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a b s t r a c t 

We studied the influence of defect density in multilayer graphene sheets on the intercalation of Li ions 

by means of x-ray photoelectron spectroscopy. The multilayer graphene was prepared by chemical vapor 

deposition on Ni substrates. The deposition of Li at room temperature results in immediate intercalation, 

while additional annealing at 300 °C partially removes Li from the sample surface. We found that varying 

the defect density over several orders of magnitude does not influence the intercalation process. We 

propose that the edges of the graphene flakes are the dominant sites that facilitate Li intercalation in 

multilayer graphene. 

© 2021 The Authors. Published by Elsevier Ltd. 
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. Introduction 

Since its discovery in 2004 [1] , the novel two-dimensional ma- 

erial graphene holds great promise in a wide spectrum of research 

nd industrial fields, due to its unique electronic structure and 

xtraordinary physical properties. Several top-level review articles 

horoughly summarize the hallmarks of graphene [ 2–6 ]. With its 

ery large surface-to-volume ratio [7] , high electrical and thermal 

onductivity [ 1 , 8 ], graphene holds considerable promise as a new 

node material in energy-storage devices, such as Li-ion batteries 

LiB) and supercapacitors [ 9 , 10 ]. 

An ideal material for the LiB anode fulfills a number of require- 

ents summarized in literature [ 11–14 ]. For example, such a ma- 

erial should accommodate a large amount of lithium ions per for- 

ula unit, with insertion/deinsertion potentials very close to that 

f Li metal as well as be stable upon cycling, and possess good 

ravimetric (mAh g −1 ) and volumetric capacity (mAh cm 

−3 ) at a 

ufficiently high mass loading (mg cm 

−2 ). To prevent losing the 

attery efficiency, it should not show large voltage hysteresis be- 

ween charge and discharge cycles. It should provide good mixed 

onduction (high electrical and ionic conductivity). From an indus- 

rial point of view, the desired material should be cheap and envi- 

onmentally friendly. 

Up to now, the leading anode material in industry is graphite, 

s it possesses most of the aforementioned requirements. How- 
∗ Corresponding authors. 
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ver, there are several places where replacement of graphite with 

raphene is expected to bring significant improvements in perfor- 

ance. The main expectation is a significant increase in Li stor- 

ge capacity [ 12 , 15 , 16 ], by the fact that both sides of a graphene

heet are exposed to Li adsorption (Li 2 C 12 stoichiometry, instead 

f LiC 6 , which is the case for graphite). That, as well as a very 

arge surface area, are a premise to replace graphite with its single 

ayer cousin in LiB anode designs. The possible increase of the Li 

torage capacity with respect to graphite has been reported both 

n theory [ 17 , 18 ] and experiment [ 19 , 20 ]. The main phenomenon

esponsible for this effect is absorption of Li ions on both sides 

f graphene sheets. However, another report suggests that, while 

he storage capacity of a few – layer graphene (FLG) is compara- 

le to that of graphite, for single – layer graphene (SLG) it is sig- 

ificantly lower [21] . A later computational study supported these 

esults showing that any Li content on a SLG surface would re- 

ult in a positive absorption energy [22] . In the same paper, the 

uthors speculate that the reason for this discrepancy lies in the 

resence of defects in graphene sheets. Further density functional 

heory (DFT) calculations confirm that hypothesis by showing that 

efects enhance the lithiation and intercalation processes in single 

nd multilayer graphene systems [ 23–25 ]. Moreover, Stone–Wales 

efects have been predicted to reduce dendrite formation of Li ions 

uring the charge/discharge lifecycle of batteries [26] . In experi- 

ents, defects have been shown to increase the performance of a 

D graphene anode in a LiB [27] . 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. (a) A Raman map showing the integrated intensity of the 2D peak region (2550–2840 cm 

−1 ) (b) Raman spectrum measured on the point marked with a blue dot in 

(a). 
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While the defect dependence of the lithiation processes is well 

escribed in theory, there are not many experimental reports ex- 

licitly investigating the effect of the defect density on the lithia- 

ion and intercalation of Li ions between graphene sheets. In this 

rticle we fill that gap and present an experimental investigation 

n the role of defects on the process of Li intercalation in multi- 

ayer graphene flakes grown by chemical vapor deposition (CVD) 

n Ni substrates. 

. Experimental methods 

Sample preparation as well as measurements were done in our 

ome labs. The samples consisted of multilayer graphene flakes 

n polycrystalline Ni thin films, grown by CVD. The graphene 

rowth mechanism on Ni catalysts includes three main steps: 

) catalytic decomposition of precursor molecules to produce C 

toms, ii) carbon dissolution into the metal at high temperatures 

nd iii) crystallization of carbon atoms onto the metal surface to 

orm graphene. Due to the relatively high solubility of carbon in 

i, at the elevated temperatures required for catalytic decomposi- 

ion of precursor molecules, a significant concentration of C atoms 

an be absorbed in the Ni film. Upon cooling, the dissolved car- 

on segregates back to the surface and forms a graphene multi- 

ayer. A detailed description of sample preparation can be found 

n Ref. [28] . In order to investigate the Li intercalation process, 

amples were installed into an ultra-high vacuum (UHV) cham- 

er (base pressure: 1.0 × 10 −9 mbar) and annealed using a resis- 

ive heating system at 300 
0 
C to remove contamination. Li atoms 

ere then evaporated on top of previously synthesized multilayer- 

raphene/Ni(20 0 nm)/SiO 2 (30 0 nm)/Si(substrate) samples from a 

i dispenser (SAES Getters) in UHV. The evaporation occurs upon 

eating the Li containing compound inside the Li dispenser by ap- 

lying an electric current through it. Various heating currents were 

ested to define the current level enabling a stable and controllable 

vaporation rate (keeping the evaporation time fixed to 5 min). 

n ion implanter IMC-200 from Ion Beam Services was used to 

mplant Ar + ions at the energy of 190 keV. Raman spectroscopy 

as performed using a WiTec confocal Raman system. The laser 

avelength used for the measurements was 532 nm. X-ray pho- 

oelectron spectroscopy (XPS) measurements were performed with 

 hemispherical analyzer (SPECS PHOIBOS 100) and an x-ray gun 

ith Mg and Al anodes. The data was acquired using Mg K-alpha 

-rays. 

. Results and discussion 

Fig. 1 shows the characterization of a graphene/Ni/SiO 2 /Si(111) 

ample by means of Raman spectroscopy. Fig. 1 a shows a Raman 

ap of the integrated intensity of the 2D peak region (2550–

840 cm 

−1 ). The shapes of the thickest flakes can be easily seen. 
2 
he surrounding areas consist of a patchwork of thinner multilayer 

raphene and also uncovered Ni. We note that we did not transfer 

raphene away from the sample after its formation and the Ni sub- 

trate is the one used as a catalyst for multilayer graphene growth. 

n that way we avoided possible contamination with metallic im- 

urities related to the graphene transfer protocol [29] . For an elab- 

rate description of the surfaces of similar samples, the reader is 

eferred to Ref. [28] . Fig. 1 b is a Raman spectrum recorded on the 

oint marked with the blue dot in Fig. 1 a. It can be seen that the D

eak (1350 cm 

−1 ) corresponding to defects in the graphene layers 

s essentially invisible, which indicates that the graphene has a low 

ntrinsic defect density. The intensity of the G peak (1583 cm 

−1 ) 

ompared to that of the 2D peak (2710 cm 

−1 ) indicates that this 

articular flake is more than 5 layers thick. Our previous report 

n similar multilayer graphene on Ni samples showed an aver- 

ge 2D/G peak ratio of about 1.3 [28] , corresponding to an average 

hickness of about 3 to 4 layers [30] . 

To observe the process of intercalation of Li ions between 

raphene layers, we utilized XPS. A direct observation of the Li 1s 

eak is very difficult using our system, due to the neighboring Ni 

p peak (its satellite peak overlaps with the Li 1s signal since non- 

onochromatic x-rays are used) and the very low photoioniza- 

ion cross section, which makes the Li peak virtually undetectable. 

owever, the amount of deposited Li can be determined by the 

uppression of substrate core level peaks due to inelastic scattering 

f photoelectrons at Li ions. It can be quantified as follows – if I 0 is 

he initial intensity of the signal from a core level in an XPS mea- 

urement, after deposition of an additional layer of some material 

he intensity I will change according to: I = I 0 e 
− t 

λ , where t is the 

hickness of the new layer and λ is the inelastic mean free path 

f photoelectrons in the deposited material. This formula allows 

or an estimate of the thickness of a deposited layer t for perfectly 

ayered samples, according to t = − ln ( I/ I 0 ) λ. Since our system is 

ot perfectly layered, we can only extract an “effective thickness”, 

hich can be used to study the intercalation process by comparing 

ffective thicknesses measured for different elements in the sys- 

em. This holds because the two elements for which we compare 

he signals, C and Ni, are separated and do not mix, i.e.: the mul- 

ilayer graphene resides on top of the Ni layer. Moreover, while Li 

ons can intercalate into the graphene multilayers, diffusion of Li 

ons into the Ni substrate is negligible [31] . Therefore, the deposi- 

ion as well as intercalation processes were observed via C 1s, Ni 

p and Ni 3p core level peaks. Fig. 2 illustrates this for as-grown 

ultilayer graphene on Ni. 

In case of Ni, the only observed phenomenon was the peak in- 

ensity suppression ( Fig. 2 b, c). Using λNi2p = 20 Å and λNi3p = 47 Å 

32] (The kinetic energy E k of Ni 2p and Ni 3p photoelectrons 

as set to 401 eV and 1187 eV, respectively) the effective thick- 

ess was calculated ( Fig. 2 d). The reason for measuring two peaks 

f the same element was to minimize any influence of errors in 
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Fig. 2. Evolution of C 1s (a), Ni 3p (b) and Ni 2p(c) core level peaks upon deposition of Li and subsequent annealing. All peaks are suppressed as a result of Li deposition, 

due to inelastic scattering of photoelectrons by Li ions. The shift towards higher binding energy and the tail on the higher binding energy side of the C 1s peak is the result 

of charge transfer between C and Li atoms upon deposition. Annealing causes recovery of the C 1s peak to its original position, and a general recovery of the intensity in all 

3 measured peaks. d) Comparison of the effective thicknesses of the Li layer before and after 5 min of annealing at 300 °C. The C 1s signal is much less suppressed which 

indicates intercalation between graphene layers, as shown in the inset. A general smaller drop of the effective thickness for all core levels after annealing suggests partial 

removal or sintering of Li material. 

t

s

F

N

s

c

t

g

t

i

c

t

f

o

A

m

t

i

n

e

m

o  

f  

E

f

l

t

a

b  

n

h

a

m

o

p

t

t

g

g

n

t

i

d

l

t

t

n

i

he estimate of the inelastic mean free path on the peak inten- 

ity change. We note that the two calculated values may differ, see 

ig. 2 d, which is mainly due to the uncertainty in determining the 

i 3p peak intensity. The spread in Ni 3p peak intensity suppres- 

ion values, for similar Li coverage on different samples, was large 

ompared to that of Ni 2p peaks. The larger error in determining 

he Ni 3p peak intensity is due to its low overall signal to back- 

round ratio compared to that of the Ni 2p peak, resulting from 

he cross-section values for the two Ni core levels [ 33–35 ]. 

The effect of Li deposition on the C 1s core level (Figs. S1–3) 

s more complex, due to Li intercalation. The intercalation pro- 

ess takes place via ionic diffusion, which is presumably fast for 

he displacement of ions in between graphene sheets. Since a per- 

ect graphene sheet is impermeable for ions, diffusion in the out- 

f-plane direction may occur through defects in graphene layers. 

ccess to deeper layers may also be provided by flake edges. The 

easurements presented in Fig. 2 a and d shows the main indica- 

ors of Li intercalation in between graphene sheets in our exper- 

ment: (i) an energy shift of the C 1s peak relative to its origi- 

al position with an emergence of a “tail” on the higher binding 

nergy side, and (ii) different effective Li thickness values deter- 

ined from the suppression of Ni and C core level peaks. Based 

n the overall suppression of the C 1s peak ( Fig. 2 a), the ef-

ective Li thickness before anneal is about 3 Å ( λC1s = 40 Å [32] ,

 = 969 eV), which is about a factor of two smaller than the ef- 
k 

3 
ective Li thickness estimated from the suppression of the Ni core 

evel peaks ( Fig. 2 d). The changes are associated with the forma- 

ion of LiC 6 rings and caused by charge transfer between Li ions 

nd C atoms, where the electrons transferred from Li fill the π
ands of graphene [ 36 , 37 ]. As a result, the Fermi level shifts sig-

ificantly upward, which leads to a shift of the C 1s peak towards 

igher binding energy [36] . In addition, polarization effects arising 

t the boundary between lithiated and unlithiated graphene layers 

ay play a role [38] . 

Apart from the clear shift in C 1s binding energy, intercalation 

f Li ions between graphene layers results in a difference in sup- 

ression of C and Ni signals upon Li deposition, which is related 

o the high surface sensitivity of the XPS technique. Top layers of 

he sample contribute to the overall signal to a much higher de- 

ree than sub-surface layers. When Li intercalates into multilayer 

raphene, it “uncovers” top layers. As a result, the effective thick- 

ess of the Li “layer” on/in multilayer graphene, measured from 

he suppression of the photoelectron signal, will be smaller than 

s the case for the underlying Ni substrate, for which no Li in- 

iffusion occurs. By comparing the suppression of Ni and C core 

evel peaks in the form of effective thickness, we can tell if Li in- 

ercalated or was removed (i.e.: by surface diffusion or sublima- 

ion upon annealing) ( Fig. 2 d). It is important for the analysis to 

ote that the changes of the C 1s spectrum are caused solely by 

nteractions with Li ions. This is supported by the fact that the be- 
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Fig. 3. Raman spectra of a pristine sample as well as samples irradiated with Ar + 

ions. The irradiated samples received different ion doses, as indicated. As a result, 3 

different defect densities were obtained, as is evident from the different intensities 

of the defect peak D. 
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avior of the C 1s peak observed in our experiment mimics those 

rom other reports on Li intercalation into graphene [ 39 , 40 ] and 

raphite [ 37 , 38 ]. Further evidence is the observation that the orig- 

nal peak position/shape can be recovered by annealing, thereby 

emoving Li. Apart from Li intercalation and de-intercalation, the 

ild annealing treatments used in the experiments do not result 

n chemical or structural changes, for which higher temperatures 

re required [41] . Hence, we conclude that the graphene layers are 

ot damaged, oxidized or otherwise changed in terms of chemical 

tructure during the experiment. 

While Li intercalation underneath graphene layers has been re- 

eatedly reported to take place already at room temperature (RT) 

 39 , 40 , 42 , 43 ], with diffusion coefficient sufficiently high for a fast

aturation [44] , some reports suggest that annealing enhances the 

rocess of Li intercalation into graphene [40] . Since the graphene 

n our samples was in multilayer form, we initially hypothesized 

hat room temperature may not be enough to stimulate Li ions to 

each deeper layers. Therefore, after deposition we annealed the 

ample at 300 °C for 5 min to stimulate deeper penetration of Li 

ons into the graphene stack. Fig. 2 shows the effect of annealing 

n all the measured peaks as well as on the calculated effective 

hickness of the Li layer. We observed a shift back to its original 

osition of the C 1s core level peak, as well as a general decrease 

n effective thickness measured for all three core level peaks. The 

act that the effective Li thickness decreases also for Ni peaks sug- 

ests that annealing in fact de-intercalates Li and partially removes 

t from the sample surface. 

We now turn to the main goal of the experiment, i.e.: to in- 

estigate how the defect density in multilayer graphene affects the 

i intercalation process. The defects were imposed by Ar + ion im- 

lantation. To choose a convenient ion beam energy for our ex- 

eriment we considered the fact that (i) we have a multilayer 

raphene, which we would like to damage homogenously thorough 

ll the layers, (ii) the main tool of in our experiment is XPS, which 

s chemically sensitive to chemical environment, and (iii) we want 

o impose defects and do not have any other physical barriers that 

ould hamper the movements of Li between graphene sheets. For 

hese reasons we chose to use a very high ion beam energy of 

90 keV. In this way we made sure that all the three aforemen- 

ioned conditions will be fulfilled, which is not the case for typ- 

cally used energies – penetration depth of Ar + ions energy be- 

ow 100 eV is only 1 layer, and only 2 layers below 200 eV [ 45–

7 ]. Exposure to ion bombardment, with doses of 10 12 , 10 13 and 

0 14 ions/cm 

2 , resulted in various defect densities. Fig. 3 shows Ra- 

an spectra of a pristine sample as well as damaged multilayer 

raphene. The rise of the D peak corresponds to increasing disor- 

er in samples irradiated with a higher Ar + ion dose. Note that at 
4 
he same time the 2D peak decreases, which is in agreement with 

revious reports [ 48–50 ]. These two phenomena are connected, 

he Raman-allowed two-phonon processes contributing to the 2D 

eak compete with defect-induced one-phonon processes, which 

ive rise to the D peak [50] . Therefore, the samples were dam- 

ged, each to a different degree. We estimated the defect density 

ased on the assumption that the ion bombardment was homoge- 

ous, and that each impacting ion generates a single extended de- 

ect, analogous to previous reports [51] . This assumption allows 

s to use a simple approximation of the distance between defects 

 D = σ−1/2 , where σ is the ion dose [51] . Consequently, the L D is es- 

imated to be between 10 and 1 nm respectively for doses between 

0 12 and 10 14 ions/cm 

2 . In order to further confirm the correctness 

f our assumptions regarding the defect density, the results were 

erified using the formula for estimation of inter-defect distance, 

ound in the literature [ 51 , 52 ]. From there we obtained the follow- 

ng numbers: 27, 13 and 8 nm for 12 12 , 10 13 and 10 14 ions/cm 

2 

ose respectively (see Sup. Inf .). The results confirm that the sam- 

les’ defect densities differ significantly. A comparison with spec- 

ra published by Martins Ferreira et al. [47] for similar ion doses 

trengthened our claims further. In spite of a different Ar + ion en- 

rgy used to impose defects, the obtained Raman spectra of mul- 

ilayer graphene are remarkably similar to those obtained in Ref. 

47] . This shows that the significantly higher ion beam energy did 

ot influence the formation of defects that activate the D peak in 

he Raman spectrum [52] . The average inter-defect distances are 

onsequently estimated to be of the same order of magnitude as 

hose in Ref. [47] . It can thus be concluded that we obtained lightly 

o heavily damaged multilayer graphene. 

In order to investigate the influence of the inflicted damage 

n the intercalation process, a series of Li depositions was per- 

ormed. For better comparison, as well as to eliminate the un- 

ertainty coming from the source stability, next to each damaged 

raphene we mounted pristine samples as reference. In that way 

e could directly compare the behavior with respect to pristine 

raphene. Fig. 4 a shows the behavior of the C 1s core level peak 

aximum shift upon consecutive depositions and final anneal for 

amples with different defect densities. All sample-to-sample vari- 

tions are within the error bars. It can be concluded that the be- 

avior is virtually the same for all 3 examined defect densities and 

here are no visible trends with respect to defect density. Fig. 4 b 

ompares the behavior for all examined samples in terms of Li ef- 

ective thickness and the shift of the C 1s peak maximum in the 

eposition sequence. For clarity we omitted the annealing step. 

he fact that both parameters are correlated in the same way for 

ach irradiation dose indicates that the Li ions have similar con- 

entration at similar depth. The depositions were done until satu- 

ation of the peak shift was observed, which we take to be indica- 

ive of saturation of the Li intercalation process. 

Since a defect-free graphene sheet is impermeable for Li atoms, 

nd the defects imposed by ion implantation appear to have no ef- 

ect, a possible reason for such behavior could stem from the fact 

hat the multilayer graphene consists of flakes. In that scenario, Li 

ntercalation is primarily only facilitated by the edges of the flakes, 

here the edge density would be high enough for defects not to 

nfluence the intercalation ratio. Intercalation via step edges is well 

nown in literature [ 43 , 53 ]. What is interesting, in our study it 

eems to be that this phenomenon has overwhelmingly more in- 

uence on the overall intercalation process than graphene layer 

efects. Additional effects related to clogging of defects have been 

eported previously [54] . In the scenario proposed by that report, 

he Li ions tend to concentrate around defects and pose a steric 

indrance to other Li ions. This constrains the lateral diffusion of 

he latter and screens the defects for them. This effective “clog- 

ing” effect may be an additional reason that suppresses any po- 

ential influence of defects on the intercalation process. 
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Fig. 4. a) C 1s core level peak maximum shift upon Li deposition for samples that were exposed to different Ar + ion irradiation doses. The observed behavior of the damaged 

graphene does not differ significantly from the reference pristine sample for any defect density examined. b) A comparison of the effect of consecutive Li depositions on C 

1s core level peak shift and its effective layer thickness. Each point in the graph represents one deposition. Note that for heavily damaged graphene (dose of 10 14 ions/cm 

2 ) 

the last deposition was 10 min, hence there is one data point fewer. All 4 samples behave very similarly, within the accuracy of determining the peak shifts (0.1 eV). 
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. Conclusions 

In conclusion, we performed a series of experiments to investi- 

ate the correlation between the Li intercalation process in multi- 

ayer graphene with controlled defect density. The results provide 

he insight that varying the defect density over several orders of 

agnitude has surprisingly little effect on the intercalation pro- 

ess. We mainly attribute this to intercalation being facilitated by 

he edges of the flakes (with lateral dimensions that are typically 

n the order of 10 −5 m), such that the edge density determines 

he intercalation rate for the whole range of defect densities stud- 

ed. In addition, the accumulation of Li ions around defects, effec- 

ively clogging them, may further suppress their impact. Our re- 

ults put into question previous reports on defect density being an 

mportant factor in a process of the intercalation of alkaline metals 

etween graphene sheets. It seems that, while defect density may 

lay some role in the intercalation, its effect is completely over- 

helmed by the intercalation via step edges. 
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