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Abstract: Due to their low cost, suitable working potential and high stability, carbon materials have
become an irreplaceable anode material for alkali ion batteries, such as lithium ion batteries, sodium
ion batteries and potassium ion batteries. During the initial charge, electrolyte is reduced to form a
solid electrolyte interphase (SEI) on the carbon anode surface, which is an electron insulator but a
good ion conductor. Thus, a stable surface passivation is obtained, preventing the decomposition
of electrolyte in the following cycles. It has been widely accepted that SEI is essential for the
long-term performance of batteries, such as calendar life and cycle life. Additionally, the initial
coulombic efficiency, rate capability as well as safety of the batteries are dramatically influenced by
the SEI. Extensive research efforts have been made to develop advanced SEI on carbon materials
via optimization of electrolytes, including solutes, solvents and additives, etc. However, SEI is
produced via the catalytic decomposition of electrolyte by the surface of electrode materials. The
surface structure of the carbon material is another important aspect that determines the structure
and property of SEI, which little attention has been paid to in previous years. Hence, this review is
dedicated to summarizing the impact of the surface structure of carbon materials on the composition,
structure and electrochemical performance of the SEI in terms of surface atoms exposed, surface
functionalization, specific surface area and pore structure. Some insights into the future development
of SEI from the perspective of carbon surface are also offered.
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1. Introduction

The growing concerns with regard to environment and sustainability have promoted
the development of renewable energy resources, such as wind and solar energy [1]. Due
to the intermittent nature of these renewable energy sources, the development of energy
storage devices has become an actual necessity. Alkali ion batteries, such as lithium
ion batteries (LIBs), sodium ion batteries (SIBs) and potassium ion batteries (PIBs), are
considered as promising energy storage devices because of their high energy and power
densities. Particularly, SIBs receive great attention as the next generation low cost alternative
by virtue of abundant sodium resources [2-4]. In addition, the abundance of potassium in
the crust is close to that of sodium, and the redox potential of K* /K (—2.92 V) is similar to
that of lithium and much lower than that of Na*/Na at —2.714 V. Therefore, PIBs have also
greatly attracted the interest of researchers [5,6]. At present, a series of anode materials
such as carbon and derivatives, oxides and alloys [7,8] have been exploited. Nevertheless,
carbon materials, due to their low cost, suitable working potential and high stability, were
always the first choice for anode materials since the first generation of commercial LIBs was
developed. Graphite has already made a wide and profound impact as the first generation
of commercial anode materials. Additionally, hard carbon is considered to be the most
promising and probably the only alternative anode material for SIBs, as sodium ions could
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not be inserted due to the narrow layer spacing of graphite [9]. Hard carbon can exhibit a
high capacity benefiting from its expanded interplanar spacing and significant porosity for
ion accommodation. However, carbon anode materials still suffer from drawbacks such
as low initial coulombic efficiency (ICE) and sluggish rate capability in many practical
applications [10-12].

During the operation of alkali ion batteries, a solid electrolyte interphase (SEI) forms
on the carbon material surface rising from the decomposition of electrolyte at low potential,
which is beyond its stable window [13]. It has been widely accepted that SEI is essential to
alkali metal-ion batteries and the initial coulombic efficiency (ICE), calendar life, cycle life,
rate capability as well as safety of the batteries are dramatically influenced by it [14-18].
Therefore, it is vital to control its formation and growth with suitable chemical composition,
morphology and stability, so as to maintain a good passivating and electrochemical stability
over long-term cycling. Researchers have extensively worked on the formulation of elec-
trolytes, including solutes, solvents and additives, etc., aiming to obtain an advanced SEI on
carbon materials. Some excellent reviews have summarized the research progress of SEI for
carbon materials with a focus on the impact of electrolytes [19-21]. SEI is produced via the
catalytic decomposition of electrolyte by the electrode material surface. Aspects including
electrode material (surface), electrolyte and the conditions of its formation are crucial to the
formation and growth of SEI [22,23], as schematically summarized in Figure 1. The surface
structure of the carbon material is also one of the most important factors that determines
the structure and property of SEL Therefore, it is necessary to review and summarize the
research progress of SEI with an emphasis of the surface structure. Hence, this review
is dedicated to summarizing the impact of surface structure of carbon materials on the
composition, structure and electrochemical performance of the SEI in terms of surface
atoms exposed, surface functionalization, specific surface area and pore structure. A brief
introduction to SEI on carbon concerning its structure and composition as well as the
common modification strategy based on electrolyte is given first. Then, we analyze and

discuss how the surface structure of carbon can influence and improve the formation and
properties of SEI in detail. Finally, some insights into the future development of SEI from
the perspective of carbon surface are offered.
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Figure 1. Schematic diagram of the factors (electrodes, electrolyte and electrochemical conditions)

affecting the formation of SEI.
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2. An Overview of SEI

Electrolytes can maintain their stability within a certain voltage range, which is the
electrochemical window (ECW) of the electrolyte. The reduction potential of organic
electrolyte commonly used in Li-ion batteries is about 1.0 V vs. Li*/Li [24], while the
potential of lithium-inserted carbon materials is about 0-0.25 V vs. Li*/Li, which is
exceeding much lower than the reduction potential of the electrolyte. On the other hand, the
reduction potentials of organic electrolytes commonly used in SIBs and PIBs are about 0.7 V
vs. Na*/Naand 0.9 V vs. K* /K [25]. Therefore, the electrolyte decomposes and is deposited
on the electrode surface to form SEI during the insertion process. An ideal SEI has to satisfy
the following requirements [26]: (1) isolation of electrons and conduction of ions and
(2) excellent stability, such as mechanical stability, chemical stability and thermal stability,
etc. SEI plays a crucial role in determining many of the electrochemical performances of the
battery. The isolation of electrons prevents the continuous decomposition of the electrolyte
and the continuous thickening of the SEL a high ionic conductivity contributes to the rate
performance; and its excellent stability ensures the cycle life and calendar life of the battery.
Additionally, the properties of SEI are highly correlated with its structure and composition.

2.1. Structure and Composition of SEI

Commercial lithium-ion batteries rely on graphite as the anode material; the commonly
used carbonic ester electrolyte will be decomposed by graphite at its low working potential,
which is a complex process [27]. The decomposition products form the SEI, which has
been studied and elaborated in numerous works over the past decades, and knowledge
on the morphology, structure, composition and properties of SEI accumulated gradually.
In the 1970s, surface films formed on the surface of lithium metal immersed in organic
electrolyte were observed by microscopy [28]. The concept of SEI on alkali and alkaline
earth metals was first proposed by Peled in 1979 [29]. However, specific information on
the structure and composition of SEI was not characterized in detail due to the lack of
available characterization tools at the time. With the development of characterization tools,
the understanding of SEI progressively deepened.

Based on the electrochemical impedance spectroscopy (EIS) and Fourier transform
infrared spectroscopy (FTIR) results, Zaban et al. [30] drew a conclusion that SEI is a
multilayered structure consisting of a dense inorganic inner layer and a porous organic
outer layer. SEI was further depicted as a mosaic structure in which the salt was deposited
in separate clumps and the contribution of grain boundaries to the total impedance of SEI
was emphasized by Peled et al. [31]. Since then, the notion that SEI is a multilayer film with
each layer forming a mosaic structure was widely accepted. Clear evidence was reported
by Zheng et al. [32] who showed 3D multilayer SEI structures on silicon electrodes using in
situ atomic force microscopy (AFM). Wu et al. [26] summarized the timeline in explorations
of SEI, as shown in Figure 2.

The main components of SEI include both inorganic and organic parts [33]. The dense
inorganic layer lies in the inner side, close to the electrode, and consists of inorganic lithium
salts in the low oxidation state such as Li;COs3, LiO, LiF, LizN, LiCl and LiOH. The porous
organic layer is on the outer side, close to the electrolyte, and consists of organic compounds
in a higher oxidation state, such as (CH,OCO;Li);, ROCOOLi and ROLIi (R-organic groups
associated with solvent molecules) [34]. However, the structure of the SEI layer is more
complex than described [32,35-37]. Two different mechanisms of ion migration in SEI
have been found. One is the rapid pore diffusion in the organic layer, during which the
solventized ions gradually break away from their solvent molecules. The other is knock-off
diffusion in the dense inorganic layer, where ions diffuse through a repetitive interstitial
stripping mechanism and eventually reach the electrode surface [33].
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Figure 2. The historical timeline in explorations of SEI [26]. Copyright 2021, Elsevier.

2.2. Effect of Electrolyte on SEI

The composition and structure of SEI depend on various aspects, including electrolyte
composition, temperature, current density, etc. Among them, reduction and decomposition
due to thermodynamic instability and kinetic reactions of the electrolyte constitute the
components of the SEI layer, which has been extensively investigated. The decomposition
products of various solvents depend on parameters of the solvent such as dielectric constant,
polarity, reactivity and viscosity. Cyclic carbonates, such as ethylene carbonate (EC) and
propylene carbonate (PC), are widely used solvents because of their high dielectric constants
and good electrochemical stability [38]. PC became the focus of research as early as 1958
when it was observed that lithium could be electrodeposited out of LiClOy in PC solution.
However, capacity degradation of PC electrolyte-based lithium batteries is inevitable
because of multiple mechanisms [39], as reflected by the low lithium plating/stripping
efficiency below <85% during cycling. EC has a higher dielectric constant than PC, but
it was never used as a room temperature electrolyte in early studies because EC is solid
at room temperature. It was not until Pistoia et al. [40,41] reported that the presence of
solute, such as dimethyl carbonate (DMC), reduces the melting point and therefore results
in a room temperature melt. Further studies [41] revealed that the superiority of EC-based
electrolytes as compared with PC was also found in the low interface impedance and stable
SEI that suppressed the exfoliation of graphite layer [42]. SEI derived from ether-based
electrolytes, such as diethylene glycol dimethyl ether, was found to be thinner and stiffer
than its EC/DMC counterpart [43]. Nevertheless, ester solvents were usually the better
choice as compared to ether solvents that exhibit low oxidation potential, high cost, high
flammability and poor compatibility with high voltage cathodes.

The composition and structure of SEI are significantly affected by the salt because the
anion of the electrolyte salt decomposes at low potentials and participates in the formation
of SEI [37,44]. LiClO; is a favored electrolyte salt due to its high conductivity and high
anodic stability, but perchlorate is a strong oxidant that tends to react with most organics
at high temperatures and high currents. LiAsFg is superior to LiClO4 as an electrolyte
solute. However, a major obstacle to commercialization is that As (0) and As (III) are toxic.
Additionally, it has been proven that LiAsFq reacts with the solvent [45]. When LiAsFg
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was used in a study as the electrolyte salt, the SEI produced contained a large amount of
organic compounds, such as alkyl carbonate. LiPFg is not the most outstanding in a single
aspect of properties but maintains a well-balanced performance among all aspects while
meeting multiple requirements. The SEI derived from the electrolyte with LiPF4 contains
more LiF components.

Moreover, electrolyte additives, with higher reduction potential than solvents or salts,
are preferentially decomposed to form a passivating film prior to electrolyte reduction.
This film not only reduces the decomposition of the electrolyte, but also facilitates the
construction of a stable SEI. Various additives have been explored and used in batteries,
with vinylidene carbonate (VC) [46] and fluoroethylene carbonate (FEC) [47,48] being the
most widely applied. Although the presence of additives improves the formation of SEI
to some extent, which is mainly reflected in the generation of stable SEI, at the same time,
the additives may have negative effects or incompatibility. For example, the addition of
VC decreases the sodium storage capacity [49], although it was not observed in Li-ion
batteries [50]. The addition of FEC increases the interface impedance of the electrode [18,51].

3. Effect of Carbon Surface on SEI
3.1. Surface Atoms Exposed

Carbon materials prepared by the pyrolysis of organic compounds can usually be
divided into two main categories: graphitizable and non-graphitizable carbon [52]. The
most important structural difference between graphitizable and non-graphitizable carbon
is the nano-texture. The former has a relatively well orientated graphitic domain, while
the latter has a randomly oriented nanotexture of graphitic nano-domains and contains a
large number of micropores. Increasing heat treatment temperature leads to the growth
of crystal size with expansion and stacking of graphitic layers. For non-graphitizable
carbon, the crystal growth is limited by the local orientation, even at high temperatures
above 3000 °C. Thus, non-graphitized carbon, often described as hard carbon (HC), has
low graphitization, low apparent density and high porosity. In general, HC is amorphous
and cannot be graphitized even at very high temperatures. On the contrary, soft carbon,
which can also be referred to as graphitizable carbon, has an ordered structure. Artificial
graphite with good crystal structure can be obtained after graphitization of soft carbon.
Graphite has a layered structure consisting of sp? hybridized carbon of a hexagonal packing.
Hexagonal graphite or rhombic graphite is formed by the orderly stacking of carbon layers
in different rules [53]. While hard carbon does not have a long-range ordered structure
with planar extensions or carbon layer stacks, it is characterized by randomly arranged
sp? graphitic microregions that are partially cross-linked with amorphous regions of sp®
hybridized carbon atoms. Different topologies lead to diverse electrochemical behaviors
of the materials. Additionally, the exposure of a distinct crystal surface has an important
impact on the catalytic production of SEI on it [54].

Highly oriented pyrolytic graphite (HOPG) is a kind of “crystalline” graphite with
good crystalline structure, excellent orientation and a high degree of graphitization. Time-
of-flight secondary-ion mass spectrometry (TOF SIMS) and X-ray photoelectron spec-
troscopy (XPS) measurements were carried out for SEI formed on the different planes
of HOPG [55]. The SEI on both the basal planes (carbon layer extension direction) and
cross-sectional (edge) planes (carbon layer stacking direction) are present with C,H (or
other CxHy-based fragments), O, CoH30, and C;H30, which cover the material surface
intactly and show a fairly high degree of homogenization. The SEI on the basal plane
is dominated by organic matter, with oxygen and C,H30 being the main components.
Lithium and fluorine are concentrated in a large region (100 pm), with some smaller
micron-sized particles as well [56]. The distinctive feature of the basal SEI is the presence of
10 to 30 atomic% Li,CO3 on the surface and in the bulk. The SEI on the edge plane consisted
mainly of lithium and fluorine with a Li/F ratio close to one, but there are also regions of
one to several tens of microns in size where both elements are almost absent. Moreover, E.
Peled et al. [57] showed that the thickness of SEI on the basal plane is thinner relative to
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that on the edge plane. SEI thickness measured by XPS is 7 nm for basal-SEI and 35 nm for
edge plane SEI Thick SEI at the edge plane was explained by hydrogen permeation and
solvent co-intercalation and exfoliation. A study reported by Eshkenazi et al. [58] showed a
possible co-intercalation layer of protons as HF dissociation products, resulting in a thick
SEI Partial exfoliation of graphite by Li;PF¢* and hydrogen permeation may cause an
increase in SEI thickness, which is similar to the results on HOPG cross section in LiPFg
electrolyte. The content of PO3; ™~ species on the edge plane was three times higher than that
on the basal plane revealed by TOF SIMS. This clearly shows that the exchange current
density for LiPFg (and HF) reduction is much higher at the cross section than that at the
basal plane. Comparing the SEI formed on disordered carbon and HOPG, the SEI formed
on hard carbon is more similar to the SEI of HOPG on edge plane, while the SEI formed
on soft carbon is more similar to the basal SEI of HOPG as shown in Figure 3a-d [59]. The
reason may be that the structure of carbon materials contains a large number of off-domain
m-bonds containing electrons that can move freely. During the electrochemical process,
the applied voltage drives the electrons to move from the electrode to the electrolyte, thus
promoting the decomposition of the electrolyte.
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Figure 3. (a—d) Estimated composition of the SEI on HOPG, soft and hard carbon in LiPFy elec-
trolyte [59]. Copyright 2004, Elsevier; XPS profiles of the graphite electrodes obtained after charg-
ing/discharging: (e) C 1s; (f) F 1s; (g) Initial charge and discharge curves of the graphite-Li cells
(the inset shows the initial charge and discharge capacities and the corresponding capacity retention
values); (h) schematic illustration of the SEI film on the graphite particles without and with an amor-
phous coating, and magnified view of the graphite/electrolyte interface and retention mechanism of
the electric double layer capacitance after SEI formation [60]. Copyright 2022, Elsevier.
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Based on the above findings, Oka et al. [60] coated a layer of amorphous carbon on the
graphite anode surface as an LIB anode, named coated in Figure 3e-h, and graphite was
named pristine. The amorphous carbon improved the uniform crystallinity of the graphite
surface structure and suppressed the massive decomposition of the electrolyte at the edge
planes. As shown in Figure 3g, this layer of amorphous carbon reduced the amount of SEI
formed below 1 V vs. Li* /Li, thereby increasing the ICE to 87.7%. In addition, as shown in
Figure 3ef, the SEI produced on the amorphous carbon surface has more lithium carbonate
and lithium fluoride, improving the stability of the SEI at the edge planes. Figure 3h shows
the schematic diagram of SEI without and with the amorphous carbon layer.

The influence of active surface area (ASA) on graphite materials was investigated by
Nova’k et al. [61] and their study demonstrated that ASA is the key parameter affecting
graphite surface passivation and graphite layer exfoliation. Graphite with smaller particle
sizes have a larger specific surface area and more prismatic surfaces (edge plane), promoting
the catalytic decomposition of electrolyte to produce SEI The electrolyte preferentially
decomposes to form SEI at the edge plane, where it has more active sites and provides
higher reactivity. It makes it possible to complete stable passivation of graphite before
exfoliation occurs, thus suppressing graphite exfoliation. Spahr et al. [62] demonstrated that
the heat-treated material, which has high crystallinity, low superficial defect concentration
and low ASA value, has a low surface reactivity toward electrolyte concentration, thus
hindering the SEI generation. Ion insertion and de-insertion without complete formation
of the passivation layer will result in a greater tendency for the graphite layer to exfoliate.
S.H. Ng et al. [63] showed that the critical value of ASA is 0.2 m? g~! and the tendency of
graphite layer exfoliation is suppressed when the value of ASA is higher than 0.2 m? g~ 1.
The exfoliation of the graphite can also be suppressed to some extent by the formation
of chemically bonded SEI at the cross section, which was confirmed by the study of
Bugqa et al. [64]. Under the mild oxidation with carbon dioxide and oxygen, the morphology
changes at the prismatic surfaces ranging between “nano-roughness” after 15 min and
“channel-like” after 69 h of treatment, which provides a favorable nucleation site for the
chemically bonded SEIL

3.2. Surface Functionalization

The electrochemical performance of carbon materials is affected largely by their surface
functionalization, such as surface functional groups and heteroatoms. On the one hand,
both the surface and internal structures of carbon materials can be tailored by surface
functional groups [65-68]. On the other hand, functional groups can act as nucleation active
sites for SEI formation. Overwhelmingly, the groups can catalyze or even participate in
redox reactions for SEI formation [69]. The SEI and electrochemical performance of carbon
materials is therefore influenced by surface groups in two forms, indirectly and directly,
i.e., by modulating the structure and surface properties of the carbon material, changing
the environment where SEI is formed, and by directly participating in the SEI formation
process. Surface oxygen-containing groups (SOG) and surface nitrogen-containing groups
(SNG) are the most common functional groups on the surface of carbon materials [70].

3.2.1. Surface Oxygen-Containing Groups

The carbon material has a higher reactivity at the edge plane, with a large number
of SOG at the edges when the treatment temperature is below 1000 °C [71]. Firstly, the
wettability of the carbon material surface with the electrolyte is improved by the SOG,
which will facilitate the diffusion of the electrolyte inside the material and contribute to the
formation of intact SEI [72]. Secondly, surface oxygen groups can act as a link between the
electrode material and SEI, and improve surface charge transfer and influence the exchange
current density during SEI formation, thereby reducing electrode overpotential during
operation [59].

SOG exhibits a high activity and can catalyze or even directly participate in reactions
in electrochemical processes. In earlier studies, it has been demonstrated that some com-
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ponents, such as -COO-Li* and -O-Li*, of the inchoate SEI monolayers could be obtained
through the treatment of surface carboxyl groups with aqueous solutions of alkali metal
hydroxides [71]. When the first insertion process begins, these acid groups are converted
into surface lithium carboxylates and surface O-Li groups, which become components
of SEL These species have been shown to be nucleation sites for electrolyte decomposi-
tion [63], and the absence of these species may hinder decomposition reactions as well
as increase the potential for graphite layer exfoliation. The changes in SEI of SIBs during
charging and discharging were studied using FTIR in the report by Chen et al. [73] and
they demonstrated the involvement of SOG in the sodium intercalation reaction. As shown
in Figure 4a—c, the 1705 cm ™! peak attributed to the C=O group fades at discharge to 0.01 V
and recurs after charging to 3V, and the 1780 cm ™! peak attributed to C-O-Na shows the
opposite trend, indicating that the oxygen-containing group participates in the sodium
storage reaction and SEI remained stable during the charge and discharge process.
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Figure 4. (a) Charge/discharge profile of the electrode during the initial cycle at 0.2 A g_l,
(b,c) ex situ FTIR spectra of electrode at the selected potentials indicated in (a) [73]. Copyright
2017, Wiley-VCH. (d) Galvanostatic charge and discharge profiles of HC and HHC at the first cycle at
current density of 100 mA g~!. (e) CV curves of HC and HHC electrode, inset is the magnified image.
(f) Proposed mechanism via stabilized solid electrolyte interface between the oxygen functional
group and electrolyte [74]. Copyright 2020, Royal Society of Chemistry. (The green and purple
circles represent sodium and oxygen atom, respectively. The blue circles represent atoms in SEI.
Additionally, electrolyte molecules were illustrated as black hexagonal rings.).
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Another advantage of SOG is the formation of chemical bonds between the SEI and
the groups (such as -COO and -CO) attached to the surface, which improves the stability
of the SEI. HC was obtained from carbonized sucrose and placed in an oxygen plasma
cleaner in the study by Xie et al. [74]. Oxygen-containing functional groups, including
carbonyl and hydroxyl groups, were successfully introduced on the surface of HC. The
sample prepared in this way was named hydrophilic hard carbon (HHC). The defects of
hard carbon, especially C=C/C—C at the edges and nanopores, exhibit high activity in
decomposing sodium salts and electrolyte at low voltages, leading to irreversible capacity
loss from electrolyte decomposition. Due to the high oxidation of oxygen plasma, the active
carbon sites at the nanopores or on the edges were converted to ether or carbonyl groups,
which were less chemically active and inhibited the decomposition of the electrolyte. The
electron paramagnetic resonance (ERP) test showed that the unpaired electrons in the HHC
electrode are stable, while the HC can easily generate free radicals to attack the electrolyte
due to the high concentration of sp> C and sp® O, causing a large amount of electrolyte
decomposition. A clear plateau was seen in the first discharge curve for HC at around 0.5 V
(Figure 4d), indicating the formation of SEI, while such a plateau disappeared for HHC.
Additionally, as shown in the inset in Figure 4e, the reduction peak at 0.7 V for HC in the
cyclic voltammetry (CV) curves was assigned to the formation of SEI, while the reduction
peak at 0.82 V for HHC indicates the reaction of carbonyl with sodium ions. In addition,
the strong interaction of SOG (ether or carbonyl groups) with the SEI film resulted in a
stable SEI on the carbon surface, which allowed the specific capacity of HC, which was
261 mAh g1 at 100 mA g~! with the capacity retention of 95.3% after 145 cycles. Figure 4f
presents a schematic diagram of the mechanism of how SOG enhances the bonding between
the surface and SEI. The increase in specific capacity of HHC was attributed to the large
layer spacing, which could accommodate more sodium ions.

The presence of oxygen species on graphite surfaces increases the electrolyte reduction
potential vs. Li/Li* and contributes to the early SEI formation before lithium interca-
lation [75]. Solvent co-intercalation was inhibited by the SOG to avoid collapse of the
graphite structure [71]. Additionally, the amount of surface oxide groups seems to be a
key factor affecting graphite exfoliation during electrochemical lithium insertion. A study
reported by Spar et al. [76] demonstrated that graphite materials exposed to air (room
temperature) after heat treatment chemisorbed a small amount of oxygen on the surface.
The SOG formed by this process exhibited a basic character, such as hydroxyl and ether
groups. The SEI formed on the graphite surface with these basic SOGs cannot prevent
graphite exfoliation. In contrast, when graphite is oxidized with large amounts of oxygen
at high temperatures, the carbon surface becomes increasingly acidic due to the production
of carboxyl and phenolic groups. The presence of acidic SOG contributed to the formation
of favorable SEI layers and inhibited solvent co-intercalation, thus avoiding the tendency
of graphite layers to exfoliate during the initial lithium intercalation.

3.2.2. Surface Nitrogen-Containing Groups

Many studies have demonstrated that electrolyte decomposition and side reactions can
be suppressed by the nitrogen on the surface, which facilitates the formation of favorable
SEI [77-79]. The introduction of nitrogen-containing groups modifies carbon materials
in two ways: one is to regulate the electronic structure of the carbon material through
polarization caused by the difference in electronegativity between the nitrogen and carbon
atoms, thus changing the formation process and chemical composition of the SEI; the
second is to improve the ion storage capacity through a pseudocapacitance mechanism [80].
The latter is not the focus of this review and therefore will not be covered in detail.

Interfacial nitrogen bonds catalyze the production of more inorganic compounds
and the increase in the inorganic layer ensures the stability of SEI [81]. This is very ben-
eficial to prolong the cycle life of the carbon material. Yuan et al. [82] showed that the
nitrogen groups catalyze the decomposition of potassium bis(tri-fluoromethylsulfonyl)
imide (KFSI) to produce more inorganic sulfur-containing compounds and inorganic sub-
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stances containing S-F and K-F bonds. XPS measurements on the pristine P/N co-doped
three-dimensional interconnected carbon nanocage (denoted as PN-CNC) electrode used
as the anode of potassium-ion batteries (PIBs) do not obtain peaks of S or F, as shown in
Figure 5a,b. However, after the first discharge, the spectrum of S indicates the decom-
position of KFSI (Figure 5¢) and the formation of S-F and K-F (Figure 5d). Additionally,
a very low intensity RO-COOK signal was observed in the spectrum of C in Figure 5e,
indicating that the amount of organic substances in the SEI was very small, while inorganic
components were predominant. The SEI with more inorganic components endows the
electrode with extremely stable cycling performance, maintaining an ultra-high capac-
ity of 188.7 mAh g~! for 3000 cycles at a current density of 2 A g~!. Additionally, XPS
studies have shown that the process of discharging to 0.01 V and then charging to 2.5 V
corresponds to a significant weakening of the P and N peak until it disappears and then
recurs (Figure 5g h). This suggests that P and N directly participates in the electrochemical
process of potassium ion storage. A similar study was reported by Yi et al. [83] in the DME
electrolyte with a higher KFSI concentration, in which a multi-dimensional N-doped carbon
nanopolyhedron@nanosheet (M-NC) anode of PIBs achieved excellent cycling stability,
maintaining a capacity of 289 mAh g~! at 0.5 A g~ after 1600 cycles (Figure 5i), and the
coulombic efficiency was maintained at near 100% (Figure 5j) in PIB.

a S2p Prisitine b F1s Pristine c Discharging to 0.01 V d F1s Discharging to 0.01 V
) — 5 -
: : :
2 > 2 2
g 3 g 2
£ < k] s’ g
£ 2 = =
h W s B -
—_— —
172 168 164 160 692 688 684 680 172 168 164 160 692 688 684 680
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
e |C1s Discharging to 0.01 V f K2p Discharging to 0.01V g P Z%M%Wd h N 1WMWW
= Metallic K
C-P/C=N o =
- \ 5 3 =]
3 .
z s g Discharged = Discharged
> c-cic=C > £ 3
& H [4 c
2 C=0/C-N e ] 2
H C=0/C-N s £ £
E| ro-cook £ =
Pristine
Pristine
290 288 286 284 282 280 298 296 294 292 125 130 135 140 145 392 396 400 404 408 412
i Binding energy (eV) Binding energy (eV) j Binding energy (eV) Binding energy (eV)
) : 05A g g . F |
5 4004 3 < 100 R e fiodig
E g g
> 200 2 i s
%' X SN 0.8 M KPF, in EC/DEC charge g T —
g ol ¢ 0.8 MKPF;in EC/DEC discharge e %03 %0
8 4MKFS! in DME charge 5 P+ 08MKPF,in EC/DEC
2 = 4MKFS! in DME discharge £ o [ 4MKSinDME % % % E3 i
o T T T T T T T 1 - T T
£ o 200 | 400 600 80 1000 1200 1400 1600 § 0 200 400 600 800 1000 1200 1400 1600
Cycle number Cycle number

Figure 5. XPS (a) S 2p and (b) F 1s spectra of PN-CNC at pristine state; high-resolution XPS spectra
of (¢) S2p, (d) F 1s, (e) C 1s and (f) K 2p spectra for PN-CNC after discharging to 0.01 V (the cells
are cycled at 0.1 A g~ 1); ex situ XPS (g) P 2p and (h) N 1s spectra of PN-CNC [82]. Copyright 2022,
Elsevier. (i) Cyclic performances at 0.5 A g~! and (j) the corresponding coulombic efficiency plots in
different electrolytes of M-NC [83]. Copyright 2022, Wiley-VCH.

3.3. Specific Surface Area and Pore Structure

HC is usually obtained by the pyrolysis of organic materials, which generates small
molecules such as CO, CO, and H,O during pyrolysis, resulting in a large number of
mesopores and micropores in the structure [53]. Numerous studies [84-87] have shown
that as the pyrolysis temperature increases, the porosity of carbon materials first increases
because of the vaporization of these small molecules. When exceeding a certain temperature
(around 1000 °C), the specific surface area of HC decreases, small pores merge into large
pores and the total pore volume decreases. The structural evolutions of the HC at various
pyrolysis temperatures has been reviewed by Zhao et al. [88]. The conditions of heat
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treatment plays a crucial role in determining the specific surface area and porosity of
carbon materials. In general, as the heat treatment temperature increases and the time
prolongs, the sp® hybridization of the carbon material decreases, while the sp? hybridization
increases. It results in a reduction in the specific surface area of the carbon material and a
decrease in the porosity.

3.3.1. Specific Surface Area

During cycling, electrons are transported to the surface of the material, leading to
the reduction of the electrolyte components, and the decomposition products form a SEI
layer on the surface [89]. This SEI layer should be able to bar the electrons and prevent the
electrolyte from being continuously decomposed. Therefore, materials with larger specific
surface areas should be passivated by a larger area of SEI in the first cycle, resulting in
greater irreversible capacity loss and lower ICE.

By increasing the heat treatment temperature of the carbon material, the specific
surface area, porosity and heteroatom content can be reduced, resulting in a flatter surface
and thus reducing the generation of SEI and increasing ICE [90-92]. Firstly, increasing
the heat treatment temperature benefits the increasing crystallinity of the carbon material,
thus reducing the specific surface area. According to Sun et al. [93], the specific surface
area of the obtained HC reaches a maximum at the pyrolysis temperature between 700 °C
and 800 °C. As the pyrolysis temperature increases, the specific surface area decreases
continuously, which is due to the more ordered structure of hard carbon formed by high
temperature pyrolysis. Secondly, heat treatment at high temperature was able to reduce the
amount of surface functional groups and avoid the massive decomposition of electrolyte.
Jiang et al. [94] reported an ICE of 58.9% for hard carbon obtained by heat treatment at
800 °C, while the ICE of hard carbon obtained at 600 °C was only 46.5%, which was due to
the reduction in the number of heteroatoms in the hard carbon structure caused by high
temperature. Finally, reducing the porosity by heat treatment will also reduce the specific
surface area. Alvin et al. [84] obtained hard carbon by a two-step carbonization approach,
specifically by first pyrolyzing at 800 °C and then carbonizing at higher temperatures
(1100 °C, 1300 °C and 1500 °C, respectively). The hard carbon obtained by heat treatment
at 1300 °C in the second step has a lower specific surface area (23.7 m? g~!) and smaller
porosity (0.03 cm® g~1), thus obtaining a higher ICE (67%). In contrast, the hard carbon
that underwent only one step of pyrolysis had a large specific surface area (35.5 m? g~ 1)
and a low ICE of 48%. Therefore, by reducing the specific surface area and porosity with
heat treatment, the generation of SEI can be effectively controlled, thus avoiding large
irreversible capacity loss.

The carbon material has a long enough time to adjust the internal structure, surface
morphology and impurity composition in the case of a slow heating rate and long treatment
time. Xiao et al. [91] used four different heating rates (0.5 °C/min, 1 °C/min, 2 °C/min
and 5 °C/min, named, respectively, as HC-0.5, HC-1, HC-2 and HC-5) to pyrolyze sucrose
precursors at 1300 °C, the properties of the as-prepared hard carbon are shown in Table 1.
The slow heating rate is favorable to the hard carbon crystallinity as shown by the smaller
dooo, larger L,, L and increased Ig/Ip, and more sp2 hybridization carbon (Table 1 and
Figure 6¢). Nitrogen adsorption-desorption measurements (Figure 6a) and Brunauer—
Emmett-Teller (BET) surface areas (Figure 6b) showed that HC-1 had the smallest pore
volume and pore size; in addition, HC-0.5 could not even be measured accurately due
to the gradual closing of the micropores. The slower heating rate provides sufficient
time for gas escape, microporous closure and carbon atom movement and reorganization,
which promote the growth of hexagonal carbon rings and contributes to the formation
of defect-less graphite flakes with extended base plane size. Superior structural features
greatly reduce irreversible capacity loss, permitting the HC-0.5 to achieve the highest ICE
of 86.1% (Figure 6d) and maintain stable after 100 cycles at a current density of 20 mA g~!
(Figure 6e) in SIBs. This also facilitates the formation of SEI with lower impedance. The
resistance of SEI (Rggy) was 98.96 (2 and only 10.09 () under fast heating and slow heating
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rate, respectively (Figure 6f). In a study reported by Han et al. [95], mangrove wood was
heat-treated at 500 °C at high pressure (0.7 MPa) for a long period (39 days). The ICE
of hard carbon obtained by this method was as high as 80% in LIBs. It was attributed
to the long-time high temperature treatment that increases the structural order of the
material, decreases the pore size (mainly distributed between 0.3-0.55 nm) and reduces
impurity elements such as H and O (the atomic ratios of H/C and O/C are 4.88% and
3.52%, respectively).

Table 1. Physical parameters for the hard carbon materials [91].

Sample  dgp; (nm) L, (nm) L: (nm) N Ig/Ip SBET (m®>g-1) Pore Volume (cm® g—1)  Pore Size (nm)
HC-5 0.413 2.15 1.3 3.1 0.31 34 0.018 2.09
HC-2 0.401 2.26 1.35 3.3 0.4 20 0.014 1.97
HC-1 0.398 2.4 1.42 3.5 0.42 13 0.006 1.94

HC-0.5 0.391 2.53 1.46 3.3 0.52 1.74 - -
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Figure 6. (a) N, adsorption-desorption isotherms, (b) Ip /Ip + I and specific pore volume, (c) XPS C
1s spectra. (d) The first discharge—charge profiles and (e) cycling performance for HC-0.5 electrode at
a current rate of 20 mA g~ in Na half-cell. (f) EIS Nyquist plots after 5 cycles [91]. Copyright 2018,
Wiley-VCH.

3.3.2. Pore Structure

Pores with different diameters play different roles in the electrochemical processes.
Micropores in carbon materials can act as active sites for ion insertion, which can adsorb
metal ions and form metal clusters, thus increasing the reversible specific capacity of
carbon materials [96,97]. At the same time, these pores can mitigate the volume changes
generated by the repeated insertion and de-insertion of ions. Nevertheless, the high activity
of micropores induces ion trapping effects, aggravating the electrolyte decomposition to
form SEI, which causes high irreversible capacity loss. However, when the pore size is
too small and the sizes of electrolyte molecules or ions are relatively large, the electrolyte
interface will form a closed protection at the opening instead of inside the pore, as shown
in Figure 7a [98]. In this situation, the irreversible capacity loss during the first cycle are
greatly reduced, while the closed protection retains the functionality of the pore itself
as an active storage site. In contrast, materials with large pore sizes are unable to form
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closed protection SEI at the opening end, resulting in a decrease in reversible capacity from
789 mAh g~ ! to 175 mAh g~ ! after the first cycle. Therefore, pore size is a crucial issue that
must be considered at present to improve ICE and SEI stability. Mesopores and macropores
can shorten ion transport distance [99,100], which contributes to the rate performance of
the carbon material. Therefore, constructing a hierarchical porous structure in which the
surface layer is rich in macropores or mesopores and the inner layer is rich in micropores,
is a very promising approach for carbon materials. The large pores in the surface layer
facilitate the diffusion of electrolyte and accelerate ion transport, which can improve the
rate performance of the material. The internal micropores act as active sites for sodium
storage and increase the capacity of the material [79,80].
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Figure 7. Schematic illustration of (a) a closed protective cathode electrolyte interphase [98], copy-
right 2020, Wiley-VCH and (b) formation and confinement of SEI film in porous silicon/carbon
composites [101], copyright 2013, Royal Society of Chemistry. (¢,d) SEM images of the cross section
of a natural graphite sphere; (e,f) the elemental line scan analysis along the black and white lines in
panels c and d, respectively [102], copyright 2005, American Chemical Society. (g) Comparison of
cyclic performance for the original and coated NG spheres at a 0.2 mA em~2 and (h) voltage profiles
of the original and coated NG spheres, where D1 and C1 represent the first discharge and charge
processes, respectively [103], copyright 2006, Elsevier.

However, the presence of pores increases the specific surface area and, therefore,
more SEI is needed, resulting in a lower ICE. As shown in Figure 7b, Liu et al. [101]
produced chemically vapor-deposited silicon nanoparticles on a porous carbon skeleton,
and SEI films formed within the pores until they were completely filled. Compared to the
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closed protection mechanism in Figure 7a, this mechanism greatly increases the area of the
SEI, resulting in a huge irreversible capacity loss (approx. 80%). Zhang et al. [102] first
introduced the concept of “internal SEI” in LIBs, which means that SEI can also be formed
in cracks or pores inside the material. This team obtained the edge plane morphology
of natural graphite microspheres (NG, Figure 7c,d) by focused ion beam (FIB) method
and carried out elemental line scan analysis (ELSA) to study the internal SEI. As shown
in Figure 7e, the contents of F, O and P are significantly different in the bulk phase and
the surface SEI. Additionally, the cracked ELSA (Figure 7f) shows strong F and O peaks,
similar to the intensity of both in the outer SEI, which indicates that SEI was also formed
in the internal layer. Further studies [103] showed that when the NG was coated with a
layer of non-graphitic pyrolytic carbon as LIB anode, the SEI formed on the surface of the
coated NG became thinner and denser, which inhibited the generation of internal SEI, thus
reducing irreversible capacity loss and improving cycling stability (Figure 7g,h).

4. Conclusions and Perspectives

It has been widely accepted that SEI is essential to alkali metal-ion batteries and the
ICE, calendar life, cycle life, rate capability as well as safety of the batteries are dramatically
influenced by it. Researchers have extensively worked on the formulation of electrolytes,
including solutes, solvents and additives, etc., aiming to improve the performance of
SEI, which is produced via the catalytic decomposition of electrolyte by the electrode
material surface. Therefore, the surface structure of the electrode material is also one of the
most important factors that determine the structure and property of SEL. In this review, we
summarize the impact of surface structure of carbon materials on the composition, structure
and electrochemical performance of the SEI in terms of surface atoms exposed, surface
functionalization, specific surface area and pore structure. Well crystallized graphite shows
different properties on their basal and edge planes due to its anisotropic structure. There
are more defects and active sites on the edge plane that catalyze electrolyte decomposition
resulting in thicker SEI with more organic contents on it. For isotropic disordered carbon,
the SEI formed on hard carbon is more similar to the SEI on edge plane. The functional
groups or heteroatoms on the surface of carbon materials are active sites for SEI nucleation
and can enable a bonding between the carbon material and SEI, which is beneficial to the
stability of SEI and a low interface impedance. Carbon materials with larger specific surface
areas require the formation of larger area passivating SEI, which can lead to substantial
initial irreversible capacity loss. Pores with different diameters can affect the morphology
of SEI, which in turn influences the electrochemical performance of the materials.

Up until now, most of the research conducted focused on regulating the electrolyte
composition to optimize SEI, and so the importance of surface on SEI may have been
overlooked. More attention should be placed on the surface structure of carbon materials
to acquire an advanced SEI in future research. Moreover, this is particularly prominent for
SIBs and KIBs. For HC, it is indispensable to systematically study the influence of pore
structure and surface functionalization, such as halogenous and sulfuric groups, on SEL
To fully regulate the surface structure of the carbon materials, it is interesting to prepare
a coating (such as artificial SEI) with a well-designed structure on the material, which
would result in a well-controlled SEI according to the coating targeted. In addition, the
SEI formation process is essentially a catalytic degradation of electrolyte on the surface
of carbon materials, so some materials with high catalytic activity on the carbon surface,
such as noble metals, can significantly change the degradation process of electrolytes and
result in novel SEI, which is a new and unstudied area. Nevertheless, SEI is the reductive
decomposition product of electrolyte and the species of SEI would be restricted to the
composition of electrolyte. From this point of view, the effects of carbon surface are limited
to regulating the composition and structure of SEI within the range of electrolyte. Overall,
we believe that this review can provide some guidance for the further development of
advanced SEI for carbon materials.
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