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As we push the boundaries of state-of-the-art lithium-ion intercalation materials, such as nickel-rich

chemistries, the ability to isolate and understand specific degradation and performance limitations is

becoming increasingly important. Half-cells, wherein lithium metal is employed as a dual counter and

reference electrode, are commonly used in industry and academia for this purpose. However, the high

reactivity of lithium metal drives premature electrolyte degradation and limits cell lifetime, bringing into

question the reliability and validity of this cell configuration. Here we explore the limitations of half-cell

studies of LiNi0.8Mn0.1Co0.1O2 (NMC811) electrodes with commercially relevant loading. We identify the

failure mechanism of this cell configuration through a combination of electrochemical, chemical, and

spectroscopic techniques and show that the Li has a direct detrimental impact on the NMC811

chemistry. Our measurements show that vinylene carbonate is critical for these half-cell studies and

underpins the cycle limits. Furthermore, we demonstrate the use of Li4Ti5O12 (LTO) as an alternative

counter electrode for understanding the performance of NMC positive electrode materials, due to its

high coulombic efficiency and low reactivity with the organic carbonates routinely employed in lithium-

ion battery cell chemistries. These data confirm that NMC811 electrodes can tolerate high voltages

(stressed) conditions and that cell failure is mainly a result of crossover effects.
Introduction

The current state-of-the-art material classes of nickel-rich
positive electrodes are now the standard in automotive
commercial cells, typically accommodating a nickel-content of
60% or higher in modern electric vehicles (EVs).1–3 Early auto-
motive positive electrodes combined equal molar proportions
of nickel, manganese, and cobalt, creating the NMC111
(LiNi0.33Mn0.33Co0.33O2) chemistry that provides a capacity
performance comparable to that of the ubiquitous lithium
cobalt oxide (LCO), with signicant reduction of raw materials
cost.4–6 The subsequent push towards high-nickel content was
driven by the desire to further increase energy density, while
simultaneously limiting raw material cost and reducing cobalt
content, a mineral oen tarnished by its poor environmental,
social and governance record.7,8 The volumetric energy density
of subsequent NMC materials, NMC622 (ca. 2600 W h L−1) and
NMC811 (ca. 3600 W h L−1), have made them the standard for
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current and future automotive applications, with EV cell
manufacturers beginning to implement NMC811+ chemistries
in their most recent battery packs.9–11 This marked increase in
capacity performance comes at the cost of increased reactivity of
the electrode surface, with Ni4+ ions that are formed upon high
delithiation of these materials reacting aggressively with the
electrolyte components to form a highly resistive cathode elec-
trolyte interphase (CEI).12–14 Furthermore, this electrode–elec-
trolyte interfacial instability results in crosstalk between the
positive and negative electrode, where the formation of acidic
species, dissolution of Ni, Mn, and Co ions, and crossover of
electrolyte degradation products catalyse further interphase
and electrolyte degradation that limit the capacity of the
cell.15–21 This detrimental relationship between increasing
nickel content, solid electrolyte interphase (SEI) stability, and
capacity fade highlights the need to isolate the positive elec-
trode chemistry and its long-term performance.

The use of half-cells – wherein the electrode of interest is
paired with a lithium metal counter electrode – is a common
approach in industry and academia for isolated electrochemical
analysis of positive electrode materials, with the intrinsically
stable reference potential and high specic capacity of lithium
metal (3860 mA h g−1) providing an effectively innite reservoir
of lithium ions with minimal impact on the electrochemical
response.22–24 However, the high reactivity of lithiummetal with
organic carbonates brings into question the reliability of the
results produced in these cells, with indiscriminate degradation
of the electrolyte components resulting in premature cell death
This journal is © The Royal Society of Chemistry 2023
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and increased rate of cell failure compared to a full-cell
conguration.25–27 Current industry standard lithium-ion
battery electrolyte solutions are composed of a lithium hexa-
uorophosphate (LiPF6) salt dissolved in a mixture of cyclic and
linear carbonates, normally ethylene carbonate (EC) in combi-
nation with one or more linear carbonates: diethyl carbonate
(DEC), dimethyl carbonate (DMC), and ethyl methyl carbonate
(EMC), all of which undergo reductive decomposition on the
surface of lithium metal.28–30 This base electrolyte composition
is oen supported by the addition of 2–8 wt% additives with the
specic purpose of improving the composition and character-
istics of the SEI at the negative electrode.31–34 While the eld is
aware of these difficulties, the specic limits and implications
on resulting data sets in nickel-rich cells, where performance is
increasingly dominated by electrode cross-talk, is not well
quantied and no accepted alternative is available.

Here we explore the validity of Li-NMC811 half-cell studies
using a commercially relevant electrode loading (16.9 mg cm−2,
ca. 3.19 mA h cm−2) and electrolyte composition at 40 °C. We
determine the limitations of cell cycling and identify the failure
mechanisms of these cells. Vinylene carbonate (VC) is examined
as the electrolyte additive due to its standard use in commercial
NMC811 cell.10 Time-resolved gas chromatography mass spec-
trometry (GC-MS), nuclear magnetic resonance (NMR) spec-
troscopy and electrochemical impedance spectroscopy (EIS) are
used to understand the rate of additive consumption and elec-
trolyte degradation. We identify key stages and mechanisms of
electrolyte degradation in Li-NMC811 half-cells, and gain
insight into the critical cell failure mechanisms. The state of
electrode health is explored through cell disassembly, extract-
ing the cycled electrodes and then reconstituting them with
a fresh counter electrode and electrolyte. Finally, we demon-
strate the use of Li4Ti5O12 (LTO) as a superior counter electrode
that overcomes the shortfall of lithium metal. We show that the
high chemical and electrochemical stability of LTO to tradi-
tional electrolyte solutionsmake it an ideal partner electrode for
the long-term isolated study of the electrochemical perfor-
mance of high-nickel electrode chemistries and there electrolyte
formulations.

Results and discussion
Half-cell cycling and the role of VC

The long-term half-cell cycling performance of NMC811 at
40 °C was studied using LP57 (1 M LiPF6 in EC : EMC 3 : 7 v/v)
as the electrolyte, being employed both in its base composi-
tion, with no electrolyte additive, and with the addition of
2 wt% VC additive. High loading cells (16.9 mg cm−2, ca.
3.19 mA h cm−2) were used to better replicate commercial
conditions, which are expected to exacerbate degradation, in
contrast to lower loading cells, where important degradation
processes may go unobserved. Cycling studies were per-
formed across two operational potential windows: (1) 3.0–
4.2 V, referred to as ‘standard’ conditions, and (2) 3.0–4.4 V,
referred to as a ‘stressed’ condition, wherein the positive
electrode is polarised ∼0.2 V past the standard upper cut-off
voltage (UCV) into a region where NMC degradation, oxygen
This journal is © The Royal Society of Chemistry 2023
loss, oxidation of electrolyte solvent and the VC additive, and
increased electrode crosstalk is expected.35–37 This represents
a standard electrolyte formulation for this battery chemistry.
All cells were initially cycled between 3.0 and 4.2 V at a rate of
C/20 for 2 cycles, providing opportunity for CEI and SEI
formation prior to the application of more aggressive cycling
conditions. Subsequent cycling was performed at a rate of C/
2. Fig. 1 shows a typical example of the capacity performance
of these cells accompanied by snapshots of the charge and
discharge proles. Fig. 1A–D show the voltage proles of Li-
NMC811 half-cells at cycling intervals of the 1st C/20 cycle
and subsequent 5th, 40th, 50th, 60th, and 100th cycles at C/2.
When cycled to an UCV of 4.2 V, all cells exhibited cycling
proles consistent with those previously published.38–40 Upon
extension of the UCV to 4.4 V, a further capacity region
providing an initial capacity increase of ca. 40 mA h gNMC

−1 is
accessed.

When cycling Li-NMC811 half-cells containing 2 wt% VC,
an initial discharge capacity of ca. 187 mA h gNMC

−1 is
observed during the initial two C/20 SEI formation cycles,
Fig. 1E. Upon initiation of C/2 cycling, discharge capacities of
154.9 and 201.5 mA h gNMC

−1 were observed for the standard
(4.2 V UCV) and stressed (4.4 UCV) cells, respectively. Across
the rst 50 C/2 cycles, both cells show a high coulombic
efficiency, with an average of 99.93% and 99.65% for the
standard and stressed cells, respectively. This performance is
consistent with the reversible capacity expected for NMC811
electrodes, and high degree of reproducibility is found across
multiple cells ran under these conditions, Fig. S1 and S2† (ref.
37). Aer 50 cycles, a deviation in the coulombic efficiency for
both the standard and stressed cells is observed. This drop in
coulombic efficiency is indicative of a deviation from the
desired intercalation/deintercalation reactions and indicates
the onset of irreversible side reactions.41,42 For both the
standard and the stressed cells, the coulombic efficiency
continues to decline, and rapid capacity fade is observed. It is
important to note that additional side reactions simulta-
neously occur on the lithium metal-electrolyte interface,
forming degradation species that can crossover from the Li
electrode to the positive electrode where they will be oxidised.
These reactions may impact the coulombic efficiency,
however, they will not contribute to loss of lithium inventory
due to the excess capacity of the lithium metal electrode
causing these reactions to go largely undetected in a half-cell
conguration.43 This drop in coulombic efficiency and rapid
capacity fade aer 50 cycles is not observed in Gr-NMC811
full-cells cycled with the same cell format to an UCV of
4.2 V, where an average coulombic efficiency >99.9% was
recorded over the rst 100 C/2 cycles, Fig. S3.†However, when
Gr-NMC811 cells are cycled to an UCV of 4.4 V, poor
coulombic efficiency and onset of capacity fade are observed
throughout the entirety of cycling, attributed to increased
electrode crosstalk, Fig. S3,† highlighting the importance of
half-cell studies to isolate positive electrode performance.44–46

Fig. 1F examines the performance of Li-NMC811 half-cells
with no VC present in the electrolyte composition, wherein
initial C/2 discharge capacities of 148.2 and 195.0 mA h gNMC

−1
J. Mater. Chem. A, 2023, 11, 18302–18312 | 18303
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Fig. 1 Comparison of the cycling performance of Li-NMC811 half-cells cycled at 40 °C with an LP57 electrolyte (1 M LiPF6 in EC : EMC 3 : 7 v/v)
with and without VC under standard (3.0–4.2 V vs. Li+/Li, green) and stressed (3.0–4.4 V vs. Li+/Li, red) conditions (A–D). Charge and discharge
profiles of the initial C/20 SEI formation cycle and the subsequent 5th, 40th, 50th, 60th and 100th cycles carried out at C/2 (E and F). Charge and
discharge capacities (circles) and cycle coulombic efficiency (triangles) of the first 100 cycles of (E) with 2 wt% VC additive, and (F) with no
additive.
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were observed for the standard and stressed cells respectively,
comparable to those with VC present. However, the coulombic
efficiency of these cells was immediately poor, and no capacity
stabilisation is observed. The average coulombic efficiency over
the rst 50 cycles was 96.3% and 96.0% for the standard and
stressed cells, respectively. We note that the cell format, rate
and UCV will alter the failure rate. However, measurements in
a coin cell format also show a similar effect conrming it as
a general problem (Fig. S4†). This data conrms that VC plays
a critical role in supporting capacity retention in cells contain-
ing lithium metal. Moreover, even when VC is present, the
performance deviates from that expected for Gr-NMC811 full-
cells aer only 50 cycles, bringing into question the validity of
lithiummetal as a suitable counter electrode in these electrolyte
compositions, Fig. S3.†
18304 | J. Mater. Chem. A, 2023, 11, 18302–18312
Electrolyte degradation and the fate of VC

To understand the role that VC plays in delaying the failure of
Li-NMC811 cells, GC-MS and NMR spectroscopy were employed
to periodically track the consumption of electrolyte species and
the resultant formation of degradation products. Fig. 2A shows
the GC-MS chromatograms of the extracted electrolyte solution
from a cell aer 50 and 100 cycles at C/2 to UCVs of both 4.2 and
4.4 V. Electrolyte solution was also extracted from cells rested at
OCV for 80 h, the time taken for formation cycling, and analysed
as a control. Retention time windows for the organic electrolyte
species (EC, EMC, VC) and the most prominent electrolyte
degradation species (DEC) are highlighted, with peak assign-
ments conrmed by MS, Fig. S5.† Fig. 2B explores the formation
of DEC, commonly reported in literature alongside DMC as the
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Analysis of the composition of post-cycled electrolyte solution from Li-NMC811 half-cells by gas chromatography mass spectrometry
(GC-MS). Cell contained LP57 electrolyte (1 M LiPF6 in EC : EMC 3 : 7 v/v) with 2 wt% VC additive and were cycled at 40 °C under standard (3.0–
4.2 V vs. Li+/Li) or stressed (3.0–4.4 V vs. Li+/Li) conditions. GC-MS traces show (A) full measurement retention window with identified primary
peak windows. (B) Retention time window for the DEC region, showing no significant DEC peak until the 100-cycle analysis under both standard
and stressed conditions. (C) Retention time window for the VC region, showing the count intensity after an 80 h OCV period (black), 50 cycles
(blue) and 100 cycles (purple) under standard cycling conditions, and 50 cycles (orange) and 100 cycles (red) under stressed conditions.
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product of the transesterication of EMC through reaction at
the negative electrode.26,47–49 DEC is a common electrolyte
solvent used in lithium-ion battery cell chemistries and is not
intrinsically detrimental to cell performance,50,51 but here DEC
formation is used as an indicator of the onset of broader elec-
trolyte degradation. Aer 50 cycles no signicant DEC peak is
observed, signalling limited electrolyte degradation up to this
point and consistent with the stable cycling of these cells,
Fig. 2B.26,47–49 Close inspection of the chromatograms of the
extracted electrolyte aer 50 cycles reveal that VC is still present
in both standard and stressed cells, albeit in low concentration,
Fig. 2C. The area of these peaks is <1% of the original VC peak
intensity, suggesting that VC will be totally consumed shortly
aer this observation point. Aer 100 cycles VC is completely
gone, and the area of the DEC peak is now comparable to that of
the EMC peak, indicating that signicant trans-esterication of
EMC takes place within this 50–100 cycle window when no VC
remains.

The NMR spectra of the extracted electrolytes are in good
agreement with the observations made through analysis of the
GC-MS chromatograms, Fig. 3A. The characteristic peak for VC
is labelled in the NMR spectrum of the cell rested at OCV for
80 h, with the remaining major peaks in these spectra being
characteristic of EC and EMC. Fig. 3B and C examine the VC
region of the NMR spectra in greater depth where, although
close to the limit of detection of this analytical technique, VC
can be identied as still present in the extracted electrolyte
solution aer 50 cycles. Furthermore, Fig. 3B shows that aer 50
cycles the quartet peak characteristic of EMC remains well
resolved, indicating no signicant quantity of DEC has been
formed. Aer 100 cycles, however, no VC is detected in the NMR
spectra and overlapping quartet peaks of both EMC and DEC
are observed. The formation of DEC is accompanied by
This journal is © The Royal Society of Chemistry 2023
additional peaks in both the GC-MS chromatograms and the
NMR spectra, Fig. S6,† indicating a correlation between VC
consumption, DEC observation, and the onset of bulk electro-
lyte degradation. This observation is further reinforced by the
immediate observation of DEC formation in the cell cycled with
no VC additive, Fig. S7.† The good agreement between the GC-
MS and NMR data demonstrates that VC is preferentially
degraded on the surface of the lithium metal electrode which
mitigates bulk electrolyte degradation resulting in reproducible
capacity performance of Li-based half-cell studies when cycle
number is limited. Its consumption shortly aer 50 cycles and
coincident onset of EMC transesterication signies a relation-
ship between the presence of VC and bulk electrolyte stability.
Identifying the failure mechanism of half-cells based on
lithium metal

To understand the origin of the cell failure, electrodes were
cycled in cells with VC containing electrolyte under standard
conditions for 100 cycles, before being reconstituted – dis-
assembled to remove the cycled electrodes, which are then
reassembled in separate cells containing fresh electrolyte and
a pristine partner electrode. The full procedure can be found in
the ESI† and is validated by disassembling and reassembling
cells aer 10 cycles, which retain their performance, Fig. S8.†
Replenishing the electrolyte acts to simultaneously dilute any
remaining contaminants in the cell and re-introduce VC to the
system, which can in principle protect the electrolyte solution
from further degradation at the surface of the lithium metal
electrode. A pristine counter electrode acts to minimise the
contribution of the partner electrode to the cell performance,
thus elucidating the health of each cycled electrode. Fig. 4
shows the capacity performance and voltage proles for the rst
J. Mater. Chem. A, 2023, 11, 18302–18312 | 18305
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Fig. 3 Analysis of the composition of post-cycled electrolyte solution from Li-NMC811 half-cells by nuclear magnetic resonance spectroscopy.
Cell contained LP57 electrolyte (1 M LiPF6 in EC : EMC 3 : 7 v/v) with 2 wt% VC additive and were cycled at 40 °C under standard (3.0–4.2 V vs. Li+/
Li) or stressed (3.0–4.4 V vs. Li+/Li) conditions. NMR spectra show (A) full measurement window of interest highlighting the chemical shift of the
deuterated solvent (CDCl3) and VC. (B) Chemical shift window for observation of the VC singlet peak and the EMC and DEC quartet peaks,
showing no significant DEC peaks until the 100-cycle analysis under both standard and stressed conditions. (C) Enlarged chemical shift window
for the VC region, showing small quantities of VC being present after 50 cycles, but no VC remaining in the electrolyte by the 100-cycle point.
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two C/20 formation cycles and subsequent C/2 cycle of a pristine
cell compared to those for the reconstituted cells. Upon initial
C/20 cycling, the NMC811 from cells cycled under standard
conditions regained the voltage plateau features that are char-
acteristic of this material, with almost complete capacity
recovery (166.6 mA h gNMC

−1), Fig. 4A and B. The cycled
NMC811 electrode is capable of reversibly intercalating almost
the same quantity (89%) of lithium ions as the pristine elec-
trode, demonstrating that the bulk internal structure is largely
intact. However, when the rate was increased to C/2, a large drop
in the discharge capacity of the cycled NMC811 electrode to 36.9
mA h gNMC

−1 was observed, Fig. 4A and B, signifying a high
impedance. We expect loss of electrolyte volume to be a factor in
half-cell failure, but note that during disassembly the cells were
not dry and that when replenishing the electrolyte the original
performance of these cells does not return. Thus, we suggest
electrolyte volume loss is not the major factor impacting
performance. The NMC811 from cells cycled to an UCV of 4.4 V
before reconstitution showed the same trend, although at C/20
the capacity recovery was less pronounced, and no capacity
could be extracted from the electrode upon initiation of C/2
cycling demonstrating higher impedance as a result of a more
stressful cycling procedure, Fig. 4A and B. A similar capacity–
current relationship is observed for the cell containing the
cycled lithium electrode, with cells cycled to an UCV of 4.2 V
recording an initial C/20 capacity and a C/2 capacity of 178.7
and 96.0 mA h gNMC

−1, respectively, Fig. 4C and D. The cycled
lithium metal from cells cycled to an UCV of 4.4 V showed
similar C/20 capacity (170.0 mA h gNMC

−1) and an increased C/2
capacity (141.2 mA h gNMC

−1). The high capacity at C/2 is likely
the result of the UCV for C/2 cycling being set at 4.4 V, Fig. 4C
and D. This data shows that neither the NMC811 electrode nor
the lithium metal electrode are exclusively responsible for the
18306 | J. Mater. Chem. A, 2023, 11, 18302–18312
failure of these cells and that both the increased impedance of
the cycled NMC811 electrode and degradation of the lithium
metal electrode as a result of repeated lithium plating and
stripping contribute to the observed capacity loss.

To understand the origin of the impedance of NMC811
electrodes and how it develops as a function of cycle number,
EIS was employed in a three-electrode conguration to isolate
the positive electrode response, Fig. 5. The impedance response
aer initial C/20 cycling reveals two distinct semi-circles both
with and without VC present, attributed to lithium diffusion
through the CEI lm (higher frequency, RCEI) and the charge
transfer resistance (medium frequency, Rct), Fig. 5A and B.52 In
both cases the RC constants suggest an interfacial process. The
uptick observed at low frequencies is attributed to a Warburg
impedance (W). The CEI resistance as a function of cycle
number was obtained by tting the data using the equivalent
circuit diagram shown in Fig. S9,† 5C and D. For cells con-
taining VC, the CEI lm resistance and charge-transfer resis-
tance remained reasonably stable for 50 cycles, Fig. 5C,
consistent with the stable cycling capacity shown in Fig. 1. Aer
50 cycles, when VC is effectively consumed, the CEI resistance in
the cell cycled to an UCV of 4.2 V increased from ca. 96 to 127 U

cm2. In the absence of VC this increase in CEI resistance is
observed immediately upon cycling, Fig. 5D. Pushing the UCV
to 4.4 V resulted in earlier onsets and greater magnitude of
resistance growth, but the overall trends remain. The observed
increase in charge transfer resistance when cycling NMC cells
above 4.2 V is well documented.53–55 These results are in line
with the cycling data and post-cycling analysis discussed
previously, with high CEI lm resistance correlating with failure
in Li-NMC811 half-cells. To understand the difference in CEI
composition under various conditions, X-ray photoelectron
spectroscopy (XPS) was performed on NMC811 electrodes aer
This journal is © The Royal Society of Chemistry 2023
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cycling with and without VC. Spectra of a NMC811 electrode
placed in a half-cell at OCV for 80 h (Fig. S10a, d and g†) con-
tained large peaks in the C 1s and F 1s region, consistent with
the uorinated binder material, and peaks in the O 1s region,
consistent with the NMC811 electrode. This indicates that no
signicant CEI forms during OCV. When the electrode was
cycled for 2 C/2 formation cycles and 20 subsequent C/2 cycles
with no VC additive, none of the peaks representative of the
binder or metal oxygen bonds could be observed and signicant
new organic C–Ox peaks arise, indicating that the CEI mainly
consists of organic degradation products and that this is suffi-
ciently thick that the signal from the underlying electrode is
blocked (Fig. S10b, e and h†). Where a cell was cycled under the
same procedure, but this time with the inclusion of 2 wt% VC,
an organic CEI is again seen but the intensity of the peaks is
lower, and contributions from the binder remain in the C 1s
spectrum (Fig. S10c†), indicating a thinner CEI. Furthermore,
a new sp2 hybridised carbon peak is also observed, which is
consistent with a number of organic degradation products.56,57

In both cases, a strong metal uorine peak in the F 1s spectra
indicates that signicant quantities of Li–F have also formed as
part of the CEI (Fig. S10h and i†).
Fig. 4 Comparison of the (A and C) voltage profiles and (B and D) charg
NMC811 cell (black, circles) versus cells containing (A and B) cycled NMC
extracted from the cycled Li-NMC811 half-cells. Cells contained an LP57
were first cycled for 100 cycles under either standard (3.0–4.2 V vs. Li+/L
were then disassembled and reassembled, pairing both the cycled NMC a
formation cycles and first subsequent C/2 cycle of these cells are show

This journal is © The Royal Society of Chemistry 2023
Taking our data as a whole, we propose that the preferential
degradation of VC at the surface of lithium metal limits elec-
trolyte degradation on both electrodes and enables stable
cycling. However, when VC is removed, either directly or
through reduction, new electrolyte degradation products are
formed at lithium which induce parasitic reactions at the
NMC811 electrode and form a resistive CEI. Replenishing VC in
the electrolyte aer cycling does not lead to a lowering of the
impedance or recovery of the capacity (at C/2), indicating that
the electrolyte–electrode interfaces of both the NMC811 and
lithium electrodes are the issue rather than the composition/
properties of the electrolyte.
Lithium titanium oxide as an impartial counter electrode

The ndings presented here clearly show that, although the
use of lithium metal can in principle eliminate loss of Li+

inventory as an ageing mechanism, it is an unsuitable
candidate for examining the performance of prospective
intercalation chemistries beyond early stage cycling due to
continued reaction with the electrolyte solution. Li4Ti5O12

(LTO) negative electrodes have a high operational voltage
(1.55 V vs. Li+/Li), do not need to be delithiated prior to use as
e and discharge capacities (circles, squares, hexagons) of a pristine Li-
811 with pristine lithium, and (C and D) pristine NMC811 with cycled Li
electrolyte (1 M LiPF6 in EC : EMC 3 : 7 v/v) with 2 wt% VC additive and
i, green) or stressed (3.0–4.4 V vs. Li+/Li, red) conditions at 40 °C. They
nd cycled Li against pristine (fresh) counter electrodes. The first 2 C/20
n.
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Fig. 5 Comparison of the growth of the resistance of the CEI as a function of cycle number for Li-NMC811 half-cells cycled at 40 °C containing
an LP57 electrolyte (1 M LiPF6 in EC : EMC 3 : 7 v/v) both (A and C) with a 2 wt% VC additive and (B and D) with no additive under standard (3.0–
4.2 V vs. Li+/Li, green) and stressed (3.0–4.4 V vs. Li+/Li, red) conditions. Thesemeasurements were collected in a 3-electrode set up to isolate the
impedance response of the NMC electrode at a potential of 3.6 V vs. Li+/Li.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
/6

/2
02

6 
11

:1
4:

40
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a negative electrode due to intercalation of Li+ at 1.55 V vs. Li/
Li+, and low reactivity with electrolyte components,58,59

providing an ideal candidate for the isolation of the perfor-
mance of the prospective positive electrode materials,
although lacking the ability of lithium metal to eliminate loss
of Li+ inventory. Although previous reports have indicated
that residual water in the electrolyte can reduce on the surface
of LTO electrodes to produce hydrogen gas and hydroxide
ions that can facilitate additional gassing degradation reac-
tions, adequate measures to limit water intrusion during cell
assembly and choice of appropriate cell format mitigate these
effects.60–62 To determine the suitability of LTO as a counter
electrode, high loading LTO electrodes (25 mg cm−2, ca.
3.7 mA h cm−2), chosen to ensure sufficient counter electrode
capacity (n : p = 1.16 : 1), were paired against the high loading
NMC electrodes (16.9 mg cm−2, ca. 3.19 mA h cm−2) used
throughout this study. Fig. 6 examines the performance of
these cells cycled for 300 cycles under both standard and
stressed conditions with no VC additive alongside the GC-MS
chromatogram of the electrolytes extracted from these cells.
Due to the extremely high loading of the LTO electrodes, rate
performance was assessed to determine a charge rate that
provided a similar initial capacity to the Li-NMC811 cells,
Fig. S11,† with C/5 found to be optimal. Initial C/5 discharge
18308 | J. Mater. Chem. A, 2023, 11, 18302–18312
capacities of 167.7 and 201.8 mA h gNMC
−1 were observed for

the standard and stressed cells, respectively, consistent with
Li-NMC811 half-cells. For both LTO-NMC811 cells cycled to
an UCV of 4.2 V and 4.4 V, coulombic efficiency remained high
(>99.6%) over the rst 300 cycles, demonstrating that LTO is
better able to serve as a non-reactive counter electrode than
either lithium metal or graphite, Fig. 6A. Indeed, the stressed
cell had a higher capacity performance than both the NMC811
half-cell and full-cell (graphite-based) congurations during
extended cycling, Fig. S12,† suggesting that neither of the
latter are free of degradation and conrming that crosstalk
and parasitic side reactions are largely to blame for NMC811
capacity fade. To conrm the suitability of the LTO electrode
as a benign counter electrode, electrolyte degradation was
examined through ex situ GC-MS analysis of the cycled elec-
trolyte, which showed little degradation of the electrolyte
components aer >300 cycles, even without the VC additive,
Fig. 6B. The only signicant additional peak observed in the
GC-MS chromatogram was due to the transesterication of
EMC to DEC, albeit in much lower concentrations than in the
Li-NMC811 half-cells. These data conrm the ability of the
LTO counter electrode to portray long-term positive electrode
capacity performance more accurately. The use of LTO can
introduce additional steps, such as careful cell balancing, but
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Comparison of (A) the charge and discharge capacities (circles)
and cycle coulombic efficiency (triangles) of the first 300 cycles of
LTO-NMC811 cells cycled at 40 °C with an LP57 electrolyte (1 M LiPF6
in EC : EMC 3 : 7 v/v) under standard (3.0–4.2 V vs. Li+/Li, green) and
stressed (3.0–4.4 V vs. Li+/Li, red) conditions. (B) GC-MS chromato-
grams of the electrolyte extracted from these cells after 300 cycles.
Potential limits are reported vs. Li/Li+ by addition of 1.55 V to adjust
relative to LTO potential.
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regardless it could offer a testing ground for electrolyte opti-
misation targeted at positive electrode stabilisation, without
the complexities introduced by traditional full-cell and half-
cell formats.
Conclusions

Despite the prevalence of lithium metal half-cells in literature,
we have shown that this conguration offers a limited reliable
cycle life and that the use of vinylene carbonate as a sacricial
additive is essential. Following a brief period of stability,
indiscriminate degradation of the electrolyte solution at the
surface of the lithium metal produces parasitic degradation
products that crossover the cell and are oxidised at the surface
of the positive electrode, resulting in increased interfacial
resistance that prematurely limit the capacity and rate perfor-
mance of the electrode. At C/20, cycled NMC811 electrodes show
lithium insertion capacity close to pristine, conrming that cell
performance is an artifact of the Li-based half-cell rather than
being specic to the intercalationmaterial under consideration.
The need to tailor the electrolyte solution to accommodate the
lithium metal electrode and the signicant degradation
This journal is © The Royal Society of Chemistry 2023
precludes informative study of electrolyte additives designed for
the positive electrode. LTO is proposed as an alternative counter
electrode for the isolated study of positive electrode material
performance. LTO-NMC811 cells have a high coulombic effi-
ciency in commercially relevant electrolytes, under both stan-
dard and stressed conditions, making them ideal for long-term
investigation of prospective intercalation chemistries. Over 300
cycles with no electrolyte additive, LTO-NMC811 cells cycled to
an UCV of 4.4 V outperform both Li-NMC811 and Gr-NMC811
cells, conrming that capacity fade in current half- and full-
cell formats cycled to high UCVs is not exclusively the result
of positive electrode failure, but also a result of increased
electrode crosstalk. We propose this cell chemistry will nd
application in exploration of electrolyte compositions targeted
at positive electrode stabilisation without signicant compli-
cation due to chemical and electrochemical activity of the
counter electrode.
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