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a b s t r a c t 

In-operando Raman spectroscopy with high spatial resolution (1 μm 

2 ) was employed to study the lithium 

deposition reaction on graphite electrodes. The 1850 cm 

−1 acetylide band, which is always found on 

lithium metal spectra, appeared right after reaching the full lithiation of graphite, when the G and D 

bands of graphite vanished. The band was observed during potestiostatic overcharge at high and low 

current rates and in a post-mortem analysis. The results suggest that during the constant voltage step, 

lithium is deposited and concurrently chemically intercalated into graphite. The second mechanism be- 

comes the dominant after 30 min, when the current decreases. The evolution of the G and D bands of 

graphite and the lithium concentration in the electrolyte was also studied. The results suggest that EC is 

slowly consumed after the onset of lithium plating. 

This work demonstrates the possibility of studying locally the lithium plating onset and chemical inter- 

calation on the graphite electrodes in real time. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Lithium ion batteries are the main component to improve, in 

rder to achieve a widespread use of electric vehicles in the com- 

ng years contributing to a more sustainable mobility. Between the 

ain drawbacks (challenges) of this technology, to be able to com- 

ete with the conventional internal combustion engine (ICE) ve- 

icles, are: its lower energy density, higher cost, shorter lifetime, 

nd lower safety. In order to improve the acceptance of the final 

ser, it is also important that the charging time of electric vehi- 

les reduces to less than 15 min. However, lithium plating is com- 

on during fast-charging, especially at low temperatures [ 1–3,55 ], 

nd it is considered one of the main degradation phenomena of Li- 

on batteries. Additionally, it represents a safety risk, since plating 

an grow in the form of dendrites that eventually can cause short- 

ircuit; furthermore, short circuits produce an abrupt increase of 

emperature, burning the battery. This is the main safety issue of 

ithium ion batteries [4] . 

Different approaches have been followed to detect and quantify 

ithium-plating. [ 3 , 5–11 ] Nevertheless, just a few of these tech- 

iques provides local information in real time [ 3 , 6 , 7 , 9 , 11 , 12 ]. On
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he other hand, since the formation of dendrites in metallic anodes 

rises faster than in intercalation compounds as graphite, most 

tudies about dendrite growth and lithium plating are focused on 

ithium metal electrodes and just a few cover this problem on 

raphite electrodes. Lüders et al. have studied the variation of the 

ithiation in graphite by in-situ neutron diffraction on the complete 

ell, which indirectly provides information on the lithium deposi- 

ion [3] . Wandt et al. employed a special cell to detect in-operando 

ithium plating by means of electron paramagnetic resonance (EPR) 

11] . However, the spatial resolution of this technique is limited 

nd it is not able to distinguish about the position where lithium 

s being deposited (i.e. within the electrode or as a dendrite that 

ight punch the separator). In the recent work of Finegan et al. 

igh speed synchrotron X-ray diffraction is employed to quantify 

patially and in real time lithium deposition and the evolution of 

he graphite intercalation compounds. [12] The signal of metallic 

ithium with this technique is low which follows to reduced spatial 

esolution around 10 μm. In large format cells, where temperature 

nd current distribution are inhomogeneous, lithium plating starts 

ocally and is difficult to detect. Therefore, methods with high spa- 

ial resolution are needed in order to better understand this degra- 

ation mechanism and develop new measures for its mitigation. 

Raman spectroscopy is a vibrational technique that provides 

nique information about the different organic and inorganic 

https://doi.org/10.1016/j.electacta.2020.137487
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Fig. 1. Raman spectra of graphite electrode, lithium metal counter electrode and 

electrolyte. 
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ompounds in a material. For this reason, in the last decades, there 

re several reports on Raman spectroscopy on graphite electrodes, 

tudying mainly the Li intercalation process [13–18] , the SEI for- 

ation [ 14 , 19 ], the effect of electrolyte additives [20] , the Li con-

entration in electrolyte [21] , as well as its degradation [ 22 , 23 ]. In

ithium metal anodes, a band at 1850 cm 

−1 , observed in different 

tudies [24–27] has been assigned to lithium acetylide (Li 2 C 2 ) [25] . 

his band was also observed on graphite electrodes when the po- 

ential was close to 0 V vs. Li/Li + [ 28 , 29 ]. A recent study by Fon-

eca et al. identified the same band as a lithium plating marker 

n overcharged graphite/NMC cells [30] . However, it was a post- 

ortem evaluation and the samples were measured ex-situ. There- 

ore, the onset conditions of lithium plating and its evolution dur- 

ng charging could not be evaluated. 

In this work, we present the results of an in-operando Raman 

pectroscopy study of Li plating on graphite electrodes in half cells 

ith Li metal as a counter electrode. The 1850 cm 

−1 acetylide 

and, appearing right after reaching the full lithiation of graphite 

phase LiC 6 ), was used to track Li plating. This band grows steadily, 

hile the G and D bands of graphite fade. This demonstrates the 

ossibility of studying the lithium plating onset and its growth on 

raphite electrodes in real time. This was accomplished with high 

patial resolution (1 μm 

2 ). To the best of our knowledge, this is the

rst time that in-operando Raman was performed to study plat- 

ng on graphite anodes. This result was also confirmed in a post- 

ortem study of graphite electrodes that underwent different lev- 

ls of overcharge. 

. Experimental section 

Raman spectra were collected using a Horiba Jobin Yvon HR800 

pectrometer. The Raman spectrometer was equipped with a 

32 nm laser and a CCD detector. The detector temperature was 

ept under 5 °C and a 0.3 filter was set for the laser. A x50 objec-

ive was employed in all the measurements, which means a multi- 

lication of 1.4 × 100 the size of the image. Confocal analysis was 

erformed with a spatial resolution of 1 × 1 μm, which lies within 

he size of a graphite particle (10 μm for the material under study). 

The graphite electrodes under study were extracted from com- 

ercial cells (pouch type Model SLPB78216216H). Cells were open 

n a glove box under argon atmosphere. Samples were soaked in 

imethyl carbonate (MERCK SelectyLite TM ) for 60 min, then the 

imethyl carbonate solution was renewed, and the samples were 

oaked for another 30 min. 

The cell configuration employed for the in-operando character- 

zation by Raman spectroscopy has been reported in a previous 

ork [31] . This configuration allows “in-operando” evaluation of 

he cells in standard electrode configuration (against each other), 

lthough just the electrode edges can be observed. 

In-operando measurements were performed with graphite as 

orking electrode and lithium metal as the counter electrode. The 

lectrolyte employed was LP57 from BASF (1 M LiPF 6 in EC:EMC 

:7). The optical cell was fixed on the movable sample table with 

.1 μm accuracy. The optical microscope was used to select the 

easurement point. The spectra was recorded every 20 min dur- 

ng the graphite lithiation process. Measurements were taken first 

t the graphite surface and later at the lithium surface, always at 

he same electrode location (coordinates established in an auto- 

atic manner thanks to the microscope stage). Cells were cycled 

sing a Ivium CompactStat Potentiostat. 

The processing of the spectra was necessary as fluorescence 

as contributing to signal. First the background was removed by 

n adaptative algorithm AIRPLS described in the work from Zhang 

t al. [32] . Secondly, spikes were removed when necessary and the 

ata were smoothed using the Savitzky-Golay filter with polyno- 

ial order 5 and 51 to 101 number of points depending on the 
2 
oise of the spectra [33] . Finally, the spectra were normalized on 

he standard deviation of the spectra. 

The post-mortem study was performed on three half-cells 

graphite vs. metallic lithium), where a first charge cycle at C/10 

as applied (charged capacity in all cells of 1.15 mAh, which cor- 

esponds to the pouch cell capacity specified by the manufacturer). 

hen the cells were discharged until different overcharge percent- 

ges and then were disassembled in a glove box under inert at- 

osphere. The electrodes were not washed in order to avoid the 

emoval of the SEI. 

. Results and discussion 

Fig. 1 shows the Raman spectra of the graphite working elec- 

rode and the lithium metal counter electrode during the first lithi- 

tion process. In order to exclude which peaks were contributions 

rom the 1 M LiPF 6 EC:EMC electrolyte, one spectrum was also 

ecorded at the separator. The spectra have been processed as de- 

ailed in the experimental section to remove the contribution from 

he background. The majority of the peaks from the electrolyte 

pectra have been assigned to vibrational bands from the solvents 

C or EMC. One of the main peaks from the LiPF 6 is also present

t 741 cm 

−1 . 

Table 1 summarizes the position of the bands, their origin, and 

eferences to other studies where they have been identified. The 

trong peaks of the electrolyte spectrum are attributed [34] to: EC 

on-solvated peaks at 718 cm 

−1 (C = O ring bending mode) and 

94 cm 

−1 (O-C-O ring breathing), and EC-Li + solvated peaks at 730 

m 

−1 and 905 cm 

−1 and to EMC at 1223 cm 

−1 (CH 3 -O). The EC sol-

ated and non-solvated peaks were also measured in the spectra 

f both electrodes: graphite and lithium metal. The relative varia- 

ion of the intensity between the solvated and non-solvated EC-Li + 

eaks, can be used to study the consumption of EC and to quantify 

he local Li ion concentration [21] . 

A broad peak around 450 cm 

−1 is also observed, which is also 

resent with minor intensity in the spectrum of metallic lithium. 

audin et al. also reported this broad band at around 500 cm 

−1 

hich had different intensity depending on the position at the 

ithium metal electrode [24] . This could be due to an inhomo- 

eneous SEI, as they ascribed this peak to Li 2 O. The peak was 

lso observed in the recent work of Fonseca et al. in the spectra 

f plated lithium on graphite electrodes [30] . Other weak peaks 
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Table 1 

Position, assignment and references of the peaks of the spectra from electrolyte, graphite and metallic lithium electrode. s = strong, w = weak, m = medium, b = broad, v = very. 

Position in Electrolyte spectra/cm 

−1 Position in Graphite spectra/cm 

−1 Position in Li metal spectra/cm 

−1 Assignement Position in reference/cm 

−1 Reference 

154 (w) – – LiOH 

•H 2 O 144 [35] 

241 (w) – – LiOH 

•H 2 O 245 [35] 

260 (w) – 267(vw) unknown – –

288 (w) – – LiF 300 [ 36 , 37 ] 

367 (w) – 333 (m) LiOH 

•H 2 O 356 [35] 

428–485 (b) – 408–514 (s) Li 2 O 400–500 [ 24 , 37 ] 

518 (s) – 515 (w) LiOH 525 [39] 

695 (m) – – EMC – νOCO 2 695 [40] 

718 (s) 713 (m) 716 (m) EC– νOCO 717 [ 34 , 37 , 41 ] 

741 (s) 734 (m) 736 (m) LiPF 6 739 [42] 

790 (b) – – EMC – νC= O 799 [40] 

894 (s) 898 (m) 895 (m) EC – ring breathing 894 [ 34 , 41 ] 

975 (m) 973 (vw) 973 (vw) EMC – νC= O 974 [40] 

1003–1075 (b) 1070 (vw) 1031 (vw) Li 2 CO 3 1071 [ 22 , 37 , 41 ] 

1223 (s) – 1219 (vw) EMC – νCH3 −O 1223 [ 40 , 41 ] 

– 1319 (s) 1363 (m) D band of Graphite 1350 [22] 

1457 (m) – – EMC– νCH 1461 [40] 

1484 (m) 1486 (w) 1486 (w) EC– νCH2 1484 [ 34 , 41 ] 

1586 (b) 1586 (s) 1615–1640 (w,b) G band of Graphite 1580 [22] 

1753 (m) – – EMC – νC= O 1758 [40] 

1774 (m) – – EC– νC= O 1773 [41] 

1801 (m) EC– νC= O 1798 [41] 

– – 1850 (s) Li 2 C 2 1850 [ 24–26 , 37 ] 
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f the electrolyte’s spectrum are products from the reaction with 

ater such as lithium hydroxide monohydrate LiOH 

•H 2 O [35] or 

i 2 O from the counter electrode[ 24 , 36 , 37 ]. The narrow peak at 518

m 

−1, assigned to LiOH by Hase et al. [38] , is observed in both the

lectrolyte and the lithium metal electrode. 

The Raman spectrum of lithium metal (black line) exhibits the 

haracteristic peak at 1850 cm 

−1 which was attributed to the 

tretching of the triple bond of lithium carbide (Li 2 C 2 ) by Schmitz 

t al. [26] , and it is found in numerous studies of Raman spec- 

roscopy of lithium metal electrodes [ 24–26 , 36 , 37 ]. Naudin et al.

laimed that the formation of the Li 2 C 2 and therefore the presence 

f this band is related to the laser irradiance (although only for 

 > 1 mW/μm 

2 ) [24] . They claimed that Li 2 CO 3 is first formed on

he metallic lithium surface and the heating from the laser trans- 

orms it into Li 2 C 2 . On the contrary, the group from Schmitz et al.

oncluded that the band appears independently of the laser power 

mployed, during the formation of the SEI and confirmed the pres- 

nce of Li 2 C 2 by mass spectroscopy [25] . In the recent work of

ang et al. [37] the band at 1850 cm 

−1 appears when a laser power

f 0.1 mW is employed in very small quantities of Li deposited 

anorods on Cu foil (20 0–30 0 nm diameter), but in case of high

ater content within the cell, the LiF in the SEI prevents the for- 

ation of Li 2 C 2 . One can conclude, that even with low laser power, 

t is possible to form Li 2 C 2 , probably due to the heating reached by

rolonged exposure time. On the other hand, even when the sensi- 

ivity of raman is low, the signal measured from Li 2 C 2 or other SEI

lements is probably enhanced due to the surface-enhanced Ra- 

an scattering (SERS) effect [ 34 , 37 ]. 

In the spectrum of the lithium metal electrode of Fig. 1 , the 

and at 518 cm 

−1 associated to LiOH is very weak. This suggests 

hat the water content in our cell is very low. References to the 

road peak at 500 cm 

−1 are also found in various Raman studies 

f lithium metal electrodes [ 24 , 37 , 39 ]. 

The Raman spectrum of the graphite electrode exhibits two 

ain bands: the D and G-band, at 1319 and 1586 cm 

−1 , respec- 

ively. The D band is associated to the breakage of symmetry of 

he sp2 hybridization of the sheets of graphite, which takes place 

t the edge of the graphite sheets (with hybridization sp3). Band 

 comes from the graphitic ordering with hybridization sp2. Ac- 

ordingly, the ratio between the D and the G band is associated to 
3 
he carbon disorder. Large I D /I G ratios (tending to 1, for graphite) 

ndicate a high degree of disorder. During the whole galvanostatic 

ithiation process of graphite at C/10 until 5 mV vs. Li/Li + , the Li 2 C 2 

and at 1850 cm 

−1 does not appear on the graphite side, whereas 

s always present in the lithium metal spectra, which confirms its 

uitability to determine the onset for lithium metal deposition on 

raphite. 

In order to detect the onset of the lithium plating reaction, the 

raphite anode was initially fully lithiated to 5 mV vs. Li/Li + . In 

rder to force the lithium plating reaction on the graphite elec- 

rode, an overcharge step was performed by keeping the potential 

t −5 mV vs. Li/Li + . Note that Fig. 2 is based on the same dataset

s the graphical abstract 

Fig. 2 a shows the spectra of the graphite electrode at differ- 

nt moments of the overcharge process. The D and G bands still 

xhibit considerable intensity at the beginning of the overcharge 

tep, what indicates that the graphite particles under study are still 

ot fully lithiated. The reason might be that no constant voltage 

tep was performed during the lithiation to 5 mV or that the elec- 

rode is inhomogeneously lithiated; it is important to remember 

hat the optical cell allows the measurement just at the cell edges. 

Fig. 2 b shows the area underlying the G-band during the over- 

harge process at −5 mV vs. Li/Li + . Once the maximum value of 

he area of the G band is achieved (spectrum b), a continuous de- 

rease follows until point c is reached. The broadening of the G 

and and its intensity fade upon lithiation have been already re- 

orted in other studies [ 16 , 18 , 43 , 44 ]. The increase in intensity dur-

ng the first stages may be related to the focusing during the mea- 

urement due to changes of volume on graphite; it is important to 

ention that the z stage of the Raman microscope does not change 

uring the measurements. After 20 min of lithiation (spectra d), 

he area corresponding to the G-band has almost vanished and the 

i 2 C 2 peak at 1850 cm 

−1 appears (point d in Fig. 2 c). 

The band assigned to the lithium carbide at 1850 cm 

−1 appears 

t the moment that the G-band peak fades due to full lithiation 

f graphite (spectra d and e), and is an indication of the onset of 

ithium plating on graphite. These results are in good agreement 

ith the recent study of Fonseca Rodrigues et al. [30] where the 

resence of the Li 2 C 2 at 1850 cm 

−1 was observed by post-mortem 

nalysis, after overcharging a full cell: graphite vs. NMC. The de- 
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Fig. 2. a) Spectra of the graphite electrode during the first 8 h of overcharge until the lithium plating onset. Area of the G-band (b) and area of the Li 2 C 2 band (c) vs. time 

during the whole overcharge process at constant voltage of −5 mV. 
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letion of the G-band due to the full lithiation of graphite (for- 

ation of intercalation compounds with high Li content) has been 

eported in the literature [16] . 

The Li 2 C 2 band at 1850 cm 

−1 reaches the maximum intensity 

fter 20 min of overcharge (spectrum e) and afterwards it de- 

reases due to chemical intercalation of the metallic lithium into 

he graphite when the current decreases during the CV step. Some 

ocal maxima appear during this period, related with the random 

ucleation of Lithium during plating (nature of electrochemical de- 

osition, until a steady state is reached [45] < ). 

Higher rates of chemical intercalation than plating during the 

V step at low current has been reported in different studies 

 12 , 46 ], and a fast chemical intercalation of the platted Li during

he OCV step after charging has been widely revealed [ 2 , 3 , 11 , 47 ].

itzer and Gruhle measured a decrease of the cell thickness dur- 

ng the CV phase and it was identified as the point where the 

hemical intercalation of lithium on graphite is the dominant effect 

46] . Finegan et al. measured with high-speed depth-profiling syn- 

hrotron X-ray diffraction (XRD) a decrease of the Li plating signal 

t the end of charging at 6C what they attributed to the faster rate 

f chemical intercalation vs. the rate of plating during the lower 

urrents of the constant voltage step [12] . Lüders et al. determined 

hat the chemical intercalation rate is independent on the quan- 

ity of lithium deposited [3] . The video from the Supplementary 

nformation shows how in some particles the plated lithium is in- 

ercalated on graphite during a CV overchange step (change from 

old coloured, LiC 6 to black coloured (lower lithiathion stages). 

Fig. 3 shows the evolution of the G-band, the d -band, the non- 

olvated EC peak at 890 cm 

−1 (asterisks) and the solvated EC-Li + 

eak at 903 cm 

−1 (triangles) during the lithiation and overcharge 

rocess shown in Fig. 2 . There are three zones defined by disconti- 

uities in which the intensity of the G-band abruptly decreases af- 

er increasing almost linearly. The discontinuities could be caused 

y the redistribution of the intercalated Li ions in neighboring par- 

icles when a specific concentration is achieved (interparticle dif- 

usion, see video from Supplementary Information). The Li + trans- 
4 
ort between particles was already observed by Harris et al. [48] . 

he EC and EC-Li + peaks at 890 and 905 cm 

−1 , associated to the 

ocal Li-ion concentration [ 21 , 28 ], follow the same trend that the 

-band in the regions I-III. This is in agreement with the increase 

f the Li + concentration at the particles surface due to diffusion 

imitations, which then decreases when the Li ions are transported 

o neighboring particles. 

The intensity of the D band, however, follows a smooth increas- 

ng trend with the time (zones I to III). Since the D band (A1g 

ode of graphite) is associated with the loss of symmetry at the 

dges of the graphite sheets, its intensity increment means that 

here are new openings at the cell edges in the particle zone under 

tudy. The intensity of the d -band decreases after zone III, what 

uggest that a high lithiation degree is achieved after zone III, fol- 

owing the same tendency than band G. 

The I D /I G ratio increases slightly during intercalation until spec- 

rum b is reached (see Fig. S2 of the Supplementary Information). 

t the end of the graphite lithiation, it decreases to its initial value. 

his indicates an increase on the graphite ordering at the end of 

he lithiation. Variations in the range of 0.5 for the I D /I G ratio were

lso observed by Sethuraman et al. [49] within a local region of 2 

m 

2 thanks to Surface Raman Mapping of the graphite electrode. 

After the beginning of the lithium deposition reaction (spec- 

rum c), the EC and solvated EC-Li + peaks also reach their max- 

mum (spectrum e) as well as the Li 2 C 2 peak does, which is then 

ollowed by a decrease of the peak intensity. This is probably due 

o the increase of the Li ion concentration when the Li plating re- 

ction starts and intercalation into the graphite is no longer pos- 

ible. After this moment, the intensity of the EC-Li + spectrum in- 

reases vs. the EC spectrum, due to the consumption of EC during 

he formation of the SEI on the new deposited metallic lithium, as 

etallic lithium is very reactive with EC. An increase on the EC-Li + 

eak was also observed by Yamakana et al. due to EC consumption 

uring the SEI formation [21] . Finally at the end of the overcharge 

tep, the EC-Li + peak intensity follows a prompt increase of in- 

ensity when the current becomes zero. This behavior can be ex- 
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Fig. 3. Evolution of the intensities of bands G, D, EC at 890 cm 

-1 (asterisks) and solvated EC-Li + at 905 cm 

−1 (triangles) and Li 2 C 2 during the overcharge step at −5 mV. 

Capital letters defined specific zones of growing G-band intensity. Lower case identifies the spectra from Fig. 2 a. 

Table 2 

Assignment of the Raman bands of the overcharged graphite electrode. s = strong, w = weak, m = medium, b = broad, v = very. 

Overcharged Graphite spectra Assignement Position in reference / cm 

−1 References 

159 (s) LiOH 

•H 2 O 144 [35] 

238 (s) LiOH 

•H 2 O 245 [35] 

287 (m) SEI, LiF 300 [ 36 , 37 ] 

438–500 (s,b) Li 2 O ~ 500 [30] 

478 (s) ∗ LiPF 6 470 [42] 

602 (m) ∗∗ Li 3 N 605 [39] 

790 (s, b) ∗∗ LiOH 

•H 2 O 840 [39] 

1058 (m,b) ∗∗ Li 2 CO 3 1072 [24] 

1205 (w,b) EMC 1215 [40] 

1460 (w) ∗ Li 2 CO 3 1440 [39] 

1525 (w) ∗ ROCOOLi 1522 [51] 

1765 (w) EC or EMC 1773 or 1758 [ 41 , 40 ] 

1850 (s) ∗ Li 2 C 2 1850 [ 24–26 , 37 ] 

2434 (s) ∗ unknown 

2949 (w) ∗∗ water bound to LiOH and Li 3 N ~2900 [39] 

∗ Peak intensity varies with time. 
∗∗ Peak intensity only decreases in the last spectrum, when I = 0. 
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lained by the dissolution of the Li ions in the electrolyte as they 

re no longer employed in the Li deposition reaction. 

In order to evaluate the differences on the lithium deposition 

hen the graphite is overcharged at high current densities, a half 

ell graphite vs. metallic lithium was first fully charged at C/2 (see 

ig. 4 a) up to −5 mV vs. Li/Li + , and then the potential was kept

onstant until the current was below C/100. Then a galvanostatic 

tep of 2C was applied for 3 h and a discontinuous potential vari- 

tion was observed reaching up to −500 mV vs. Li/Li + . The dis- 

ontinuous potential is probably due to the formation of micro- 

horts due to dendrite growth as has been observed in other over- 

harge studies [50] . After this discontinuity, the potential remains 

onstant at about −50 mV vs. Li/Li + . Once the lithium deposi- 

ion on graphite at high C-rates was confirmed, a potentiostatic 

tep at −5 mV was applied and the evolution of the Raman spec- 

rum measured at the graphite electrode over time was followed 

 Fig. 4 b). The peaks observed, their assignment and literature ref- 
rences are summarized in Table 2 . t

5 
In Fig. S3 from the Supplementary Information, a strong and 

road peak centered around 450 cm 

−1 was observed in the 

raphite spectrum. This peak was also observed in the spectrum of 

he electrolyte and of the lithium metal electrode ( Fig. 1 ), although 

n this case its intensity is very high. This peak has been attributed 

o Li 2 O by Naudin et al. [24] and was observed on the surface 

f metallic lithium in several works [ 30 , 37 , 52 ]. Besides that peak,

ther peaks of lower intensity, also attributed to LiOH [39] , were 

etected at 159 cm 

−1 , 840 cm 

−1 and 2920 cm 

−1 . The strong inten- 

ities of some peaks associated to the SEI (Li 2 CO 3 at 1460 cm 

−1 , R-

OOLi at 1525 cm 

−1 and Li 2 C 2 at 1850 cm 

−1 ) indicates that the SEI

ossess a significant thickness after overcharging at high C-Rates 

ompared to the one formed at lower C-Rates ( Fig. 3 ). New peaks

hat were not observed in the spectrum of the graphite electrode 

lated at low C-Rate are the ones at 287 cm 

−1 and 600 cm 

−1 that

ave been attributed to LiF and Li 3 N respectively [ 36 , 37 , 39 ]. 

Interestingly, the strong peaks of EC at 718 cm 

−1 and 894 cm 

−1 

hat were observed in the spectra of graphite and metallic lithium 
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Fig. 4. a) Graphite electrode overcharge at high C-Rate, lithium deposition observed b) Graphite electrode spectra during potentiostatic overcharge step at E = −0.005 V after 

overcharge at high C-rate. c) Peak area variation of the Li 2 CO 3 peak at 1460 cm 

−1 , R-COOLi at 1525 cm 

−1 , the Li 2 C 2 peak at 1850 cm 

−1 and the unknown peak at 2435 cm 

−1 

d) Li 2 C 2 peak intensity and current evolution with time during the −5 mV step after overcharge at high C-rates. (For interpretation of the references to color in this figure, 

the reader is referred to the web version of this article.) 
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lectrode during cycling ( Fig. 1 ) and during lithium deposition at 

ow C-rates ( Fig. 3 ), are here very weak. The same behavior is ob-

erved with other bands associated to EMC or EC. This might be 

ue to the electrolyte consumption due to the massive SEI growth 

n the metallic lithium. 

When a potential of −5 mV vs. Li/Li + is applied, the only peaks 

hat show a variation of intensity with the time are the ones at 

he following positions: 478 cm 

−1 (LiPF 6 ), 1460 cm 

−1 (Li 2 CO 3 ), 

525 cm 

−1 (R-OCO 2 Li), 1850 cm 

−1 (Li 2 C 2 ) and 2435 cm 

−1 (non- 

dentified), marked in Fig. 4 b. Some peaks show just a small inten- 

ity decrease in the last spectra when the current is almost zero 

see red dashed line in Fig. 4 b). These are all bands attributed to

ome lithium compound: LiOH at 790 cm 

−1 and 2900 cm 

−1 , Li 3 N 

t 600 cm 

−1 and Li 2 CO 3 at 1058 cm 

−1 . 

Fig. 4 c shows the evolution with time of the four peaks that 

ary during overcharge in potentiostatic conditions. They all follow 

 decrease of their area over time, due to the current decrease dur- 

ng the potentiostatic step. This variation is stronger in the case of 

i 2 C 2 , medium for the band at 2435 cm 

−1 and lower for Li 2 CO 3 

nd R-COOLi. The non-identified peak at 2435 cm 

−1 has still con- 

iderable intensity when the current is close to zero (see dashed 

ine in Fig. 4 b). In the Raman studies of lithium metal or graphite

lectrodes where the 1850 cm 

−1 peak was observed, the measure- 

ent range was usually below 20 0 0 cm 

−1 . This band may be as-

ociated to a decomposition product of the electrolyte. 

The current curve has been fitted with two exponential contri- 

utions as expressed by Eq. (1) . This can be attributed to the two

imultaneous reactions taking place during overcharge: metallic 

ithium deposition and chemical intercalation of Li ions to graphite 
6 
3] . The value for parameters B 1 and B 2 is 0.002 s −1 and 0.0001

 

−1 respectively. As the intensity of the Li 2 C 2 peak is decreasing, 

he chemical intercalation into the graphite is the leading mecha- 

ism B 1 = 0.002 s −1 . The lithium plating current (B2 = 0.0 0 01 s −1 in

q. (1) ) is almost negligible after 30 min of charge (see Fig. 4 d),

hich would explain the decaying trend of the Li 2 C 2 peak after 

0 min (as the chemical intercalation of the plated lithium be- 

omes the main mechanism and there is almost any new lithium 

lating being deposited). The current evolution has been fitted by 

he following equation, being A 1 = −3.11 10 −4 A cm 

−2 , A 2 = −2.50

0 −4 A cm 

−2 

j = A 1 + e −B 1 t + A 2 + e −B 2 t (1) 

Finally, an overcharge study was performed on graphite vs. 

ithium cells after charging with 1C at constant current, which is 

he recommended rate for full charging of commercial lithium ion 

ells. This time, no constant voltage step was included. Initially the 

ells were galvanostatically charged at low rate i.e. C/10 up to 15 

V vs. Li/Li + to ensure that the graphite electrode reaches a high 

ithiation degree, and then a charge step followed until different 

vercharge percentages (calculated taking into account the capacity 

f the pouch cell according to the manufacturer, 1.15 mAh cm 

−2 ) 

ere reached: cell C: 16%, cell B: 35% and cell A: 66%. Right after, 

he cells were disassembled and an ex-situ Raman analysis, putting 

he graphite electrodes between two thin glass plates sealed with 

rease, was performed. Due to the different contact resistances of 

he cells and polarization of the counter electrode [53] , large varia- 

ions of the initial overpotentials were observed between cells (see 

ig. 5 c). In the case of cell A, despite of presenting a lower initial
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Fig. 5. a) Optical microscope image of the graphite electrode after constant current (CC) overcharge at 1. b) Spectra at two points of the graphite electrode from cell A with 

different lithiation grades: spot without lithium plating (blue line, taken at the blue rectangle area, graphite bands observed) spot with lithium plating (red line, taken at 

the red circle area, Li 2 C 2 band observed) c) Potential evolution of graphite vs. Li of the three cells overcharged with CC up to different % of their capacity d) Spectra of the 

graphite electrode from cell B and C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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verpotential due to the lower overcharge current (C/10), the Li 2 C 2 

ark at 1850 cm 

−1 was found at some specific spots (red circle 

f Fig. 5 a). The lithium deposition on this cell is inhomogeneous, 

s a neighbor particle (blue rectangle in Fig. 5 a) still exhibits the 

raphite D and G-bands and there is no Li 2 C 2 evidence. The I D /I G 
atio of this spectrum is 1.25 which is equal to the value found at 

ome spots of cell B, and higher than in the study at low C-Rates 

rom Fig. 3 (maximum I D /I G reached of 0.65). This indicates that 

he graphite reaches more disordered structures when charging at 

igh C-Rates despite of the presence of lithium plating at some 

ocal spots. In cell B, no mark for lithium deposition was found, 

lthough very low potentials were achieved ( −500 mV vs. Li/Li + ). 
s explained in the recent work from Zhang [53] , the measured 

otential in a half-cell lithium metal vs. graphite is far from the 

eal potential of graphite (difference of 50 mV at 1 C and up to 

00 mV at 5C). If the contact resistance of the cell is high, this dif-

erence could be even more pronounced. The Li 2 C 2 mark was not 

dentified in cell C either, despite the low potentials measured. If 

e consider that the lithium deposition process starts only when 

he plateau below 0 V vs. Li/Li + is observed, the plated capacity on 

ell B was just 0.075 mAh and no Li is deposited on cell C as the

lateau is not observed. Due to the relaxation process until the cell 

as open (one hour), this small quantity of plated lithium on cell 

 could have been intercalated in the graphite electrode. Such in- 

ercalation processes in the open circuit state have been reported 

n other studies [3] . The G-band is divided into two components in 

he spectra of cell B and cell C (see Fig. 5 d). In cell B the two peaks

re located at 1582 cm 

−1 and 1600 cm 

−1 and the d -band appears 

t 1325 cm 

−1 . In cell C the second peak is shifted to 1606 cm 

−1 

nd a new 1417 cm 

−1 (D0 band) appears, what has been reported 

n the case of carbonaceous materials of finite crystal sizes, which 

re imperfections rich [54] . The d -band at 1325 cm 

−1 is of very
 o

7 
ow intensity in cell C, as it has been reported in previous works 

where it tends to disappear with Li intercalation) [ 14 , 18 ]. The shift

f the G band to higher wavenumbers suggests that a higher lithi- 

tion degree was achieved in cell C. 

. Conclusions 

In this work in-operando Raman spectroscopy was applied to 

tudy the lithium plating onset on graphite electrodes in half cells, 

sing lithium metal as counter electrode. The results show that the 

eak attributed to lithium carbide (SEI component always found on 

he lithium metal spectra) at 1850 cm 

−1 appears when the peaks 

f the graphite D and G bands vanish due to full lithiation. This 

onfirms the hypothesis from a previous post-mortem study where 

he peak was found on overcharged graphite electrodes. In addi- 

ion to this, the peak intensity during an overcharge step in poten- 

iostatic conditions (CV step) follows a decreasing behavior which 

ndicates that the chemical intercalation on graphite takes places 

oncurrently with lithium deposition and that the first one is the 

ominant effect when the current is low at the end of the CV step. 

Consequently, in-operando Raman spectroscopy can be em- 

loyed to study the evolution of the lithium deposition reaction. 

he lithium plating mark has been observed at different charge 

onditions: with high and low current densities in galvanostatic 

nd potentiostatic measurements. A new band at 2440 cm 

−1 was 

lso identified, which also followed a decreasing trend during the 

otentiostatic step. It could be assigned to a degradation product 

rom the electrolyte or a SEI compound formed on metallic lithium. 

After charging the cell with 1C rate, inhomogeneous lithia- 

ion/plating was found at different electrode positions. Differences 

n the particle size, porosity and thickness among others can lead 
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