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Carbon Coating Stability on High-Voltage Cathode Materials
in HO-Free and H,O-Containing Electrolyte
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Carbon coatings on cathode materials with low electrical conductivity like phospho-olivines LiMPO4 (M = 3d-transition metal) are
known to improve their performance in Li-ion batteries. However, at high potentials and in the presence of water, the stability of
carbon coatings on high-voltage materials (e.g., LiCoPO4) may be limited due to the anodic oxidation of carbon. In this work, we
describe the synthesis of LiFePO4 (LFP) with an isotopically labeled '3C carbon coating (characterized by Raman spectroscopy,
electrical conductivity, and charge/discharge rate capability tests) as a model compound to study the anodic stability of carbon coated
cathode materials in ethylene carbonate-based electrolytes. We characterize the degradation of the '3C carbon coating by On-line
Electrochemical Mass Spectrometry (OEMS) through the '>CO, and '3CO signals in order to differentiate the anodic oxidation of
the coating (13C) from the oxidation of electrolyte, conductive carbon, and binder (all 12C) in the electrode. The oxidation of the
carbon coating takes place at potentials > 4.75 V for electrolyte without H,O (< 20 ppm) and > 4.5 V for electrolyte with 4000 ppm
H;0, and it is strongly enhanced for H,O-containing electrolyte. The extent of carbon coating oxidation over 100 h at 4.8 and 5.0
V vs. Li/Lit (25°C) is projected on the basis of our OEMS data, suggesting that carbon coatings have insufficient stability at such
high cathodic potentials. Furthermore, our results prove the in situ formation of HyO during the anodic decomposition of ethylene
carbonate-containing electrolyte. The H,O formation is monitored via the detection of gaseous POF3, which is formed from the
reaction of LiPFg with H,O.
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Li-ion batteries are extensively investigated as energy storage de-
vices for electric vehicles (EVs) due to their high energy density and
reasonable life time.! In order to make EVs competitive with gasoline
or diesel cars, and to eventually reduce CO, emissions by the electrifi-
cation of personal mobility, many fundamental challenges still need to
be overcome. As summarized by Lu et al.,? the battery materials used
for today’s EVs are graphite and LisTisO;, (LTO) on the anode and
LiMn, 0, (LMO), LiNi;Mn,Co,0, (NMC), LiNi,Co,Al,O, (NCA)
and LiFePO, (LFP) on the cathode. In order to increase the driving
range of EVs, the energy density (energy per volume) and/or specific
energy (energy per mass) of Li-ion batteries needs to be raised. One
approach is to employ high-voltage cathode materials that operate at
potentials close to 5 V vs. Li/Li*.3- For example, LiCoPO, (LCP),
a phospho-olivine cathode material, promises a theoretical specific
energy of ~800 mWh/g cp based on the charge/discharge voltage
of ~4.85 V vs. Li/Li* and a theoretical specific capacity of 167
mAh/g; cp.”

In contrast to NMC and other layered oxides, phospho-olivines like
LFP and LCP suffer from very poor electrical conductivity which lim-
its their rate capability, i.e., their performance at high charge/discharge
rates.” In the case of LFP, its poor electrical conductivity can be over-
come by using small primary particles (0.1-0.5 pm) in combination
with an electrically conductive very thin carbon coating (thickness
1-2 nm)? applied to the primary particles using different kinds of
precursors.”” While uncoated LFP samples either show very poor
rate capability or low capacity at rates as low as 0.1 C,'*'2 Lou et
al."® showed that carbon coated LFP can reach 116 mAh/g; pp at high
rates of 10 C (theoretical capacity: 170 mAh/gLFp).3 Even when the
current is increased to 30 C, the discharge capacity can still reach 75
mAh/g; gp, and in the 100" cycle the capacity loss is only 2.3%."
Employing acetylene black, sucrose, and glucose as carbon source,
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Chen et al.'* presented a carbon coated LFP which is able to reach
discharge capacities of 140 mAh/g; gp at 3 C, depending on the respec-
tive carbon source. For LCP, however, the preparation and long-term
stability of a carbon coating is less straightforward: (i) the deposition
of an inert and conductive carbon layer around LCP particles is more
complex, since carbo-thermal reduction during synthesis can lead to
Co,P formation; ' (ii) in its partially and fully delithiated phase, Co**
was shown to react with the carbon coating at high temperature;'®!
and, (iii) the long-term stability of a carbon coating at the high anodic
charge/discharge potentials during LCP cycling is unclear, irrespec-
tive of any possible catalytic effect of Co®*.!” In this context it is also
interesting to note that similar cycling stability has been obtained at
room temperature for LCP with and without carbon coating.'®

In the study at hand, we examine the question whether conduc-
tive carbon coatings are sufficiently stable against anodic oxidation
at potentials relevant for high-voltage cathode materials (&5 V vs.
Li/Li*). This is accomplished by quantifying the potential-dependent
anodic oxidation rate of a carbon coating applied to LFP primary par-
ticles. LFP is chosen as a model system for studying carbon coating
oxidation, since the preparation of well-characterized homogeneous
carbon coatings on phase-pure LCP was not possible due to the above
outlined reasons. Thus, the present study focuses on the intrinsic sta-
bility of carbon coatings at high anodic potentials without the possibly
additional destabilizing effect of Co*, thus representing a best-case
scenario for the anodic stability of the carbon coating. Our study is
based on the synthesis of LFP with an isotopically labeled '*C carbon
coating obtained from '*Cg glucose (i.e., fully '*C isotope exchanged),
which allows us to monitor the anodic oxidation of the carbon coating
(up to 5.3 V) by quantifying the evolution of the '*CO, and '*CO iso-
topes using On-line Electrochemical Mass Spectroscopy (OEMS)."”
Since there is ample evidence from the fuel cell literature that the
oxidation of carbon can be enhanced by the presence of water,?*?!
the water content of the electrolyte is clearly a critical parameter to
describe the degradation behavior of a carbon coating, but also of
the conductive carbon, the binder, and the electrolyte. The latter were
carefully studied in our recent work,?> so that we will now focus on
studying the anodic stability of a carbon coating using dry electrolyte
(< 20 ppm H,0) and electrolyte with 4000 ppm H,O in order to
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simulate the effect of water intrusion over time. LiClO, is used as
a lithium salt in order to avoid the formation of HF with LiPFs?
and ethylene carbonate is used as sole solvent in order to minimize
the background signals in the mass spectrometric analysis.?*> After
a full characterization of the self-synthesized LFP coated with '*C
carbon by XRD, Raman spectroscopy, and rate capability tests, the
results of the OEMS gas analysis will be presented for the experi-
ments with and without water. Mechanistically, the data suggest that
the anodic oxidation of carbon is triggered by the formation of water
during the anodic oxidation of ethylene carbonate-based electrolytes
at high-voltage, evidenced by OEMS analysis. From these data, we
will project the long-term stability of a carbon coating in the potential
range corresponding to the charge/discharge voltage of LCP.

Experimental

Synthesis of LiFePO, (LFP) with isotopically labeled "*C car-
bon coating.— The syntheses of LFP with and without carbon coat-
ing were carried out by applying a hydrothermal method similar to
Liang et al.>* Lithium iron phosphate without carbon coating (fur-
ther referred to as “LFP_uncoated”) was synthesized using a reaction
mixture of 75 mmol lithium hydroxide monohydrate (LiOH - H,O,
99.95%, Sigma-Aldrich, Germany), 25 mmol iron(ll) sulfate hep-
tahydrate (FeSO,-7H,0, > 99.0%, Sigma-Aldrich, Germany) and
27 mmol phosphoric acid (H;PO,, 86.3 wt% in H,0, Sigma-Aldrich,
Germany) in 50 ml H,O (18 MQcm, Merck Millipore, Germany). The
mixture was heated at 180°C for 6 hin a 100 ml Teflon-lined steel auto-
clave (Berghof BR-100, Germany). For purification, the solid product
was centrifuged (Eppendorf Centrifuge 5810 R, Germany) and redis-
persed in H,O two times. The obtained solid fraction was dried at 70°C
for 5 h under ambient pressure and for 18 h under dynamic vacuum.

13C-coated LiFePO, (further referred to as “LFP_'*C”) was syn-
thesized by adding '3Cy glucose (D-Glucose, *CsH,06, 99 atom%
isotopic purity, Cambridge Isotope Laboratories Inc., USA) to the
pristine reaction mixture at 15 wt% of the expected LFP mass. The
hydrothermal synthesis, product purification, and drying were carried
out in the same way as described for LFP_uncoated. Subsequently, an
additional annealing step under argon at 750°C for 6 h was applied.

Material characterization.— X-ray diffractograms were recorded
in transmission mode with a Stadi P powder diffractometer (STOE &
Cie GmbH, Germany) using Cu K, radiation (A = 1.54060 A)and a
Mythen 1 K detector in the 26 range 5-50° using step sizes of 0.34°
(55 s/step). For each diffractogram four individual ranges were added.
Elemental analysis was carried out by CHNS combustion analysis
using a Euro EA elemental analyzer (HEKAtech GmbH, Germany).
To determine the surface area of the particles, BET analyses were done
using an Autosorb iQ nitrogen gas sorption analyzer (Quantachrome
Instruments, USA). The conductivity was determined with a self-
made tool, measuring the electrical conductivity of powder samples
under a pressure of 200 MPa. For this, the sample was filled into a
non-conductive tube (6 mm diameter) with a scale bar for measuring
the height of the compressed powder, so that the apparent conductivity
of the compressed powder could be determined from the compressed
powder dimensions and the current flowing at an applied voltage of up
to 10 V using a potentiostat (VMP-3, Biologic, France). For Scanning
Electron Microscopy (SEM), a JSM-7500F field emission scanning
electron microscope (JEOL, Japan) was used at an acceleration voltage
of 1 kV and a working distance of 7.2 mm (3300-fold magnification).
SEM samples were prepared by transferring the solid powder sample
onto a copper tape with adhesive conductive coating (acrylic polymer
with copper coated metal backing, 05085C-AB, 3M). Raman spectra
were measured with a Senterra Raman spectrometer (Bruker Optics,
USA) at a wavelength of 488 nm with a data collection time of 20 s
per spectrum.

Electrochemical characterization.— For the electrode preparation,
the as-synthesized compound was premixed with carbon black (Su-
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per C65, TIMCAL, Switzerland) and polyvinylidene fluoride (PVdF,
Kynar HSV 900, Arkema, France) in a mortar at a composition of
80:10:10 (LFP:Super C65:PVdF in wt%) and mixed with N-methyl-
2-pyrrolidone (NMP, Sigma-Aldrich, Germany) in a planetary orbital
mixer (Thinky, USA) at 2000 rpm and 50 mbar for 15 min. The
resulting ink was spread on aluminum foil (thickness 15 pm, MTI
Corporation, USA) using a 250 pm gap bar coater (RK PrintCoat In-
struments, UK), dried, and subsequently punched into electrodes with
10 mm diameter. These were then pressed (370 MPa, KBr Hydraulic
Pellet Press, PerkinElmer, USA) and dried overnight at 120°C under
vacuum in a glass oven (drying oven 585, Biichi, Switzerland). The
active material loading of the electrodes is 4.0 £ 0.3 mg; gp/cm?.
The electrochemical measurements were done in Swagelok T-cells,
assembled in a glove box with Ar atmosphere (O, and H,O < 0.1 ppm,
MBraun, Germany), with pure lithium (thickness 0.45 mm, battery
grade foil, 99.9%, Rockwood Lithium, USA) as anode, glass fiber
separators (glass microfiber filter, 691, VWR, Germany), and 80 .1
LP30 electrolyte (1 M LiPFg in EC:DMC 1:1 wt/wt, < 20 ppm H,O,
BASF, Germany). The cells were cycled with a battery cycler (Series
4000, Maccor, USA) according to the following procedure: 2 cycles
at 0.1 C, 2 cycles at 0.2 C and 3 cycles each at 0.5 C, 1 C,2C,5C
and 10 C (referenced to the theoretical capacity of 170 mAh/gLFp)3
between 2.0 V and 4.0 V. A constant voltage (CV) step limited by a
current corresponding to C/20 was added at the end of each charge.

On-line Electrochemical Mass Spectrometry (OEMS).— In order
to obtain good time resolution in OEMS measurements, it is im-
perative to use either working-electrodes coated on a porous sub-
strate (e.g., Celgard or glass fiber separator, carbon paper or carbon
cloth diffusion media, or metal meshes and foams) or to prepare
self-standing working-electrodes; Al or Cu foil-supported electrodes
cannot be used, since in this case the diffusional time lag between gas
produced in the working-electrode and the battery head space would
be too long.! In this study, we use self-standing LFP_!3C working-
electrodes for the following reasons: (i) a high compression is needed
to optimize the electrochemical performance of LFP, especially at
high C-rates, which would destroy the porosity of the afore-mentioned
porous electrode supports; and, (ii) high working-electrode loadings
are needed in order to obtain sufficient signal intensity from the anodic
oxidation of the isotopically labeled carbon coating which accounts
for only 1 wt% of the electrode mass.

The LFP_!3C working-electrodes (*15 mg;p/cm? with 13 mm
diameter) were prepared analogously to the way described above, ex-
cept that the inks were coated onto a glass plate and dried at 60°C for at
least 12 h. Subsequently, the coatings were removed from the glass and
mixed in a mortar in order to obtain a homogeneous powder, which was
pressed into 13 mm diameter pellets under vacuum for 1 h (370 MPa,
KBr Hydraulic Pellet Press, PerkinElmer, USA). These electrodes
were dried overnight at 120°C under vacuum in a glass oven (drying
oven 585, Biichi, Switzerland) and used as working-electrode in our
new OEMS two-compartment cell*? vs. a metallic lithium counter-
electrode (diameter 17 mm, thickness 0.45 mm, battery grade foil,
99.9%, Rockwood Lithium, USA). This cell provides a tight seal be-
tween the working-electrode (connected to the mass spectrometer via a
flow-restricting capillary) and the counter-electrode compartment via
a solid Li*-ion conducting glass ceramic (LICGC, Ohara, Japan) with
an additional glass fiber separator (glass microfiber filter, 691, VWR,
Germany) on both sides, and thus allows to add water to the working-
electrode compartment while maintaining H,O-free electrolyte in the
lithium counter-electrode compartment. In order to avoid HF forma-
tion in the cell, ethylene carbonate (EC) with 1.5 M LiClO, (battery
grade for both components, Sigma-Aldrich, Germany) either with or
without 4000 ppm H,O (18 MQcm, Merck Millipore, Germany) was
used as an electrolyte (quantities of water are given per mass of elec-
trolyte throughout the text). Here, 4000 ppm of water are chosen to
mimic trace water in the battery cell, as this is an amount which could
be easily introduced into the cell if, e.g., the electrodes or the sepa-
rators had not been dried properly or if the cells had been assembled
in ambient air, rather than in a glove box or a dry room. The water



Journal of The Electrochemical Society, 162 (7) A1227-A1235 (2015)

Figure 1. SEM picture of self-synthesized LFP_uncoated (a) and
LFP_13C (b).

content of the H,O-free electrolyte was < 20 ppm, as determined by
Karl-Fischer titration (Titroline KF, Schott Instruments, Germany).
160 1 of electrolyte were used in the lower compartment and 500 w1
of electrolyte in the upper compartment. Our electrolyte, containing
only ethylene carbonate and LiClO, salt, is clearly not suitable for
use in real batteries, but is particularly suitable for mass spectrometry
studies, where it produces very low background signals due to its low
vapor pressure, which enable highly precise signal quantification as
shown in our recent work.??

After assembly, the cell was placed into a climate chamber held at
25°C (KB 23, Binder, Germany) and connected to our mass spectrom-
etry system, which has been described elsewhere.!® To avoid signal
fluctuations due to minor pressure/temperature changes, all mass sig-
nals were normalized to the ion current of the ¢ Ar isotope. The cell
is first held at OCV for 2 h, followed by a linear sweep voltammetry
(LSV) procedure at a scan rate of 0.05 mV/s (Series G300 potentiostat,
Gamry, USA) from 3.3 to 5.3 V vs. Li/Li*. The gas evolution during
the LSV step is recorded by OEMS. Conversion of the ion currents to
concentrations was done for the '>CO, and '*CO, carbon dioxide iso-
topes, as well as the '2CO and '*CO carbon monoxide isotopes using
a calibration gas (Ar with 2000 ppm H,, O,, CO and CO,, Westfalen,
Germany) and considering the 1.1% natural abundance of '3C. The
12CO and *CO amounts were corrected by subtracting 14% of the re-
spective '2CO, or '3CO; signal to account for the mass fractionation
of the CO, molecule in our setup (for more information on our system
specific mass fractionation confer Reference 22).

Results

Characterization of LFP_3C by SEM, XRD, and Raman
spectroscopy.— The Scanning Electron Micrographs (Figure 1) reveal
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Table 1. Properties of self-synthesized LFP_uncoated and
LFP_13C in comparison to commercial LFP_2C.

Compound BET [m?/g]  CHNS [wt%c] o [mS/cm]
LFP_uncoated 11 <0.1 <1077
LFP_13C 6 1.0 2
LFP_!2C (commercial) 17 2.2 30

very different morphologies for uncoated and carbon coated particles.
The LFP_uncoated resembles platelets of 0.1 pm thickness and
~1 wm width. The LFP_'"*C compound, however, exhibits a rod-like
shape with rods of ~1 pm diameter; the difference in morphology is
most likely due to the high-temperature annealing step under argon
(750°C for 6 h) which was applied only for the LFP_'3C compound.
The roughness of the particle surface differs from LFP_uncoated to
LFP_'3C, suggesting that carbon is indeed covering the surface of the
LFP particles in the case of LFP_13C.

Table I summarizes the BET surface area, the carbon content
determined by CHNS and the electrical conductivity values for
LFP_uncoated, LFP_'*C, and a commercial carbon coated LFP
(LFP_'>C by Clariant, Germany) that serves as a reference. As ex-
pected, the conductivity values correlate with the carbon content of
the samples. The uncoated LFP exhibits an extremely low conductiv-
ity (< 1077 mS/cm) compared to the carbon coated samples that have
values on the order of several mS/cm. The lower carbon content (1
wt%) of LFP_'3C leads to a conductivity of 2 mS/cm compared to
30 mS/cm for LFP_'?C with a higher carbon content (2.2 wt%). The
surface area of all samples is on the same order of magnitude. The
roughly 3-fold lower surface area of LFP_'*C compared to LFP_'>C
can be explained by its lower carbon content (higher carbon contents
usually prevent sintering).

Powder X-ray diffractograms (Figure 2a) of LFP_'3C (purple line)
and LFP_uncoated (green line) are in good agreement with the theo-
retical XRD pattern (Pnma, a= 10.329 A, b = 6.006 A, c = 4.690 A)*
of LFP (LFP_theoretical, gray line). Two minor reflections at
20 = 22.2° and 23.2° reveal the presence of small amounts of a
LizPO, side phase in the LFP_uncoated material. This side phase is
also present in commercial LFP_'?C (according to the supplier’s data
sheet).

Raman spectra (Figure 2b) were recorded to characterize the car-
bon coating around the LFP particles. For LFP_uncoated (green line
in Figure 2b), a strong band occurs at 950 cm~!, which is ascribed
to the symmetric stretching vibration of the PO, unit in the LFP
olivine structure.’® The bands at 998 cm~' and 1068 cm™' cor-
respond to a higher vibration mode? and the bands between 200
cm™! and 600 cm™! reveal the presence of minor Fe’* impurities for
LFP_uncoated.”’” In case of the carbon coated samples (red line for
LFP_'2C, purple line for LFP_'3C), even the most prominent LFP
band at 950 cm™! is extremely weak compared to the strong carbon
D- and G-bands around 1350 cm™! and 1600 cm™!. While this strong
attenuation of the LFP bands by the carbon coating (thickness ~1
nm, estimated for a homogeneous coating with a density of ~2 g/cm?
using the wt%¢ and the BET area given in Table I) is surprising based
on the reported penetration depth of the Raman laser radiation through
carbon of 230 nm,?® it is nevertheless consistent with most other Ra-
man spectra on carbon coated LFP.!*2>% With this in mind, the low
intensity of the LFP band at 950 cm~! for the carbon coated samples
in Figure 2b indicates a uniform and homogeneous distribution of
carbon around the LFP particles, since the laser beam is not focused
on a single particle, but has a spot diameter of ~5 pm, which is &5
times larger than the average particle diameter (see Figure 1).

The position of the D-band at 1351 cm™! and the G-band at 1603
cm™! for LFP_'2Cis in good agreement with the literature D-/G-band
values for carbon coated LFP of 1351/1605 cm~! and 1352/1582
cm™! reported in References 13 and 30. Interestingly, an isotope shift
can be observed for LFP_'3C, with the D- and G-band shifted to
1298 cm™! and 1547 cm™!, respectively. This corresponds to a shift
in wavenumbers of ~3.9%, which is the expected isotope shift of
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Figure 2. (a) X-ray diffractograms of LFP_uncoated and LFP_'3C in com-
parison to the theoretical diffraction pattern of LiFePOy; (b) Raman spectrum
of LFP_uncoated and LFP_'3C in comparison to commercial LFP_!2C.

1 — 4/12/13 resulting from the difference in atomic mass of 'C and
13C. In conclusion, our material characterization by SEM, elemen-
tal analysis, powder conductivity measurements, XRD, and Raman
spectroscopy proves the successful synthesis of LFP particles with a
homogeneous isotopically labeled '3C carbon coating.

Electrochemical performance of LFP_'">C.— Figure 3 compares
the specific discharge capacities at different C-rates of the self-
synthesized LFP_uncoated (green line) and LFP_'*C (purple line)
with that of the commercial LFP_'2C (red line). At 0.1 C, LFP_!3C
exhibits a capacity of 143 mAh/g; rp, whereas LFP_uncoated reaches
only 70 mAh/grp. The measured capacities are in agreement with
the known performance improvement by applying a carbon coating
to LFP particles.”'* For the same C-rate, the commercial LFP_'2C
presents a capacity (153 mAh/g; rp) comparable to that of the self-
synthesized LFP_!3C, further proving that the carbon coating made
with *Cg¢ glucose was successful. The increasing difference be-
tween the commercial (LFP_'?C) and the self-synthesized carbon
coated LFP (LFP_'C) with increasing C-rate can be explained by the
~2-fold lower carbon content (with a concomitant ~15-fold lower
electrical conductivity) and by the ~3-fold lower BET area (and ac-
cordingly larger particle size) of the latter (see Table I). Nevertheless,
for the subsequent experiments on the anodic oxidation rate of the
carbon coating, the electrochemical performance of the LFP_3C is
sufficient.
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Figure 3. Specific discharge capacity vs. C-rate of LFP_uncoated and
LFP_'3C in comparison to commercial LFP_'>C in LP30 electrolyte per-
formed in Swagelok T-cells.

13C-coating oxidation in H,O-free electrolyte.— The anodic oxi-
dation rates of the carbon coating of LFP_'*C in H,O-free and H,O-
containing electrolyte are investigated by OEMS using a linear poten-
tial scan from 3.3 to 5.3 V at 0.05 mV/s. As the goal of this study is to
quantify the anodic oxidation of the '*C-labled carbon coating, we fo-
cus on the evolution of carbon monoxide and carbon dioxide, whereby
13CO, (m/z = 45) and '3CO (m/z = 29) can only derive from the la-
beled carbon coating, as it is the only source of '*C atoms in the system.
12C0O, (m/z = 44) and '>CO (m/z = 28), however, can be produced by
the anodic oxidation of conductive carbon and PVdF binder in the LFP
electrode as well as by the decomposition of the ethylene carbonate-
based electrolyte.”!323* In our recent publication,”> we showed that
PVdF is rather stable against anodic oxidation and does not release
CO or CO,, while the anodic oxidation of the conductive carbon (Su-
per C65) and the electrolyte solvent ethylene carbonate (EC) produces
significant amounts of CO, and CO, resulting in substantial weight
loss especially at elevated temperature and in the presence of water.
Thus, in the following experiments, the anodic decomposition of con-
ductive carbon and ethylene carbonate is monitored by '2CO/'>CO,,
while the anodic decomposition of the '3C-labeled carbon coating can
be tracked exclusively by the formation of *CO/'3COs.

Figure 4 depicts the ion currents, I, normalized by the ** Ar isotope
current, Iz, of 12CO, (m/z = 44), 2CO (m/z = 28), °CO, (m/z = 45),
and *CO (m/z = 29) upon a linear sweep voltammetry (LSV) scan
from 3.3 to 5.3 V vs. Li/Li* in H,O-free 1.5 M LiClO,4 EC electrolyte
(< 20 ppm H,O). The upper panel of the plot (Figure 4a) shows
the normalized ion current signals (Iz/I3¢) derived from the anodic
oxidation of the '*C carbon coating (**CO, and *CO, purple lines) as
well as from the conductive carbon and the ethylene carbonate (‘2CO,
and 2CO, magenta lines) after baseline correction. The middle panel
(Figure 4b) shows the same data after smoothing, correction for mass
fractionation, and conversion into units of [ppm], using a calibration
gas (see Experimental Section for details on mass fractionation and
calibration). The lower panel (Figure 4c) shows the current-potential
curve, mostly reflecting the delithiation of the LFP working-electrode.

In Figures 4a and 4b, '2CO, (dark magenta line), ?CO (light
magenta line), *CO, (dark purple line) and *CO (light purple
line) start to evolve toward the end of the LFP delithiation peak at
~4.75 V. The '3CO/'3CO, signals from the anodic oxidation of the
13C-labeled carbon coating are smaller than the '2CO/'>CO, signals
from conductive carbon and/or electrolyte oxidation, but they serve
as a clear and quantitative proof that the carbon coating on the LFP
particles is oxidized at potentials > 4.75 V in dry electrolyte (< 20
ppm H,0O). When reaching 5.3 V at the end of the oxidative scan, the
concentrations of '2?CO, and '3CO; in the battery head space amount
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Figure 4. Evolution of CO, and CO isotopes as a function of potential for a
LFP_13C working-electrode vs. a metallic lithium counter-electrode in a sealed
two-compartment cell with 500 pl of 1.5 M LiClOy in ethylene carbonate (<
20 ppm H0) in the working-electrode compartment and 160 1 in the counter-
electrode compartment: (a) ion current of the respective isotope I divided by
jon current of the 3°Ar isotope I3¢ after baseline correction, (b) data after
smoothing, correction for mass fractionation, and conversion into units of
[ppm], (c) current-potential curve for the linear sweep voltammogram of the
LFP_13C working-electrode vs. the metallic lithium counter-electrode from
3.3t05.3 Vvs. Li/Li* at 0.05 mV/s.

to 400 ppm and 50 ppm, respectively. The concentrations of the '>?CO
and 3CO isotopes are roughly 2 to 2.5 times lower, amounting to 190
ppm and 20 ppm, respectively. Table II summarizes the CO and CO,
concentrations measured at 5.3 V. The extent of the anodic oxidation of
the carbon coating and its projected life-time during charge/discharge
cycling will be given in the Discussion Section.
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Figure 4c shows the potentiodynamic charging profile of the
LFP_'3C working-electrode. Starting from 3.5 V, a broad LFP_!*C
delithiation peak is obtained, ending at ~4.75 V. The thick high-
loading electrodes used for the OEMS experiments, in combination
with the Lit-ion conductive glass ceramic for separation of the cell
compartments, and the model electrolyte comprised of only EC with
1.5 M LiClOy are likely responsible for the broad LFP signal. The
charge capacity of the self-standing LFP_'3C working-electrode ob-
tained in the LSV scan (see Figure 4c) amounts to 163 mAh/g gp
and is &15% higher than the value obtained under galvanostatic cy-
cling to 4.0 V at 0.1 C (see Figure 3). Compared to the capacity at
a galvanostatic charge/discharge at 0.1 C (see Figure 3), the higher
specific capacities obtained under these potentiodynamic conditions
which also average to a C-rate of ~0.1 C (9.4 h from 3.3 t0 5.0 V) can
most likely be rationalized by the overall much higher overpotential
applied during charge.

13C-coating oxidation in H,O-containing electrolyte.— Figure 5
depicts the evolution of '2CO, (m/z = 44), 2CO (m/z = 28), '3CO,
(m/z = 45) and '3CO (m/z = 29) upon a linear sweep voltammetry
(LSV) scan from 3.3 t0 5.3 V vs. Li/Li* in the 1.5 M LiCIO,4 EC elec-
trolyte containing 4000 ppm H,0. According to Yang et al.>* and our
recent article,? the addition of water to an EC-containing electrolyte
causes a hydrolysis reaction with EC, evidenced by the continuous
and potential-independent formation of '>?CO, (dark magenta line in
Figure 5a). As discussed in our previous work,?? the H,O-driven hy-
drolysis reaction is relatively slow at temperatures < 40°C, but there
is also a faster OH ™ -driven hydrolysis reaction, whereby OH™ is pro-
duced at the lithium counter-electrode from water permeating through
the polymer edge-seal of the Ohara glass (note that our current two-
compartment cell design prevents the mixing of the electrolyte in the
two compartments, but still allows for slow permeation of water vapor
through the edge-seal, as discussed in detail in Reference 22). Both
reactions are potential-independent and start to produce CO, already
during the OCV period. In Figure 5a (raw data), the OH™-driven hy-
drolysis of EC can be seen as a continuously increasing '2CO, signal,
that is independent of the current-potential profile (Figure 5c), and
that was not observed for the dry electrolyte. In the following, any
hydrolysis-related contributions to the CO/CO, signals are subtracted
as background (see gray line in Figure 5a), such that Figure 5b only
shows the evolution of CO, and CO coming from the anodic oxidation
reactions.

For the H,O-containing electrolyte, the '2CO,/'?CO and
13C0,/"3CO signals start to evolve already at a potential of ~4.5 V (see
Figure 5b), which is ~250 mV lower than without water (compare
Figure 4b). Comparing first the total anodic oxidation of the *C-
labeled carbon coating ('*CO, + '3CO) at the positive potential limit
of 5.3 V with that of the conductive carbon and ethylene carbonate
("2CO, + '2CO0), the enhancement produced by the addition of 4000
ppm H,O is ~4-fold in both cases (see Table II). While this suggests
a similar water-induced enhancement of the anodic oxidation rates of
the carbon coating, the conductive carbon, and the ethylene carbonate,
it is interesting to note that the CO,/CO ratio remains roughly constant
for the '3C-labeled carbon coating (*2.5/1), while it increases in the
presence of 4000 ppm H, O from ~2/1 to ~6/1 for the '>C compounds
(conductive carbon and ethylene carbonate). The likely reason for this
observation will be given in the Discussion Section.

Table II. Concentration of CO; and CO derived from the anodic oxidation of conductive carbon/electrolyte ('2CO,, 12CO) and carbon coating
(13C0,, BCO) after the LSV scan to 5.3 V vs. Li/Lit* using dry and 4000 ppm H,O-containing electrolyte based on 1.5 M LiClOy4 in EC (data
from Figures 4b and 5b).

From carbon/electrolyte oxidation From carbon coating oxidation

12CO; [ppm] 12CO [ppm] 12CO + 2CO; [ppm] 13CO; [ppm] 13CO [ppm] 13CO + 1CO; [ppm]

< 20 ppm H,0 400 190 590 50 20 70
4000 ppm H,O 2130 350 2480 210 80 290

H,O content
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Figure 5. Evolution of CO, and CO isotopes as a function of potential for a
LFP_!3C working-electrode vs. a metallic lithium counter-electrode in a sealed
two-compartment cell with 500 pl of 1.5 M LiClO4 EC electrolyte containing
4000 ppm H,O in the working-electrode compartment and 160 pl dry elec-
trolyte in the counter-electrode compartment: (a) ion current of the respective
isotope I divided by ion current of the 3®Ar isotope I35 with EC-hydrolysis
based contribution in gray, (b) data after smoothing, subtraction of the EC-
hydrolysis contribution, correction for mass fractionation, and conversion into
units of [ppm], (c) current-potential curve for the linear sweep voltammogram
of the LFP_13C working-electrode vs. the metallic lithium counter-electrode
from 3.3 t0 5.3 V vs. Li/Li* at 0.05 mV/s.

The very broad LFP delithiation trace observed in dry electrolyte
(see Figure 4c) is somewhat sharper in the H,O-containing electrolyte
(see Figure 5c), with the LFP delithiation process completed at a
potential of 24.5 V. The origin of this phenomenon is not clear at this
point.

Discussion

Ethylene carbonate anodic decomposition mechanism.— Based
on mostly FTIR and NMR experiments as well as mass spectrometry,
Moshkovich et al.3! proposed a large number of parallel pathways
for the electrochemical decomposition of EC at high potential, lead-
ing to CO, and CO gas formation. At the same time, Zhang et al.**
presented ab-initio calculations, which proposed a thermodynami-
cally favorable pathway for CO, evolution upon the anodic oxidation
of EC. In a later, more detailed ab-initio computational study, Xing
et al.3? evaluated several feasible pathways for CO, and CO evolu-
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Scheme 1. Proposed mechanism for the anodic decomposition of ethylene
carbonate to CO, and CO. Path 1 is favored in the presence of water, since
its leaving group is stabilized by the nucleophilic attack of water eventually
forming ethylene glycol.

tion during EC electrooxidation. Both computational studies show the
same energetically most favorable initial scission of the EC molecule
after electron subtraction (oxidation), resulting in the ring-opened in-
termediate depicted in Scheme 1. From this point on, two different
reaction pathways leading to CO, release (as observed by OEMS; see
Figures 4 and 5) are thought to be prevalent: (i) path 1 (see Scheme 1),
which according to Xing et al.* is energetically most favorable, re-
sults in the formation of a *O-CH,-CH,™" leaving group upon CO,
formation; (ii) path 2, where according to Zhang et al.** CO, removal
occurs simultaneously with an H-transfer, leading to **O=CH-CHj
as the most likely leaving group. While Zhang et al.** do not report
on a pathway leading to CO formation, Xing et al.3? propose another,
compared to CO, formation (i.e., path 1) energetically less favorable
pathway, which can lead to CO release via the formation of formalde-
hyde and T*O=CH, (see path 3 in Scheme 1).3?> Unfortunately, since
the '2C0O,/"?CO ratio in our experiments is determined by the anodic
oxidation of both EC and conductive carbon (Super C65), the data in
Table II and in Figure 4 does not allow to quantify the CO,/CO ratio
exclusively due to the anodic oxidation of EC. However, in our pre-
vious study using '*C-labeled EC, the CO,/CO ratio observed upon
the anodic oxidation of EC with < 20 ppm H,O at 25°C is ~6/1,
consistent with the above conclusions by Zhang et al.>*

Interestingly, Figure 5b and Table II show that in the presence of
4000 ppm H,O much less '>CO is evolved than '2CO,, which might
suggest that the presence of water favors one of the two depicted CO,
formation pathways. Again, an unambiguous determination is only
possible from our previous experiments with '*C-labeled EC, where
the CO,/CO ratio from the anodic oxidation of EC with 4000 ppm
H,O0 at 25°C was found to be ~212/1.2> As depicted in Scheme 1, we
believe that the presence of water, i.e. OH™ and H™, in the oxidative
environment of the polarized carbon electrode, favors reaction path 1,
since it stabilizes the *O-CH,-CH,™" leaving group by the formation
of *O-CH,-CH,-OH and H*. Under the abstraction of an H* radical,
e.g. from water or EC (generalized as R-H in Scheme 1), the obtained
*0-CH,-CH,-OH leaving group could be stabilized yielding ethylene
glycol and R°*. Further, the generated R® radicals might attack EC
molecules leading to polymers, which could eventually passivate the
electrode surface.3! The reaction paths 2 and 3 are less likely to be
favored by the presence of water, since their leaving groups do not
offer any -CH,* groups for the nucleophilic attack of water.
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Carbon coating anodic oxidation mechanism.— Based on evi-
dence from fuel cell literature?®?! and from our recent work on the
anodic oxidation of conductive carbon,?? the expected oxidation reac-
tions of carbon in the presence of water are summarized in Equations 1
and 2:

C +2H,0 — CO; 1 +4H" +4de” [1]

C +H,0 — CO 4 +2H" 4 2e~ 2]

In the H,O-free electrolyte, 50 ppm of '*CO, and 20 ppm of *CO can
be detected at the end of the LSV procedure (see Table II), with an
onset of gas evolution at 4.75 V (see Figure 4b). As '3CO, and '*CO
isotopes can only originate from the '*C-labeled carbon coating of
LFP_'3C, it evidences that the anodic oxidation of the carbon coating
even plays a role in electrolyte with very low water content (< 20 ppm
H,0). The '3CO,/"*CO molar ratio is ~2.5/1, indicating a preference
for the complete oxidation of carbon to CO, according to Reaction
1. Based on a mass balance, the amount of water in the electrolyte
equates to ~5.6 - 1077 mol (500 pl electrolyte or ~0.5 g with 20 ppm
H,0), while the total amount of evolved '*CO, (50 ppm, see Table
1) and ¥*CO (20 ppm, see Table II) equate to 0.18-10~7 mol and
0.07 - 107 mol, respectively (based on 8.5 ml cell volume and 25°C).
Therefore, despite its low concentration, there is a sufficient amount of
water in the electrolyte for the anodic oxidation of the carbon coating
to occur according to Reactions 1 and 2. On the other hand, in our
previous study on the anodic oxidation of conductive carbon (Super
C65) between 10 and 60°C in the same electrolyte (except that the
EC was "3C-labeled),” the amount of CO, (810 ppm = 2.9-1077
mol) and CO (310 ppm = 1.1 - 107 mol) which was evolved at 60°C
(see Table II in Reference 22) would require 6.9 - 10~7 mol H,O if
formed via Reactions 1 and 2, which is much larger than the maximum
amount of ~2.7- 1077 mol H,O which was introduced through the
electrolyte (240 ul electrolyte or ~0.24 g with 20 ppm H,0). This
discrepancy suggests that either Reactions 1 and 2 are not the correct
mechanisms for the anodic oxidation of carbon or that water must
be produced “in situ” through the anodic oxidation of EC. The latter
is rather likely, since it is generally believed that water is one of the
anodic oxidation products of alkyl carbonates at potentials above 4.6
to 4.9 V.3>3 That this is indeed the case will be shown in the next
section.

In the presence of 4000 ppm H,O, the onset of '3CO,/'3CO evo-
lution moves negatively by ~0.25 V to 4.5 V (see Figure 5b), again
consistent with what one would expect based on Reactions 1 and 2. As
in the case of electrolyte with < 20 ppm H,0, the *CO,/'3CO molar
ratio is &2.5/1, as was also observed in our previous study with 4000
ppm H,O for Super C65 carbon.?? That the anodic oxidation of carbon
might follow the same mechanism in electrolytes with < 20 ppm and
with 4000 ppm H, O is indicated by the very similar apparent activation
energy which we observed in our previous study (65 kJ/mol vs. ~54
kJ/mol for carbon in dry and 4000 ppm H,O-containing electrolyte).??
The observed similar apparent activation energies with and without
water are thus another indication that in situ produced water might
largely be responsible for the anodic oxidation of carbon, a hypothesis
which will be examined in the following.

Formation of water by anodic decomposition of ethylene
carbonate.— In the following, we will investigate the possible in situ
formation of water as side-product during the anodic oxidation of
ethylene carbonate. The difficulty in this endeavor is, that if water
were produced at high potentials by the anodic oxidation of elec-
trolyte, it might itself be oxidized (H,O — 0.50, + 2H* + 2¢7),22
forming highly reactive nascent oxygen which is likely to react be-
fore it can escape into the gas phase for mass spectrometric detection.
For this reason, it is necessary to devise an in situ water detection
probe, which has a sufficiently long life-time to escape into the gas
phase for mass spectrometric detection. Our approach is thus based
on the high reactivity between H,O and PFs, present in LiPFs-based
electrolytes,”” and forming gaseous POF;, which was shown to be
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Figure 6. (a) Evolution of m/z = 104, 85, 69, 50, 47 and 88 as a function
of potential for a SS mesh working-electrode vs. a metallic lithium counter-
electrode with 500 pl of 1.5 M LiPFg in EC as electrolyte (< 20 ppm H,0)
in the working-electrode compartment and 160 pl in the counter-electrode
compartment of the two-compartment cell, (b) corresponding current-potential
curve for the linear potential sweep of the SS mesh working-electrode vs. the
metallic lithium counter-electrode from 3.3 to 5.3 V vs. Li/Li* at 0.05 mV/s.

stable in EC-based electrolytes:
LiPFg — LiF + PFs [3]

H,O + PFs — 2HF + POF; 1 [4]

The occurrence of the above two reactions has also been confirmed
in a recent study.*® Based on these considerations, it should be pos-
sible to detect the formation of water in LiPF4 based electrolytes by
monitoring the evolution of POF;, whose mass spectrometric fraction-
ation pattern (m/z [%signal]) is: 104 [100%], 85 [80%], 69 [20%], 50
[< 10%],47 [< 10%], 88 [< 5%].** This concept was tested using the
sealed two-compartment cell with a 316L stainless steel (SS) mesh as
working-electrode (diameter 21 mm, wire diameter 0.22 mm, open-
ings 1.0 mm, Sporl KG, Germany), glass fiber separators, a metallic
lithium counter-electrode, and EC with 1.5 M LiPFg as electrolyte
(< 20 ppm H,O as determined by Karl-Fischer titration).

Figure 6a shows the evolution of the POF;-related m/z-channels
upon a LSV scan from 3.3 to 5.3 V (see Figure 6b for current-potential
curve). Starting from ~4.75 V, the same potential as for the carbon
coating oxidation without water (see Figure 4b), the traces of m/z
=104, 85, 69, 50, 47 and 88 start to increase. At 5.3 V, the signal of
m/z = 85 reaches an Igs/I35 value of 1.5 - 1073, whereas the signal of
m/z = 69 shows a three times lower Igo/I5¢ value of 0.5 - 104, reason-
ably consistent with the above POF; fractionation pattern. Similarly
consistent with the POF; fractionation pattern is the ~2-fold lower
I50/13¢ and 147/156 value and the ~4-fold lower Igg/I3¢ value compared
to the Igo/I36 value. On the other hand, the signal of m/z = 104 did not
show a higher signal intensity than m/z = 85, as one would expect
from the above POF; fractionation pattern. Since m/z = 104 corre-
sponds to the singly ionized non-fragmented POF; (M = 104 g/mol),
its lower than expected ion current is most probably related to the
fact that our mass spectrometer is thermostated at ~100°C, which
would be expected to destabilize the singly ionized non-fragmented
POF;. Thus, we believe that the m/z-signals shown in Figure 6a are
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Table ITI. Anodic oxidation rates of the carbon coating based on the sum of the 13CO, and 13CO evolution rates at 4.8 and 5.0 V vs. Li/Li* and
expressed in terms of: (i) measured rate in [ppm(co,+co)/hl; (ii) molar rate in [molc/s]; and, (iii) BET carbon surface area-normalized rate in
[molc/(s - m?¢]. The second to last column shows the projected weight loss of the carbon coating in [wt% /100 h]. All values were determined
for dry electrolyte (< 20 ppm H,0) and electrolyte containing 4000 ppm H,O at 25°C. For comparison, the same quantities are given for the
conductive carbon Super C65, calculated from data taken from Reference 22.

Anodic oxidation rate based on sum of 3CO, + 13CO

measured rate molar rate projected mass loss BET-based rate

H, O content [ppm(co,+co)/h] [molc¢/s] [wt%c/100 h] [molc/(s - m2¢)]
carbon coating at 4.8 V
< 20 ppm H,O 18 0.17-10~1 ~4 0.14.10710
4000 ppm H,O 67 0.65-10~1 ~15 0.54-10710
carbon coating at 5.0 V
< 20 ppm H,O 36 0.35-1071 ~8 0.29-10710
4000 ppm H,O 89 0.86-10~1 ~20 0.72-10710
Super C65 at 5.0 V
< 20 ppm H,0 35 0.34-1071 ~1 02810710
4000 ppm H,O 265 2.6-10711 ~6 22-.10710

indeed due to POF;. The only other signals detected were m/z = 44
and 28, due to CO, and CO formation from electrolyte oxidation, and
m/z = 19, which is most likely related to the formation of HF via
Equation 4.3 The measurement was reproduced with Celgard C480
separator instead of glass fiber separator and the same results were
obtained (data not shown), so that any contribution of SiO, from the
glass fiber separator can be excluded. In summary, POF; can serve as
an in situ probe for the formation of water from the decomposition of
alkyl carbonate electrolytes at high-voltage, whenever LiPFg is used as
salt.

In a previous publication by our group,** we studied the anodic de-
composition of trimethylboroxine (TMB), which is a known additive
for improving the performance of LiCoPO,4. Our OEMS results sug-
gested that TMB decomposes at potentials > 4.5 V, producing large
amounts of BF3, POF;, and CO, as well as H,O and H,. In the course
of the TMB study, we already rationalized our observed formation of
POF; by means of Equation 4, without, however, emphasizing that
POF; is a useful marker for the onset and extent of water formation.

Projected weight loss of carbon coating in high-voltage
cathodes.— In the light of the above results for the anodic oxida-
tion of the carbon coating on LFP particles, the stability of carbon
coated high-voltage materials like LiCoPO, operating between 4.8
and 5.0 V vs. Li/Li* can be dramatic. Since the anodic oxidation
product of carbon will be either CO, or CO, the sum of the '3CO, and
13CO evolution rates at any given potential will be a quantitative mea-
sure of the carbon oxidation rate under these conditions. The '*CO,
and '3CO evolution rates at a given potential can be determined from
the slope of the gas concentration vs. potential in Figures 4b and 5b,
and their values in terms of the total >*CO, + '*CO evolution rates
in units of [ppmco,+co/h] are shown in Table III (2™ column) for 4.8
and 5.0 V, based on a linear regression fit at 4.8 V £ 25 mV and
5.0 V £ 25 mV and considering the scan rate of 0.05 mV/s. The so
obtained anodic oxidation rate of the carbon coating at each potential
increases by a factor of ~3 when increasing the water content from
< 20 ppm to 4000 ppm, consistent with Reactions 1 and 2 and similar
to what would be expected on the basis of Table II.

In order to project the carbon coating loss over time, we first convert
the measured anodic oxidation rate into a molar carbon oxidation rate
in units of [molc/s] (see 3™ column in Table III), using the volume
of the employed cell (viz., 8.5 ml, corresponding to 3.5 - 10™* molg,,
at 25°C and 1 bar). Multiplying the molar carbon oxidation rate by
the molecular weight of *C carbon (13 g/mol) and normalizing the
obtained mass-based carbon oxidation rate by the total mass of carbon
coating in the cell (0.2 mg, based on 15 mg;gp/cm? - 1.33 cm? = 20
mgrp With a 1 wt% carbon coating according to Table I), one can
project the mass loss of the carbon coating over a 100 h hold time
at either 4.8 or 5.0 V (in units of [wt%¢/100 h], see 4™ column of

Table III). Based on these projections, the weight loss of a carbon
coating on a high-voltage cathode material operating at 4.8 V in H,O-
free electrolyte (< 20 ppm H,O) would amount to ~4 wt% over
100 h or ~20 wt% over 500 h. This should result in a substantial
loss of electrical conductivity between the primary particles of the
active material and the conductive carbon additives, and is likely
to negatively affect the long-term rate capability, i.e., the long-term
performance particularly at high C-rates. At the higher voltage of 5.0
V, the projected rate of weight loss of the carbon coating doubles,
amounting to ~8 wt% over 100 h (see 4" column of Table III) or ~40
wt% over 500 h. Therefore, our analysis suggests that carbon coatings
on high-voltage cathode materials are probably not sufficiently stable
against anodic oxidation even in nominally dry electrolytes.

The above projected weight loss of the carbon coating is of course
specific to the actually used cathode material (i.e., to LFP_'3C in our
study). However, considering that the oxidation rate for the same type
of carbon coating should be proportional to the exposed surface area,
the weight loss is expected to be proportional to the specific surface
area (i.e., the BET area) of the active material (6 m?/g for LFP_"3C, see
Table I) onto which the coating is applied. In addition, the projected
weight loss will be inversely proportional to the carbon content (1
wt% for LFP_'3C, see Table I). Thus, the projected carbon coating
weight loss rate obtained in this study (rexp, [Wt%/100 h], second to
last column in Table III) can be used to estimate the carbon coating
weight loss rate (Ic.coaing) for carbon coatings on any high-voltage
cathode material:

Te-coating [Wt%0/100h] = rex, [Wt%/100h] - (x [m?/g] /6 [m*/g])
- (1 [wt%)] [y [wt%]) [5]

where x refers to the specific surface area of the high-voltage cathode
material and y refers to the wt% of the applied carbon coating. For
example, if one were to consider an active material with a BET area
of 0.8 m?/g and a carbon coating at a level of 2.5 wt% carbon, the
projected weight loss rate at 4.8 V in electrolyte with < 20 ppm H,O
would be ~0.2 wt% over 100 h, i.e., 20-fold lower than the 4 wt%
listed in Table III for our LFP_'3C. This suggests that a carbon coating
on a high-voltage cathode material might have acceptable long-term
stability, as long as its specific surface area is very low. This, however,
is unlikely possible for high-voltage phospho-olivines like LCP, which
typically require rather high specific surface areas.

A last open question is to what extent the anodic carbon oxidation
rates depends on the type of carbon. Based on the fuel cell literature,
one would expect that the carbon oxidation rate depends mostly on
the exposed carbon surface area and very little on the specific type
of carbon.*! In this case, the BET surface area-normalized carbon
oxidation rate in units of [molc/(s - m?c)] would be the intrinsic rate
expression, which is obtained by dividing the molar rate (in units of
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[molc/s], see Table III) by the exposed carbon surface area. In this
study, the carbon surface area in the cell is 0.12 m? (viz., 0.2 mg car-
bon coating on 20 mg LFP at a specific surface area of 6 m?/g; the tacit
assumption of a homogeneous carbon coating is supported by our Ra-
man data), from which the BET-normalized anodic oxidation rate can
be calculated (see last column in Table III). Its value of 0.29 - 10710
[molc/(s - m?c)] at 5.0 V in electrolyte with < 20 ppm H,O is in ex-
cellent agreement with that obtained under identical conditions for
the commonly used conductive carbon, Super C65 (68 m?¢/g) which
we had determined in our recent work®? (see last column in Table III).
The fact that our carbon coating and Super C65 seem to have a sim-
ilar stability against anodic oxidation, is further supported by Raman
spectroscopy, where they show a similar degree of graphitization (data
not shown). The cause for the ~3-fold difference in the presence of
4000 ppm H,O is unfortunately not clear at this point.

Conclusions

In this work, we synthesized LiFePO, (LFP) with an isotopically
labeled '*C carbon coating as a model compound to quantify the
anodic oxidation of a carbon coating at high-voltage by measuring
the evolution of *CO, and *CO via On-line Electrochemical Mass
Spectrometry (OEMS). It was shown that the addition of 4000 ppm
H,0 to a model electrolyte comprised of ethylene carbonate and 1.5
M LiClQy, significantly enhances the carbon coating oxidation. At
a potential of 4.8 V, corresponding to the operating voltage of high-
voltage cathode materials like LiCoPO, (LCP), the anodic oxidation
of a carbon coating in dry electrolyte would lead to a loss of ~4 wt%
over 100 h, while 4000 ppm H,O in the electrolyte would increase the
carbon coating loss to ~15 wt% over 100 h.

Furthermore, we could show that the anodic decomposition of
ethylene carbonate (EC) at potential > 4.75 V leads to the generation
of water, which we evidenced by the formation of gaseous POF;,
formed by the reaction of LiPF¢ with in situ produced H,O. Our data
suggest that a carbon coating on high-voltage cathode materials will
not have sufficient long-term stability in EC-containing electrolytes,
since a significant fraction of the carbon coating will be oxidized,
especially at potentials > 4.75 V where carbon oxidation is trig-
gered by in situ produced water. Generally, the formation of water at
high potentials needs to be considered for understanding the capacity
fade of high-voltage cathode materials. Both, the HF formation in F-
containing electrolyte and the loss of electrical conductivity due to car-
bon coating oxidation are detrimental for long-term cycling stability.
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