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power densities.[1–4] Graphite is the most 
commonly used negative electrode (anode) 
material in LIBs due to its low potential 
for reversible lithium intercalation/dein-
tercalation (≈0.1 V vs Li+/Li), relatively 
high theoretical capacity of 372  mAh g−1, 
and good cycling stability.[5] The electro-
chemical processes occurring at the elec-
trode/electrolyte interface are crucial to the 
performance of LIBs. During the initial 
lithiation of a graphite electrode, the elec-
trolyte solvents and salts may be reduced 
and decomposed at low potentials. The 
decomposition products form a thin layer 
on the graphite surface known as the solid 
electrolyte interphase (SEI). SEI forma-
tion requires the consumption of lithium 
ions, which leads to an irreversible capacity 
loss.[5–7] However, once formed, a good SEI 
acts as a passivating layer that prevents fur-
ther undesired electrochemical reductions 
of the electrolyte, hence additional capacity 
loss and Li-ion consumption, due to its 
ion-conducting but electron-impeding 
nature. Therefore, the presence and sta-
bility of the SEI is essential for cycle life, 
aging behaviors, as well as rate capability 

and safety of practical LIBs.[8] As such, understanding SEI com-
position, formation, and evolution is of critical importance to 
the design and development of high-performance LIBs. 

Several models of SEI have been previously introduced, the 
earliest of which was proposed by Peled.[8,9] His initial model 
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1. Introduction 

Since lithium-ion batteries (LIBs) were first commercialized by 
Sony in 1991, they have found wide applications in both electric 
vehicles and portable electronics due to their high energy and 
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included a single layer and then it was modified to a bilayer 
structure consisting of a thin, compact inner layer and a thicker 
but porous outer layer. Later, a further modified model was 
proposed: a “mosaic”-type SEI, which may contain polyhetero 
microphases of several different components, including inor-
ganic LiF, Li2O, and Li2CO3 close to the electrode surface 
whereas organic polyolefins and semicarbonates closer to the 
interface with the electrolyte.[10] Soon after, Aurbach et al. also 
suggested that SEI has a multilayered, mosaic-type structure.[11] 

In 2004, a continuum SEI growth model was proposed.[12] In 
2006, Edstrom and co-workers reported conclusive experi-
mental results which suggested that LiF is formed in the SEI 
while Li2O, often reported to be present in the SEI, could be 
an artifact from abusive Ar+ sputtering and the presence of 
Li2CO3 is a matter of debate.[13–15] In 2014, Cresce et al. observed 
time evolution of 3D SEI formation on highly oriented pyro-
lytic graphite (HOPG) through electrochemical atomic force 
microscopy (EChem-AFM).[16] In 2019, utilizing in situ charac-
terization techniques, Liu et al. reported LiF and lithium alkyl-
carbonates as the main chemical SEI components for graphite 
electrode at different potentials.[17] They further confirmed 
that cyclic carbonate molecules are preferentially reduced over 
acyclic carbonate molecules, making their reduction product 
the major SEI component. Later that year, through organic 
synthesis and rigorous characterizations, Wang et  al. deter-
mined the main organic SEI component of graphite electrode 
in ethylene carbonate (EC)-based electrolyte is lithium eth-
ylene monocarbonate instead of lithium ethylene dicarbonate, 
which challenges the previous perception of the prevailing 
organic SEI component.[18] Until today, SEI is still regarded 
as “the most important but least understood (component) in 
lithium-ion batteries” possibly due to difficulties during sample 
preparation, transfer or characterization processes, instability 
and complexity of SEI, and insufficient direct measurements 
of its physicochemical properties as stated in recent reviews 
and reports.[17,19–26] Hence, fundamental understanding is still 
needed to unambiguously determine what and how SEI com-
ponents are formed, arranged and evolved on graphite surface, 
and how electrolyte and chemical structure of the electrode sur-
face influence it. 

Despite the importance of understanding the formation, 
chemical composition, arrangement, structural, chemical, 
mechanical, and morphological evolution of the SEI, much 
remains to be understood at the fundamental level due to meas-
urement difficulties. Due to the reactivity of SEI with moisture 
and air and the potential structural change during preparation 
for postmortem analysis, in situ/operando methods are pre-
ferred for characterization of SEI. A wide variety of in situ tech-
niques have been employed in the study of SEI, including X-ray 
scattering methods, scanning electron microscopy, ellipsom-
etry, transmission electron microscopy, and neutron reflectom-
etry.[27–31] In situ atomic force microscopy (AFM) and related 
scanning probe microscopy methods are among the most 
widely applied.[16,22,31–36] These techniques allow one to directly 
observe the physical processes of SEI formation and growth 
on electrode surfaces. HOPG is often used as a platform for 
AFM studies due to its atomically flat and almost defect-free 
surface. Using in situ AFM, it was previously reported that 
SEI formation on basal-plane HOPG starts at potentials below 

0.7 V versus Li/Li+ in EC-based electrolyte.[32–35,37] At the edge 
plane, SEI growth has been reported to occur at a more positive 
potential range and to form a more effective passivating layer 
than at the basal plane.[16,32] In addition, “blistering” has been 
noted in carbonaceous materials as a result of intercalation of 
solvent molecules into the graphite structure and their subse-
quent decomposition before enough protective SEI has been 
formed.[32,38,39] Thus, the formation of a stable and passivating 
SEI at a more positive potential would be beneficial. 

While the presence of SEI is vital, it is difficult to control SEI 
formation and evolution, as the morphology, chemical com-
position, and mechanical properties of SEI depend on several 
factors. A key factor to control SEI properties is the structure of 
the carbonaceous electrodes surface.[5,8,40,41] It has been reported 
that the SEI on hard carbon (disordered carbon) contains more 
salt reduction products than solvent-reduction products, similar 
to the edge plane of HOPG and opposite to soft carbon and the 
basal plane of HOPG.[41] Several works also showed that on edge 
planes, the SEI forms more readily than that on basal planes, 
which might be due to the higher electrochemical activity of 
the edge planes.[5,32,39,42,43] Due to the heterogeneity of graphite 
electrode (containing both basal and edge planes), the SEI is 
not completely effective in passivating its surface. Strategies to 
improving the passivating property of SEI to protect graphite 
electrode from further reactions with electrolyte in subsequent 
cycles have long been pursued, such as coating the graphite 
with amorphous/disordered carbon.[44–47] Being more electro-
chemically active than the conventional graphite,[48] graphite 
surface with defects is expected to induce the SEI formation at 
a more positive potential and form a more effective SEI. Never-
theless, there has not been a systematic and fundamental study 
to understand how defects/disorder in carbon materials could 
affect SEI formation and evolution on the electrode surface 
during lithiation and delithiation processes. 

Here, we report a systematic study that directly moni-
tors and compares the formation and evolution of the SEI 
on both HOPG and a graphite electrode with defects, pseu-
dographite from University of Idaho thermolyzed asphalt 
reaction (GUITAR),[49] using complementary characterizations 
of nondestructive operando EChem-AFM, ex situ X-ray pho-
toelectron spectroscopy (XPS), and computational modeling. 
Compared to HOPG, GUITAR has a high concentration of 
defects and thus a more electrochemically active surface.[50] 

The onset potential of SEI formation at GUITAR (1.5 V vs Li/ 
Li+) is similar to the HOPG step edges (1.5 V) and much more 
positive than HOPG basal plane (≈0.8 V). The lithium adsorp-
tion were found to be favored on a defected graphene surface 
than a defect-free surface from previous study.[51–53] The reduc-
tion mechanism/adsorption of ethylene carbonate has also 
been investigated in existence of Li on defect-free graphene 
and graphite.[54,55] However, the theoretical study of reduction 
or adsorption of EC or Li(EC)n on a defected graphene/graphite 
were rarely done. In this work, with density functional theory 
(DFT) calculations, it is found that a graphene/graphite surface 
with defects (i.e., Stone-Wales (SW) and single vacancy (SV)) 
is preferred for EC-bonded Li compound adsorption. A model 
of SEI on the graphite with defects is proposed based on both 
operando EChem-AFM and ex situ XPS results. SEI formed 
on both HOPG and GUITAR has a mosaic-type structure with 
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microphases of both inorganic and organic species. However, 
the SEI formed on GUITAR is more uniform, compact, denser, 
and thinner than that on HOPG. Moreover, in comparison 
with HOPG, the relative content of polymeric components is 
less than that of inorganic components in the SEI formed on 
GUITAR, while other organic components (e.g., alkyl carbon-
ates and alkoxide) are almost negligible. In addition, the LiF 
content is much higher in the SEI on GUITAR than that on 
HOPG. It was shown that the SEI on GUITAR had negligible 
changes while at HOPG the SEI continued to grow upon the 
subsequent cycle, which suggests more effective passivation 
properties of the SEI formed on GUITAR that might be asso-
ciated with its higher LiF content. This work compared topo-
graphic, mechanical, and chemical compositional evolution of 
the SEI formed on a graphite with (i.e., GUITAR) and without 
(i.e., HOPG) defects. Our work provides insights of possible 
avenues to engineer effective SEI on carbonaceous electrode 
materials for better LIB performance. 

2. Results and Discussion 

2.1. Raman Spectroscopy 

Raman spectroscopy was carried out on HOPG and GUITAR 
sample to investigate the microstructural differences.[56] Gra-
phitic materials usually display two characteristic peaks under 
visible laser excitation, the G band around 1560 cm−1 and the 
D band around 1360 cm−1.[57] The G band is associated with the 
symmetric stretching of sp2 hybridized carbon–carbon bonds, 
while the D band can be attributed to the sp2 breathing mode 
arising from the structural defects.[56–59] As seen in Figure 1, 
HOPG only exhibited a single sharp peak at 1581 cm−1, indi-
cating a well-ordered graphitic structure. By contrast, a broad 
G band near 1582 cm−1 and a broad D band at 1353 cm−1 were 
observed for GUITAR samples, indicating the presence of 
defects. The peak intensity ratio between the D and G band was 
I(D)/I(G) = 1.12, further confirming a disordered structure for 
GUITAR.[60] 

2.2. SEI Formation and Evolution on HOPG and 
GUITAR Sample 

Due to its environmental sensitivity, SEI analysis requires 
operations under inert and controlled environment. Therefore, 
operando EChem-AFM in an Ar-filled glovebox was employed 
to study how structural defects in graphite electrodes affect SEI 
formation and evolution. Specifically, surface topographical 
changes of the HOPG and GUITAR sample were monitored 
during the first 2 cycles. Figure 2 presents the SEI formation 
and evolution on an HOPG sample. Cyclic voltammogram 
(Figure  2a) was collected on the sample between open-circuit 
potential (OCP, ≈3 V) and 0.01 V versus Li/Li+, while concur-
rent AFM images were obtained. During the first cathodic scan 
(from OCP to 0.01 V) on HOPG, a small current started to flow 
around 2 V, which can be assigned to the reduction of trace 
water or surface groups on HOPG, while the initial reduction 
of the electrolyte cannot be excluded.[37,61,62] The small hump 
observed between 1.5 and 1 V can be assigned to the electrolyte 
reduction and initial SEI formation.[17] A pair of more promi-
nent peaks appeared around 0.5 V with a discernible shoulder 
near 0.6 V. The shoulder at 0.6 V can be assigned to the inter-
calation of solvated Li+ through the step edge of HOPG and the 
subsequential reduction of the intercalated solvent molecules 
between layers.[16,17,32,35] While upon the second cycle, this 
shoulder disappeared, which indicates the absence of further 
solvated lithium-ion intercalation and its corresponding decom-
position, possibly prevented by the SEI formed at the step edge 
during the first cycle. The peaks around 0.5 V can be assigned 
to the SEI formation on the basal plane, which did not vary sig-
nificantly on the second cycle, indicating continuous SEI for-
mation. The cathodic current rises significantly at 0.01 V, which 
could be ascribed primarily to the intercalation of lithium ions 
(forming LiC6), while the anodic peak from 0.7 to 1.7 V corre-
sponds to the deintercalation of lithium ions.[22] The intercala-
tion/deintercalation potentials of lithium ion are very similar 
in different electrolyte systems.[22,61,63,64] Compared to the first 
cycle, the Coulombic efficiency improved during the second 
cycle, indicating the passivating behavior of the SEI at the elec-
trode surface. 

AFM image of the pristine HOPG sample is shown in 
Figure  2b. Several step edges were intentionally exposed, to 
evaluate the differences in SEI formation and evolution at dif-
ferent sites (i.e., basal planes vs edge planes). The boxed regions 
highlight regions with prominent step edges, which show the 
presence of carbon terrace with step heights over 2.5 nm (cor-
responding to over seven graphene sheets). The height profile 
is shown in Figure S1 (Supporting Information). A series of 
operando AFM images of an HOPG sample during the first 
cathodic scan was shown in Figure S2 (Supporting Informa-
tion), from which the representative images with prominent 
changes were selected and presented in Figure 2c–h. No topo-
graphic change was observed from OCP to 2 V (Figure S2, Sup-
porting Information). Around 1.5 V, a small number of particles 
started to form, mainly along the step edges, especially in the 
boxed regions (Figure 2c). The particles formed in this potential 
range were ≈0.3 µm in diameter. When scanned below 1.5 V, 
the SEI continued preferential deposition at the step edges with 
a slightly larger average particle diameter of 0.5 µm (Figure 2c). Figure 1. Raman spectra of pristine GUITAR and HOPG sample. 
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This is concurrent with the small hump observed between 1.5 
and 1.0  V in CV. Thus, the current increase in this potential 
range can be attributed to the electrolyte decomposition and 

consequent SEI formation along the step edges. Upon further 
cathodic scan from 0.81 to 0.54 V, a small number of SEI par-
ticles appeared on the basal plane (Figure 2e). When scanned 

Figure 2. Operando EChem-AFM (10 µm × 10 µm) of an HOPG electrode in an electrolyte of 1.2 m LiPF6 in EC:EMC (3:7 w/w), with a scan rate of 
0.5 mV s−1. a) Cyclic voltammograms for the first two cycles of an HOPG electrode; the arrows indicate the potential range in which the corresponding 
AFM images were collected. b) AFM image of a pristine surface of HOPG, boxed areas indicate ≈10 layers of step edges. c–h) Operando AFM collected 
during the cathodic scan of the first cycle at different potential ranges, the circled areas highlighted a small basal plane region. i–j) Representative 
height profile of (c) and (h) taken along the blue and green arrow, respectively. 
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below 0.54 V, more particles formed across the surface. The 
diameter of SEI particles formed at the basal plane was smaller 
than 0.2 µm, as highlighted in the circled region (Figure 2f–g). 
The initially formed SEI particles on the step edges have an 
average thickness of 80 nm, as estimated from the height pro-
file (Figure  2h), which then slightly increased to 90–100 nm 
as the electrode was fully lithiated (Figure 2i). The particle on 
the basal plane was thinner, with an estimated thickness of 
40–50 nm. 

The SEI evolution observed on the basal plane of HOPG 
agrees well with previously reported results, in which the 
onset potential for SEI formation on the basal plane is around 
0.7 V.[32–35,37,39] In comparison, SEI particles on the step edges 
formed at a more positive potential (1.5 V), with greater particle 
thickness and lateral particle size, as well as higher packing 
density than those at the basal plane, which corroborates well 
with previous report of preferential SEI formation on the step 
edges.[16,22,65,66] However, a consensus has not yet been reached 
regarding the potential range in which SEI initially forms at 
the step edges of HOPG. Some have reported that SEI on the 
step edges forms below 1.6 V,[33] while others have reported 
formation below 1.0 V.[32,39] Such variation in formation poten-
tial might arise from the crystallinity differences of the HOPG 
samples. In this study, we found that SEI formation on the step 
edges of HOPG began around 1.5 V, which agrees well with the 
in situ AFM study by Xu and co-workers.[16] 

The SEI formation and evolution at the surface of the 
GUITAR sample were monitored under the same conditions as 
the HOPG sample (Figure 3). The chemical vapor deposition 
(CVD) process to synthesize the GUITAR thin film[49] allowed it 
to be coated on a large and flat surface (e.g., quartz with diam-
eter of 2″), making it ideal for AFM imaging. Disordered carbon 
samples (e.g., hard carbon) had been investigated previously in 
the form of composite films (with binders and additives), which 
yielded low quality AFM images and complicated the interpre-
tation of the EChem-AFM results.[34,67] In this study, the thin 
film GUITAR without any binder or additive enables straight-
forward comparison of carbon surface w/o defects. 

The cyclic voltammogram on a GUITAR sample is shown 
in Figure  3a, collected with the same parameters as HOPG 
sample (Figure 2a). Similar to the HOPG sample, the cathodic 
current on GUITAR also started to flow around 2 V and can 
be assigned to the reduction of water and surface groups, and 
possibly initial reduction of the electrolyte.[37,61,62] A small and 
shallow peak near 1.5 V upon further reduction is possibly asso-
ciated with the onset of EC and ethyl methyl carbonate (EMC) 
reduction with preferred reduction of EC.[17,68,69] A broad peak 
also appeared near 1 V, which has been reported for Meso-
Carbon MicroBeads graphite and hard carbon electrodes.[39] 

The peak can be assigned to further reduction of EC and EMC 
and concurrent SEI formation. It may also be associated with 
lithium-ion storage on the surface with defects, as described 
by Mochida et al.[70] A broad cathodic peak near 0.14 V is pos-
sibly associated with lithium-ion intercalation and additional 
electrolyte decomposition. An anodic peak appeared near 0.2 V, 
corresponding to the deintercalation of the lithium ions. In 
contrast to HOPG, the cathodic current from 2 to 0.1 V on the 
second cycle decreased significantly relative to the first cycle 
of GUITAR, indicating excellent passivating behavior of SEI 

formed from the first cycle. The peak at 0.14 V on the second 
cycle also decreased compared to that on the first cycle, sug-
gesting significant contribution of the irreversible electrolyte 
decomposition/SEI formation to the peak current on the first 
cycle. Nevertheless, it should be noted that this study is not 
to propose a new negative electrode material for lithium-ion 
battery but to fundamentally understand the effect of surface 
defects at carbon electrode materials and to propose a possible 
coating material beneficial for a more stable and robust SEI. 

Operando EChem-AFM was conducted at the surface of 
a GUITAR sample for comparison with the HOPG sample. 
For the pristine GUITAR (Figure  3b), unlike HOPG, no step 
edges were visible on the surface, which is consistent with 
previous SEM observations.[49] Around 1.5 V, small particles 
with diameter of ≈0.1 µm started to from (Figure 3c). As it was 
scanned below 1.4 V, the SEI particles started to pack densely 
and uniformly, the lateral size of which did not change signifi-
cantly. When the GUITAR sample was scanned below 1.15 V 
(Figure 3d–h), no significant topographic change was observed. 
Estimated from the height profile (Figure  3i–j), the SEI par-
ticle thickness was ≈55 nm when initially formed, and almost 
remained the same as the electrode was fully lithiated. The SEI 
at GUITAR almost uniformly distributed across the electrode 
surface, while the SEI on HOPG exhibited variation in particle 
size and thickness due to the coexistence of the step edges and 
defect-free basal plane. 

The onset potential of SEI formation could be a measure of 
the electrochemical reactivity of the electrode surface. From our 
study, the order of the reactivity follows that: GUITAR (1.5 V) ≈ 
HOPG edge plane (1.5 V) > HOPG basal plane (below 0.8 V). 
Such finding agrees well with the previous study that the elec-
trochemical activity of GUITAR is similar to that of the HOPG 
edge plane while higher than the HOPG basal plane.[50] Similar 
phenomena have also been reported on other disordered carbon 
surface when compared to HOPG basal and edge planes.[39] 

Formation of a stable SEI at more positive potential can be ben-
eficial to the reversibility of the graphite electrodes.[71] Moreover, 
the SEI formed on GUITAR is more homogeneous and much 
denser than HOPG, which provided a better coverage and con-
sequently, a better passivation for the electrode as also sup-
ported by the second cycle CV. 

2.3. DFT Calculations: Adsorption of EC, Li, and EC–Li 

Provided that an effective adsorption should occur for further 
electrolyte reduction/decomposition, DFT calculations on both 
graphene and graphite were conducted to obtain a mecha-
nistic understanding of how defect would influence the surface 
reactivity. We selected EC–Li structure as solvated lithium to 
simplify the system. Brønsted–Evans–Polanyi (BEP) relation-
ship[72,73] suggests that a more negative dissociation energy cor-
responds to a smaller activation energy, thus a more positive 
potential for EC decomposition. Thus the adsorption and dis-
sociation/decomposition energies on defected and defect-free 
materials are calculated to explain the experimental results. 
Graphite is modeled by three graphene layers[74–76] and the reac-
tions on single layer graphene are calculated as well. Pure EC 
adsorption was investigated first, and the results are shown in 
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Figures S4 and S5 (Supporting Information). A more negative 
adsorption energy indicates a more stable configuration. Only 

molecular adsorption was predicted on defect-free and SW 
defected graphene and graphite and the optimizations for EC 

Figure 3. Operando EChem-AFM (10 µm × 10 µm) of an GUITAR electrode in an electrolyte of 1.2 m LiPF6 in EC:EMC (3:7 w/w), with a scan rate of 
0.5 mV s−1. a) Cyclic voltammograms for the first 2 cycles of an GUITAR electrode. The arrows indicate the potential range in which the corresponding 
AFM images were collected. b) AFM image of a pristine surface of GUITAR. c–h) Operando AFM images collected during the cathodic scan of the first 
cycle at different potential ranges. i–j) Representative height profile of (c) and (h) taken along the blue and green arrow respectively, plotted versus 
the corresponding potentials. 
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chemisorption structures were not successful; EC is predicted 
to be generally parallel to the basal plane (Figure S4, Supporting 
Information). The interactions are dominated by the hydrogen 
bond between EC and the basal plane and the predicted phys-
isorption energies are −0.55 to −1.27 eV for defect-free and SW 
defected graphene, respectively. EC adsorption on an SW defect 
on graphene leads to a slight distortion of the basal plane. On 
graphite, the adsorption configurations are generally consistent 
to that on graphene and the adsorption energies are compa-
rable. The calculated adsorption energies with EC perpendicular 
to the basal plane of graphene (−0.22 eV on a defect free surface 
and −0.88 eV on an SW defected surface) are weaker than the 
parallel adsorption mode (Figure S4, Supporting Information). 
Significantly different adsorption is predicted on a SV defect 
and the results are shown in Figure S5 (Supporting Informa-
tion). The chemisorption with the O in the CO bond and the 
C in the carbonate group in EC bonded to two defective carbon 
atoms at an SV defect is more exothermic by 1.09 eV than the 
physisorption with a parallel mode in graphene. Dissociation 
can take place as the breaking of a CO bond from EC and the 
formation of a CO bond with a defective carbon atom is pre-
dicted to be exothermic by 1.02 eV. The results on graphite are 
generally consistent with that on graphene with the energy dif-
ference less than 0.10 eV. The physisorption energy on defect-
free graphene and the chemisorption energy on SV defected 
graphene calculated with optPBE-vdw in the current work are 
comparable to the values calculated with PBE-D3.[77] 

As the chemisorption of EC on the basal plane of defect-
free and SW defected graphite and graphene is not favored, 
the decomposition of EC itself on the surface would be least 
likely to occur. It has been reported that the presence of Li facil-
itates the reduction process of the EC.[54] We selected a model 
with an additional lithium atom after one-electron reduction 
of a Li+ to study the reactions near the electrode under reduc-
tion conditions (the Li atom acts as an electron donor). For a 
direct comparison with defect-free and SW defected materials, 
EC adsorption/dissociation on SV defected materials is also 
studied with the presence of a Li atom. 

The structures for the top and side views for EC–Li adsorp-
tion on graphene and the energetics for the stepwise Li and EC 
adsorption on graphene and graphite are shown in Figure 4. 
The adsorption energy of Li on graphene (−1.26 eV) is slightly 
less negative than that on graphite (−1.57 eV). The Li adsorp-
tion energy on the graphene with defect (−1.86 eV for an SW 
defect and −3.04 eV for an SV defect) is almost the same as on 
the defected graphite (−1.89 eV for an SW defect and −3.00 eV 
for an SV defect). Thus, the graphene layers do not affect much 
on the surface adsorption, and the existence of a defect leads 
to a stronger Li binding. In Li adsorption, there is a charge 
transfer from Li to surface carbon atoms and there is no extra 
spin on the Li adatom. Our calculated Li adsorption energies 
on graphene with and without a defect are consistent with the 
values calculated with Perdew–Burke–Ernzerhof (PBE).[51,52] 

Compared to that on a perfect surface, the SW defect lowers 
the adsorption energy of Li by 0.60 eV on graphene (0.32 eV 
on graphite) while the single vacancy lowers that by 1.78 eV for 
graphene (1.43 eV on graphite). EC adsorption on a Li pread-
sorbed surface is also shown in Figure 4. The chemisorption of 
EC takes place through the formation of a LiO bond between 

the preadsorbed Li and the oxygen in the CO bond of EC on 
defect-free and SW defected surfaces. On an SV defect, the 
preadsorbed Li is bonded to both a terminal O atom and 
a bridge O atoms in EC. The EC adsorption on a Li pread-
sorbed surface is more exothermic than that on the clean sur-
face without the presence of a Li and EC is stabilized by the 
preadsorbed Li through a charge transfer. Again, an SW defect 
lowers the EC adsorption by 0.50 and 0.11 eV for graphene and 
graphite. On a Li preadsorbed SV defect, EC adsorption ener-
gies are predicted to be −3.20 and −3.28 eV for graphene and 
graphite, respectively. 

Apparently, the overall adsorption reaction (* + Li + EC → 
EC–Li*) on the defected materials are more exothermic than 
that on defect-free materials and the exothermicities on dif-
ferent active sites follow the order of SV > SW > Defect Free. 
This is true for both graphene and graphite. We also calculate 
the adsorption energy of EC–Li as a complex on different mate-
rials and the exothermicities for EC–Li adsorption follow the 
same order (Figure  4). The more exothermicities range from 
0.50 to 3.30 eV. 

The products and energetics for EC decomposition are com-
plicated, for example, dependent on the anions in the electro-
lyte.[78] Here, EC–Li* decomposition with the formation of 
LiCO3* and gas phase C2H4 is calculated without considering 
the anions to investigate the energetics on different materials. 
The results are shown in Figure S6 (Supporting Information). 
On defect-free and SW defected materials, the Li is bonded to 
two O atoms in a carbonate group in the surface LiCO3*. On 
an SV defect, the Li is bonded to a O atom and OCO in 
the surface LiCO3*. C2H4 desorption energies are comparable 
on different surfaces and are predicted to be 0.35 to 0.50 eV. 
Again, the decomposition of EC (* + Li + EC → LiCO3* + 
C2H4) on the defective surfaces is more exothermic than on the 
defect-free by ≈0.40 and 3.50 eV on an SW defect and an SV 
defect, respectively. The difference of the decomposition ener-
gies on graphene and graphite are small. 

Such significantly different adsorption and decomposition 
energies on defected and defect-free carbon materials suggest 
a lower activation energy of EC decomposition on the defective 
carbon surface based on the BEP relationship. It also suggests 
that the voltage to drive the EC solvent decomposition would 
be more positive on a carbon surface with defects than on a 
defect-free surface. This agrees well with the trend we observed 
from experimental results that on a carbon surface with defects 
(GUITAR), the SEI formation/electrolyte decomposition occurs 
at a potential (1.5 V) more positively compared to that on a 
carbon surface without defect (basal plane of HOPG, below 
0.8 V). 

2.4. Stability of SEI at HOPG and GUITAR Sample after 
Two Full Cycles 

The stability of the SEI is critical for LIB performance. To eval-
uate the stability of the SEI formed on HOPG and GUITAR 
sample, a series of AFM images (25 µm × 25 µm, Figure 5) 
were collected at different potentials during the CV scan: pris-
tine, end of the first cycle (at 3 V), turnover of the second cycle 
(around 0.01 V), and end of the second cycle (at 3 V). The root 
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mean square roughness was used as a measurement of the 
topographic change. The pristine HOPG sample appeared to 
be very smooth and flat with an average surface roughness of 
the basal regions as 1.0 nm (Figure S7a, Supporting Informa-
tion). At the end of the first cycle, the roughness of the basal 
regions increased to 32.9 nm (Figure S7b, Supporting Infor-
mation) due to the SEI formation, which further increased 
to 38  nm (Figure  S7c, Supporting Information) after being 
scanned to 0.01 V at the end of the cathodic scan in the second 
cycle and 41.6 nm (Figure S7d, Supporting Information) at the 

end of the second cycle. The surface roughness significantly 
increased upon the second cycle, especially in the vicinity of the 
step edges (Figure 5b–d). Such increase could be attributed to 
either further SEI growth or appearance of the blisters (due to 
cointercalation of solvated Li+) underneath the graphite layer. 
In either case, the SEI formed during the first cycle did not 
provide sufficient protection over the electrode from further 
reaction with the electrolyte upon cycling. By contrast, no sig-
nificant topographic change, was observed on GUITAR surface 
once the SEI was formed after the first cycle (Figure  5e–h), 

Figure 4. Relaxed structures and calculated Li (top view) and EC (both side and top views) adsorption energies (in eV) on the basal plane of defect-free, 
SW defected, and SV defected graphene and graphite at the optPBE-vdw level. The values shown in the parenthesis are EC adsorption energies on Li 
preadsorbed surfaces. For clarity, only the structures on graphene are shown and the relaxed structures on graphite are similar to that on graphene. 
Lithium shown in green, carbon shown in brown, oxygen shown in red, and hydrogen shown in light gray. 
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indicated by nearly constant surface roughness of 16–17 nm. 
The result suggests that the SEI on GUITAR formed during the 
first cycle effectively passivated the electrode surface and was 
very stable upon the second cycle. This result corroborates well 
with the CV study on GUITAR, which demonstrated a signifi-
cant reduction in the cathodic current during the second cycle. 
Such good stability and passivating ability of the SEI formed on 
GUITAR might be associated with uniformity of the SEI, the 
chemical compositional difference and mechanical difference 
induced by the defect sites on GUITAR. 

2.5. Chemical Compositional Evolution of SEI on HOPG and 
GUITAR Electrode during the First Cathodic Scan 

Complementary to the operando EChem-AFM, ex situ XPS was 
conducted to investigate the chemical composition changes of 
the SEI formed on HOPG and GUITAR samples at different 
potentials (Figure 6). Figure 6a presents the high-resolution C 
1s, O 1s, Li 1s, and F 1s core XPS spectra for the HOPG sample 
before and after being scanned from OCP to different poten-
tials. Due to the spot size limitation of XPS, it is difficult to 
differentiate step edges from the basal plane on HOPG. To 
mitigate this, the exposure of the step edges was minimized 
during cleaving the HOPG surface, leading to the response 
mainly from the basal plane. For pristine HOPG, the charac-
teristic graphite (i.e., sp2) peak (284 eV) and a satellite peak 
(π–π*, 290.5 eV) were observed in the C 1s spectrum.[79] The 
intensity of the graphite peak decreased with lithiation, indi-
cating the electrode surface was gradually covered by the SEI. 
When the HOPG electrode was scanned from OCP to 2 and 
1.5 V, additional peaks were observed in the C 1s spectrum, 

which can be assigned to COC (286–287 eV) and CO 
bonds (289.9–290.9 eV). Likewise, in the O 1s spectrum, a peak 
appeared near 533.3 eV, which can be assigned to CO bond. 
At potentials above 1.5 V, barely any Li 1s or F 1s peaks were 
observed, which suggested that instead of SEI formation, the 
chemical species at the HOPG surface might be from solvent 
adsorption (e.g., ethylene carbonate).[80–82] The XPS results cor-
roborate well with the EChem-AFM results (Figure  2), which 
indicated that almost no SEI is formed above 1.5 V. When the 
potential was scanned further to 1 V, the presence of polyeth-
ylene oxide (PEO)-type polymers (C 1s: 286.5 eV and O 1s: 
534 eV),[83–85] and alkyl carbonate (C 1s: R–CH2OCO2, 287.7 eV 
and R–CH2OCO2, 289.2 eV)[85] suggests the reduction of the 
carbonate solvents, as well as the possible polymerization of 
EC.[86] A small amount of LiPF6 (F 1s: 688 eV, Li 1s: 58 eV) was 
also observed, indicating the salt might be trapped in the poly-
meric structure. Upon further cathodic scan to 0.5 V, lithium 
alkoxide (R–O–Li) (C 1s: 283 eV, O 1s: 532 eV),[87,88] lithium flu-
oride (LiF) (F 1s: 684.5 eV, Li 1s: 55.4 eV)[37] and LixPOyFz (F 1s: 
687 eV, Li 1s: 57.9 eV)[85,89,90] started to form on the electrode 
surface. However, Li2CO3 and lithium alkyl carbonate forma-
tion cannot be ruled out due to the presence of carbonate peaks 
in the C 1s spectrum (R–CH2OCO2, 289 eV and CO3

2−, 
290.3  eV). LiF and LixPOyFz  are common SEI component 
when LiPF6 is present in the electrolyte,[63,83,91,92] while Li2CO3 
and lithium dicarbonate (CH2OCO2Li)2 can be found in SEI 
formed in EC-based electrolytes and lithium alkoxide (R–O– 
Li) is found as a reduction product when dimethyl carbonate 
(DMC) or EMC is present in the electrolyte.[93] After the poten-
tial was scanned to 0.01 V, a small amount of Li2CO3 (Li 1s: 
56.5 eV and C 1s: 290.3 eV) and lithium alkyl carbonate (C 1s: 
R–CH2OCO2, 287.7 eV and R–CH2OCO2, 289.2 eV) were 

Figure 5. AFM images (25 µm × 25 µm) of HOPG: a) in its pristine state, b) at the end of the first cycle (nearly delithiated, at 3 V), c) around the 
turnover potentials of the second cycle (nearly fully lithiated, image collected while scanning from 0.10 to 0.36 V), d) at the end of second cycle (fully 
delithiated, at 3 V), and GUITAR e) in its pristine state, f) at the end of the first cycle, g) around the turnover potentials of the second cycle (image 
collected while scanning cathodically from 0.15 to 0.01 V then anodically to 0.08 V), and h) at the end of the second cycle. 
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Figure 6. High-resolution XPS spectra of C 1s, O 1s, Li 1s, F 1s in a) HOPG and b) GUITAR electrodes scanned through the potential ranges as 
indicated. 
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found along with polymeric deposits (C 1s: CO 286.2 eV and 
O 1s: 535.5 eV). Peaks in the Li 1s spectrum (59.4 eV) and F 1s 
spectrum (688.7 eV) might be from more LiPF6 adsorption or 
its decomposition product LixPFy.[21,64,89] The XPS results sug-
gest that SEI starts to form on the surface of HOPG around 1 V 
with the major components being polymers. Inorganic SEI spe-
cies begin to form around 0.5 V, but with the polymeric compo-
nents still dominating. 

The high-resolution XPS spectra of GUITAR subject to the 
same electrochemical conditions as HOPG sample are shown 
in Figure 6b. On the pristine GUITAR surface, sp2 C (284.1 eV, 
85%) and sp3 C (284.9 eV, 15%) peaks are present in the C 1s 
spectrum, consistent with previous finding.[48] As the potential 
was scanned to 2 V, additional small peaks (286.5 and 289.5 eV) 
appeared in the C 1s spectrum along with a new peak in the 
O 1s spectrum (533 eV). As with the HOPG sample in a sim-
ilar potential range, these peaks can be attributed to solvent 
adsorption. In addition, a small amount of LiPF6 adsorption 
was detected in the Li 1s (57.6 eV) and F 1s spectra (687  eV). 
The result indicates no electrolyte decomposition occurred 
above 2 V, in agreement with the CV study (Figure 2a), where 
almost no cathodic current was observed in the corresponding 
potential range. After the potential was scanned to 1.5 V, PEO-
type polymers (C 1s: 286.3 eV and O 1s: 533.7 eV) and LiPF6 
(F 1s: 687.4 eV, Li 1s: 58.4 eV) were observed as the major com-
ponents, along with a small amount of lithium alkyl carbonates 
(C 1s: R–CH2OCO2, 287.8 eV and R–CH2OCO2, 289.3 eV). 
When the potential was scanned to 1 V, the composition of SEI 
remained the same as that formed at 1.5 V. The lower graphite 
peak in the C 1s spectrum indicated a higher coverage of SEI 
on the electrode as the potential was scanned to a more nega-
tive region. After the potential was scanned to 0.5 V, lithium 
alkoxide (R–O–Li) (C 1s: 282.8 eV, O 1s: 531.8 eV) appeared on 
the surface of GUITAR along with increasing concentration of 
lithium alkyl carbonates. In addition, the peaks indicative of 
LiPF6 (F 1s: 687.4 eV, Li 1s: 58.4 eV) almost disappeared, concur-
rent with the appearance of LiF (Li 1s: 55.8 eV, F 1s: 685 eV) and 
LixPOyFz (F 1s: 687.6 eV, Li 1s: 57.3 eV) peaks. At 0.01 V, LiF (Li 
1s: 55.4 eV, F 1s: 684.5 eV) and polymers (C 1s: 284.7 eV) were 
the dominant components, with a small amount of LixPOyFz 

and lithium alkyl carbonates (O 1s: 532.5 eV) also present. On 
the GUITAR sample, the SEI started to form around 1.5 V, 
which is more positive than the onset potential of SEI forma-
tion on HOPG basal plane (below 1.0 V) and consistent with 
operando EChem-AFM results. On both GUITAR and HOPG 
sample, the organic components dominated the electrode sur-
face at the initial state of SEI formation, while the salt decom-
position products began to form around 0.5 V. At 0.01 V, the SEI 
on GUITAR contains relatively more inorganic contents, specif-
ically LiF, compared to the SEI on HOPG. It is noteworthy that 
no Li2CO3 was observed in the SEI formed on GUITAR. Such 
finding is consistent with Peled’s previous report that Li2CO3 
was only observed in SEI formed on HOPG basal plane, but 
not on HOPG edge plane or practical soft and hard carbons.[41] 

LiF-rich SEI has been found to effectively suppress the Li den-
drite formation due to the high-interfacial energy against Li and 
improve the Li–metal electrode cyclability,[94,95] facilitate Li den-
drite suppression,[19] high temperature cycle performance,[96] 

and received growing recognition lately.[19] Approaches to 

artificially enrich the SEI with LiF has also been reported.[97] 

On GUITAR, a graphite with defects, LiF is readily present in 
the SEI, which could be beneficial for long-term stability and 
can lead to a new approach to design the SEI on graphitic elec-
trode materials. The graphitic coating with defects can also be 
applied to the Li metal and other high capacity electrodes for a 
stable SEI formation. 

2.6. SEI Formation and Evolution Mechanisms at HOPG and 
GUITAR Electrode during the Initial Lithiation Process 

Previous studies have reported either ex situ XPS of SEI formed 
at different potentials[89] or the depth profile of SEI formed on 
the fully lithiated/delithiated electrodes.[98,99] However, com-
positional evolution of the bulk SEI at different potentials is 
also important to understand the SEI formation and evolution 
mechanisms, which has not been reported yet to the best of our 
knowledge. In this work, we fill this gap by investigating the 
high-resolution depth dependent XPS spectra of SEI formed at 
different potentials on both HOPG and GUITAR electrode. It is 
noteworthy that the monoatomic Ar+ bombardment will affect 
the chemical state of elements and the sputtering will in turn 
alter the stoichiometry of chemical species to a great extent. In 
terms of responses to Ar+ bombardment, inorganic compounds 
are less susceptible under ion irradiation damage compared to 
organic species. Hence, we limit our discussion here to lateral 
composition of the SEI at the surface based on XPS results from 
Section 2.4 and the trend of the depth-dependent distribution of 
inorganic SEI components along the thickness of the SEI. 
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Above reactions (R1–R11) present possible steps associated 
with the SEI formation. Based on the XPS and EChem-AFM 
results, we propose the SEI formation and evolution at HOPG 
and GUITAR electrode during lithiation in Figure 7. The pos-
sible reactions at difference potentials are also proposed in 
the following discussion. The modulus results were collected 
simultaneously with the AFM image and are also presented to 
qualitatively illustrate the mechanical property evolution of SEI. 

The high-resolution depth dependent C 1s, Li 1s, and F 1s 
XPS spectra of HOPG sample cathodically scanned to dif-
ferent potentials are presented in Figure 8. Polymers and 
lithium alkyl carbonate start to form below 1 V, with polymers 
dominating among the SEI components. The chemical and 
thermal instability of salt LiPF6 leads to an equilibrium show 
in (R1), as summarized in Xu’s review.[100] The decomposi-
tion product PF5 tends to initiate the ring-opening polymeri-
zation as in (R2), which leads to the polymeric deposition, in 
the presence of nonaqueous electrolytes.[101,102] The EC under-
goes a two electrons reduction reaction and forms the lithium 
alkyl carbonate as in (R3), which was first reported by Aurbach 
et  al.[103–105] One more possible source for the alkyl carbonate 
is the decomposition production of EMC, as in (R4).[69] The 
measured modulus significantly decreased from 27 GPa as of 
the pristine surface to 0.1 GPa at 1 V. Such difference can be 
attributed to the soft nature of the polymeric and organic SEI. 
It is also noted that the electrolyte salt adsorbs at the electrode 
surface, possibly surrounded by the organic SEI components, 
as shown in Figure 8a. The PF5, as the decomposition product 
of LiPF6, later reacts with trace amount of water to form addi-
tional LiF and PF3O, as in (R5). When the potential is scanned 
to 0.5 V, the reduction of PF3O yields LixPOyFz  (R6).[105,106] It 
is noteworthy that LiF only exists at the surface of the SEI, 

while the LixPOyFz  predominates the inorganic SEI compo-
nents throughout the bulk of the SEI. Concurrently, lithium 
alkyl carbonates precipitate and further decompose to lithium 
alkoxide ((R7) and (R8)). Li2CO3 is also observed and could be 
formed in a few possible pathways. When the concentration of 
EC is low, it could be a direct product of EC decomposition, as 
in (R9).[26,54,103,104] However, such pathway does not likely occur 
since the EC concentration is pretty high in the used electrolyte 
system (EC:EMC = 3:7 by wt%). It could possibly be a result of 
the alkyl carbonate reacting with the trace amount of water, as 
in (R10).[69,105] After the potential being scanned below 0.5 V, the 
content of the inorganic components in SEI increases, which 
can also be confirmed by the increased modulus (0.3 GPa). 

The presence of only the graphite peak (284 eV) in C 1s 
spectra and disappearance of other C 1s peaks and Li 1s and F 
1s peaks are indicative of a complete SEI removal and exposure 
of the native graphite electrode surface after Ar+ sputtering. 
Thus, the sputtering time required for SEI removal can be cor-
related to the SEI thickness, which reaches the maximum at 
fully lithiated state (0.01 V), as shown in Table S1 (Supporting 
Information). At 0.01 V, LixPFy exists at the surface of the SEI 
along with small amount of LiF, as reduction products of PF5 
(R11) as well as small amount of Li2CO3 as a possible product of 
lithium alkyl carbonate reacting with water (R10). LixPOyFz still 
dominates the SEI closer to the electrode surface. The modulus 
increased slightly to 0.4 GPa, which is possibly a result of more 
inorganic components precipitation. 

The depth dependent XPS spectra of GUITAR subject to 
the same electrochemical conditions as HOPG sample are 
shown in Figure 9. On the GUITAR electrode, the SEI started 
to form around 1.5 V (Figure  9a), but with similar SEI com-
ponents distribution to that at HOPG electrode (albeit at 1 V). 

Figure 7. Scheme of the compositional distribution and mechanical property of the SEI on HOPG and GUITAR sample at different potentials. 
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Similarly, the modulus also decreased from 23.7 GPa on the 
pristine surface to 1.1 GPa, due to the appearance of polymer 
and alkyl carbonate as products from decomposition of EC 
and EMC ((R1–R4)). When the potential was scanned to 1 V 
(Figure  9b), the SEI comprised almost the same components 
with slightly different distributions (with similar modulus of 
1 GPa) as at 1.5  V and more EMC reduction and decomposi-
tion products ((R4) and (R7)). Upon reduction to 0.5 V, LiF 
dominated the inorganic components at the SEI surface with 
LixPOyFz  dominating the inorganic components in the bulk 
SEI ((R5) and (R6)). Increasing contents of polymeric prod-
ucts and lithium alkyl carbonates were observed with lithium 
alkoxide (R–O–Li) as a product of lithium alkyl carbonate 
decomposition (R7). A significant difference was observed in 
the SEI at GUITAR sample as compared to HOPG sample: 
no Li2CO3 was observed. This is in agreement with previous 

reports that carbonates can only be observed in the SEI formed 
on HOPG basal plane, instead of HOPG edge plane, soft and 
hard carbons.[41] At 0.01 V, LiF still presents and dominates the 
inorganic components at the top layer while LixPOyFz  domi-
nates the bottom layer. LiF is much more enriched in the SEI 
on GUITAR compared to that on HOPG. One hypothesis 
to explain the LiF-enriched SEI and the Li2CO3 absence on 
GUITAR is that LiF deposits on GUITAR more uniformly and 
densely at the SEI surface compared to HOPG, which suffi-
ciently protected the SEI components (e.g., lithium alkyl car-
bonate) from exposure to moisture. It has been reported that 
LiF was introduced to the solid electrolyte synthesis to suppress 
the Li2CO3 formation[107] and functioned as an SEI component 
with a good passivating ability on Li and Si electrodes.[94,95] 

The LiF-rich SEI formed on GUITAR could also explain the 
good stability exhibited upon cycling, as shown in Figure  5. 

Figure 8. High-resolution XPS spectra of C 1s, Li 1s, F 1s before and after Ar-ion sputtering in SEI formed on HOPG which has been scanned from 
OCP to 1, 0.5, and 0.01 V versus Li/Li+. 
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The role of LiF in SEI and its impact on the electrochemical 
performance of LIB remain under debate.[19] Despite that LiF 
has an electron insulating nature and a low ionic conductivity 
(≈10−13–10−14 S cm−1),[108] it exhibits high mechanical strength, 
low solubility, wide band gap, which prevent electron leakage 
making it a suitable SEI component.[109,110] LiF enriched 
SEI was reported to play an important role in regulating the 
homogeneous deposition of Li+ ions.[111,112]  Furthermore,
LixPOyFz was reported to prevent the transition metal deposi-
tion and effectively suppress the rollover failure for LIBs in a 
recent study.[113] At the fully lithiated state (0.01 V), the SEI on 
GUITAR contains more LixPOyFz  than that at HOPG, which 
further promotes a stable SEI formation. 

3. Conclusion 

We compared the SEI formation and evolution on both 
HOPG, representing the graphite deficient of defects, and 
GUITAR, representing the graphite with defects utilizing 
operando EChem-AFM, ex situ XPS, and DFT calculations. 
The SEI forms more readily at the graphite with defects com-
pared to the HOPG. The DFT calculations help explain such 
phenomenon: the adsorption energy barrier of the EC bonded 
Li compound is much lower on a graphite surface with 
defects compared to that without defect, which could lead to a 
lower decomposition energy barrier and thus a more positive 
onset potential. The defects in the graphite structure induce 

Figure 9. High-resolution XPS spectra of C 1s, Li 1s, F 1s before and after Ar-ion sputtering in SEI formed on GUITAR, which has been scanned from 
OCP to 1.5, 1.0, 0.5, and 0.01 V versus Li/Li+. 
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formation of a thinner, denser, and more uniform SEI on the 
electrode. The SEI at the graphite with defects also exhibits a 
stronger passivating ability and a good stability upon cycling. 
The SEI formed on the graphite with defects was rich in LiF, 
which has been reported as an effective passivating compo-
nent in SEI on Li and Si electrode materials. Moreover, the 
high shear modulus of LiF enables a robust protection over 
the anode materials from pulverization for enhanced cycling 
stability. In addition, the higher LixPOyFz  content in SEI of 
GUITAR can assist suppression of rollover failure for LIBs. 
Thus, the graphite with defects can be designed as coatings 
onto other high-capacity electrodes such as Li, Si, and Sn, 
for a stable SEI. Furthermore, the graphite with the defects 
can be coated onto the conventional graphite electrodes to 
improve its rate performance and cycling stability for applica-
tions such fast charging batteries. Our study provides a fun-
damental understanding of SEI formation and evolution on 
graphite electrode materials with and without defects, which 
offers a new design strategy of engineered SEI for high per-
formance LIB and beyond. 

4. Experimental Section 
Raman Spectroscopy: Raman spectra were acquired with a Horiba 

LabRAM HR Evolution Raman microscope (Irvine, California) using a 
532 nm excitation laser and 600 g mm−1 grating with signal accumulations 
of three 30 s scans. After instrument calibration, samples were scanned 
at room temperature under ambient conditions. The incident laser 
power was 100 mW, and samples were viewed at a magnification of 50×. 
Scattered light was collected with a thermoelectrically cooled Si CCD 
detector. Data were acquired using the LabSpec 6 Spectroscopy Suite 
software. Spectral peak fitting was performed in OriginPro software, with 
Gaussian_LorenzCross mode until a correlation of 0.99 was found and 
the curve converged. 

GUITAR Sample Preparation: GUITAR samples were prepared via 
a CVD method.[48] The tube furnace was heated to a temperature of 
900 °C and the carrier gas (N2) purifier was preheated to 400 °C in a gas 
chromatograph gas purifier oven (Supelco, PA, USA). The deposition 
targets (quartz round with diameter of 2″) were positioned inside the 
quartz tube and the end was plugged with a small exhaust tube wrapped 
in ceramic wool to prevent O2 from entering the chamber. The system 
was purged with preheated N2 at a flow rate of 4.2 L min−1 for 5 min 
prior to the start of run. Vegetable oil precursor was injected into the 
tube furnace at a rate of 5 mL min−1 for a total deposition time of 30 min. 
The tube furnace was then allowed to cool down under N2 before the 
GUITAR-coated substrates were removed. 

Operando EChem-AFM: The operando EC-AFM measurements were 
conducted using a controlled environment AFM system consisting of a 
Dimension Icon AFM (Bruker Nano, Santa Barbara, CA, USA) housed inside 
an argon-filled glovebox (M. Braun Inertgas-Systeme GmbH, Garching, 
Germany) with H2O and O2 concentrations below 0.1 ppm. HOPG (SPI 
supplies, SPI-1 grade, 10 × 10 × 1 mm, West Chester, PA, USA) and GUITAR 
samples were epoxied to one side etched PTFE disk (McMaster Carr, 
Elmhurst, IL, USA) and then mounted onto the electrochemical cell (Bruker 
Nano, Santa Barbara, CA, USA) as the working electrode. The exposed area 
of the electrode was ≈1 cm × 1 cm. A fresh lithium strip (FMC Lithium) 
wrapped on a nickel wire (0.25 mm dia, 99.98%, Alfa Aesar, Haverhill, MA, 
USA) was used as the counter electrode (length of ≈5 cm) and reference 
electrode (length of ≈0.5 cm). The electrolyte used throughout this 
experiment was Gen II electrolyte (1.2 m LiPF6, in EC and EMC with weight 
ratio of 3:7 (w/w) supplied by the collaborators at Argonne National Lab 
and Idaho National Lab. Cyclic voltammetry (CV) was conducted by CH 
instrument 760E (Austin, TX, USA) with a potential range of 3 to 0.01 V, 
starting from the OCP and scanning at 0.5 mV s−1. 

AFM images were obtained using silicon nitride ScanAsyst-
Fluid probes (Bruker Nano) with a nominal tip radius of 20 nm and 
0.7 N m−1 spring constant. Due to the relatively soft spring constant, the 
ScanAsyst-Fluid probes used here are best suited to measuring elastic 
moduli in the range of 1–20 MPa. Thus the modulus results here are 
only semiquantitative and used to monitor the compositional evolution 
by providing a qualitative comparison of SEI hardness over time. To 
enable nanomechanical measurement of the electrode/SEI Young’s 
modulus, the spring constant and deflection sensitivity of each probe 
was calibrated in the liquid electrolyte by the thermal tune method, while 
the tip radius (28 nm) was measured with a Ti roughness standard (tip 
characterization sample, Bruker). To enable simultaneous measurement 
of sample topography and Young’s modulus, AFM imaging was 
conducted in PeakForce QNM (Quantitative NanoMechanical) mode, 
with a scan rate of 0.5 Hz, sample rate of 256 samples per line, and a 
peak force of 2–5 nN. Raw AFM images were processed in Nano Scope 
Analysis Version 2.0 (Bruker Nano, Santa Barbara, CA, USA) using a 
second order flatten to remove tilt and curvature. The SEI particle size 
can be estimated by using NanoScope Analysis’s particle counting 
function. 

Ex Situ XPS: XPS analysis was performed on PHI5600 Ultra X-ray 
photoelectron spectrometer using 1486.6 eV Al KαX-rays. To study the 
SEI formed at different potential ranges, linear scan voltammetry was 
applied to HOPG and GUITAR sample with a 3-electrode cell by scanning 
from the OCV to a desired potential (2 V, 1.5 V, 1 V, 0.5 V, and 0.01 V) in 
Gen II electrolyte in an argon-filled glovebox. Samples were then rinsed 
with DMC to remove residual salt and solvent and transferred to the 
XPS facility in a sealed transfer vessel to avoid exposure to air. The 
analyzed area of SEI was ≈300 × 700 µm2. The pass energy for high-
resolution spectrum is 23.5 with 0.5 eV per step. The binding energies 
were referenced to the hydrocarbon C 1s photoelectron peak at 284.8 eV. 
Depth profiles were performed using 4 kV argon-ion sputtering, with ion 
current 0.13 µA. Sample charging, when present, was neutralized with a 
low-energy e-gun. 

DFT Calculations: EC and lithium adsorption energies on the basal 
plane of graphene and graphite were calculated at the DFT level 
with the PBE exchange-correlation functional[114] using the Vienna ab 
initio simulation package.[115–117] The interaction between the atomic 
cores and the electrons was described with the projector-augmented 
wave method.[118,119] Dispersion interactions were described using 
the optimized optPBE-vdw[120] functional with a cutoff energy of 
420  eV. The interlayer distance in graphite crystal with optPBE-vdw 
is predicted to be 3.34 Å, which agrees well with the experimental 
value of 3.35 Å.[121] The graphene calculations were performed using 
a 6 × 6 supercell and a 3 × 3 × 1 Γ-centered Monkhorst–Pack k-point 
grid. Three graphene layers were selected to model the reactions on 
graphite[74–76] and the bottom layer was fixed during the calculations. In 
surface slab calculations, the ions are relaxed at a fixed cell shape and 
volume. Two common point defects were introduced into the graphene 
and graphite structures: the five- and seven-membered rings, known 
as SW defect and SV defect. Structure relaxations were performed until 
the residual force on each atom was less than 0.02 eV Å−1 and the total 
energy is converged within 10−4 eV. The adsorption energy (Eads) at 0 K 
was calculated using Equation (12) 

E E E Eads slab adsorbate slab adsorbate˜ = − −+ (12) 

where Eslab+adsorbate and Eslab are the total electronic energies of the 
surface slab with and without the adsorbate, and Eadsorbate is the 
electronic energy of the adsorbate in gas phase, which was calculated 
with a 8.0 Å × 8.0 Å × 8.0 Å unit cell at the gamma point only. 
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