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CO; has been shown to be an effective additive to improve the cycling characteristics of silicon negative electrodes for Li-ion
batteries. However, a quantitative technique for measuring the CO; content in electrolyte is not readily available. Here, FTIR was
used to accurately determine the CO; content of various carbonate-based Li-ion battery electrolytes. The accuracy of this method was
validated with the weight variation method. Using this method, it was found that in EC/DEC electrolytes with 1M LiPFe and LiTFSI
salts, CO, was found to have a maximum solubility of 0.37 wt% when the LiPFg:LiTFSI molar ratio is 3:1. In 1M LiPFg solutions,
CO; solubility is in the order of PC &~ EMC > DEC for the pure solvents. Mixed non-polar solvents are also favorable for CO,
dissolution. When used in silicon alloy cells, electrolytes saturated with CO; (0.33% CO, in EC/DEC) resulted in the best cycling

stability.
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Graphite is the most commonly used negative electrode material
for lithium-ion batteries, having a theoretical capacity of 372 mAh/g
or 764 Ah/L.! On the other hand, Silicon has a theoretical capacity
of 3578 mAh/g or 2194 Ah/L. However, during lithiation/delithiation,
silicon alloy undergoes a 280% volume expansion. This can result
in the loss of electrical connection between silicon particles, particle
fracture, and disruption of the SEI layer, all resulting in cell fade.? In
order to overcome capacity loss in Si based electrodes, a variety of elec-
trolyte additives have been used.>* Fluoroethylene carbonate (FEC) is
the most commonly used additive for Si based electrodes to reduce ca-
pacity fade. Despite non-unanimous views on the exact mechanism of
how FEC provides this benefit, the most accepted point is that the de-
composition of FEC results in the formation of a relatively stable SEI
layer which includes LiF, Li,CO; and other organic compounds.’ This
passivating SEI layer inhibits further reaction between Si alloys and
electrolytes, resulting in improved cycling performance.® However,
FEC is continually consumed during the cycling of cells containing Si
based electrodes.” After all of the FEC is consumed, cells undergo sud-
den failure. Improved additives are needed to enable Si-based negative
electrodes, especially those that are less costly.

CO, has been shown as an effective additive for establishing a
stable solid electrolyte interphase on graphite electrodes.® Recently,
Krause et al. have shown that by incorporating CO, in the electrolyte
of cells with Si-based negative electrode materials, considerable im-
provements in cycling performance can be achieved.” Subsequently,
Solchenback et al. showed that lithium oxalate can be added to the
positive electrode that decomposes as an in-situ source of carbon
dioxide during cell operation, resulting in cycling enhancement of Si
electrodes.'? However, as with FEC, the CO, is continually consumed
and higher amounts of CO, in the electrolyte result in longer cycle
life. Since the electrolyte has limited solubility for CO,, it may not
able to accommodate large amounts of CO,, resulting, in the case of
Krause et al., the bulging of pouch cells. For practical implementation
of CO; as an additive, a better understanding of its consumption dur-
ing cycling is needed. Furthermore, new electrolytes that can dissolve
larger amounts of CO, would be advantageous to increase cycle life
and reduce cell gassing.

In order to study the effect of CO, as an additive and to develop
new electrolytes with increased CO, solubility, the CO, content in
electrolytes must be quantitatively determined. However, this is not
easily done. Methods used for quantitative CO, determination in so-
lution include weighing methods, the vapor equilibrium method,"!
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chemical absorption rate and gas chromatography—mass spectrome-
try (GC-MS). However, these methods have unavoidable drawbacks
such as either being time consuming, destructive, or requiring a large
electrolyte sample. Here, it is shown that Fourier transform infrared
spectroscopy (FTIR) can be used a quick and accurate method for
quantitative CO, determination in organic Li-ion battery electrolytes.

Experimental

CO, was added to solvent and electrolyte samples without air
exposure at 15°C using the procedure and apparatus shown in the
Supplementary Materials section. Propylene carbonate (PC) was ob-
tained from BASF (battery grade). A standard electrolyte solution
was prepared by dissolving 1 M LiPFs (BASF 98%) in ethylene
carbonate (EC), diethyl carbonate (DEC) (1:2 v/v, <50ppm H,O,
BASF) by volume in an agron-filled glove box. Working electrodes
consisted of V6 silicon alloy (3M), carbon black (CB, Super C65,
Imerys Graphite and Carbon), and LiPAA {(lithium polyacrylate
from a 10 wt% aqueous solution made by neutralizing a PAA so-
Iution (Sigma-Aldrich, average molecular weight ~250,000 g/mole,
35 wt% in H,0) with LiOH-H,O (Sigma Aldrich, 98%) in dis-
tilled water'?)} in a weight ratio of 88:2:10. 3M V6 alloy is “an
active/inactive alloy where the Si domains and the inactive do-
mains are less than 15 nm and evenly distributed throughout a mi-
cron size particle.”!® It has a reversible capacity of ~900 mAh/g
(1550 Ah/L), corresponding to a 105% volume expansion and a high
initial coulombic efficiency of about 87%.'* In our own experiments
we have measured the capacity of V6 alloy to be 930-950 mAh/g. Ex-
cellent cycling characteristics have been demonstrated for this alloy,
making it a good standard material for electrolyte evaluation stud-
ies. Further information regarding the electrochemical properties of
this alloy can be found in References 13 and 14. These components
and additional distilled water were thoroughly mixed with three half-
inch diameter tungsten carbide balls in a Retsch PM200 rotary mill
(100 rpm, 60 min.) to create a uniform slurry. The slurry was then
coated onto copper foil (Furukawa) and dried at 120°C in air for 1h.
Following the drying process, coatings were punched into circular
electrodes with an area of 1.3 cm? and dried under vacuum for 2h to
remove excessive moisture.

FTIR characterization and weight variation method.—FTIR
spectra were collected using a Bruker Alpha FTIR equipped with a
standard quartz liquid sample holder. The sample holder was loaded
with liquid samples in an Ar-filled glove box and sealed with a cap,
so that FTIR measurements could be conducted without sample air
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Figure 1. IR spectra of 1M LiPFs in EC/DEC solutions without CO, and
saturated with CO,.

exposure. The volume of sample in the holder was 3.8 mL. The scan-
ning range of the FTIR spectrum is 3000 cm~! to 500 cm™". Thirteen
scans were conducted for each background and sample measurement
and the spectra were analyzed using Omnic software. For the weight
variation method, the mass of electrolyte was measured before and
after bubbling CO, in the sample. The volume of electrolyte used for
weight variation measurements was 5 mL.

Electrochemical characterization.—Coin half cells (2325 type)
were assembled in an Ar-glove box with V6/SFG6L working elec-
trodes, lithium metal reference/counter electrodes, two Celgard
2300 separators (to avoid cell shorts from possible imperfections in
hand-made electrode coatings), and about 100 L of electrolyte. Cells
were tested at 30.0 £ 0.1°C using a Neware battery testing system at
0.1C for the first cycle and 0.2C for subsequent cycles in a voltage
range of 5 mV - 0.9 V. Here C-rate is defined as the current required
to fully lithiate the V6/SFG6L in the electrode based on a theoretical
capacity of 950 mAh/g and 360 mAh/g for V6 and SFG6L, respec-
tively.

Results and Discussion

Figure 1 shows FTIR spectra of 1 M LiPF¢ in 1:2 EC:DEC (v:v)
electrolyte saturated with CO, and without CO,_ There are two large
peaks present in the CO,-containig electrolyte at 2340 cm™! and
2360 cm™!, whereas no features are present in this region for the
electrolyte without CO,. These peaks have been observed previously
and assigned to CO, by Yang et al.!> Since they appear in a region
where the pure electrolyte has no features, these peaks are excellent
candidates for the quantification of CO, content. According to FTIR
quantification theory, the integrated peak area has a liner relationship
with the concentration of dissolved species.!® Therefore, the area of
the spectrum near the 2350cm™! region can indicate the exact amount
of CO, in the electrolyte.

To establish a quantitative FTIR method, PC was chosen as a stan-
dard solution because it has a low vapor pressure and is able to dissolve
more CO, than other electrolyte solvents.!” The weight change of a
PC sample before and after bubbling with CO, at 5°C was measured
and FTIR spectra were also collected. The concentration of CO, in
PC after bubbling CO, for 100 minutes at 5°C was 0.74 wt% as de-
termined by weight difference, which agrees well with the solubility
limit measured by Blanchard et al.!” at this temperature, verifying our
weight difference analysis. This 5°C saturated 0.74 wt% CO, solution
was used as a standard solution in following measurements and will
be referred to as the “standard solution”. To take into account any vari-
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Figure 2. IR spectrum of ethanol.

ations caused by sample loading or changes in the FTIR light source
intensity over time, anhydrous 100% ethanol (100% Alfa) was used as
an intensity standard. As shown in Figure 2, the ethanol FTIR spectrum
has three distinct peaks that do not interfere with peaks from CO,. Us-
ing the area under these peaks, the CO, concentration in electrolytes
can be determined by:

A° A]
CO2,sample CO2,standard =-C C,
- C02,sample/ CO2 standard [l]

o 1
AE[OH AEtOH

Where A°coz sampte a0d A°co2 siandara are the areas of the 2350 cm™!

CO, peaks in the electrolyte sample to be measured and the standard
solution, respectively, A’ g0 is total area of the three ethanol peaks in
asample of pure ethanol measured directly after the electrolyte sample
FTIR measurement and A” ;o is total area of the three ethanol peaks in
a sample of pure ethanol measured directly after the standard solution
FTIR measurement. The CO, absorption peaks are not regular, so
trapezoidal integration was used to calculate the area under peaks
using Omnic analysis software. The integral region was fixed from
2400 cm~! to 2280 cm ™.

In order to test the validity of our FTIR quantitative method, mea-
surements were made of CO, solubility after different CO, bubbling
times in PC at 5°C using both the weight variation and FTIR methods.
As shown in Figure 3, both measurements agree closely and show
that the CO, content increases roughly linearly with bubbling time.
The variation between the weight and FTIR methods is & 0.007 wt%
or 3% of the total CO, content measured in the sample. The ex-
periment was also repeated for a EC:PC 1:1 (v:v) solution. For this
solution, there is less CO, solubility and a correspondingly larger error
between the FTIR results and the weight variation method. Neverthe-
less, the error between the two methods at these low CO, concentra-
tions is +0.01 wt% or = 7% of the total CO, content measured in the
sample. These experiments demonstrate that the FTIR method can be
used for the quantitative measurement of CO, in electrolytes for CO,
concentrations at least within the concentration ranges measured in
this study: i.e. above about 0.1 wt%. However, it is possible that the
method could be extended to the analysis of solutions with lower CO,
content.

In order to demonstrate the utility of the FTIR method, measure-
ments of CO, solubility in EC/DEC 1:2 v/v solvent containing 1M of
LiPF¢/LiTFSI salt blends was investigated. The solubility of CO, in
these electrolytes is shown in Figure 4. As the LiTFSI content is in-
creased, the CO,; solubility also decreases, until the LiTFSI content is
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Figure 3. CO; solubility results from FTIR and weight variation methods in (a) PC and (b) EC:PC 1:1, respectively. Fitted trendlines are added as a guide to the

eye.

50 mole%. Further additions of LiTFSI result in an increased CO, sol-
ubility, until a maximum solubility of 0.37 wt% is reached for a 75
at.% LiTFSI and 25 at.% LiPFg salt blend. These results show that the
CO; solubility can have a complex dependence on the electrolyte com-
position and, furthermore, that the salt anion can significantly affect
CO; solubility. The CO, solubility of 1M LiPF; dissolved in different
solvents was also measured and is summarized in the Table I. These
results show that for 1M LiPF solutions, CO, solubility is in the order
of PC ~ EMC > DEC for the pure solvents. In contrast Blanchard et
al. found that the solubility of CO, in pure DEC was higher than that
of pure PC, while Dougassa et al. found that the solubility of CO, in
IM LiPF; in DEC was also higher than that of 1M LiPFg in PC.'7"8
However, Blanchard et al. studied pure solvents that contained no salts
and the measurements of Dougassa et al. were made for electrolytes
saturated with CO, at 25°C, whereas the electrolytes studied here were
saturated at 5°C. In any case, all of the solubilities measured here for
IM LiPFg in pure solvents were very similar (within 8% of each other).
Given this similarity and the complexity of the factors contributing to
CO, solubility, it is difficult to ascribe the data in Table I with any
meaningful trend. For mixed solvents with EC, the largest solubility
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Figure 4. CO; solubility in EC/DEC 1:2 solvent with LiTFSI and LiPF¢ salt
mixtures (1M total salt concentration), where x is the mole fraction of LiPFg.

of CO, occurs for EC/DMC, which has nearly the same CO, solu-
bility as PC. Thus EC/DMC blends might be beneficial when high
CO; contents are desired. We are now investigating the dependence
of CO, solubility on many electrolyte systems in detail.

To demonstrate the importance of CO, as an electrolyte component,
the cycling performance of 3M V6 alloy half-cells was measured in 1M
LiPF; electrolytes with EC/DEC 1:2 v/v solvent with and without CO,
and FEC additives. The cycling performance of these cells is shown
in Figure 5. The cell with no CO, or FEC additives fades quickly after
20 cycles. This is typical of alloy cells that require special additives to
reduce electrolyte consumption due to the disruption of the SEI layer
during alloy volume expansion. The addition of 0.25 wt% CO, to the
electrolyte has little effect on the cycling performance. Increasing the
CO, content to 0.33 wt% results in cells with little fade over the 50
cycles tested. This is in agreement with the recent results of Krause
et al., who showed that higher CO, contents result in more improved
cycling.® Cycling performance is also improved with the addition of
10 vol.% FEC to the electrolyte, however, the improvement is not
as great as for 0.33 wt% CO,. Electrolytes with even higher CO,
contents may result in even longer cycle life. Therefore, studies of the
CO; content in electrolyte are important. We believe the FTIR method
presented here is well adapted to the rapid evaluation of CO, solubility
in different electrolyte systems.

Conclusions

It was shown that CO, concentration can be accurately determined
in electrolyte solutions using FTIR. This method is much more con-
venient than weighing methods and much smaller electrolyte volumes
are required. Using this method, it was shown that the CO, solubility
in EC/DEC 1:2 v/v solutions containing IM Li* depends significantly

Table 1. Solubility of CO; in different solvents with 1M LiPF¢
electrolyte.

Electrolyte (1M LiPFg¢) CO; solubility(wt%)

PC 0.40
EC/PC 1:1 0.22
EC/DEC 1:2 0.33
EMC 0.39
DEC 0.35
EC/DMC 1:1 0.39
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Figure 5. Cycling performance of V6 Electrodes in 1M LiPFg in EC:DEC
electrolytes saturated with CO, and without CO;. Cells with FEC additives
are also shown for comparison.

on the salt anion and in a complicated manner. The cycling perfor-
mance of Si alloy cells was also shown to depend significantly on
the CO, content in the electrolyte. We believe the FTIR method pre-
sented here is well adapted to the rapid evaluation of CO, solubility
in different electrolyte systems. This can help gain an understanding
of CO, solubility and allow for the rapid development of high per-
formance electrolytes for lithium-ion batteries with Si-based negative
electrode materials.
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