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Determination of the formation and range of stability
of the SEI on glassy carbon by local electrochemistry

Giorgia Zampardi*®, Fabio La Mantia"" and Wolfgang Schuhmann®"

The solid electrolyte interphase (SEI) is an electronic insulating and ionic conducting layer that
is of main importance in lithium-ions batteries, since it critically affects the final performances
of the battery system. The formation of this electronic insulating layer was determined in-ope-
rando on a glassy carbon electrode by means of a microelectrode positioned in close proximity
to its surface using scanning electrochemical microscopy (SECM). Glassy carbon was chosen
as an ideal model system for carbonaceous materials, since it forms a SEI similar in
composition to the one on graphite but concomitantly shows negligible intercalation of lithium
ions. Moreover, the stability of the SEI was analysed in dependence of different potential

ranges and the role of cations on the insulating character of the SEI was investigated.

1 Introduction

The formation of the solid electrolyte interphase (SEI) is one of
the main sources of irreversible charge loss during the opera-
tion of lithium-ion batteries based on graphite and silicon nega-
tive electrodes'. The SEI layer is formed during the first cycle
from the irreversible decomposition products of the electrolyte
components. Its main characteristic is to be an electronic insu-
lator and an ionic conductor for lithium ions. A stable SEI is
absolutely necessary for a long cycle life, reduced safety risks,
and high coulombic efficiency of the battery'=.

Since the properties of the SEI affect critically the final
performance of a lithium-ion battery, a variety of both ex-sifu
and in-situ techniques were developed. Frequently used ex-situ
techniques are X-ray photoelectron spectroscopy (XPS)*’,
scanning electron microscopy (SEM)®, and transmission elec-
tron spectroscopy (TEM)’. However, in-situ techniques are of
main importance because they allow the analysis of the SEI in
its native environment. In this way, any possible degradation of
this layer is avoided which may be potentially caused by the
transfer of the material into an analysis chamber or due to the
environment in the analysis chamber itself (such as ultra-high
vacuum). For this reason Fourier transform infrared spectros-
copy (FTIR)?>, Raman spectroscopy®’, differential electroche-
mical mass spectrometry (DEMS)!®!12 are often employed
hyphenated or together with more conventional electrochemical
techniques such as cyclic voltammetry, galvanostatic cycling
and electrochemical impedance spectroscopy (EIS)'*!4.

This journal is © The Royal Society of Chemistry 2013

For graphite, exhibiting an operation range between 0.3 and
0.005 V vs. Li/Li", a stable SEI, which forms before the first
intercalation of lithium, is of high importance. Even though the
formation and properties of the SEI have been studied inten-
sively, a clear and comprehensive understanding of this layer
was still not achieved®.

Scanning electrochemical microscopy (SECM) in its feedback
mode of operation was recently suggested as an in-operando
technique to determine on the one hand the potential of the SEI
formation and on the other hand to in-depth evaluate the elec-
tronic insulating properties of this layer. It was shown'’ that
SECM can be advantageously employed to follow the forma-
tion of an insulating layer on the surface of a chosen battery
material by recording the current at a microelectrode positioned
near the surface of the sample. The current at the microelec-
trode is modulated by the changes in the kinetics of the electron
transfer reaction between a free diffusing redox species and the
sample surface. While other techniques provide information on
the nature of the compounds forming the SEI*'®, feedback
mode SECM allows evaluating electronic insulating properties
of the SEI, which is of essential importance for a deep insight
into the operation of the battery.

Due to its stability ferrocene/ferrocenium (Fc/Fc*) was chosen
as free diffusing redox species for the feedback experiments. In
order to detect in-operando SEI formation, back reduction of
ferrocenium (Fc*), generated at the positioned SECM tip, was
followed at the potentiodynamically cycled glassy carbon sur-
face. The key factor for SEI detection is to achieve a drastic de-
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crease of the rate of Fc* back reduction at the SEI covered
sample surface. It was shown by Newman et al.!” that the back
reduction of Fc* is efficiently blocked when the SEI is present
on the surface of a highly pyrolytic graphite electrode. More-
over, Kaymaksiz et al.'® recently studied the influence of the Fc
and the 2,5-di-tert-butyl-1,4-dimethoxybenzene (DTMBDMB)
as redox shuttle additives on the SEI formed on glassy carbon
electrodes. In contrast to ferrocene, DTMBDMB showed a sub-
stantial kinetics for its reduction even at a SEI covered glassy
carbon surface. Thus, the Fc/Fc* couple is supposed to be more
suitable for the in-operando evaluation of SEI formation and
stability.

Here, we follow the formation and stability of the SEI on glassy
carbon electrodes by means of feedback mode SECM. Glassy
carbon was chosen as a model carbon surface, since on the one
hand it forms a SEI on its surface with similar characteristics
than the one formed on graphite while on the other hand it
shows negligible intercalation of lithium ions'. Hence, it is
possible to separate the impact of Li* intercalation and SEI for-
mation on the feedback current recorded at the microelec-
trode?®. The effect of the polarization potential range and of the
presence of different cations, namely tetrabutylammonium or
sodium ions, on the stability and electronic insulating properties
of the SEI was evaluated as well.

2 Experimental

2.1 SECM set-up

The SECM set-up was integrated inside a glove box (Jacomex) filled
with argon in order to exclude any traces of O, and H,O (below 1
ppm) during all the experiments. For this reason a customized
commercial SECM (Sensolytics) was used. Because of the dry
atmosphere inside the glovebox, special positioning motors (OWIS)
were employed and the bi-potentiostat (Jaissle PG-100) was placed
outside the glovebox. Bi-potentiostat, AD/DA converter (Mea-
surement Computing Corporation), piezo controller (Physik Instru-
mente) and computer (outside the glove box) were connected with
the SECM set-up (inside the glove box) through BNC connectors.
The SECM was controlled by an in-house developed software'>*.

2.2 SECM measurements

For the SECM measurements a 25 pum diameter platinum micro-
electrode was positioned at 20 um distance from the sample surface.
The microelectrode was prepared using a 25 pm diameter Pt wire
(Goodfellow) sealed in a glass capillary. Mechanical polishing of the
glass capillary was performed using a special home-made appa-
ratus!. Ferrocene (98%, Sigma Aldrich) with a concentration of 20
mM was selected as redox species in solution. The supporting
electrolytes used for different experiments were: 1 M lithium
perchlorate (battery grade, dry, 99.99% Sigma Aldrich), 1 M
tetrabutylammonium perchlorate (> 99.0% Sigma Aldrich), 1 M
sodium perchlorate (> 98.0% Sigma Aldrich).

All electrolytes were based on ethylene carbonate (EC) (anhydrous
99%, Sigma Aldrich) and diethyl carbonate (DEC) (anhydrous

2| J. Name., 2012, 00, 1-3

99.7%, Sigma Aldrich), 1:1 weight ratio as solvents. All potential
values are referred to a reference electrode composed of metallic
lithium immersed in 1 M LiClO, EC:PC solution (PC, propylene
carbonate, 99%, Sigma Aldrich), separated from the main body of
the cell by a ceramic frit. For experiments in absence of lithium ions
in solution, a double junction containing 1 M tetrabutylammonium
perchlorate or 1 M sodium perchlorate was used. As counter elec-
trode a cylindrical titanium mesh (Alfa Aesar) covered with TiS,
(99%, Sigma Aldrich) or electrochemically grown poly(3.4-ethy-
lenedioxythiophene) was used.

All measurements were carried out in a specifically developed four
electrode electrochemical cell”®. The bi-potentiostat was used to
record the current at the SECM tip (working electrode 2) while
polarizing the glassy carbon sample (working electrode 1). In order
to avoid evaporation of solvents, a specifically designed lid was
employed during all measurements. The exposed area of the glassy
carbon electrodes (HTW — Hochtemperatur-Werkstoffe) was 0.125
cm?.

A cyclic voltammogram at the microelectrode was performed
before and after each experiment to verify the quality of the recorded
data. No electrode fouling was observed for all performed experi-
ments. The current with the microelectrode positioned in the bulk of
the electrolyte shifted less than 2% for all cases. The current at the
microelectrode was always normalized by the current at far distance
from the surface:

Iy
Tpuik
where [I; is the current at the microelectrode and I,,; the mass
transport limited current in the bulk of the electrolytic solution.

3 Results and Discussion
3.1 Influence of the applied potential on the SEI stability

SECM experiments were performed using the feedback mode. When
a microelectrode approaches the sample surface, its current, Ir,
increases if the surface of the substrate is electronically conductive
and reactive, while it decreases if the surface of the substrate is
electronically insulating or inert’’. At constant tip-to-sample dis-
tance, when a potential more cathodic than the formal potential of
the redox couple is applied to the sample, the feedback current
recorded at the microelectrode increases until it reaches a limiting
value. On the other side, when the potential applied to the sample is
sufficiently cathodic to form the SEI, the feedback current recorded
at the microelectrode decreases due to the electronically insulating
nature of this protective layer, as reported previously'>, .

After approaching the SECM tip towards the surface of the glassy
carbon, the microelectrode was kept at a constant z-distance and at a
constant potential, namely 20 um and 3.6 V vs. Li/Li*, respectively.
Then a cyclic voltammogram was recorded at the glassy carbon
electrode and the evolution of the feedback current at the micro-
electrode was followed. Starting from freshly polished glassy carbon
electrodes, different potential ranges were applied during voltam-
metry: (i) from 3 V to 1 V vs. Li/Li*; (ii) from 1 V to 0.005 V vs.
Li/Li*; and (iii) from 3 V to 0.005 V vs. Li/Li".

This journal is © The Royal Society of Chemistry 2012
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Due to the very low cathodic potentials which had to be applied to
the glassy carbon surface, a cyclic voltammogram in a potential
range between 3 V and 0.005 V vs. Li/Li* was recorded in presence
and in absence of Fc to evaluate Fc stability at these potentials (Fig.
1).
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Figure 1: Cyclic voltammogram of a glassy carbon electrode in
1 M LiClO,4 in EC:DEC (1:1 %wt.) at a scan rate of 1 mV s, in
presence and in absence of ferrocene in the electrolyte.

The overlapping voltammograms suggest that Fc does not undergo
any further reduction confirming its exceptional stability in the used
electrolyte solution.
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Figure 2: a) Cyclic voltammogram of a glassy carbon electrode in 1
M LiClO,4, 20 mM Fc in EC:DEC (1:1 %wt.) at a scan rate of 0.1
mV s, first cycle, and the corresponding feedback current at the
microelectrode polarised to 3.6 V vs. Li/Li*. b) z-approach curves of
the microelectrode (r: radius of the microelectrode, 12.5 um; d: tip-
to-sample distance) to the sample surface, before and after the cyclic
voltammetry was performed at the glassy carbon electrode. Applied
potential at the microelectrode: 3.6 V vs. Li/Li*. Applied potential at
the glassy carbon electrode for the z-approach curve: 1 V vs. Li/Li*.

Fig. 2a shows the cyclic voltammogram of the glassy carbon
electrode in a potential range from 3 V to 1 V vs. Li/Li* at a scan

This journal is © The Royal Society of Chemistry 2012
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rate of 0.1 mV s and the corresponding normalized feedback cur-
rent at the microelectrode positioned at a distance of 20 um above
the glassy carbon surface.

By polarizing cathodically, the normalized feedback current slight-
ly increases due to the increase of the driving force for the back
reduction of the Fc* at the glassy carbon surface. However, no
sudden decrease of the tip current is observed, confirming that in this
potential range no SEI is formed in agreement with the literature®.
This can be further proved by z-approach curves of the micro-
electrode towards the sample surface before and after recording the
cyclic voltammogram (Fig 2b). The normalized feedback current
remains above 1 after the substrate is cycled down to 1 V vs. Li/Li*.
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Figure 3: Cyclic voltammogram of a glassy carbon electrode in 1 M
LiClOy containing 20 mM Fc in EC:DEC (1:1 %wt.) at a scan rate of
0.1 mV s’ a) first cycle; b) second cycle, and the corresponding
feedback current at the microelectrode polarised to 3.6 V vs. Li/Li*.

On the same sample two polarization cycles between 1 V and
0.005 V vs. Li/Li* were then performed at a scan rate of 0.1 mV s,
as shown in Fig 3a and 3b. In the first cycle (Fig. 3a) the normalized
feedback current starts decreasing when the polarization potential
reaches 0.8 V vs. Li/Li*. This suggests that an insulating layer starts
forming around this potential, in agreement with earlier in-situ
DEMS studies.'" During DEMS experiments the evolution of ethy-
lene takes place in the first cycle at a potential of around 0.8 V vs.
Li/Li*. However, the same authors observed that simultaneously CO,
is evolved during the reduction of the solvent in the first cycle, at a
potential of 1 V vs. Li/Li*. Possibly, the products of the reduction of
EC and DEC at this potential, which are CO, and radical ions, are
not able to form an electronically insulating layer, while when the
reduction of the solvent produces ethylene gas and carbonate, the
latter precipitates under formation of Li,CO; which is electronically
insulating'".
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Figure 4: Cyclic voltammogram of a glassy carbon electrode in
1 M LiClO, containing 20 mM Fc in EC:DEC (1:1 %wt.) at a
scan rate of 0.1 mV s™'. a) first cycle, b) second cycle, and the
corresponding feedback current at the microelectrode polarised
at 3.6 V vs. Li/Li".

Thus, it can be deduced that the radical ion is not able to form a
proper insulating layer, differently than reported in?. In the second
cycle (Fig. 3b), the normalized feedback current remains lower than
1, confirming the irreversible character of the SEI formation process.

The same experiment was repeated at a freshly polished glassy
carbon electrode, however, this time in the potential range from 3 V
to 0.005 V vs. Li/Li* (Fig. 4a and 4b). In the first cycle of the vol-
tammogram (Fig. 4a), the potential at which the feedback current
starts decreasing is 0.8 V vs. Li/Li*, consistent with the previous
experiment. During the following anodic half-scan the feedback
current increases by 8.7% when the potential applied to the glassy
carbon surface is changed from 1 V to 3 V vs. Li/Li*. We expected a
slight decrease in the feedback current due to the decreasing driving
force for Fc* back reduction. Therefore, the increase in the feedback
current during the anodic sweep could be attributed to a partial
degradative oxidation of the SEI layer. This is in agreement with
previous observations from XPS analysis on the change in composi-
tion and thickness of the SEI reported by Bryngelsson et al.?.
However, as observed in Fig. 4b, the overall insulating character of
the SEI does not change drastically. Therefore, in contrast to the
findings reported in ref.?*, cycling the electrode at potentials above 1
V vs. Li/Li* was confirmed to not affect substantially the electronic
insulating characteristic of the SEI layer. In order to compare z-
approach curves performed after the different applied potential
ranges, it was necessary to eliminate differences in the tilt between
microelectrode and substrate which are specific of the single
experiments. Thus, different polarization ranges were applied conse-
cutively on a single glassy carbon electrode, as shown in Fig. 5.
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Figure 5: Cyclic voltammogram of a glassy carbon electrode in 1 M LiClO,4 containing 20 mM Fc in EC:DEC (1:1 %wt.) at a

scan rate of 0.1 mV s™'. a) Set 1: applied potentials between 3

V and 1 V vs. Li/Li*, three cycles; b) Set 2: applied potentials

between 1 V and 0.005 V Vs. Li/Li*, two cycles; ¢) Set 3: applied potentials between 3 V and 0.005 V Vs. Li/Li*. For each set the
corresponding feedback current at the microelectrode polarised to 3.6 V vs. Li/Li* is shown. e), f) and g) z-approach curves of the
microelectrode (r: radius of the microelectrode, 12.5 um; d: tip-to-sample distance) to the sample surface after set 1, set 2 and set 3

respectively, before and after the cyclic voltammogram was performed at the glassy carbon electrode. Applied potential at the
microelectrode was 3.6 V vs. Li/Li*. Applied potential at the glassy carbon electrode for each z-approach curve was 1 V vs. Li/Li".
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A z-approach curve has been performed between each polarization
set, maintaining the potential of the glassy carbon equal to 1 V vs.
Li/Li*. At first the substrate was polarized between 3 V and 1 V vs.
Li/Li* (Fig 5a, set 1), subsequently the potential was swept between
1 V and 0.005 V vs Li/Li* for two cycles (Fig 5b, set 2). Thereafter,
the same sample was polarised to 3 V and the potential was swept
down to 0.005 V vs. Li/Li* (Fig. 5c, set 3) for two cycles. All
potential sweeps were performed at 0.1 mV s' and the
voltammograms were stopped at a potential of 1 V vs. Li/Li*.

In the z-approach curves recorded before and after set 1 (Fig. 5d),
the normalized feedback current remained higher than unity in
agreement to the fact that no SEI was formed above 1 V vs. Li/Li".
The z-approach curves recorded after set 2 and 3 (Fig. 5e and 5f,
respectively) show a normalized feedback current lower than 1 in
both cases. At the coordinates of closest approach to the glassy car-
bon surface, the normalized feedback current was only 0.03 after set
2. After set 3, the normalized feedback current was 0.035. This fur-
ther proved that even when the once formed SEI is exposed to high
polarization potentials, its insulating character is only slightly degra-
ded.

3.2 Influence of the cation on the insulating character of the SEI

In order to investigate the role of cations on the electronic properties
of the formed SEI, similar experiments were performed in different
solutions containing TBACIO, or NaClO, as background electrolyte.
No lithium ions were present in solution, and this was further
ensured by the use of a double junction for the Li/Li* reference
electrode. The polarization range of two freshly cleaned glassy
carbon electrodes was chosen to be between 1 V and 0.005 V vs.
Li/Li" in the case of the solution containing the tetrabutylammonium
salt. For the sodium salt, a potential range between 1 V and 0.35 V
vs Li/Li* was applied in order to avoid deposition of metallic sodium
on the glassy carbon electrode. When the microelectrode was held in
close proximity of the surface of the glassy carbon electrode during
the cyclic voltammogram, a severe fouling of the microelectrode was
observed. This was attributed to a different mechanism of passiva-
tion of the glassy carbon surface in absence of lithium ions. The
absence of lithium ions may lead to an extended polymerization of
the decomposition products of the electrolyte, which could be the
reason of the microelectrode fouling. Thus, in order to avoid any
fouling of the microelectrode, it was kept in the bulk of the solution
during the polarization of the glassy carbon electrode. Before and
after the polarization of the glassy carbon electrode, z-approach
curves were recorded (Fig 6a and 6b). In both cases a normalized
feedback current lower than unity was recorded upon approaching to
the surface of the sample after cycling. This leads to the conclusion
that also in absence of Li* ions an insulating layer is formed. This
can be of importance if solutions containing TBA* cations are
employed in electrochemical ultracapacitors. The previously

This journal is © The Royal Society of Chemistry 2013
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reported® low efficiency of such capacitors can actually be related to
the formation of an electronic insulating layer due to the solvent
decomposition.

TBACIO,

a).. s

m Before CV
0 u  After CV
6 5 4 3 2 1 0
d/r
NaClO,

m  Before CV
m  After CV

% 5 4 3 2 1 o

d’r
Figure 6: z-approach curves of the microelectrode (r: 12.5 um) to
the sample surface in a solution containing a) TBACIO, and b)
NaClO,, respectively, before and after acyclic voltammogram was
performed at the glassy carbon electrode. The applied potential at the
microelectrode was 3.6 V vs. Li/Li*. The applied potential at the
glassy carbon electrode during the z-approach curve was 1 V vs.
Li/Li*.

Also in the case of sodium containing electrolytes an electronic
insulating layer forms after polarization of the glassy carbon
electrode. This can be regarded as an important finding for a possible
passivation of negative electrodes in Na-ion cells. As was shown by
Komaba et al.?® the charge efficiency of hard carbon materials is
strongly dependent on the chosen solvents. This may be related to a
difference in the Na*-conducting properties of the protective layer
formed in presence of sodium ions. Further investigations should be
directed towards the electronic insulating character as well as the
Na* conductivity of this layer when formed in different electrolytes.

Conclusions

Local electrochemical measurements performed in the feedback
mode of the SECM were used to successfully determine the potential
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for the SEI formation on glassy carbon surfaces (0.8 V vs Li/Li").
The insulating properties of the SEI were qualitatively evaluated
when different potential ranges were applied to the glassy carbon
electrode during cyclic voltammograms. The role of the Li* cations
on the insulating nature of the SEI was investigated as well.

When the electrode polarization reached 3 V vs. Li/Li* the magni-
tude of the normalized feedback current corresponding to the degree
of insulation of the formed layer changed negligibly. It appears that
the partial decomposition/dissolution of the SEI has a negligible
effect on the insulating behaviour of this layer.

When lithium ions in solutions were replaced by TBA™ or Na*, the
formation of an electronic insulating layer was detected as well.
Thus, it can be concluded that lithium ions do not play a fundamen-
tal role for the formation of an insulating layer. However, the
presence of lithium ions may have an impact on other SEI charac-
teristics such as ionic conductivity and mechanical properties, which
are however not accessible by the proposed SECM technique. In
particular, further studies in different electrolytes containing sodium
ions may clarify the insulating properties of the protection layer
formed on hard carbons.
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The formation of the solid electrolyte interphase was detected in-operando on glassy carbon
electrodes in presence of different cations.

Pt microelectrode SEl formation
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