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Abstract:  Impact of silicon tripodand-type electrolyte additives and graphite pre-treatment agents on the electrochemical intercalation of lithium 
cations into graphite was investigated. Addition of Si-tripodand-type silanes to propylene carbonate-based electrolytes was found to 
suppress detrimental solvent co-intercalation and graphite exfoliation. Similar effects were observed for graphite pre-treated with the 
reported silane agents. It was observed that the presented supramolecular additives allow for the formation of effective passive layers 
on graphite during first charging, and thus can be considered as novel low-cost film-forming components for rechargeable lithium 
batteries.

        © Versita Warsaw and Springer-Verlag Berlin Heidelberg.

Keywords: Lithium intercalation • Li-ion battery • Graphite anode • Silicon podands

1 Institute of Non-Ferrous Metals Branch in Poznań Central Laboratory of 
  Batteries and Cells, 

  61-362 Poznań, Poland

2 Faculty of Chemistry, A. Mickiewicz University,
  60-780 Poznań, Poland

Mariusz Walkowiak1*, Daniel Waszak1, Błażej Gierczyk2, Grzegorz Schroeder2

Research Article

1. Introduction
Electrochemical intercalation of lithium into graphite, 
leading to the creation of the so-called Li-graphite 
intercalation compound (Li-GIC), is a process of great 
practical importance, since it is a basic electrochemical 
reaction responsible for the energy conversion and 
storage in rechargeable lithium batteries. The concept of 
Li-ion batteries has achieved tremendous technological 
and commercial success since the times of the first 
industrial implementation of this type of electrochemical 
power sources by Sony Corp. in 1991. Today the vast 
majority of portable electronic devices, such as cellular 
phones, portable computers, camcorders, GPS sets, 
etc. are fuelled by small Li-ion battery packs. It is also a 
widely shared belief that in the near future Li-ion batteries 
will become the power source of choice for sophisticated 
medical equipment, space probes of various kinds and 
electric vehicles. The fundamental advantage of Li-ion 

batteries over other types of chemical power sources is 
their exceptionally high energy density, resulting from a 
high working voltage (typically 3.6 - 3.8 V). Such a high 
operation voltage, ca. three times higher as compared 
to nickel-cadmium (Ni-Cd) and nickel-metal hydride (Ni-
MH) batteries, is the result of the application of lithium 
intercalation electrodes (the most common technological 
variation involves graphite anode and cathode made of 
lithiated cobalt oxide). 

Upon charging of the graphite anode in a Li-ion 
cell, lithium cations are located between the graphene 
sheets of graphite active material and observed to form 
Li-GIC. In addition to that, during the first charging of 
a Li-ion cell, electrolyte species (i.e. solvents and 
lithium salt) are reduced on the graphite electrode and 
the products of their decomposition are deposited on 
the graphite surfaces as a passive layer, also called 
solid electrolyte interphase (SEI), which although is 
electronically insulating allows for the migration of 
Li+ ions. Formation of SEI prevents further electrolyte 
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decomposition, thus ensuring kinetic stability of the 
system. The process of SEI formation and its properties 
is a matter of fundamental importance for the effective 
and long operation of a Li-ion battery and requires the 
application of carefully selected composition of solvents. 
It is therefore one of the fundamental concerns faced 
by Li-ion battery scientists and engineers how to ensure 
proper SEI formation during initial charge/discharge 
cycles (sometimes called formation cycles) of the battery 
operation. 

It is well known that electrolytes based on ethylene 
carbonate (EC), commonly used as a SEI-forming 
component, have certain limitations, such as poor low-
temperature behavior. On the other hand, propylene 
carbonate (PC), which is potentially a good alternative, 
is inherently incompatible with graphite electrodes. 
This is caused by the fact that upon first charging, 
PC solvent molecules tend to co-intercalate between 
the graphene sheets, and subsequently decompose. 
Gaseous propylene which evolves in this process 
makes graphite flakes to exfoliate, leading eventually 
to the electrode deterioration [1-2]. The issue of 
suppression of the detrimental exfoliation of graphite in 
PC-based electrolytes has therefore been addressed in 
many research works. Possible strategies of making PC 
compatible with graphite that can be found in scientific 
literature include the application of certain electrolyte 
additives [1,3-5] or the surface modification of graphite 
[6-8].

The motivation of this work was to enhance the 
process of initial Li intercalation into graphite in PC by 
the application of certain supramolecular compounds 
as electrolyte additives or as graphite pre-treatment 
agents. It has been shown that compounds referred 
to as Si-tripodands may effectively suppress solvent 
co-intercalation and assist in the formation of effective 
passive layer on graphite electrode. A Si-tripodand 
molecule is composed of three polyoxaethylene 
chains attached to a common central silicon atom. 
The remaining valency of silicon can easily be used for 
introducing a desired functionality to the molecule. Due to 
some unique properties, such as the formation of strong 
complexes with alkali metal cations, this particular class 
of silanes has recently attracted considerable interest 
among scientists [9-15]. The process of electrochemical 

intercalation of lithium into graphite assisted by four 
compounds from this class has been compared and 
discussed. 

2. Experimental Procedures
Methyl tris-2-methoxyethoxy silane (MeSi23) and vinyl 
tris-2-methoxyethoxy silane (ViSi23) were purchased 
(ABCR, Germany) and used for the experiments as-
received.  Ethyl tris-2-methoxyethoxy silane (EtSi23) 
and phenyl tris-2-methoxyethoxy silane (PhSi23) were 
synthesized in our laboratories according to the following 
reaction scheme:

R SiCl3 OH
O R Si

O

O

O
O

O

O

+ 3
- HCl

where R = Et, Ph. Symbols, systematic names and 
semi-structural formulas of the reported Si-tripodand-
type silanes are listed in Table 1.

Electrolytes were prepared by dissolving LiPF6 
(Aldrich, battery grade, 99.99%) in a mixture of propylene 
carbonate (PC, > 99%, Fluka) and a given additive (10% 
by volume). 

Graphite electrodes were prepared by pasting slurry 
consisting of the graphite powder (UF2, Graphitwerk 
Kropfmühl KG), PVdF binder (Fluka) and a solvent 
(1-methyl-2-pyrrolidone, Merck-Schuchard) onto a 
round pieces of current collectors cut off from a 20 µm-
thick copper foil. The weight ratio of binder in relation to 
graphite active material was 5%. The electrodes were 
dried under vacuum at 120°C for 24 h to remove all the 
solvent and traces of water. 

Modified graphite electrodes were prepared by 
impregnating graphite electrodes made in a way 
described above in a given Si-tripodand for 24 h. After 
that the excess of modifier was removed by pressing the 
electrodes gently between two pieces of blotting paper. 
Graphite electrodes pre-treated in MeSi23 is designated 
further in the text as “graphite(MeSi23)”, analogously in 
the case of other additives.

Specific conductivities for the electrolytes examined, 
were determined at various temperatures, ranging 
from -30°C to 40°C, using impedance spectroscopy 
technique (PARSTAT 2263 apparatus, Princeton Applied 

Symbol Systhematic name Semi-structural formula

MeSi23 methyl tris-2-methoxyethoxy silane CH3Si(OCH 2CH2OCH3)3

EtSi23 ethyl tris-2-methoxyethoxy silane CH3CH2Si(OCH 2CH2OCH3)3

ViSi23 vinyl tris-2-methoxyethoxy silane CH2CH2Si(OCH 2CH2OCH3)3

PhSi23 phenyl tris-2-methoxyethoxy silane C6H5Si(OCH 2CH2OCH3)3

Table 1. Symbols, systhematic names and semi-structural formulas of the silicon tripodand-type co-solvents/additives. 
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Research). Resistances were obtained in a conventional 
way by fitting the corresponding Nyquist plots obtained in 
the frequency range 100 kHz - 1 Hz at 10 mV amplitude 
of AC polarization. Measurements were carried out in 
Swagelok-type electrochemical cells with stainless steel 
blocking electrodes. Teflon rings with a predetermined 
cell constant were sandwiched between the electrodes 
to keep them at a fixed distance. The cells were then 
assembled in an argon-filled glove box. The cells were 
thermostated during the measurements in a Votsch 
climatic chamber.

Electrochemical intercalation/deintercalation of 
lithium into graphite (pristine or podand-modified) was 
performed in two-electrode electrochemical cells with 
graphite positive (working) electrodes and lithium metal 
counter electrodes. Graphite electrode in the test cell 
is in the opposite position as compared to real Li-ion 
battery (where graphite is negative electrode) due to the 
convention commonly accepted in the investigations 
concerning Li-ion anode materials.   Discharging of 
the test cell corresponds to charging of the real Li-
ion battery. The electrodes were sandwiched with a 
polypropylene microporous separator (Celgard). All 
the operations were carried out in argon-filled glove 
box (water content less then 20 ppm). Galvanostatic 
experiments were performed using multichanel Atlas 
9837 potentiostat/galvanostat (Atlas-Sollich). The cells 
were discharged at the rate of 10 mA per gram of active 
mass starting from OCV (typically 2.8 - 3.2 V) down to 

0 V (vs. Li/Li+ ), followed by re-charging to 2 V. One full 
cycle is presented. Cyclic voltammetry experiments 
were performed using a PARSTAT 2236 potentiostat 
(Princeton Applied Research). The cells were cycled 
between 0 and 2 V at the scan rate 0.05 mV s-1. 

SEM micrographs were taken from the graphite 
electrode, which was charged in PC-based electrolyte 
after it was recovered from the disassembled cell after 
the experiment. The electrode was rinsed with pure PC 
and carefully dried before SEM analysis.

3. Results and Discussion
Fig. 1 shows how graphite electrode potential changes 
during electrochemical reduction in electrolyte 
containing PC as sole solvent. For comparison, typical 
charge/discharge curves obtained in conventional Li-
in battery electrolyte (1M LiPF6 in EC/DEC 1:1; DEC 
- diethyl carbonate) are shown. Lithium intercalation 
into graphite can be observed in the later case as a 
sequence of long plateaux between ca. 0 and 0.2 V and 
SEI is formed between ca. 0.8 and 0.2 V. It is evident 
that when PC is used as single solvent no intercalation 
occurs and excessive electrolyte decomposition can 
be observed as plateau at ca. 0.8 V, accompanied by 
irreversible graphite exfoliation (see SEM picture in 
the inset). A viable electrolyte additive or graphite pre-
treatment procedure is supposed to make the PC-based 
electrochemical system function in a way similar to that 
featured by EC/DEC solvent mixture.

Electrolytes based on PC main solvent with the 
examined silicon podand additives are listed in Table 2 
together with their specific conductivities measured at a 
range of temperatures, starting from -30°C. It is important 
to note that addition of silanes does not negatively affect 
the electrolyte conductivities. At 20°C the conductivities 
range from 3.0 × 10-3 S cm-1 to 5.7 × 10-3 S cm-1, which 
does not differ much from values known for conventional 
electrolytes used in Li-ion battery technologies. What 
is more, conductivities remain practically acceptable 
even at very low temperatures (from 3.7 × 10-4 S cm-1 to 
5.2 × 10-4 S cm-1 at -30°C), which makes the proposed 
solutions promising for low-temperature applications. 

Figure 1. Galvanostatic charge/discharge curves recorded for a 
graphite electrode in  electrolytes based on PC (thick 
line) and EC/DEC (thin line) as solvents; in the inset - 
SEM micrograph taken from graphite electrode charged 
in PC.

Electrolyte σ / S cm-1

-30°C -10°C 0 °C 20°C 40°C

1M LiPF6 in PC/MeSi23 9:1 5.2×10-4 1.7×10-3 2.6×10-3 5.7×10-3 7.3×10-3

1M LiPF6 in PC/EtSi23 9:1 4.6×10-4 1.5×10-3 2.3×10-3 4.4×10-3 7.1×10-3

1M LiPF6 in PC/ViSi23 9:1 4.3×10-4 9.6×10-4 1.6×10-3 3.0×10-3 4.5×10-3

1M LiPF6 in PC/PhSi23 9:1 3.7×10-4 1.3×10-3 2.1×10-3 4.4×10-3 7.3×10-3

Table 2. Specific conductivities of electrolytes with supramolecular additives at selected temperatures. 
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The type of functional group attached to silicon has 
little impact on the conductivity. Favorable ion transport 
properties of Si-tripodands arise from excellent solvating 
ability towards alkali metal cations in general. Because 
of this, the reported additives do not reduce the overall 
solution conductivity, even at high volume ratios (10% 
- 15%).

The main motivation of this presented report is to 
prove the value of the studied Si-tripodand type silanes 
as functional additives. Galvanostatic charge/discharge 
curves in the Fig. 2 show how lithium is reversibly 
intercalated into graphite in electrolytes containing the 

additives studied. It is clear that in all cases addition 
of a podand to PC has favorable effect in terms of 
reversibility of Li intercalation and SEI formation. Table 3 
summarizes numerical electrochemical data calculated 
on the basis of galvanostatic characteristics. Importantly, 
graphite charged/discharged in PC-based electrolytes 
with additives (positions 3-6 in the table) exhibits large 
discharge capacities in the first cycle Q1dis (identified 
with the electrode’s reversible capacity), ranging from 
335 to 352 mAh g-1. The four presented additives 
differ in their impact on the process of SEI formation. 
This can be ascertained form the general shape of the 

Figure 2. Galvanostatic charge/discharge curves in the first cycles recorded for graphite in PC-based electrolytes with silane additives (volume 
ratio PC:additive = 9:1).

Table 3. Basic electrochemical parameters of the graphite anodes in the examined electrolyte compositions determined on the basis of galvano-
static charge/discharge experiments; Q1ch - charge capacity in the 1st cycle, Q1dis - discharge capacity in the 1st cycle, Qirr - irreversible 
capacity (Qirr = Q1ch - Q1dis) , Eff - coulombic efficiency (in percentage terms) of charging in the 1st cycle (Eff = Q1dis/Q1ch×100)

Anode Solvent(s) Q1ch / mAh g-1 Q1dis / mAh g-1 Qirr/ mAh g-1 Eff / %

1 graphite EC/DEC 1:1 469 329 140 70

2 graphite PC Graphite exfoliation

3 graphite PC/MeSi23 9:1 512 340 172 66

4 graphite PC/EtSi23 9:1 512 341 171 67

5 graphite PC/ViSi23 9:1 502 352 150 70

6 graphite PC/PhSi23 9:1 569 335 234 59

7 graphite(MeSi23) PC 477 330 147 69

8 graphite(EtSi23) PC 478 323 154 68

9 graphite(ViSi23) PC 473 307 166 65

10 graphite(PhSi23) PC 500 296 204 60
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parts of galvanostatic characteristics responsible for 
SEI formation, as well as from the amount of charge 
irreversibly lost in the first cycle Qirr (from 150 to 234 
mAh g-1, see Table 3). Both in terms of reversible and 
irreversible capacities the best results can be obtained by 
the addition of vinyl-functionalized Si-tripodand (ViSi23).  

Cyclic voltammetry curves (Fig. 3) allow for getting 
further information about the process of SEI formation. 
The corresponding electrochemical processes can be 
observed on potentiodynamic loops as current peak 
or peaks between ca. 0.5 and 1.0 V. The differences, 
clearly seen on the potentiodynamic characteristics, lie 
in the potentials of peak maximums and in the number 
of peaks (suggesting multi-step SEI forming processes). 
What is important is that charge is irreversibly consumed 
on the passive layer building only in the first cycles, 
thus the layers effectively prevent further electrolyte 
decomposition in subsequent cycles. Interestingly, the 
overall capacities seem to be higher in the second 
intercalation cycles as compared to the first cycles, 
at least for the cases of MeSi23, EtSi23 and ViSi23 
additives. 

Fig. 4 shows galvanostatic curves recorded for 
graphite electrodes pre-treated in Si-tripodands and 
charged/discharged in electrolytes having PC as single 
solvent. As can be seen, this procedure also leads to 

the suppression of detrimental solvent co-intercalation. 
The galvanostatic characteristics not only exhibit 
typical intercalation-like behavior, but also seem to be 
less dependent on the actual additive. Nevertheless, 
numerical data in Table 3 (positions 7-10) indicate that 
reversible capacities are, on the average, slightly lower 
as compared to the previously described procedure, 
ranging from 296 mAh g-1 for PhSi23 as pre-treatment 
agent to 330 mAh g-1 for MeSi23. The fact that both Q1ch 
and Q1dis values are lowered, while at the same time 
the first cycle efficiencies Eff remaining on a similar 
level, may suggest that this kind of graphite surface 
modification gives rise to a certain increase in the phase 
boundary resistance.

To sum up, the two approaches described, about 
applying Si-tripodands are extremely effective in 
suppressing unwanted solvent co-intercalation and 
graphite flake exfoliation. The differences observed in 
the passive layer formation between the agents studied 
suggest that the presence of Si-tripodands not only 
passively hinder PC molecules from trespassing the 
phase boundary between electrolyte and electrode, 
but apparently undergo reductive decomposition and 
build-in into the SEI. The ultimate mechanism of these 
processes requires more in-depth spectroscopic studies 
(the works are in progress). 

Figure 3. Cyclic voltammetry curves in the first two cycles recorded for graphite electrodes in PC-based electrolytes with silane additives.
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4. Conclusions
Graphite anodes cannot function properly in electrolytes 
having propylene carbonate as the solvent for lithium 
salts. Mixing PC with certain Si-tripodand-type additives 
has been proved to be an effective way of overcoming 
this inherent incompatibility. Graphite electrode 
charged/discharged in electrolytes containing these 
additives exhibit perfect lithium intercalation phenomena 
and passive layer formation. The electrochemical 
characteristics approach those known for electrolytes 
applied commercially. Pre-treating graphite anodes 
in Si-tripodands has also been found to be a method 
of obtaining the same positive effect. The ultimate 

mechanism of the beneficial action of Si-tripodands is 
yet to be elucidated. The approaches described here can 
serve as a basis for new low-cost Li-ion battery designs 
with enhanced low-temperature characteristics. 
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