Impact of the metal electrode size in half-cells studies: example of graphite/Li coin cells
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Abstract

When half-cells are used to evaluate and understand electrochemical performance and
interface properties of a given electrode, the metal electrode size is rarely mentioned. To
evaluate such impact on the electrochemical performance and interphase formation,
graphite/Li coin cells were used. Undersizing the Li metal electrode led to significantly lower
charge/discharge capacities even at C/20 rate due to incomplete lithiation/delithiation
processes of the graphite electrode edge. It also led to the formation of non-uniform Li metal
deposits as well as to a graphite SEI film with a thickness and composition gradient across the
electrode. Oversized Li led, however to homogeneous graphite SEI film. Overall, these results
highlight the critical role of the metal electrode size in half-cells and should apply to all half-

cells studies using other metal electrodes such as Na, K, Mg.

Introduction
Since the introduction of the solid electrolyte interphase (SEI)[1] model to describe the

surface films that forms at the electrode/electrolyte interfaces by degradation of electrolyte
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solvents and/or salts under cycling/storage of Li-ion cells, numerous studies have been
reported.[2],[3],[4],[5] Most of these studies use, however, half-cells with Li metal as the
counter electrode, which is unlikely to depict full-cells for various aspects. First, the Li metal
is likely to act as an infinite source of Li. Second, the high reactivity of the lithium metal
against the electrolyte is likely to produce more and/or different electrolyte degradation
species that have a high probability to migrate to the studied electrode surface then interact.
Such phenomenon is called interactions between electrodes or cross-talk,[6],[7],[8] the most
known being the dissolution of positive active materials at high voltage and the deposition of
metal-based species at the negative electrodes surface.[9] This topic still suffer, however, a
lack of attention despite recent dedicated studies.[10],[11],[12],[13],[14],[15] As a whole, in
half-cells, the use of a theoretical infinite source of Li and the interactions between electrodes
can greatly alter the electrochemical performance and the interphase of the studied electrode.
Therefore, the half-cells should be preferably restricted to electrochemical mechanism studies
of new material rather than used to extrapolate and predict the full-cells behaviour. Moreover,
despite the plethora of half-cells studies, the Li metal electrode size (i.e. the surface area) is
almost never mentioned probably because it is considered as an infinite source of Li. This
means that, the Li metal electrode surface area may be either oversized or undersized
compared to the studied electrode.

Here, as the Li metal surface area may be crucial to both the electrochemical performance and

interphase formation, this impact was investigated in the case of graphite/Li cells.

2. Experimental
2.1 Cell preparation and cycling protocol

The electrolyte was 1 M LiPF¢ (battery grade, purity >99.99%) in EC(anhydrous, 99%
purity):EMC(purity >98%) with a 3:7 weight ratio (water content <50 ppm), from Aldrich.
Graphite electrode, made of artificial graphite:CMC+SBR:carbon black with a 95.7:2.9:1.4
weight ratio (6.15 mggaphite/cm?, 60 £ 2 pm thick after calendaring), coated on a copper foil (9
um thick), were obtained from S4R (Castelnau-le-Lez, France). Graphite electrodes were
heated at 80°C under vacuum for 12 h. Graphite/Li 2032 coin cells were assembled under Ar
with 0.11 ml of electrolyte and two PPP separators. Note that varying the electrolyte amount
is more likely an important parameter when studying the interphase formation but have been
kept constant and in excess (due to the coin cell mounting) in the present case. The

graphite/Li surface area ratio was set to 0.95 cm? / 1.13 cm? = 0.84 (Gr/Li-0.8 cells) and 1.27



cm? / 0.64 cm? = 1.98 (Gr/Li-2 cells). The latter (i.e. 1.98 ratio) was selected so that if
significant changes have occurred, they could have been observed visually and they could
have been characterized by XPS at different positions along the oversized graphite region
considering an elliptic X-ray beam spot of about 450 x 900 pm.

Using a MPG battery cycler (Biologic SA, France), cells were held at OCV during 30 min for
wetting completion then cycled between 0.005-1.2 V at C/20 for two cycles. Cells were
discharged to 0.005 V at C/20 followed by a potential hold at 0.005 V until a C/100 current
was reached. A power test was performed by successive charge current pulses of C/3, C/5,
C/8, C/10, C/15, C/20 with a 1h OCV relaxation between each pulse. A final cycle was
performed between 0.005-1.2 V at C/20. All currents refer to 372 mAh/ggraphite, 1.€. all currents
were set according to the individual graphite electrode mass so that a given current in
mAh/cm? was strictly identical whatever the electrode was.

Coin cells were then opened under argon and graphite electrodes were washed twice by

immersion in a glass vial containing 0.8 ml of EMC during 10 s.

2.2 X-ray Photoelectron Spectroscopy (XPS)

XPS was performed using an Escalab 250 Xi spectrometer using a monochromatized Al
Ka radiation (hv =1486.6 eV). Electrode samples were put on a sample holder using an
insulating uPVC tape (reference 655 from 3M) then the samples transfer was performed
through an argon-filled glove box directly connected to the spectrometer. Before analysis,
samples were kept at 10® mbar for one night. Analysis was performed using the standard
charge compensation mode and an elliptic 450 x 900 um X-ray beam spot. Core spectra were
recorded using a 20 eV constant pass energy with a 0.15 eV step size and short time iterative
scans. Using CasaXPS software, the binding energy scale was calibrated from the 285 eV
peak (C-C/C-H). A non-linear Shirley-type background was used for core peaks analysis
while 70% Gaussian - 30% Lorentzian Voigt peak shapes and full width at half-maximum
constraint ranges were selected to optimize areas and peak positions. XPS quantification were

performed using the relative sensitivity factor provided with the Escalab machine.

3. Results

3.1 Electrochemical performance

Figure 1 shows a) the potential versus time curves and b) the charge capacity versus the
specific current J (mA/mg/cm?) for Gr/Li-0.8 and Gr/Li-2 cells. Both cells showed very close
shape of the discharge/charge curves with the reversible lithiation stages of the graphite.[16]
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Gr/Li-2 cells showed, however, shorter discharge/charge time compared to Gr/Li-0.8 cells
(Figure la) due to lower capacities (Figure 1b). Indeed, Gr/Li-2 cells delivered about 5.5%
lower charge capacity (corresponding to 18 mA.h/ggaphite) compared to Gr/Li-0.8 cells even at
a very slow rate (C/20). This result is explained by incomplete lithiation/delithiation processes
of the graphite electrode edge due to the Li metal electrode undersizing and despite that Li

metal is considered as an infinite Li source.
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Figure 1. a) Potential versus time curves and b) charge capacity (mAh/ggaphite) Versus the specific current J

(mA/mg/cm?) for the Gr/Li-2 and Gr/Li-0.8 cells. The notation ¢’bis’’ stands for the second pair cell.

3.2 Cells disassembly

Figure 2 shows the photographs of cycled lithium and graphite electrodes as extracted from
the a) Gr/Li-0.8 and b) Gr/Li-2 cells with respect to the real scale. When oversizing the Li
metal electrode (Gr/Li-0.8 cells), relatively uniform Li and graphite electrodes were observed
(Figure 2a). Note that the superimpose region of the Li metal electrode (relative to the
graphite) appeared slightly more grey than the oversized region due to the SEI film formation.
Note also that no Li plating deposit was observed around the graphite electrode (not shown)
more likely due to the relatively low cycling rate used in the present case. Undersizing the Li
led (Gr/Li-2 cells), however, to non-uniform Li and graphite electrodes with two distinct
regions (Figure 2b). The Li metal showed a grey color due to the SEI film formation and were
surrounded by non-uniform Li plating deposits. Similarly, the graphite regions superimpose to
the Li, showed a different color than the oversized graphite regions. These phenomena are
explained by the partial lithiation/delithiation of the graphite electrode edge due to the Li
metal undersizing. Moreover, the appearance of two distinct regions on the graphite

electrodes suggests the formation of different SEI films.
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Figure 2. Photographs of the lithium and graphite electrodes as extracted from the a) Gr/Li-0.8 and b) Gr/Li-2

cells with respect to the real scale. Red spots indicate area where XPS analysis were performed.

3.3 XPS analysis of the graphite electrodes

To evaluate the graphite SEI films homogeneity for both Gr/Li-0.8 and Gr/Li-2 cells, XPS
analysis was performed at different position as indicated by the red spot in Figure 2. The
corresponding a) carbon 1s and b) oxygen 1s XPS core spectra are showed in Figure 3. Note
that both graphite pair electrodes as well as additional positions were also analyzed for
reproducibility but are not showed here for clarity and brevity. In Figure 3, the core level
spectra for a given element were normalized to show the relative intensity/amount of the
given element between samples.[14],[17]

The C 1s spectrum of fresh graphite electrode showed five components at 284.1 (C=C), 286.9
(CO), 288.7 (CO»), 291.2 eV (‘’shake up’’ satellite) from the graphite and 285.0 eV (C-C/C-
H) from the SBR binder|[ 18] and graphite[ 19]:[20] (Figure 3a). The O 1s spectrum of the fresh
graphite electrode showed two peaks at 531.8 and 533.5 eV from the CMC binder (Figure
3b).[18] An additional peak was also observed at 536.5 eV due to Na Auger from the CMC
binder (Figure 3b).[21] After cycling, two C=C peaks from the graphite were observed at
~283.5 eV and ~282.4 eV, probably due to a differential charging effect.[22] After cycling,
the overall intensity of these graphite peaks decreased due to the partial covering of the
graphite by SEI films. This phenomenon was, however, more pronounced for Gr/Li-0.8
indicating the formation of thicker SEI films compared to Gr/Li-2. Interestingly, no
significant C=C peaks evolution was observed for Gr/Li-0.8 between the edge and the center
of the electrode indicating the formation of a homogeneous SEI film at the graphite surface.
At the opposite, Gr/Li-2 showed increasing intensities of the C=C peaks from the edge to the
center of the electrode indicating the formation of a SEI with a thickness gradient across the

electrode due to the Li metal undersizing.



After cycling, the two main O 1s peaks of the fresh graphite were replaced by new
components (Figure 3b), in agreement with the formation of carbonaceous species from the
solvents at the graphite and CMC surfaces. The peak at 533.4 eV is attributed to CO bonds
mainly from ether derivatives and low amounts of ROCO,Li [23][24] while the peak at 530.5
eV is assigned to lithium alkoxide (ROL1)[14][25] in agreement with the corresponding at.%
of these peaks and the at.% of the CO carbon 1s peak (Figure 3a). The peak at 531.7 eV is
attributed mainly to Li,CO;, RCO,Li and POy compounds as well as low amounts of
ROCO;Li species[26][27] while the peak at 528.5 eV is due to the formation of lithium oxide
(L1,0).[28][29] The corresponding carbon 1s peaks for Li,CO5; and RCO,Li were observed at
290.1 eV and 289.0 eV, respectively. Additionally, LiF was found in the SEI with the
presence of a fluorine 1s peak at 685.1 eV (not shown). The corresponding LiF at.% are
reported on Figure 3a. As a whole, no significant change of composition was observed for
Gr/Li0.8 between the edge and the center of the electrode, which indicates the formation of a
homogeneous SEI film. At the opposite, Gr/Li-2 showed increasing amounts of Li,CO; (290.1
eV), RCO,L1 (289.0 ¢V) and decreasing amounts of ROLi (530.5 eV), ether derivatives
(533.4 e¢V) and LiF from the edge to the center of the electrode. This result means that
undersizing the Li metal (Gr/Li-2) leads to the formation of a SEI with a composition gradient

across the electrode.
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Figure 3. XPS core spectra of a) carbon Is and b) oxygen ls of the graphite electrodes as extracted from the
Gr/Li-0.8 and Gr/Li-2 cells after cycling. Red spots in Figure 2 indicate the different positions of the electrode
where the XPS analysis were performed. Typical spectra of the fresh graphite electrode are presented for
comparison. Atomic Percentage (at. %) of indicated species as obtained from the XPS quantification are

presented for better clarity.

Conclusion

In this paper, the impact of the metal surface area on the electrochemical performance and
interphase formation in half-cells was investigated using graphite/Li coin cells. For
undersized Li metal electrode, significantly lower charge/discharge capacities were observed
even at very slow cycling rate due to incomplete lithiation/delithiation processes of the
graphite electrode edge. Moreover, XPS analysis showed the formation of a SEI film with a
thickness and composition gradient across the electrode. At the opposite, higher capacities
and a very homogeneous SEI film was observed using oversized Li metal electrode. Overall,
these results highlight the critical impact of the Li metal electrode size in half-cells studies if
one wants to obtain reliable results. More generally, this should also apply to half-cells studies
using other metal electrodes such as Na, K, Mg. Therefore, it raises the relevance of using
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half-cells to investigate electrochemical performance and interphase formation in Li-ion

batteries and beyond.
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