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Introduction

Li-ion batteries (LIBs) have huge impact to the modern
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Ultra-low Content Induced Intercalation Anomaly of Graphite
Anode Enables Superior Capacity at Sub-zero Temperatures

Febri Baskoro,? Po-Yu Yang,© Hong-Jhen Lin,? Robin Chih-Hsing Wang,? Hui Qi Wong,? Hsinhan Tsai,®
Chun-Wei Pao, *< Heng-Liang Wu, *%f and Hung-Ju Yen,*?

The rapid development of energy storage devices has pushed Li-ion batteries (LIBs) bear down for higher performance,
better safety, lower cost, and capable to operate in wide range temperatures. However, most LIBs are used only in favorable
environments rather than extreme conditions such as in ocean exploration, tropical areas, high altitude drones, and polar
expeditions. When chronically or periodically exposed to these harsh environments, conventional LIBs will fail to operate
due to hindered ion conductivity, interfacial issues, and sluggish desolvation of Li-ion. Additionally, graphite has been
recognized as the-state-of-the-art LIBs negative electrode due to their mechanical stability, electrical conductivity, cost-
efficiency, and abundant availability. However, limited Li* storage capacity of 372 mA h g via LiCg coordination has become
a bottleneck and hindered its further application for next-generation LIBs. Here we reported intercalation anomaly under
ultra-low graphite content that enables super-lithiation stage in the electrode. The ultrahigh rate capability (2200 mA h g*
at 1C and 1100 mA h g* at 30C) in graphite anode was achieved by reducing its amount within the electrode and adding
more conductive filler in the electrode creating a highly conductive system. When operated at -20 °C, the ultra-low graphite
anode keeps 50% capacity (1100 mA h g?') of room temperature, and ranks the best among LIB anodes toward
commercialization. Systematical spectroscopy analysis reveals that additional capacitive behavior and a distinct structural
evolution, which leads to Li* intercalation anomaly up to LiC,, within ultra-low graphite content electrode significantly
improve graphite electrode capacity beyond 372 mA h g. Additionally, when the battery operated at sub-zero temperature,
this unique electrode structure with higher conductive environment help to overcome the sluggish desolvation process at
interface and slow diffusion in the bulk electrodes. This finding shed a new light in the graphite chemistry and pave the way
on the development of anode-less lithium-ion batteries.

specific energy materials while the key parameters of energy
efficiency regarding their commercialization are often
neglected.? 3 Thus, next generation of LIBs require not only

society starting from portable energy storage devices and have
been making their way towards electric vehicles application.?
This wide range applications and increasing energy demand
have pushed LIBs to maximize their storage capability and
broadening its operation temperature. However, most LIBs
researches are primarily focusing on the development of high
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novel electrode materials which are capable of providing high
capacity and robust architectures, but also able to increase
energy efficiency by reducing the production cost as well as
operate under wide range temperature.? 4 In this regards, the
issue related to decayed performance of LIBs at low-
temperatures pops out, which becomes one of the main
obstacles to restrict their applications at high altitudes or
latitudes, and certain defense and space applications.” & This
issue mainly associated to several factors: low ionic conductivity
of electrolyte,® 1° limited Li* diffusivities,’> 12 and increased
interfacial charge-transfer resistant.3-1°

In general, a LIB anode experienced multi-stages process
during lithiation: First, the Li-ions in solvated form migrate from
the bulk electrolyte to the surface of electrode, which resemble
from ionic conductivity of the electrolyte. Second, the Li-ions
were released from solvated form (desolvation process) at
electrode/electrolyte interface. Third, the desolvated Li-ions
were further migrate through solid electrolyte interphase (SEl)
layer and then into the electrode, which corresponds to the SEI
resistance and solid-state diffusion process in the bulk material.
Notably, all of these process would be significantly impacted by
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Fig. 1 Electrochemical performance of graphite different content. (a) and (b) are cyclic voltammogram of G10 and G80, respectively.
The inset figure is the zoom in on the potential of 0.02 - 0.3 V. (c) and (d) are the selected charge-discharge profile of G10 and G80
at 1C (1C: 372 mA h g1), respectively. (e) The capacity profile of half-cell LIB with different percentage of graphite electrodes. (f)

The rate performance of G10 (black), G20 (purple), and G80 (red).
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the temperature, especially when the operation temperature
dropped to sub-zero. Various approach have been proposed to
enhance LIBs performance under low-temperature operation,
such as tunning electrolyte composition,'® 17 developing
electrolyte additive,'®?! and utilizing series of nanostructure
materials.?>?> However, improvement of cycling stability
associated with charge-discharge behavior at low temperature
are remain very difficult.1® 26-30

On the other hand, graphite has been widely used as an
anode material due to its excellent mechanical stability,
electrical conductivity, abundant availability, and relatively low
cost.! However, the limited specific capacity of 372 mA h g%, by
only inserting Li* to LiCg composition between the graphene
its further application as next
generation LIB electrodes.’ 3 3! Earlier studies have reported

layers, severely impeded

that the specific capacity of graphite can be enhanced beyond
LiCe: the higher specific capacities of graphite with 900 mA h g
132 and 1,660 mA h g133 can be achieved by strategies such as
heat treatment (pyrolysis at 700 °C) and operated in extreme
condition (beyond 100 °C), respectively. Even so, these
treatments are considered to be costly thus burden their
practical applications. In addition, the mechanism of relatively

2| J. Name., 2012, 00, 1-3

high specific capacity of graphite is still under debate.
Furthermore, several approaches have also been proposed to
improve electrochemical performance of graphite under low-
temperature operation, such as using mild oxidation,3* 3°
adding metallic particles,3® 37 chemical doping,3® 3° and surface
coating.%? 41 Nevertheless, the sluggish desolvation process at
interface and slow diffusion in the bulk electrodes was again
lead to failure of LIBs at low-temperature.” 3042, 43

In the light of high specific capacity and minimal prime cost,
here we report Li* intercalation anomaly within ultra-low
graphite content that dramatically enhance the storage
capacity. The reducing graphite weight percentage, while
increasing conductive filler, in the electrode is aiming to
facilitates capacitive-like behavior and enhance Li* diffusivity in
the LIBs, which is expected to improve desolvation Li-ions
process and interfacial conductivity of graphite anode at low-
temperature operation. In brief, various anode electrodes with
different graphite content have been fabricated in this study,
namely G10 (graphite 10 wt%), G20 (graphite 20 wt%), G30
(graphite 30 wt%), G40 (graphite 40 wt%), G80 (graphite 80
wt%); and an electrode without graphite, SP80, was also
fabricated as a control. Surprisingly, the ultra-low graphite

This journal is © The Royal Society of Chemistry 20xx
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content (G10 and G20) exhibited significant different behavior
from that of high graphite content (G80). The use of low
graphite content anodes, G10 and G20, lead to superior specific
capacities of 2200 and 980 mA h g1, respectively, exceeding the
commercial graphite anode (372 mA h g?) at room
temperature. Furthermore, benefiting from the unique features
such as high diffusion coefficient and additional
pseudocapacitive contribution on the ultra-low graphite
content, the G10 anode exhibited an extremely high low-
temperature performance of 1100 mA h g! (50% capacity
retention that that of at room temperature), when it operated
at -20 °C. Various electrochemical methods combined with
comprehensive characterization techniques as well as
simulation studies have been performed to elucidate this
distinct anomaly of graphite anodes.

Results and Discussion

In order to probe the behavior of different percentage
graphite anodes during insertion/extraction of Li*, series of
electrochemical measurements have been firstly applied in
room temperature condition. First, cyclic voltammetry (CV)
measurement has been performed to observe the redox
potential of different percentage graphite anodes. As shown in
Fig. 1a and 1b, four major reduction peaks are monitored on the
cathodic scan of G10 (Fig. 1a), while G80 (Fig. 1b)exhibited only
two major peaks. These multiple reduction peaks on the
cathodic scan represented with multi-stages of Li* insertion
during electrochemical processes.** 4> The first peak at ~0.9 V is
preferential to the initial stage of lithiation process which is
began by Li* adsorption on the most outer layers of graphite due
to higher conductive environment in the electrode. This distinct
Li* uptake in the graphitic carbon materials at relatively higher
voltage than 0.25 V has also been observed in the previous
reports.3% 4649 Furthermore, the second peak at 0.2 V can be
assigned as the follow up process from Li* adsorption process.
At this phase, Li* starts to insert on the most outer layer of
graphite, which could be possibly signed as stage IV
intercalation (30C + Li) = LiCs0). This process is followed by
continuous Li* intercalation into more inner layers of graphite,
as indicated from the minor peak at 0.15 V, which is an
indication of stage Il intercalation (LiCs¢ + Liis) = 2LiCyg). The
third and fourth peaks located at 0.1 and 0.05 V are attributed
to the further Li* intercalation in graphite layers that were
presumably linked as deep intercalation stage Il (1/2 LiCyg + Li)
= 3/2 LiCg) and stage | (6C + Lii) = LiCg), respectively.

On the contrary, only two major peaks can only be
monitored for G80 (Fig. 1b) at 0.19 and 0.08 V during cathodic
scan, which could be associated to stage IV and stage Il
intercalation, respectively. The missing reduction peak of ~0.9
and 0.05 V could indicated that a minimum utilization of
interlayer graphite under high percentage in the electrode
(G80). Additionally, the appearance of four major peaks in
cathodic scan can also be observed in G20, G30 and G40 (Fig.
S1), indicating an excellent occurrence of Li* intercalations into
graphitic layers at low graphite content in the electrode.
Notably, no redox peaks can be monitored on the SP80

This journal is © The Royal Society of Chemistry 20xx
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electrode during CV measurement (Fig. S1d), indicatingthat.ne
specific redox reaction happen in thisl 181&EPGeE ARIIRE
electrochemical process. This further implies that most of
electrochemical responses in the CV were contributed from
redox reaction within graphite particles.

In agreement with the CV results in Fig. 1a, the galvanostatic
charge/discharge profile of G10 (Fig. 1c) denoted four different
plateaus at 0.9, 0.2, 0.1 and 0.05 V, which correlates
respectively to their Li* intercalation stages during lithiation
process. Interestingly, this four plateaus brought significant
increase in capacity for G10 up to 2200 mA h g after 100 cycle
at 1C. This outstanding specific capacity is nearly six times
higher than that of conventional graphite (372 mA h g') via LiCg
formation. Additionally, this four voltage plateaus can also be
observed on the G20, G30, and G40, bringing the Li* storage
capacity beyond 372 mA h g (Fig. S2). On the other hand, G80
only showed two different plateaus at 0.2 and 0.1 V with the
specific capacity of 230 mA h g at 1C (Fig. 1d). Notably, as
applied the same charge-discharge rate of 1C, G10 exhibited a
significantly longer time (~6 hours) to get fully lithiated stage at
0.02 V (Fig. 1c), while G80 only requires 0.6 hours (Fig 1d). This
obvious time difference also suggests that reducing graphite
content in the electrode could lighten graphitic layers utilization
thus brought a significant impact on achieving extremely high
specific capacity. Following the superior performance of G10,
batteries with G20, G30, G40 and G80 exhibited capacity of
~980 mA h g, ~580 mA hgl, ~340 mA hg'and ~230 mA h g?,
respectively (Fig. 1e). Furthermore, the extreme rate capability
has also been demonstrated for G10 and G20 up to 30C (Fig.
1g). Furthermore, G10 possessed an extremely high rate
capability of ~1430 mA h g at a relatively high current rate of
30C with excellent stability for up to 2000 cycles (Fig. S3).

To verify the substantial improvement on graphite specific
capacity under low percentage, we prepared the G20 with the
increase active material loading into the electrode up to 1.80
mg cm2. While, we also tried to reduce the loading of G80 up to
1.19 mg cm2. Surprisingly, the G20 electrode with higher
loading of 1.80 mg cm?still hold a high specific capacity of 840
mA h g at 1C (Fig. S4a), while G80 can only deliver capacity of
225 mA h g*. Moreover, similar trend can also be seen in the
rate performance (Fig. S4b) where the G20 with high material
loading could deliver specific capacity of 211 mA h g under
extremely high current rate of 30 C. Additionally, the specific
capacity generated from SP80 electrode was found to be ~71
mA h g?! under 1C (Fig. S5), indicating that the capacity
contributed from the conductive carbon is significantly low
compare with the performance of graphite performance under
low percentage (G10 and G20). This low specific capacity of
SP80 was consistent with the CV (Fig. S1d), where no specific
redox reaction observed during electrochemical process.
Therefore, it suggests that graphite intercalation anomaly could
possibly occurred under lower active material percentage
within the electrode, thus extent and enhance graphite specific
capacity beyond 372 mA h g* (traditional LiCg intercalation). 3,
32,48

To examine the effect of graphite content on the Li* storage
mechanism, ex-situ XRD measurements of low graphite content

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 Systematical analysis of G20 and G80 at various stages. (a) Selected stages and ex-situ XRD spectra of G20 at various charge-
discharge stages. Charge process: Al (0.23 V); A2 (0.17 V); A3 (0.14 V); A4 (0.12 V); A5 (0.08 V); A6 (0.07 V); A7 (0.06 V); A8 (0.05
V); A9 (0.04 V); A10 (0.02 V). Discharge process: B1 (0.07 V); B2 (0.09 V); B3 (0.13 V); B4 (0.15 V); B5 (0.21 V); B6 (0.23 V); B7 (0.25
V). (b) Selected stages and ex-situ XRD spectra of G80 at various charge-discharge stages. Charge process: C1 (0.23 V); C2 (0.20 V);
C3(0.17 V); C4 (0.14 V); C5 (0.11 V); C6 (0.07 V); C7 (0.03 V); C8 (0.02 V). Discharge process: D1 (0.07 V); D2 (0.13 V); D3 (0.15 V);
D4 (0.18 V); D5 (0.22 V); D6 (0.25 V). (c) Selected states of ex-situ XPS analysis on the G20 during charge process, namely Q1 (3.0
V); Q2 (0.9 V); Q3(0.2V); Q4 (0.15 V); Q5 (0.1 V); Q6 (0.05 V); Q7 (0.03 V); Q8 (0.02 V). (d) and (e) C1s and Lils XPS spectra of G20
shown at various charge stages. (f) Normalized Li* content in G20 at different charge stages. (g) Selected states on the 2" charge-
discharge process of G80, namely R1 (3.0 V); R2 (0.9 V); R3 (0.2 V); R4 (0.15 V); R5 (0.1 V); R6 (0.05 V); R7 (0.03 V); R8 (0.02 V). (h)
and (i) C1s and Lils XPS spectra of G80 shown at various charge stages. (j) Normalized Li content at different charge state of G80.

(G20; Fig. 2a) electrode and high graphite content (G80; Fig. 2b)
electrode were performed to evaluate their structural evolution
during Li* insertion/extraction. Surprisingly, a distinct structural
evolution during Li* insertion/extraction can be observed for
low graphite content of G20 than that of G80 (high graphite
content). As shown in Fig. 2a, during the lithiation process from
3.0to 0.14 V (namely state A1-A3), the diffraction peak of (002)
at 26.3° (A1) shifts to a lower value of 25.8° (A3), implying that
the graphite interlayer-spacing (d-spacing) increases from 3.33
A (pristine) to 3.37 A (A1) and then 3.44 A (A3). This increasing
d-spacingis a result from early lithiation process associated with
the formation of Li* intercalation stage IV (LiC3) and stage Il
(LiCyg), respectively, after Li* adsorption process on the outer
layer of graphite.** >° Furthermore, a twin diffraction peak
associated with the d-spacing of 3.44 and 3.49 A, respectively,
is obtained at 0.12 V (A4), indicates the transition from Li*
intercalation stage Ill to stage Il during the further lithiation
process (Fig. 2a). In contrast, these intercalation stage Ill and Il
of G80 electrode can only be obtained at deeper lithiation
process at 0.07 V (C6) (Fig. 2b). This suggests that low graphite
content lighten interlayer utilization than that of higher
content. Furthermore, the G20 electrode with a d-spacing of
3.68 A (24.1°) is obtained at 0.08 V (AS5; Fig. 2a), corresponding
to the deep Li* intercalation of stage | (LiCs formation) during

4| J. Name., 2012, 00, 1-3

the lithiation process.>® On the contrary, the intercalation stage
| can only be slightly observed at 0.02 V in the G80 electrode
(full charge state; C8), along with major contribution of stage Il
(Fig. 2b). This phenomena further suggests that the low graphite
content electrode can be fully lithiated and forms LiCg at higher
voltage of 0.08 V, while the higher graphite content electrode
at the full charged state of 0.02 V is dominated by stage Il with
minor contribution of stage |, indicating a lighten graphite
interlayer utilization.>' >2 Additionally, the diffraction peak with
a d-spacing of 3.68 A on the G20 gradually become dominant,
along with the disappearance of diffraction peak of 25.38° (d-
spacing of 3.49 A), as the lithiation process proceed to a deeper
potential from A6 (0.07 V) to A10 (0.02 V; full charge stage). This
indicates that most of graphite interlayer in the G20 electrode
has been intensively escalate to accommodate large Li*
intercalation, than that of G80. Therefore, these graphite
intercalation anomaly based on the ex-situ XRD studies of G20

and G80 implies that further lithiation process beyond the Li*
intercalation stage | (LiCs) possibly taken place during deep
charge process of G20 from A6 (0.07 V) to A10 (0.02 V; full
charge stage), thus significantly contribute in boosting the
capacity of graphite under low percentage. Moreover, the
reaction process is reversible during delithiation process.

This journal is © The Royal Society of Chemistry 20xx
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Additionally, field emission scanning electron microscope
(FESEM) analysis was performed to probe the morphological
changes of graphite particles during electrochemical process. As
depicted in Fig. S6b — d, the interlayer of graphite in G20 was
significantly expanded at full-lithiation state (0.02 V). This
interlayer expansion could be ascribed to an intensive Li-ion
insertion during charge process, which is consistent with the ex-
situ XRD results, where d-spacing of graphite was enlarged from
3.37 (pristine) to 3.68 A (at full-charge state of 0.02 V) (Fig. 2a).
Meanwhile, at the full-discharge state (full de-lithiation at 3.0
V), the well-defined graphite interlayer can be monitored with
a minimum expansion (Fig. S6f — h). This phenomena suggests a
reversible expansion/relaxation phenomena of graphite
interlayers during electrochemical process, and is consistent
with the ex-situ XRD results. Notably, a similar graphite
interlayer expansion can also be monitored at G20 even after
100 cycles, while no significant changes can be observed for G80
(Fig. S7). These distinct morphological changes further
confirmed an intercalation anomaly of graphite anode under

This journal is © The Royal Society of Chemistry 20xx

ultra-low content. Furthermore, a distinct graphite
morphological evolution was observed in the ex-situ Raman
spectroscopy of G10 and G80 between before and after 100
cycles (Fig. S8). As shown in Fig. S8, typical graphite C-C bonding
properties, sp3 (D band) and sp? (G band) carbon, can be
observed for both G10 and G80. The D band showed no
significant changes in G10 and G80 after 100 cycles, though, the
G band indicated significant peak deformation for G10. As
depicted in Fig. S8a, the G band peak of G10, which originally
located 1598 cm™ before cycles, was transformed into two
overlapped peaks namely G* (1608 cm™) and G- (1576 cm™1).
However, the G band of G80 was only slightly shifted from 1590
to 1595 cm? after 100 cycles (Fig. S8b). The shifting of G band
towards the higher wavenumber G* (¥1600 cm) has been
recognized for the intensive interlayer expansion due to the
formation of graphite intercalation compound (GIC) from
insertion species thus increased the C=C bond length.>3 54
Meanwhile, the lower wavenumber G- (1576 cm™?) indicated the
transformation of sp? carbon bonding configuration or
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formation of a shorter sp? chain.>>>¢ This ex-situ Raman analysis
further implied that the graphite under low content in the
electrode experienced massive interlayer expansion and
structural transformation during cycling process, which might
be due to the intensive Li* insertion into interlayer of graphite.
This observation was again in a good agreement with the ex-situ
XRD and FESEM analysis.

To gain a further understanding on the chemical bonding
during electrochemical process, the ex-situ XPS was also
performed to evaluate chemical compositions at selected states
during 2" lithiation process, namely states Q1-Q8 for G20 (Fig.
2¢, Fig. S9 and $10) and R1-R8 for G80 (Fig. 2g, Fig. S11 and 512).
The ex-situ XPS analysis have been summarized and presented
in Fig. 2e — 2f for G20 and Fig. 2h — 2i for G80, respectively. As
presented in (Fig. 2d), the Cls spectra at the initial state, 3.0 V
(Q1) showed specific binding energy (BE) of C=C, C-C, C-O, C=0,
and CO;* at 284.21, 284.76, 286.05, 287.7, and 289.05 eV,
respectively. A BE associated with the m-it satellite peak can also
be observed at 290.19 eV. Furthermore, an additional BE at
283.2 eV associated with C-Li binding started to appear at 0.9 V
(Q2) and kept until Q8, indicating the lithiation process (Fig. 2d).
Notably, the m-it satellite peak at 290.19 eV disappeared as the
Li* intercalation reached 0.05 V (Q6) (Fig. 2d), indicating that the
T-T interaction between basal planes of graphene were fully
utilized to capture Li* during intercalation thus results in a
weakened interlayer bonding and increased d-spacing of
graphite, which is in good agreement with the ex-situ XRD of
G20 (Fig. 2a). On the contrast, the m-mt satellite peak of G80 is
visible from initial state R1 to R7, along with an additional BE at
283.2 eV for C-Li binding started to appear from R3 (Fig. 2h),
indicating that the abundant m-mt electrons in G80 are not
occupied by Li* during charge process. The Cls spectra
illustrates that the graphitic interlayers in low graphite content
(G20) electrode are fully utilized during Li* intercalation than
that of high graphite content electrode (G80). This unique
behavior could be possibly responsible for boosting the battery
performance.

In good agreement with C1s spectra, the Lils spectra of G20
showed the LiC3 and LiC;g formation with BE of 54.02 and 53.60
eV at 0.9 V (Q2) (Fig. 2e), which has been recognized as Li*
adsorption on the graphite surface (Fig. 1a).*® 47 This
phenomenon suggested that Li* started to intercalate in the
outer layer of graphite at 0.9 V (Q2) and results in stage IV and
stage lll intercalation via formation of LiCzg and LiC;g during this
adsorption process. Furthermore, this process is consistent with
ex-situ XRD of G20 ranged from 0.23 to 0.17 V (Al to A2), in
which graphite d-spacing increased from 3.33 A (pristine) to
3.37 and then 3.44 A (Fig. 2a). As the applied potential is
lowered to 0.2 V (Q3), the new BE at 53.40 eV for LiC,, appeared
along with LiC3p and LiC,g formation (Fig. 2e), which were no
longer observable after 0.05V (Q5). Interestingly, the BE at
53.35 eV for LiCg (stage |) begin to form at 0.1 V (Q5), which is
in good agreement with ex-situ XRD (Fig. 2a), denoting a better
utilization of graphite interlayer for G20 electrode than that of
G80 (Fig. 2b). Furthermore, an additional BE close to the LiC,
formation appeared at 53.10 eV along with the existence of
LiC1, and LiCs when the applied potential reached 0.05 V (Q6;

6 | J. Name., 2012, 00, 1-3

Fig. 2e). Importantly, when G20 electrode was fully charged at
0.02 V (Q8), the BE of Li-Li (Li°; 52.3 eV) efferged &1d/g WithoBitd
and LiC, formation. This co-existing three different Li
intercalation species at fully charged state in low graphite
content electrode (G20) could be responsible for significantly
improved Li* storage capability. The appearance of Li° BE could
be linked to the increased Li metallic character in the state of
LiC,. In the LiC, configuration, it was assumed that all the
benzene units from the basal plane of graphene were filled with
Li ions. Therefore, the continuous insertion of Li* in LiC,
configuration will further push the existing intercalated Li ions
getting close one to another, thus increased its metallic
character and form Li-Li covalent bonding.*8 57

Additionally, the ex-situ XPS was also performed for G10 at
different lithiation states, namely states P1-P8, to probe Li*
intercalation process. As shown in Fig. S13, the G10 behaves
almost identically with the G20 during lithiation process. The BE
at 283.4 eV can be monitored on the Cls spectra since P2 (0.9
V) and kept until P8 (0.02 V), suggesting the formation of C-Li
binding during lithiation process (Fig. S13b and S14). Notably,
the -t satellite peak at 290.10 eV for G10 disappeared when
the Li* intercalation process reached 0.15 V (P4) (Fig. S13b and
S14). This is slightly different than that of G20, where the n-nt
satellite peak disappeared at a lower voltage of 0.05 V (Q6, Fig.
2d) for G20, suggesting a better interlayer utilization of G10
than that of G20. Additionally, the L1s spectra of G10 shows that
the Li-Li peak was observed when the lithiation process reached
0.03 V (P7) and 0.02 V (P8; Full-lithiation stage) (Fig. S13c —d),
which is consistent with G20 (Fig. 2e — f). These findings
reinforce the notion that under ultra-low content in the anode
(G10 and G20), the graphite could behave significantly different
than that of high content graphite anode (G80).

The ex-situ XPS study manifest that further Li intercalation
process beyond LiCg can be found in the lower graphite
percentage (G10 and G20) via formation of LiC,, indicating an
graphite intercalation anomaly under low content electrode. In
this intercalation anomaly, a large interlayer expansion of 3.68
A at the stage of A5 — A10 has opened a channel for further Li
intercalation process to form LiC,. This is in good agreement
with the previous study that the superdense Li state (LiC;) can
be formed in the graphitic layers with d-spacing of ~3.7 A,58 59
which is close to the d-spacing of G20 at A1l0 (Fig. 2a).
Moreover, another study has also reported that further Li*
insertion into bilayer of graphitic carbon (Li,Ce, x>1) will change
the atomic state of Li from ionic state to nearly metallic.®°
Additionally, a recent study has also been reported that the LiC,
domains could co-exist during intercalation process even at a
capacity of 524 mA h g1.57 On the contrary, Lils spectra of G80
in Fig. 2i showed a different Li intercalation behavior than that
of G20 (Fig. 2d and 2e). The formation of LiC3y and LiC;g in G80
started from 0.2 V (R3) and remained until fully charged at 0.02
V (R8), while LiC;, began to emerge from R4 and dominate in
the Li intercalation stage along with the additional LiCg
formation at R8 (Fig. 2i). This behavior was consistent with the
ex-situ XRD spectra of G80 (Fig. 2b). More importantly, the LiC,
and Li-Li covalent binding cannot be observed in Lils spectra for
G80 electrode, suggesting a different Li* intercalation

This journal is © The Royal Society of Chemistry 20xx
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mechanism to G20 electrode. The Lils spectra of G80 again
confirmed that graphite particle behaves significantly different
as we lowered the graphite content in the electrode.
Moreover, Fig. 2f depicted the Li-C binding evolution of G20
at different charging states (Q1-Q8) with appropriate portion
contributed in the specific charge, which clearly implies the co-
existing three Li intercalation species of LiCg, LiC,, and Li-Li
covalent bonding formation taken place during lithiation
process. However, Li-C binding evolution of G80 in Fig. 2j reveals
that LiC;, species dominated Li storage, followed by LiCq
formation at the full charge state (R8). This distinct intercalation
behavior in low and high graphite content electrode
manifesting that graphite intercalation anomaly could occurred
and boosted the specific capacity of graphite anode. In addition
to the contribution of LiC, and Li-Li covalent bonding to the
battery capacity, another study also reported that the Li storage
capacity of carbon materials could be significantly increased up
to 990 mA h g by formation LiC, intercalation.®® Furthermore,
an earlier study by Sato, et. al.*® reported that Li-Li covalent
bonding could be formed and loosely trapped upon two
adjacent benzene rings in disordered carbon materials, such as
graphite. This Li-Li molecule is able to act as capacity reservoir
for increasing capacity up to 1157 mA h g*. Furthermore, Fig. 3
shows schematic illustration of distinct graphite intercalation

This journal is © The Royal Society of Chemistry 20xx

plot of

G10 and G80.

behavior under different content in the electrode. As shown in
Fig. 3, graphite particles experience Li* intercalation anomaly,
where most of graphitic layers were utilized to accommodate
superdense Li* states under low graphite content electrode. In
this superdense Li* intercalation process, three Li intercalation
species of LiCg, LiC,, and Li-Li covalent bonding formation co-
existed within graphite particles and consequently improved
the storage capability. On the contrary, graphite experience
dilute Li* intercalation state, where LiC;, species dominated Li
storage, followed by LiCg formation.

A series of density functional theory (DFT) calculations were
performed to examine the atomistic details of Li* intercalation.
Four different Li* intercalation models corresponding to
different intercalation stages based on the theoretical studies
by Ridorff-Hoffman (RH) were constructed and relaxed (see Fig.
4), and the respective simulated XRD spectra, intercalation
energies, and capacities were computed and are displayed in
Fig. S16 and Table S1, respectively. Comparison of diffraction
peaks in Fig. 2a and S16 suggests that the ~24° peak in Fig. 2a
(A6 — A10) corresponds to Model | intercalation (LiC,, Fig. 4d).
The simulated diffraction peak from the Model IV intercalation
(LiCy4, Fig. 4a) is also in agreement with the 25.8° peak (A3) in
Fig. 2a. Hence, the DFT calculations confirm the presence of the
LiC, intercalation. The adsorption energy calculations suggested
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that the LiC; is a metastable state of Li* intercalation (see Table
S1). It is important to emphasize that the negative adsorption
energies observed in this study result solely from the choice of
reference configuration. Here, isolated Li atoms in vacuum were
used as the reference state. If an alternative reference, such as
Li metal, were selected, the adsorption energy would be
positive.>” However, the primary purpose of computing
adsorption energies is to gain insight into relative structural
stability. Therefore, the absolute sign of the adsorption energy
and the specific choice of reference state are not the most
critical factors. Moreover, note that the simulated diffraction
peaks from Models Il and Il does not match any peaks displayed
in Fig. 2a. In particular, the Model Il corresponds to the LiCg
intercalation, which also yields the lowest adsorption energy
(see Table S1). These discrepancies may stem from the
limitations of DFT calculations, particularly insufficient energy
minimization involving cell dimension optimization due to the
high computational cost. In our recent effort to overcome this
constraint, we developed a hybrid machine learning (ML) model
trained on DFT-calculated energies, particularly in the high-
capacity regime, such as LiC,. This ML model enables large-scale
Monte Carlo (MC) simulations of lithium intercalation across a
broad range of capacities.>” The simulation results suggest that
lithium intercalation follows a stepwise progression from higher
intercalation stages (e.g., stage VI in ref.57) toward stage |,
consistent with XRD experiments. Furthermore, our study
identifies two new superdense GICs: LiCs (524 mA h g1) and
LiCz.6 (845 mA h g1). These phases exhibit interlayer spacings
comparable to LiCe, making them difficult to distinguish from
LiCs based on XRD data alone. From an energetic standpoint,
LiC, emerges as the most stable GIC, surpassing even LiCs,
whereas LiC,.6 exhibits an intercalation energy similar to that of
LiCe. These findings from extensive MC simulations suggest the
feasibility of stable superdense GICs beyond LiCs. However, it is
important to note that the formation of these superdense
phases may be kinetically hindered due to sluggish lithium
diffusion at higher capacities.

Considering the unique behavior on lighten interlayer
utilization to a fully optimized graphitic layer and outstanding
Li* storage capability at room temperature, the low graphite
content presumably allow a rapid Li* transport in the electrodes
that would be beneficial to overcome the bottleneck of LIB
operated at low-temperature. In order to reveal the feasibility
of low graphite content as an alternative solution for low-
temperature LIB, the galvanostatic intermittent titration
technique (GITT) was employed for G10 and G80 at 0.1C rate
(Supplementary Note 1). Fig. 5a and 5b shows the typical
galvanostatic profile of the G10 and G80 anodes during GITT
measurement, respectively. Interestingly, G10 has significantly
faster Li* diffusion coefficient (D) of ~10°° — 1019 cm? s than
that of G80 (~10°%°— 1014 cm? s'1) during lithiation process (Fig.
5c and 5d). As shown in Fig. 5c, the D; of G10 dropped up to
nearly 100 cm? s at potential of ~0.11 and 0.8 V, due to the
formation of more compact Li-C species of LiCy, and LiCg,
respectively. On the contrary, the D, of G80 dramatically
slumped up to ~10'* and ~10'* cm? s at potential of ~¥0.11 and

8| J. Name., 2012, 00, 1-3

0.8 V (Fig. 5d), indicating a huge barrier for Li* mghjlity.inthe
G80 during lithiation process. Additional P8 Kiaiodetreadessid
of G10 can be monitored at potential ~0.05 V (Fig. 5c), which
could be ascribed to formation of superdense Li intercalation
(LiC,). This further suggests that G10 could provide a significant
faster D;; than that of G80 during phase transitions. This
phenomenon could be attributed to the minimum resistances
between graphite particles inside of electrode and electrolytes
due to higher conductive environment that allowed a rapid
electron transfer, therefore accelerate Li* transport and
improve LIB performance. Furthermore, it was also consistent
with previous study that, the increased active material amount
within the electrode could impinges the ion transport across the
electrode during charge and discharge process.® It should be
noted that the solid-state Li* diffusion acts as a bottleneck for
insertion-type materials during the charge storage process,
especially at low-temperature.” ® 42 The increasing conductive
environment by reducing the graphite content in G10 enables
the fast solid-state diffusion of Li* in the bulk electrode, which
circumvents the limiting rate of commonly used electrode
architecture.

To further probe the ion migration kinetics, a sweep rate CV
has been carried out with scan rate ranging from 0.1 to 0.7 mV
s for both G10 and G80 (Fig. S17). According to the power-law
relation from sweep rate voltammetry (Supplementary Note 2),
the b value of G10 and G80 were found 0.61 and 0.27 (Fig. 5e),
suggesting the ion migration in G10 was contributed from
diffusion control process and pseudocapacitive behavior
simultaneously, while the G80 was only contributed from
diffusion controlled process.®?-%4 Further quantitative analysis of
diffusion and capacitive contribution (Supplementary Note 2)
on the G10 revealed that the proportion of pseudocapacitive-
controlled process at the 0.7 mV s was 39 % (Fig. 5f). This
contribution gradually decreased up to 15% when the scan rate
is lowered to 0.1 mV sX. This phenomena again confirmed that
the Li* storage kinetics was controlled by diffusion control
process and pseudocapacitive behavior simultaneously.
Furthermore, the synergic contribution of both diffusion and
pseudocapacitive behavior could further explain the superior
performance of low graphite content (see Supplementary Note
2 and 3). Another interesting feature is that the anodic peak of
G10 was not significantly shifted at various scan rates (Fig. 5g),
which also identify as combination of diffusion and
pseudocapacitive behavior. This such feature has been reported
can help overcome the sluggish solid-diffusion process in the
electrolyte/electrode interphase,*? which is considered as one
of the most impeding factors for the operation of LIBs at low
temperature. Additionally, the electrochemical impedance
spectroscopy (EIS) has been employed to evaluate the
relationship between exchange current (i,) and charge transfer
resistance at electrode interfaces (R, under different
temperatures. This correlation help to understand and estimate
the activation energy of active materials by using followed
Arrhenius equation: iop = RT/nFR., and ip=Aexp(—E,
/RT), where A is the temperature-independent coefficient, R
represents the gas constant, T is the operating temperature (K),

This journal is © The Royal Society of Chemistry 20xx
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n represents the number of electrons being transferred, F is the
Faraday constant, and E, represents the apparent activation
energy of the active materials in the electrode.®® % Taking these
equations, the activation energy is estimated as:
Ea = — RkiIn10, where k is the slope of the fitting line of
Arrhenius plots (Log10ip as a function of 1000/T). Fig. S18
shows the Nyquist plots of G10 and G80 electrode at different
temperature ranges. As shown in Fig. 5h, the E, of G10 and G80
electrode were estimated to be 25.93 and 31.04 kJ moll,
respectively. This indicates that reducing graphite content,
while increasing the conductive environment in the electrode,
could minimized the graphite particle activation energy to store
the Li*.

Benefiting from the unique features of high diffusion
coefficient and additional pseudocapacitive contribution as well
as the reduction of activation energy on low graphite content,
the G10 could possibly overcome the sluggish desolvation
process and slow diffusion in LIBs under low-temperature
environments. To clarify this point, the electrochemical
performance and kinetical study of G10 at low temperatures
were performed and investigated in details, presented in Fig. 6.
Fig. 6a showed the galvanostatic charge-discharge profile of
G10 at various temperature after 100 cycles. When the battery
was operated 0 °C, G10 can deliver a capacity of 1250 mA h g%,
corresponding with a high capacity retention of 62.5 % (1250
mA h g1/2200 mA h g = 62.5%). This capacity drop could be
resulted from sluggish Li* diffusion across electrolyte-electrode

This journal is © The Royal Society of Chemistry 20xx

lithiation

process of G10 at low temperature.

at low temperature. Surprisingly, when the battery reached at
even lower temperature of -20 °C, the specific capacity of G10
was still kept at 1100 mA h g?! (50% capacity retention),
indicating a superior performance at sub-zero temperature.
Furthermore, no significant changed can be monitored on the
galvanostatic profile of G10 at low-temperature operation,
suggesting a high material stability. In good agreement with the
galvanostatic profile, the capacity profile indicates a reduced
storage capability from 2200 mA h g to 1250 mA h gt is
observed when the operation temperature was lowered from
25 °Cto 0 °C (Fig. 6b), respectively, due to limited Li diffusion at
low temperature. Notably, the Li storage capacity was only
slightly decreased from 1250 mA h g! to 1100 mA h g%, when
the operation temperature was set at -20 °C. A capacity
fluctuation is observed when the battery was operated at 0 °C,
and became relatively steady cycling performance at -20 °C.
This capacity fluctuation can be associated with the increasing
electrolytes viscosity under low-temperature operation.®” As
the operating temperature at 0 °C, the movement of EC
molecules is significantly hindered, due to a higher freezing
point (~35 °C), than that of DEC at -43 °C, thus creating a binary
phase condition in the electrolytes. This condition could
possibly disturbing and creating ion flow fluctuation in the
electrolyte during charge/discharge process across the cycles,
thus resulting a significant capacity fluctuation at 0 °C.
However, this binary phase become minimum at -20 °C, as the
DEC molecules movement is further minimized, therefore
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results in a more steady cycling performance with the
decreasing specific capacity up to 1100 mA h g (Fig. 6b). In a
word, the low graphite content electrode of G10 demonstrates
the highest performance among the reported low-temperature
LIBs, in terms of operated temperature, current density and
cycling performance (Table S2).

To probe the kinetical phenomena under low-temperature
operation, the EIS study was again applied under different
temperature. As shown in Fig. S19a and S19b, a significant
increase of charge-transfer resistant can be monitored when
the operation temperature was lowered from 25 °C to -20 °C,
suggesting an increased interfacial charge-transfer at low-
temperature. Furthermore, the D,; of G10 has also showed
significant decrease from ~102° cm? s to ~101* cm? s! as the
operation temperature drops from 25 °C to 0 °C (Fig. 6c),
indicating a limited Li diffusion under low temperature (see
Supplementary Note 4). Interestingly, the Dy; was only slightly
shifted to a lower value when the operation temperature
reached sub-zero level (-20 °C; Fig. 6¢). This indicated that the
high conductivity on the bulk electrode is beneficial for
maintaining the fast charge-transfer properties, Li* diffusion
ability, and battery performance at sub-zero temperature. In
addition, sweep rate CV was again employed to dig out the
charge mobility under sub-zero temperature. As shown in Fig.
S19c, the CV curve of G10 at sub-zero temperature (-20 °C) was
significantly different than that of at 25 °C (Fig. 1a). The well-
defined redox peak associated with the Li intercalation at room
temperature were hardly observed at -20 °C, showing curves
which is similar to pseudocapacitive intercalation behavior (Fig.
S19c). Furthermore, the corresponding b-value was found to be
0.81, an 0.2 value increased from that of in 25 °C (0.61; Fig. 5f).
This suggesting an increased pseudocapacitive contribution
during charge-discharge process at -20 °C. The quantitative
analysis from total charge stored during sweep rate test at -20
°C further revealed that a high of 72% pseudocapacitive
contribution is accumulated at higher scan rate of 0.7 mV s?,
along with significant low of diffusion contribution (28%; Fig.
6d). This pseudocapacitive contribution was then gradually
decreased up to 52% at slow scan rate of 0.1 mV s, along with
increasing diffusion contribution to 48%, indicating the
simultaneously contribution of both pseudocapacitive and
diffusion during charge-discharge process. As the lithiation
process illustrated in Fig. 6e, pseudocapacitive feature of G10 at
low temperature could promote the desolvation process of Li*
from electrolyte/electrode at the interphase, while, the fast
ions diffusion on G10 accelerated the migration of Li ions in the
bulk electrode. This synergistic contribution of high diffusion
coefficient in the bulk electrode and pseudocapacitive
contribution turns out to be a perfect combination, which
greatly facilitates G10 with the excellent low temperature
performance.

Conclusions

In this work, we observed graphite intercalation anomaly under
its low content within the electrode. This intercalation anomaly
turns out to be beneficial on boosting the graphite specific

10 | J. Name., 2012, 00, 1-3

capacity and extend its operation range {9, sib-zZere
temperature. We believe that this methdd¢o\dBe/BATéfidert
and effective approach to reduce the production cost of
commercial graphite anode in the LIBs. Harnessing the unique
feature of lighten interlayer utilization due to fast diffusion,
pseudocapacitive contribution, and lower activation energy,
low graphite content electrode demonstrated an outstanding
specific capacity and ultra-high rate capability of commercial
graphite. The use of low graphite content anodes, G10 and G20,
leads to superior specific capacities of 2200 and 980 mA h g1,
respectively, exceeding the state of the art graphite anode (372
mA h g) at room temperature. Surprisingly, the G10 anode
possess an extremely high capacity of 1100 mA h g'! as operated
at sub-zero temperature (-20 °C). This by far is the highest
specific capacity recorded at -20 °C. Furthermore, the G10
anode possess an extremely high capacity of ~1430 mA h g! at
ultra-high current rate of 30C with excellent stability for up to
2000 cycles. The systematical spectroscopy analysis reveals that
the origin of this extraordinary performance is due to the
synergetic interplay of capacitive contribution and successful
formation of superdense Li* intercalation between graphite
interlayers. In addition, the perfect combination of high
diffusion coefficient in the bulk electrode and pseudocapacitive
contribution as well as the reduce graphite activation energy in
the electrode greatly enhance the battery performance at low-
temperature operation. These results demonstrate the simplest
and cheapest attempt to optimize graphite interlayers for Li*
storage, pushing the Li-carbon coordination beyond LiCg and
unlocking hidden potential of graphite at low-temperature.

Experimental section
Materials

The commercially available natural graphite powder (GN-580L),
conductive carbon (Super P°; >99% (metal basis)), polyvinylidene
fluoride (PVDF), and 1M lithium hexafluorophosphate (LiPFg) in
ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 v/v) were
purchased from UBIQ Technology Co., Ltd. N-methylpyrrolidone
(NMP; >99%) were purchased from Alfa Aesar (Thermo Fisher
Scientific). All the materials were used as received without further
purification.

Electrode preparation

The graphite electrode with different percentage were prepared by
slurry casting method. The recipe graphite electrodes are as follow:
G10 (Graphite 10%; Super P 70%; binder (PVDF) 20%); G20 (Graphite
20%; Super P 60%; PVDF 20%); G30 (Graphite 30%; Super P 50%;
PVDF 20%); G40 (Graphite 40%; Super P 40%; PVDF 20%);, G80
(Graphite 80%; Super P 10%; PVDF 10%) and as blank sample SP80
(Super P 80%; PVDF 20%). First, graphite powder, conductive carbon
and binder were mixed together and stirring at 450 rpm for 24 h in
room temperature. Second, the slurry then were casted on the Cu
current collector and dried on the hot plate at 60 °C for overnight (12
h). Third, the drying process continued in the vacuum oven at 80 °C
for another 8h. Finally, the graphite electrodes were cut in circle with

This journal is © The Royal Society of Chemistry 20xx
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diameter of 12 mm, resulting the electrode area of 1.13 cm?. The
average electrode mass loading for G10, G20, G30, G40, G80, and
SP80 electrode were maintained 0.76, 0.78, 0.85, 1.00, 2.43, and
0.606 mg cm?, respectively. These electrodes were then transferred
inside of the glovebox for coin cell fabrication.

Electrochemical measurement

All electrochemical performances measurement conducted using
CR2032 coin cell which assembled in the glovebox under Argon
atmosphere with H,0 and O, concentration were kept <1ppm. LIBs
half-cell were fabricated in which graphite with different percentage
as working electrode and Li metal foil as a counter/reference
electrode. Meanwhile, a total of 40 pL of 1M LiPFg in mixture of
Ethylene carbonate (EC):Diethylene carbonate (DEC) (1:1 v/v) was
used as an electrolyte. A Celgard 2325 with 18 mm diameter was
used as a separator. The cyclic voltammetry were performed using
MultiPalmSens4 electrochemical analyzer with open voltage 0.02 —
3.0 V and scan rate of 0.01 mV s. The electrochemical impedance
spectroscopy (EIS) analysis were conducted before and after battery
cycle using CHI electrochemical workstation model 760e with
frequency range from 10mHz to 1MHz and amplitude 10mV. The
cells were charged and discharge galvanostatically between 0.02 and
3.0 V using AcuTech battery station systems from AcuTech Systems
Co.,Ltd. A low temperature reactor Eyela PSL-2500A (Tokyo Rikakikai
Co. Ltd) was used to maintain temperature for cycling performance
at low temperature condition. Prior the measurement at low
temperature, the coincells were prelithiated at 1C rate in room
temperature condition. The prelithiated batteries were then kept
inside low temperature reactor for 2 h at specified temperature to
reach thermal equilibrium prior the measurement. The specific
capacity was calculated based on the weight of active materials with
respect to different wt% content in the working electrode. Unless it
specified, all electrochemical measurements were carried out with at
least three replicates to estimates the error and performed in room
temperature condition.

Material characterization

The X-ray diffraction spectroscopy (XRD) analysis were performed
using D2 phaser XRD from Bruker Co.,Ltd. The X-ray photoelectron
spectroscopy (XPS) was performed using an high-resolution XPS PHI-
Quantera ll, ULVAC-PHI, Inc. The scanning electron microscope (SEM)
were performed using Field-Emission Scanning Electron Microscope
(FESEM), Ultra Plus - Carl Zeiss. The Raman spectroscopy were
performed using a home-built Raman system with 633nm He-Ne
laser.

Computational method

In this study, the density functional theory (DFT) calculations were
performed using the Vienna ab initio Simulation Package (VASP)®®
with  all-electron  projected augmented wave (PAW)
pseudopotential.®® The Brillouin zone was sampled by the
Monkhorst—Pack method” with a grid of 2 x 2 x 4 [-centered k-point.
For the system with twice the supercell length in the z-direction, the
grid was set to 2 x 2 x 2. The electronic occupancies were described

This journal is © The Royal Society of Chemistry 20xx
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by the Gaussian smearing method with a smearing width,of 005 V.
The Grimme dispersion correction (DFT-D3)"11%E¥%BR1PI6yEH I
implement the van der Waals interactions, and a kinetic energy
cutoff of 500 eV was used for the planewaves. All of pristine and Li-
intercalated graphite structures were fully optimized by DFT
calculation including the atomic position, simulation cell shapes and
A, which is consistent with the experimental value of 3.33 A obtained
from the XRD analysis. The structures for DFT calculations were
constructed based on the Ridorff-Hoffman (RH) intercalation
model.”>76 Four RH models were constructed, as depicted in Fig. 4.
In Models II-1V, the Li atom packing between two adjacent graphene
layers follows the conventional LiCs type, whereas the Li atom
packing was set to LiC, in Model I. A series of DFT geometry
optimization calculations were performed to investigate the cell size,
stable Li adsorption configures as well as the adsorption energies.
Table S2t summarizes the adsorption energy E.q4, averaged interlayer
distance d,, and theoretical capacity of these models. Note the
adsorption energy E,q is defined as:

_ Epic—Ec—nEy;
Ead -

where E;,c is the energy of the Li intercalated graphite, Ec is the
energy of the pristine graphite, E; is the energy of one isolated Li
atom, and n is the number of adsorbed Li atoms. The Model Il model
yields the lowest E,q value of -1.867 eV, suggesting it to be the most
stable configuration of lithiated graphite. Note that the Model |
(packing mode of LiC,) is still stable after DFT relaxation with a slight
increase in E,q relative to other models, suggesting that the Model |
is a metastable lithiated state.
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