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The electrochemical processes occurring at the surface of a highly ordered pyrolytic graphite (HOPG) electrode were investigated
by in situ atomic force microscopy (AFM) to understand the solvent cointercalation involved in the formation of a surface film.
AFM images were recorded under the conditions that AFM probe does not affect the electrode reaction. The AFM images show
the morphological changes occurring at the electrode surface, indicating that two different types of reactions occurred in the film
formation at the surface of the electrode. The formation of a blister structure was observed on the graphite surface, because of
the decomposition of solvated lithium ions produced in the electrolyte solution and intercalation between the graphite layer and
particulate materials. The solvent cointercalation reaction leading to the blister structure was more pronounced for the HOPG
electrode with a higher value of mosaic spread.

1. Introduction

Graphite is one of the most important negatively charged
electrode materials in commercially available lithium sec-
ondary batteries. During the charge-discharge processes in
negatively charged graphite electrode, the intercalation and
deintercalation reactions of lithium ions occur in the poten-
tial range 0–0.25V (versus Li+/Li) [1–4]. However, as such
potentials produce very strong reducing environments from
the thermodynamic perspective, chemically stable elec-
trolytes are unlikely to exist in such situations, thereby
reducing and/or decomposing during the electrode reactions.
Nevertheless, because a film is formed on the graphite surface
by the decomposition of electrolyte, stable intercalation and
deintercalation reactions occur at the graphite electrode,
before the intercalation of lithium ions into graphite [5]. This
surface film, often called the solid electrolyte interface, allows
lithium ions to pass through, whereas it blocks the transfer of
electrons [5, 6]. Thus, the surface film formation suppresses
the decomposition of electrolyte that occurs because of the
electron transfer between electrode and electrolyte and allows

selective intercalation and deintercalation of lithium ions.
The formation of surface films strongly depends on the type
of electrolyte used. Surface films with excellent properties are
formed when an ethylene carbonate- (EC-) based electrolyte
solution is used [7]. With the EC-based electrolytes, the
intercalated lithium ions can be extracted with very high
efficiency, after their electrochemical intercalation into the
graphite. Surface films significantly affect the battery perfor-
mance; therefore, identifying their physicochemical charac-
teristics is crucial. Even though surface films have been stud-
ied in detail [8–20], many issues still need to be investigated.

The solvent cointercalation reaction occurring at the
initial stage of surface film formation also needs to be inves-
tigated. This phenomenon, first reported by the Besenhard
group [10], refers to the intercalation of not only lithium ions
but also the solvent in electrolytes into the graphite at the
initial film-forming stage. This solvent cointercalation reac-
tion is fundamental in ascertaining the formation and prop-
erties of the surface films. The Besenhard group investigated
the expansion/contraction of electrodes associated with the
electrochemical intercalation and deintercalation of lithium
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ions by dilatometry using highly ordered pyrolytic graphite
(HOPG) as a negative electrode [10, 11].The results confirmed
that the electrode width increased ∼1.5 times at ∼0.8V in
a vertical direction to the basal plane prior to reaching the
potential range 0.0–0.25V, in which only lithium ions were
intercalated. The data were considered to result from the
intercalation of the solvated lithium ions. This solvent coin-
tercalation phenomenon cannot be investigated by X-ray
diffraction (XRD) analysis [2]. When the molecular space in
graphite is enlarged because of the intercalation of different
chemical species, the position of theXRDpeaks is expected to
shift toward the low angle side according to the Bragg theory.
However, because this explanation was not obtained exper-
imentally, the results of the Besenhard’s group study were
initially not widely accepted. Later studies using scanning
tunneling microscopy (STM) and atomic force microscopy
(AFM) by the Ogumi group and Raman spectroscopic study
by the Huang group confirmed the solvent cointercalation
phenomenon [12–20], and the study results of the Besenhard
group started to receive support. Nevertheless, definite exper-
imental evidence for the solvent cointercalation reaction is
still necessary.

The solvent cointercalation phenomenon was confirmed
by the previously mentioned studies; however, we contend
that the inferences from their data are in contrast with the
explanations provided. In the case of the investigation by the
Besenhard group by dilatometry, considering the structure of
the experimental apparatus, a minute amount of electrolyte
could possibly penetrate into the contact surface between the
electrode and electrical leads of dilatometer. The penetrated
electrolyte might get reduced and decomposed at ∼0.8V,
thereby detecting the expansion by dilatometry. Studies
by the Ogumi group involving STM [12, 13] reported the
formation of a hill structure on the electrode surface at 1.1 V
by gradually lowering the potential of the HOPG electrodes
from the open circuit potential, probably because of the
cointercalation. In this study, because the STManalysis can be
applied to conducting materials, a possibility of breakdown
on the thin surface component with insulating components
probably occurred by the decomposition of electrolyte before
the appearance of the hill structure as a result of the interca-
lation of the solvated lithium ions into the damaged surface.
In the analysis using AFM [14–17] in the contact modes of
the probe and electrode, a possible breakdown (of both the
insulating and conductive properties) of the surface films
similar to the case of the STM experiments exists, thereby
intercalating the solvated lithium ions on the damaged sur-
face.Moreover, theHuang group analyzed the Raman band at
a wavelength of 1598 cm−1 during the first lithium intercala-
tion process to understand the solvent cointercalation. How-
ever, this band was not observed by other research groups
using similar analysis techniques [4, 21, 22].

Based on such reasoning, we considered that more defi-
nite experimental evidence is required to explain the solvent
cointercalation phenomenon. In this study, we used AFM
similar to that used by the Ogumi group and ensured that the
surface films were not damaged by the probes. As a result,
direct experimental evidence strongly supporting the solvent
cointercalation phenomenon was obtained.
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Figure 1: Schematic of electrochemical cell for in situ AFM obser-
vation.

2. Experimental

The electrolyte solutions were prepared by dissolving LiClO
4

in a 1 : 1 (by volume) mixture of EC and diethyl carbonate
(DEC). All the electrolytes were purchased from Kishida
Chemical Co. and were used as received. The water content
in the electrolyte solution was <30 ppm, as measured using
a Karl-Fischer moisture titrator (Kyoto Electronics Manufac-
turing Co., MKC-210).

HOPG blocks (Advanced Ceramics, ZYH grade, Mosaic
spread: 3.5 ± 1.5∘; ZYA grade, Mosaic spread: 0.4 ± 0.1∘) were
used for AFMobservations. A flat surface was easily prepared
by cleaving the HOPG with tape. In situ electrochemical
AFM observations were performed in a conventional contact
mode using an AFM system (Molecular Imaging, PicoSPM)
equipped with a potentiostat (Molecular Imaging, PicoStat)
and a laboratory-made electrochemical cell as shown in
Figure 1. Freshly cleaved HOPG was mounted on the bottom
of the cell. Only the basal plane was brought into contact
with the electrolyte solution using anO-ring.The geometrical
surface area was 1.2 cm2. Lithium foil was used as the counter
and reference electrodes. Pyramidal silicon nitride tips were
used for AFM measurements. Cyclic voltammetry (CV) was
performed between 2.9 and 0.0V at a sweep rate of 5 or
0.5mV s−1.

All the electrochemical measurements including AFM
were performed in an argon-filled glovebox (Three-Shine,
SK-G1200) with a dew point below −60∘C. All the potentials
are referred to as volts versus Li+/Li.

3. Results and Discussion

The main objective of the study was to investigate the
solvent cointercalation reaction on the graphite electrode
surfaces in the absence of physical forces applied by the AFM
probes. Prior to the relevant explanation, the Ogumi group’s
conclusion on the mechanism of the surface film generation,
verified from different aspects, is mentioned. Figure 2 shows
the surface film formation measured by in situ AFM during
the HOPG electrode reaction by CV. In Figure 2(a), three
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Figure 2: (a) The first cyclic voltammogram of the HOPG basal plane at 5mV s−1 in 1M LiClO
4
/EC + DEC and (b) in situ AFM image (5 ×

5 𝜇m2) of the HOPG basal plane surface obtained at 2.9 V between 1.6 and 0.2V in (a).

large peaks are observed at ∼0.8, 0.35, and 0V. The corre-
sponding changes on the electrode surfaces in response to the
peaks measured by CV were confirmed from the AFM image
in Figure 2(b), which shows the in situ AFM image observed
in the potential range 1.6–0.2V during the electrode reactions
by CV. The AFM image was scanned from 1.6V, progressing
in the negative direction until a potential of 0.2 V.The surface
configurations of the electrode showed significant changes at
0.9 and 0.4V, confirming a two-step reaction. These results
are consistent with the report by the Ogumi group [14].

The Ogumi group reported that the formation of surface
films involves two different types of reactions: the decom-
position reaction of the intercalated solvated lithium ions
into graphite and accompanying solvent coinsertion and
direct decomposition reaction of the electrolyte solution on
the graphite surface. The results obtained from Figure 2 are
consistent with those reported by the Ogumi group, and
the AFM measurement was performed in the contact mode
under similar conditions. However, Figure 2 also shows that
the two different types of reactions involved at the surface
films as described earlier were confirmed in one single image
obtained by one time measurement. Figure 2(b) shows the
first situation where two different reactions are confirmed by
a one-timemeasurement.The studies performed until now in
relation to the formation of surface films involved either sin-
gle observations or single measurements of one reaction even
though two reactions occurred, leading some researchers to
doubt the involvement of two different reactions in surface
film formation. The results in Figure 2(b) provide unam-
biguous evidence, supporting the existence of two different
reactions without considering the effects of the contactmode.

Figure 2(b) shows that the results obtained in the contact
mode and the solvent cointercalation phenomenon initiated
at 0.9 V may be caused by the physical force of the AFM
probe, as mentioned in the Introduction. To prevent this, the
AFM observations were not performed until the completion
of surface film formation reactions, and Figure 3(a) shows
the surface configuration before the start of the electrode
reaction. The height of the largest step edge in the image was
∼10 nm. Figure 3(b) shows the results of the observation at
2.9 V after one cycle of CV at the same location as shown
in Figure 3(a). The reasons for the measurement at 2.9 V are
as follows: electrode reactions do not occur at this potential,
allowing observations on the surface films generated on
the electrode by CV without transformation into other
physicochemical states by electrochemical reactions. More-
over, Figure 3(b) shows the results obtained in the contact
mode similar to that shown in Figure 2(b), and the lack of
physical contact between the electrode surface and AFM
probes during surface film formation rules out any possible
effect of the contact mode on the surface film generation.
Undoubtedly, the observations in Figure 3(b) result from the
formation of surface films after one cycle.

To discover any solvent coinsertion in graphite in any
situation independent of any effect produced from the AFM
probes, the film material formed on the surface of the elec-
trode was physically removed using probes. AFM measure-
ments were performed in both the contact mode and non-
contact mode between the probe and sample. Accordingly, by
appropriately controlling the force applied between the probe
and sample while performing AFM in the contact mode,
the film covering the graphite surface was partially removed.
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Figure 3: In situ AFM images (5 × 5 𝜇m2) of the HOPG basal plane surface obtained at 2.9 V (a) before and (b) after the first cycle CV at
5mV s−1 in 1M LiClO

4
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Figure 4: In situ AFM image of an expanded area (10 × 10 𝜇m2) of
the HOPG basal plane surface obtained at 2.9 V after the first cycle
of CV.The dotted square shows the area observed after the first cycle
in Figure 2(b).

This method was also used by the Ogumi group [14–16]. The
results after the removal of the film obtained in Figure 3(b)
are shown in Figure 4. The area indicated by the dotted line
square in Figure 4 is identical to the area shown by 5 × 5 𝜇m2
in Figure 3(b) and is the region where the surface films are
removed by the AFMprobe.The surrounding area still shows
the remaining film, indicating the selected removal of the
film from the central area of 5 × 5 𝜇m2. Several blisters were
noticed on the graphite surface from which the film was
removed. These blisters were very similar to that reported by
the Ogumi group [14, 16] and can be regarded as structures
resulting from the decomposition of the solvent interca-
lated inside graphite, proving the solvent cointercalation.

Figure 3(a) also shows that the step edge on the electrode
surface before the occurrence of electrode reaction is situated
over the blister, indicated by the white arrow at the center of
Figure 4. In other words, the blister structure is not caused by
the decomposed electrolyte attached to the top of the graphite
surface but rather is a result of the swollen decomposed
product of solvated lithium ions intercalated between the
graphite layers.

The results from the CV and AFM analyses indicate that
the electrochemical reactions occurred during the solvent
cointercalation in the potential range 0.9–0.4V. However,
since AFM is an analytical method presenting information
only on a localized area, the localized reaction cannot be
assumed to occur over the entire electrode surface. Thus,
more investigations considering other aspects are required.
Other electrodes with similar areas but with a different
number of step edges where intercalation and deintercalation
of lithium ion occur were used.The reason for using different
electrodes during the investigation was the expectation of
similar electrolyte decomposition reactions on the electrodes,
even though a large differencemay be observed in the solvent
cointercalation phenomenon. With a similar intention, the
CVbehaviorwas investigated using two differentHOPGelec-
trodes with very different mosaic spread values, as shown in
Figure 4. Mosaic spread is a factor indicating the crystallinity
of HOPG. A higher value indicates inferior crystalline
properties (higher number of step edges on the electrode
surface). The ZYH electrode has a mosaic spread approx-
imately nine times greater than that of the ZYA electrode
and significantly higher current flow at ∼0.8V range related
to the solvent cointercalation reaction as shown in Figure 5.
This result is consistent with the expectation that the solvent
cointercalation is much more pronounced at the electrode
containing a higher number of step edges. Therefore, it can
be assumed to be actively involved in the graphite surface film
formation reactions.
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4. Conclusions

In this study, the surface film formation reactions occurring
at the interface between the negatively charged graphite
electrode and electrolyte in lithium secondary batteries were
investigated. The direct and obvious evidence shows that
solvent cointercalation reaction occurred at the initial stage
of the surface film formation as indicated by the in situ AFM
analysis. The formation of blisters was also confirmed after
the decomposition of lithium ions. These blisters were pre-
sumed to suppress the continued intercalation of the solvent
in the graphite layer. In contrast, this may also be one of the
reasons for the decrease in capacity of the graphite electrode
by obstructing the movement of the lithium ions and reduc-
ing the number of sites for lithium ions intercalation, as a
result of the existence of decomposed solvent products within
the graphite. Another possibility of the decreased electrode
capacity may be the stress resulting during the intercalation
and decomposition of the solvent, thereby detaching the
graphite layer and decreasing the number of active materials
used. To minimize these negative effects, further studies on
the physicochemical properties of the blisters are required.
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