, 
the TEM results indicated that no noticeable SEI layer was 
formed at the surface of the graphite cycled with 1 m LiTFSI 
in DEGDME (Figure 5b), whereas a thick amorphous-like SEI 
layer was commonly observed at the surface of graphite cycled 
with 1 m LiTFSI in EC/DMC (Figure 5c). The XPS results with 
depth profiling also clearly confirmed that the SEI layer does not 
form on the surface of the graphite anode in the DEGDME elec-
trolyte system (Figure 5d). This result contrasts with that for the 
EC/DMC electrolyte system (Figure 5e), which has typical com-
pounds constituting the SEI such as Li2CO3 or (CH2OCO2Li)2 
and CO-containing materials.[41] It is believed that the absence 
of the surface film for the co-intercalation is partly due to the 
relatively high voltage cut-off of the co-intercalation in the dis-
charge (0.3 V vs Li) and the high LUMO level of the ether sol-
vent, which prevents the reduction of the electrolyte. This result 
is similar to that for a LTO electrode, which does not generally 
form a surface film when used as an anode because of its high 
redox potential.[47,48] Moreover, we speculate that the absence 
of an apparent desolvation process in the co-intercalation may 
have contributed to preventing the formation of thick SEI layers; 
however, further investigation is necessary. The lack of the typ-
ical SEI layers at the surface would enable the facile transport of 
[lithium–ether]+ complex ions into the graphite.

Finally, to understand the bulk diffusion in the electrode 
during the electrochemical reaction, we probed the electro-
chemical response of the [lithium–ether]+ complex ion interca-
lation using cyclic voltammetry (CV) with scan rates from 0.2 to 
3 mV s−1, as shown in Figure 5f. Here, it was assumed that the 
scan rate and peak current follow a power-law equation 

i avb= 	 (1)

where i is the measured peak current, v is the voltage sweep 
rate, and a and b are adjustable parameters.[49] A b value of 
0.5 generally indicates a diffusion-controlled reaction, whereas 
a b value of 1 indicates a capacitive reaction.[50] We calculated 
the b values of every peak in the [lithium–ether]+ complex 
intercalation by plotting log (scan rate) versus log (peak cur-
rent), as shown in Figure 5g. To our surprise, a significant 
pseudocapacitive nature was revealed for the [lithium–ether]+ 
complex intercalation, in contrast to the charge storage 

Adv. Energy Mater. 2017, 7, 1700418
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behavior of conventional lithium ion intercalation, which is 
mostly diffusion controlled.[51] The b values of the peaks were 
estimated to be 0.99, 0.87, 0.61, and 0.58, respectively, indi-
cating a mixed pseudocapacitive and diffusion reaction, or pre-
viously reported partial intercalation pseudocapacitance, during 
the electrochemical response.[52–56] Considering the apparent 
first-order phase transition of the [lithium–ether]+ complex in 
the bulk graphite, as evidenced in the ex situ XRD patterns 
in Figure 1d, the precise origin of this behavior has not yet 
been clearly understood. However, this behavior implies that 
[lithium–ether]+ complex ion diffusion in the graphite galleries 
promotes faster kinetics compared to conventional lithium ion 
intercalation. The enlarged space of the co-intercalated graphite 
with a large amount of the [lithium–ether]+ complex might have 
a similar lithium insertion local environment to those of the 
expanded graphite or restacked graphene, which may induce 
the pseudocapacitive behavior for the intercalation. Also, sim-
ilar observations have been reported in such as mesoporous 

MoS2,[52] MoO3−x,[53] MoS2 nanocrystal,[54] nanosized-MoO2,[55] 
and TiS2 nanocrystals,[56] which were ascribed to the intercala-
tion pseudocapacitance resulting from the suppressing interca-
lation-induced phase transitions. In addition, we speculate that 
the unusually large distance between graphene layers triggered 
by the initial co-intercalation of the [lithium–ether]+ complex 
promotes the subsequent co-intercalation of the complex ions 
with a nonlimited diffusion nature. In this case, the [lithium–
ether]+ co-intercalation would exhibit a capacitive behavior with 
much improved kinetics, which is similar to the unusually fast 
charge storage mechanism and CV response demonstrated by 
Dunn and co-workers for an orthorhombic Nb2O5 electrode.[50]

3. Conclusion

We demonstrated for the first time that lithium ion/solvent co-
intercalation into a graphite electrode can be highly reversible 
in lithium cells, which can exhibit promising electrochemical 

Adv. Energy Mater. 2017, 7, 1700418

Figure 5.  Origin of the high rate capability for [lithium–ether]+ co-intercalation. a) Desolvation energy of Li ion solvated with EC, DMC, and DEGDME. 
b,c) TEM images and d,e) XPS analyses characterizing the edge of graphite cycled with 1 m LiTFSI in DEGDME (left) and 1 m LiTFSI in EC/DMC 
(1:1, v/v) (right). The XPS CF3 signal originates from the poly(vinylidene) fluoride binder. f) Cyclic voltammogram of natural graphite using 1 m LiTFSI 
in DEGDME electrolyte. g) Anodic peak current dependence on the scan rate derived from CV and used to determine the capacitive and intercalation 
contributions to energy storage.
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performance with unexpected high power capability. The 
chemical compatibility of the solvent molecule with the pris-
tine graphite was shown to critically affect the stable co-inter-
calation. Furthermore, we revealed that the severe capacity 
degradation previously observed for co-intercalation in a 
graphite electrode does not stem from the co-intercalation itself 
but simply results from the chemical instability of the lithium 
metal in the ether-based electrolyte system. Accordingly, com-
plex ion co-intercalation in a graphite electrode was successfully 
utilized in both half cells with protected lithium metal and full 
cells with excellent reversibility. Compared with conventional 
lithium ion intercalation, the graphite electrode based on the 
co-intercalation was capable of delivering an impressively 
higher power capability, retaining more than 87% of its theo-
retical capacity at a current density of 1 A g−1 without the risk 
of lithium metal plating. Based on combined first-principles 
calculations and experiments, this higher power capability was 
attributed to faster desolvation kinetics, the negligible presence 
of a SEI layer on the graphite electrode, and the diffusion-less 
charge storage mechanism. Considering the high power capa-
bility and expected safety enhancement, co-intercalation-based 
graphite electrodes may offer an alternative direction for the 
utilization of graphite in high-power lithium-ion batteries, and 
this work constitutes the first step toward this advancement.

4. Experimental Section
Materials: Natural graphite (average size: ≈100 µm) was purchased 

from Bay Carbon Inc. and used without any modification. Electrolytes 
were carefully prepared to maintain low H2O content (<20 ppm). 
Lithium salts (LiTF and LiTFSI) and molecular sieves were stored in a 
vacuum oven at 180 °C. Dried lithium salts were dissolved in a DEGDME 
solvent at 1 m. The solution was stirred at 80 °C for 3 d. Molecular sieves 
were added in the solution to remove residual H2O from the electrolyte 
solution.

Electrode Preparation and Electrochemical Measurements: Graphite 
electrodes were prepared by mixing the active material (natural graphite, 
90 wt%) with polyvinylidene fluoride binder (10 wt%) in an N-methyl-
2-pyrrolidone solvent. The resulting slurry was uniformly pasted onto 
Cu foil, dried at 120 °C for 1 h and roll-pressed. The average electrode 
thickness and loading density were ≈50 µm and ≈5 mg cm−2. Test cells 
were assembled in a glove box into a two-electrode configuration with 
a lithium metal counter electrode. Full cells were constructed with 
excessive amount of LiFePO4 as a cathode material. A separator of grade 
GF/F (Whatman, USA) was sonicated in acetone and dried at 120 °C 
before use. Electrochemical profiles were obtained over a voltage range 
of 2.5 to 0.01 V using a multichannel potentiogalvanostat (WonATech).

Characterization: The structure of the samples was analyzed using an 
XRD (D2PHASER, Bruker, USA) using Cu Kα radiation. The morphology 
of the samples was verified using field-emission scanning electron 
microscopy (SUPRA 55VP, Carl Zeiss, Germany). The electrode after 
cycling was analyzed using XPS (PHI 5000 VeraProbe) and Raman 
spectroscopy (high resolution dispersive Raman microscope, Horiba 
Jobin Yvon, France). Gas evolution during battery operation was 
characterized using differential electrochemical mass spectrometry 
(HPR-20, Hiden Analytical). SEI was observed using high-resolution 
TEM (JEM2100F, JEOL, Japan). Ionic conductivity of electrolytes was 
measured with portable conductivity meter (Oakton waterproof portable 
CON 610 conductivity meter, Singapore).

Calculation Details: First-principles calculations were conducted 
to obtain the HOMO/LUMO levels and the energy of [Li–solventx]+ 
complexes (solvents: PC, EC, DMC, and DEGDME) and isolated 
solvent molecules using the Gaussian 09 code.[57] All geometries 

were optimized with the B3LYP/6-311G (3df) level of exchange-
correlation functionals and basis sets.[58,59] Based on the calculated 
energies of molecules, desolvation energy Edes was obtained using 
the following definition: des, [Li solvent ] solvent [Li solvent ]1E E E Ex x x= + −− −−

+ +.  
Here, − −−

+ +E Ex x,[Li solvent ] [Li solvent ]1 , and Esolvent represent the energy of  
[Li–solventx−1]+, [Li–solventx]+, and isolated solvent molecule, 
respectively.
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