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ABSTRACT 

Despite their ubiquitous usage and increasing societal dependence on Li-ion batteries, there 

remains a lack of detailed empirical evidence of Li intercalation/deintercalation into graphite 

even though this process dictates performance, longevity and safety of the system. Here, we 

report direct detection and dissociation of specific crystallographic phases in the lithiated 

graphite which form through a stepwise staging process. Using operando measurements, LiC18, 

LiC12 and LiC6 phases are observed via distinct low-frequency Raman features which are the 

result of displacement of the graphite lattice by induced local strain. Density-functional theory 

calculations confirms the nature of the Raman active vibrational modes, to the layer breathing 

modes (LBM) of the lithiated graphite. The new findings indicate graphene-like characteristics 

in the lithiated graphite under the deep charged condition due to the imposed strain by the 

inserted Li. Moreover, our approach also provides a simple experimental tool to measure 

induced strain in the graphite structure under full intercalation conditions.  
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Graphite has been the predominant negative electrode materials in Li-ion batteries since their 

commercialization in 1991.1 The applicability of graphite in Li-ion cells was reported by Yazami 

for the first time when a graphite intercalated compound (GIC) was electrochemically formed 

using a solid organic electrolyte.2 The obtained GIC electrode exhibited reversible Li 

intercalation with high chemical and thermal stability, low operation potential vs. Li/Li+, small 

volume change and large specific capacity. Therefore, a GIC was used to assemble the first Li-

ion cell by Yoshino despite the restricting effect of graphite on the charging rate of the cell.1, 3 

The layered structure with strong sp2 C–C bonds within the planes and weak van der Waals 

forces between the planes makes graphite an ideal host structure for the insertion of various 

guest species. As a result, the electrochemical formation of GICs with alkali metal cations occurs 

at potentials close to the redox potentials of the corresponding metals, which is desirable for 

anode materials. The application of GICs as the negative electrode in sodium and potassium ion 

batteries has also been demonstrated.4-6 The microstructure of the carbonaceous electrodes 

including the pore structure and the presence of defects is proven to be particularly important 

in this regard.6 

The detailed structural changes of graphite during intercalation and deintercalation of Li+ is not 

fully understood.7 The most widely accepted intercalation model was introduced by Daumas-

Hérold in which Li+ ions can only move between the planes through a stepwise staging process.8 

Each stage is described by a stage index, n, representing the number of graphene layers 
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between two guest layers.9 The nature of this staging process has been correlated to the 

repulsive forces between guest species as well as the energy required to overcome the van der 

Waals attraction between the graphene planes.9 The insertion of Li+ into graphite induces 

mechanical strain which results in structural distortion. The total volume change of LixC6 system 

has been measured using operando X-ray diffraction (XRD) to be 6.1% for stage 2 (x=0.5) and 

13.2% for stage 1 (x=0.95).10  

Using a low energy electromagnetic probe to stimulate vibrational modes, Raman spectroscopy 

(RS) provides unique structural information at microscales.11 In addition, RS is particularly 

attractive for operando studies in electrochemical systems due to the non-destructive probe, 

fast response time, sub-micrometer lateral resolution and simple cell design.12 Operando RS 

(ORS) has been applied in a number of studies to investigate the intercalation of Li+ into 

graphite. Inaba et al. proved that the electrochemical potential of a highly oriented pyrolytic 

graphite (HOPG) electrode is correlated with the intercalation stage at the electrode surface 

observed by ORS.13 Thereafter, application of ORS to study Li intercalation into various GIC 

electrodes and using different electrolyte systems was reported.14-18 However, all the reports so 

far have been focused on the changes in the characteristic features of graphite (i.e. the D, G and 

G’/2D bands) as pristine graphite does not exhibit a distinct feature in the low-frequency 

region. In this study, we present newly observed features at low wavenumbers for alkali metal 

GICs. These new results provide direct information regarding the phase changes during 

intercalation and deintercalation processes in graphite. The new features can be employed to 

further analyze the degradation process of carbonaceous electrode materials in metal-ion cells 

by measuring the imposed mechanical strain at different states of charge.19 In addition, the 

developed approach in this study can be further expanded to other alkali metal-ion batteries 

such as Na- and K-ion as well as multivalent ions cells like Al-ion. 

The experimental details of ORS are presented in the Supporting Information (Figures S1-2). 

Raman measurements were collected from a single particle during electrochemical 

charge/discharge. A typical galvanostatic charge/discharge profile of the half-cell cycled 

between 1.0 and 0.01 V vs. Li/Li+ at C/20 rate is shown in Figure S3, exhibiting an average 

specific capacity of ~350 mAh g-1. The multiple plateaus display different lithiation stages from 
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pure graphite to LiC6 (see Figure S4 for staging diagram).20 Each stage is named by a number 

which specifies the number of graphene layers between two intercalated layers. The letter L 

(liquid) refers to disordered lithium ordering. Raman spectra were recorded during 

electrochemical discharge/charge cycles of the cell at constant intervals. A typical Raman 

spectrum recorded using a fresh graphite electrode is depicted in Figure S5. The graphite 

electrode used in this study exhibits two main features around 1585 and 2670 cm-1 related to 

the G and 2D bands, respectively. The nature of Raman peaks in carbonaceous materials has 

been extensively discussed before.11, 21, 22 The G band is the main active mode in graphite, 

related to in-plane vibrations of sp2 carbon atoms in rings and chains. In addition, a weak 

feature can be observed around 1350 cm-1 (D band) which is correlated to disordered carbon 

structures such as presence of defects and discontinuities in crystallites.11 The 2D band is the D 

band overtone but independent of defects as it originates by a process involving two phonons 

with opposite wave vectors.22  

The low intensity of the D band compared to the G band (ID/IG) indicates the high crystallinity of 

the graphite electrode which is desirable for achieving high Li intercalation capacity.23 Figure S6 

displays chemical mapping of the D and G bands on a single particle. The chemical maps 

demonstrate that the electrode is mainly composed of crystalline graphite with traces of 

disordered carbon. Subsequently, operando measurements were conducted on a single spot 

throughout the charge/discharge cycle. The laser intensity was set to < 1 mW and Raman 

spectra were collected (1 s per spectrum) in 5-minute intervals to minimize the sample heating. 

The operando Raman spectra, as well as the corresponding contour plot obtained from a typical 

charge/discharge cycle of graphite electrode in a half-cell vs. Li electrode performed under C/2 

rate, are shown in Figure 1. During the lithiation process, the G band initially shifts to higher 

wavenumbers (blue shift) and then splits into two peaks before fading into noise at the fully 

lithiated stage. Meanwhile, the 2D band continuously shifts toward lower wavenumbers (red 

shift) and similarly disappears when the GIC proceeds to stage 1. No other significant feature 

was detected in the range of 300 to 2900 cm-1 (see Figure S7 for an extended range). Formation 

of LiC6 upon insertion of Li is also associated with a color change in graphite from gray to gold 

(Figure S8).24 To confirm that the electrode materials were stable under the Raman laser, five 
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consecutive charge/discharge cycles were recorded under operando measurement conditions 

(Figure S9). The reversible electrochemical cycling, along with the monotonous transformation 

of the Raman features, confirm the stability under the operando measurements. 

The changes in the G and 2D bands of graphite during Li (de)intercalation have previously been 

discussed in detail.13-15, 18, 25 The initial frequency shift in the G band mainly occurs in stage 1L–

4L (see Figure S3) and has been attributed to the increase of the force constants of the in-plane 

C–C bonds upon Li insertion.18 As the Li insertion proceeds, the G band broadens and splits into 

two distinct peaks (stages 4L–2L). The upper-frequency peak (E2g2
(b); 1605 cm-1) is related to the 

boundary layers of Li-GIC and the lower-frequency peak (E2g2
(i); 1575 cm-1) has been assigned to 

the interior graphene layers.14 The intensity of the E2g2
(b) peak increases while the intensity of 

the E2g2
(i) peak decreases during stage 2L–2. During stage 2–1 and the formation of the highly 

conductive LiC6 phase, the scattering intensity decreases due to the reduction in optical skin 

depth, resulting in the disappearance of the G band.13 Similar steps in reverse order can be 

distinguished during the deintercalation process. Moreover, the shift in the 2D band has been 

correlated to the increase in biaxial strain on the graphene sheets induced by insertion of Li into 

the graphite structure. It has been demonstrated using bilayer graphene bubbles that the 2D 

band in graphene shifts toward lower frequencies (red shift) under biaxial strain.26 In a similar 

way, the biaxial strain induced by the intercalation of Li into a graphene electrode was 

calculated based on the shift of the 2D band to be 0.4%.19 The same approach obtained the 

biaxial strain of 0.6% for Li intercalation into the graphite electrode upon stage 2. 
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Figure 1: Operando Raman spectra and the corresponding contour plot obtained from a typical 
charge/discharge cycle of graphite electrode in a half-cell vs. Li electrode using a carbonate-
based electrolyte performed under C/2. 

 

Besides the well-studied in-plane vibrational modes, graphite exhibits another set of interlayer 

vibrational modes appearing in the low-frequency region of a Raman spectrum. These low-

frequency features which originate from the relative motion of the graphene planes include 

shear (C) modes and layer breathing modes (LBM).22, 27 The C mode (E2g at 42 cm-1) involves the 

relative in-plane displacement of graphene layers and is sensitive to the interlayer coupling. 

Whereas LBMs are caused by out-of-plane displacements along the c axis, making them more 

sensitive to interaction between the graphene layers, and this is further enhanced in GICs.27 The 
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latter is of particular significance in the characterization of few-layer graphene (FLG) as an 

interesting material for application in electronic and photonic devices.28 Saha and colleagues 

investigated the vibrational properties of FLG in Bernal sequence (AB-stacked) using first-

principles density-functional theory (DFT) calculations.29 Their results showed that the out-of-

plane transverse optical phonons (B2g at ~112 cm-1) are Raman active in FLG with an even 

number of layers while they are optically silent in bulk graphite (B1g at 128 cm-1). Moreover, the 

frequency of LBM is sensitive toward the number of graphene layers, stacking order and 

interlayer separation.30, 31  

Nevertheless, experimental observation of these low-frequency modes is challenging due to the 

strong Rayleigh scattering background.22, 29, 32 Shang et al. observed a single LBM at ~120 cm-1 

for FLG grown by chemical vapor deposition.33 Subsequently, different LBM frequencies of the 

two-phonon overtone were reported for FLG using doubly resonant Raman spectroscopy.27 

However, previous ORS studies on GICs have been solely focused on the changes occurring to 

the in-plane vibrational modes (G and 2D bands).11 By collecting a wide range of wavenumbers 

in an operando fashion, we observed a new feature in the Raman spectra of GIC during stage 2–

1 (Figures 2 and S10). Figure 2 displays the operando Raman spectra including the low-

frequency range of spectrum obtained during a charge/discharge cycle of a graphite electrode 

in a half-cell vs. Li electrode under C/20 rate. As the intensity of the G band decreases during 

stage 2–1, several low-frequency features emerge in the range of 100 to 300 cm-1 (see also 

Figure S11). Similar features were observed for the charge/discharge of graphite electrode 

under C/10 and C/2 rates (Figures S12 and S13).  
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Figure 2: Operando Raman spectra and the corresponding contour plot including the low-
frequency range of spectrum obtained from a charge/discharge cycle of graphite electrode in a 
half-cell vs. Li electrode using a carbonate-based electrolyte performed under C/20. 

 

The low-frequency features appeared for GIC during stage 2–1 are most likely related to the 

out-of-plane displacement (A1g mode) of graphene layers adjacent to Li. It should also be noted 

that in contrast with FLG samples, the low-frequency features in graphite exhibit significant 

intensity which is comparable with the G band of pristine graphite. The higher intensity of the 

observed low-frequency features could be related to greater interlayer separation due to the 

intercalated Li which in turn reduces the van der Waals interactions between the graphene 

layers. To confirm the origin of these features, we derived the phonon dispersion plots for LiC18 
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stacked in AAB sequence as well as LiC12 and LiC6 stacked in AA sequence using DFT calculations 

(see Supporting Information for calculation details).34 Phonon dispersions were obtained using 

the finite difference / supercell method for LiC18, LiC12 and Li2C12 and are shown in Figure 3, 

where the relevant mode is highlighted in red (full-range plots are depicted in Figures S14-S16). 

The corresponding out-of-plane displacement patterns are also depicted in Figure 3. It should 

be noted that DFT calculations for LiC18 stacked in AA sequence resulted in imaginary 

frequencies at the Γ-point, indicating the mechanical instability of the system (Figure S17). 

Therefore, the phonon dispersion of LiC18 system was calculated in AAB sequence which is 

shown to be stable.35 

Our DFT calculations reveal that Li-intercalated graphite exhibits Raman active modes in the 

low-frequency region. The LBM frequencies at the Γ-point were predicted by DFT to be 173, 

196 and 213 cm-1 for LiC18, LiC12 and LiC6, respectively, which are slightly larger than, but show a 

similar trend to, the features observed in experiments at ~136, 162 and 205 cm-1 (Figure S18). 

Meanwhile, DFT calculations did not indicate any Raman active mode in the low-frequency 

region for pristine graphite stacked in either AA or AB sequences (Figure S19 and S20). In 

addition, the low-frequency features did not appear in experiment before reaching stage 2 

which is likely due to the low intensity of these features in the early, dilute, intercalated stages. 

The most significant change in the intensity upon Li (de)intercalation occurs for the middle-

frequency feature at 162 cm-1, whilst the least change was observed for the upper-frequency 

feature.  
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Figure 3: Phonon dispersion plots calculated using DFT for (a) LiC18 system stacked in AAB 
sequence; (b) LiC12 and (c) LiC6 systems stacked in AA sequence. The low-frequency Raman 
active mode is shown in red. The corresponding displacement patterns for the indicated Raman 
active mode are also depicted.  

 

The experimental spectra at different points during stage 2–1 of Li intercalation and 

deintercalation were fitted with three Lorentzian peaks as shown in Figure S21. The areas under 

the deconvoluted peaks are plotted against discharge/charge time in Figure 4a. The evolution 

of the peaks during the intercalation and deintercalation processes is not symmetric, which is 

due to slight differences between the two phenomena.13, 18 Based on the changes in the 

corresponding peak areas and assigning the observed features to different GIC phases 

according to the DFT results, it appears that the LiC18 and LiC12 phases increase during the first 5 

hours of stage 2–1, then stay unchanged until 2.5 h into the deintercalation before starting to 

decrease. The formation of the LiC6 phase, however, only begins when LiC18 and LiC12 saturate. 

The LiC6 phase shows a decrease at the end of intercalation and beginning of deintercalation 
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before exhibiting a second increase. The more variable changes in the LiC6 phase could be 

related to disproportionation to other phases. These results suggest that different phases 

coexist during stage 2–1 of Li intercalation into graphite, as schematically shown in Figure 4b.  

 

Figure 4: (a) the relative area of the deconvoluted Raman peaks for LiC18, LiC12 and LiC6 phases 
obtained from the data shown in Figure 2 plotted against discharge/charge time; (b) schematic 
diagram of the intercalation/deintercalation processes. Different colors represent Li ions in 
various LiCX phases. 
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The data obtained in this study demonstrate, for the first time, the low-frequency LBM features 

in the Raman spectra of Li-GIC during stage 2–1 of (de)intercalation process under operando 

condition. DFT calculations revealed that different intercalated phases exhibit distinct Raman 

active features at the low-frequency region originating from out-of-plane displacement of 

graphene layers adjacent to Li. The appearance of these LBM features during stage 2–1 of Li 

intercalation/deintercalation indicates that graphite displays FLG characteristics in terms of its 

electronic and geometrical structures when deeply intercalated. In addition, the co-existence of 

multiple phases was concluded during stage 2–1 based on assigning the observed experimental 

features according to the DFT calculations. Furthermore, the low-frequency LBM features 

provide a simple experimental tool to measure the induced strain in the graphite structure 

under deep intercalation conditions where the G and 2D peaks are absent. Comparison of low-

frequency Raman response of GIC with other guest species such as Na+ and K+ will be of 

particular interest in this regard. More detailed studies are required to thoroughly unveil the 

phase changes occurring during the intercalation and deintercalation processes in GIC.   
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