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m of LiNi0.6Co0.2Mn0.2O2 cathodes
in aqueous/non-aqueous hybrid electrolyte†

Leilei Du,‡a Xu Hou,‡b Debbie Berghus,a Lars Frankenstein,a Richard Schmuch, a

Jun Wang, c Elie Paillard, d Martin Winter,ab Tobias Placke*a and Jie Li *bd

The urgent need for improving the energy density of aqueous lithium ion batteries (ALIBs) can be addressed

by the implementation of advanced electrode materials and electrolytes. The utilization of layered oxide

cathodes, particularly Li[NixCoyMnz]O2 (NCM) materials, is an effective strategy, as they can offer high

specific capacities in an appropriate voltage range. However, due to the strong effect of humidity on the

degradation of Ni-rich layered oxide cathodes, using these materials together with highly concentrated

aqueous electrolytes is critical. In this work, the underlying mechanisms responsible for the degradation

of Li[Ni0.6Co0.2Mn0.2]O2 (NCM622)kTiO2@LiTi2(PO4)3 (P/N = 1.2 : 1) full-cells are systematically explored

by comprehensive studies, involving the evolution of the lattice structure of NCM622 and

electrochemical impedance dependent on the operating voltage range (0.7–2.8 V or 0.7–2.9 V). It is

found that in aqueous/non-aqueous hybrid electrolyte, in addition to the discharge process, proton

intercalation into NCM622 also takes place during the charging process, which is dramatically severe at

higher upper cut-off voltage (2.9 V), leading to a rapid degradation of the cathode material. The

intercalated protons not only aggravate the electrochemical impedance by blocking Li+ diffusion, but

also activate the higher potential redox pairs. This experimental study offers an in-depth understanding

about the failure mechanism of NCM622 cathode materials in aqueous electrolytes.
1. Introduction

Due to the rapid growth of the market for electric vehicles (EVs),
mobile electronics, and grid energy storage, the pursuit for
green batteries with high energy densities has become
a sensible direction and purpose.1–5 Importantly, high safety is
dened as the foremost safeguard amid the wide commercial-
ization of rechargeable lithium ion batteries (LIBs) because of
serious concerns regarding re accidents of EVs that rely on
state-of-the-art ammable6 organic-solvent-based
electrolytes.7–10 Based on this challenge, the implementation
of aqueous electrolytes is considered a promising strategy due
to their intrinsic safety, which is inspired by the reported “high
concentration” aqueous electrolytes or similar attempts.11,12

Though this class of electrolytes exhibits a kinetically expanded
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electrochemical stability window (ESW) of up to z3.0 V, thus,
making it possible to use more selected cathodekanode cell
chemistries, the commonly used cathode material, i.e., spinel
LiMn2O4, shows low specic capacity and energy density.11,13

The use of high-capacity positive electrodes (cathodes) is
a valid strategy to further increase the energy density of LIBs,
including aqueous lithium ion batteries (ALIBs).14 Among
layered-, olivine-, and spinel-structural cathode materials,
layered oxide materials are the most promising candidates due
to their high theoretical specic capacities compared to
others.15 However, state-of-the-art LiNixCoyMnzO2 (x + y + z = 1;
NCM) cathode materials were previously not considered
a choice for use in aqueous electrolytes because of their insuf-
cient stability in water-based environments.16,17 The H+/Li+

exchange reaction would degrade the electrochemical perfor-
mance of layered cathodes because intercalated H+ can detri-
mentally increase the barrier for Li+ ion transport.18

Despite this major drawback, several reports conrm the
feasibility of layered oxide cathodes in highly concentrated
aqueous electrolytes.13,19,20 For example, LiCoO2 was success-
fully stabilized by adding tris(trimethylsilyl) borate (TMSB) as
an additive to a “water-in-salt” (21 molar LiTFSI in 1 kg H2O)
electrolyte, and the assembled LiCoO2kMo6S8 full-cell delivered
a high-energy density of 120 W h kg−1 (active material level) for
an ALIB.13 Similarly, lithium bis (triuoromethane sulfonyl)
imide (LiTFSI) salt solubility in water strongly increases from
J. Mater. Chem. A, 2023, 11, 3663–3672 | 3663
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21 mol kg−1 to up to 60 mol kg−1 in the presence of an ionic
liquid, and the NCM811kLi4Ti5O12 full-cell exhibited a high
initial energy density of 150 W h kg−1 (active material level) in
the ternary electrolyte of LiTFSI–ionic liquid–water (molar ratio
of 0.35 : 0.18 : 0.47).21 Despite signicant progress, it is not
completely understood yet if H+ intercalation can be sufficiently
suppressed in high concentration aqueous electrolytes. Mean-
while, in addition to the H+ concentration in the electrolyte,16,22

other factors that can critically affect the H+ intercalation
behavior, have not been systematically studied.

Therefore, this work aims at exploring the H+ intercalation
behavior in layered cathode materials in highly concentrated
aqueous electrolytes. LiNi0.6Co0.2Mn0.2O2 (NCM622) and
TiO2@LiTi2(PO4)3 have been employed as cathode and anode
materials, respectively, and 13 M LiTFSI in a 1 kg H2O/dimethyl
carbonate (DMC)mixture (molar ratio: 1 : 1) with 20 wt% ethoxy-
(pentauoro)-cyclotriphosphazene (PFN) co-solvent has been
used as electrolyte, inspired by our previous work.23 The H+

intercalation behavior in the highly concentrated aqueous
electrolyte was conrmed by X-ray diffraction (XRD) and ther-
mogravimetric analysis (TGA-MS), and the dependency of
protonation in the de-lithiated state of NCM622 is also inves-
tigated. Furthermore, the deterioration of intercalated H+ on
the electrochemical performance of NCM622 in
NCM622kTiO2@LiTi2(PO4)3 full-cells was studied, in which,
electrochemical impedance spectroscopy (EIS) measurements
were employed to evaluate the blocking effect induced by
intercalated protons. This study will serve as a guide to
Fig. 1 Electrochemical performance of NCM622kTiO2@LiTi2(PO4)3 full-
Charge/discharge cycling performance during 100 cycles with (a) speci
ciency scope: 75–101% and the inset figure shows full efficiency scope: 9
extracted from the cycling performance of cells cycled in different cel
LiTi2(PO4)3 full-cells during 100 cycles in the cell voltage operation range
range of 0.7–2.8 V after renewing either the electrolyte (d) or the electr

3664 | J. Mater. Chem. A, 2023, 11, 3663–3672
understand the degradation mechanism of NCM cathode
materials in aqueous electrolytes.
2. Results and discussion
2.1 Electrochemical stability of NCM622 electrodes aer
charging to different SOCs

First, NCM622kTiO2@LiTi2(PO4)3 full-cells were cycled in cell
voltage operation ranges of 0.7–2.8 V or 0.7–2.9 V to investigate
the impact of different charging protocols, i.e., with different
upper cut-off voltages, on electrochemical performance. As
shown in Fig. 1a, the full-cells exhibit an signicantly improved
capacity retention (73.6%, 100th/3rd) in the 0.7–2.8 V range than
in the 0.7–2.9 V scope (18.5%, 100th/3rd), even if the latter cell
exhibits a higher specic capacity in the initial cycle (169 vs. 164
mA h g−1, a corresponding an energy density of 143 vs. 138 W h
kg−1 based on the active material level, Fig. S1†). From the
potential prole of the 2nd cycle (Fig. S2†), it is clear that
charging the full-cells to a higher cut-off voltage results in
a higher potential of the cathode and thus a higher delithiated
state of the NCM622 cathode.24 The rapid capacity fading for the
cell operated at 0.7–2.9 V during cycling indicates the instability
of this cell chemistry (with the hybrid aqueous electrolyte),
which can be further conrmed by the evolutions of coulombic
efficiency (CEff), as shown in Fig. 1b. Although, the upper gure
shows that the initial CEff values of cells with different cycling
protocols are close to 80% and increase to over 95% since the
second cycle, the enlarged bottom image (Fig. 1b, inset) shows
cells cycled in cell voltage operation ranges of 0.7–2.8 V or 0.7–2.9 V.
fic discharge capacity and (b) coulombic efficiency (with narrow effi-
1–101%). (c) dQ/dV vs. voltage curves of the 1st charge/discharge cycle
l voltage operation ranges. Cycling performance of NCM622kTiO2@-
of 0.7–2.9 V and an additional 20 cycles in the cell voltage operation

olyte and the NCM622 cathode (e).

This journal is © The Royal Society of Chemistry 2023
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an obvious difference in the change in CEff between the two
cycling protocols. The cells charged to 2.8 V quickly tend to
show stable cycling aer the initial cycles, with CEff reaching
99% and gradually increasing slightly until the 100th cycle. In
contrast, the cells charged to 2.9 V exhibit a remarkably lower
CEff, which cannot reach 99%, and even starts to decrease aer
40 cycles. This unstable cycling performance is probably
induced by enhanced electrolyte decomposition aer charging
to the higher cut-off voltage; however, the dQ/dV vs. voltage
curves of the 1st cycle are shown in Fig. 1c, displaying similar
redox peaks and no obvious decomposition peaks of the
aqueous electrolyte. This nding also suggests that failure of
electrolyte is not the main reason for the severe degradation of
cycling performance. This conclusion is further conrmed by
observing the post cycling performance of cycled cells (100
cycles) aer renewing the electrolyte or (and) cathode. Fig. 1d
shows the results of cycled cells with a renewed separator and
electrolyte (13M20), and Fig. 1e exhibits the cycling behavior of
cells with a renewed NCM622 cathode, a separator and elec-
trolyte aer 100 cycles. Aer renewing certain components in
the cells, the cell voltage operation range of galvanostatic
cycling was changed from 0.7–2.9 V (rst 100 cycles) to 0.7–2.8 V
(101–120 cycles). The NCM622kTiO2@LiTi2(PO4)3 cells still
exhibited a poor capacity aer refreshing only the electrolyte
(Fig. 1d), while, in contrast the cells using the new NCM622
Fig. 2 Electrochemical impedance evolution of NCM622kTiO2@LiTi2(PO
2.9 V. (a and b) EIS spectra for points 1–4 corresponding to the cell voltag
of normalized Rct from points 2 to 4.

This journal is © The Royal Society of Chemistry 2023
cathode and electrolyte exhibited a notably increased specic
capacity (Fig. 1e). This observation indicates that the degrada-
tion of the NCM622 cathode is the main reason for the failure of
the full-cells when using the 2.9 V upper cut-off voltage. In
addition, if the parasitic specic capacity contributed by para-
sitic side reactions, such as electrolyte decomposition, can be
ignored, then the ‘x’ value in LixNi0.6Co0.2Mn0.2O2 regarding the
initial charge can be roughly estimated. The basis for the esti-
mation is that a theoretical specic capacity of 276.5 mA h g−1

for NCM622 (ref. 25 and 26) corresponds to 100% delithiation,
and z58% (at a cut-off voltage of 2.8 V) and z63% (at a cut-off
voltage of 2.9 V) of the Li+ were extracted from NCM622,
respectively, which was calculated using the specic charge
capacities of 160 and 173 mA h g−1 based on the cathode active
material mass (Fig. S3†).

In order to explore the evolution of the impedance of the
NCM622kTiO2@LiTi2(PO4)3 cells during cycling, electro-
chemical impedance spectroscopy (EIS) was performed aer
different cycles (Fig. S4†), and the corresponding results are
plotted in Fig. 2a and b. The EIS data was tted using an
equivalent circuit model, as shown in Fig. S5.† The rst semi-
circle at high frequency corresponds to the interphase resis-
tance (RInterphase) of the cell, showing only a minor increase
during cycling for both cell voltage operation ranges, as illus-
trated in Fig. S6† (normalized values). This nding conrms
4)3 full-cells cycled in cell voltage operation ranges of 0.7–2.8 V or 0.7–
e operation ranges of 0.7–2.8 V or 0.7–2.9 V, respectively. (c) Evolution

J. Mater. Chem. A, 2023, 11, 3663–3672 | 3665
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that the PFN additive is helpful in forming an effective cathode
electrolyte interphase (CEI) lm on the cathode surface, as re-
ported previously.23 In contrast, the second semi-circle corre-
sponding to the charge-transfer resistance (Rct) shows a steep
increase for cycling at the higher cut-off voltage, displaying an
obvious difference between the two upper cut-off cell voltages,
which can be clearly seen from the normalized values, as shown
in Fig. 2c. With regard to the above discussion about the
degradation of the NCM622 cathode at high state-of-charge
(SOC; =high degree of de-lithiation), the increased Rct is
found to be the main reason for the decline of reversible
capacity upon cycling the full-cells when charging to 2.9 V.
Referring to rst principles calculations, Gu et al.18 found that
H+ intercalation in LiCoO2 can increase the diffusion barrier of
Li+. Therefore, the degradation at high SOC, in the case of
NCM622 electrodes in aqueous based electrolytes, could prob-
ably be attributed to H+ intercalation, which in turn would
decrease the dynamics of Li+ intercalation and promote the
charge-transfer resistance control of the cell. This change will
be progressively become more and more severe during pro-
longed cycling.

2.2 Morphology evolution of NCM622 electrodes aer
charging to different SOCs

Furthermore, the surcial and cross-sectional morphologies of
NCM622 cathodes, before and aer cycling with different
Fig. 3 Surface and cross-sectional SEM images of NCM622 electrode
pristine electrodes (a, d and g) and electrodes after 100 charge/discharge
0.7–2.9 V (c, f and i). Parts (g, h and i) are the enlarged views correspon

3666 | J. Mater. Chem. A, 2023, 11, 3663–3672
protocols, were analyzed by SEM, as shown in Fig. 3. Before
cycling, the surface of the pristine NCM622 electrode looks
rather clean (Fig. 3a) compared to those of cycled electrodes that
are covered by uniform surcial CEI lms (Fig. 3b and c). Both
cycled electrodes show a similar CEI morphology, however, the
lm appears slightly messier for the electrode charged to 2.9 V.
This nding is consistent with the RInterphase results (Fig. 2a and
b), i.e., the RInterphase values of cells cycled within 0.7–2.9 V are
slightly higher than those of cells cycled within 0.7–2.8 V,
indicating that the stabilization of the cathode j electrolyte
interface by the PFN co-solvent is still effective even aer
charging to high cell voltages. Moreover, cross-sectional views
reveal an evolved interior morphology of cycled NCM622 parti-
cles (Fig. 3d–i). The calendaring process before cell assembly
can also change the morphology of NCM622 particles, i.e.,
partially tightly contacted NCM622 particles were squeezed by
surrounding particles and generate some cracks. In order to
exclude any cracks generated in the calendaring process, the
individual NCM622 particles that are isolated from other active
material particles were analyzed. Among them, Fig. 3g–i show
the enlarged images of particles that are marked with red boxes
in Fig. 3d–f, respectively. While the pristine NCM622 particles
are undamaged and do not depict any obvious cracks (Fig. 3d
and g), particle cracking can be observed for cycled electrodes
(Fig. 3e, f, h and i), and especially for the NCM622 particles
cycled in the voltage operation range of 0.7–2.9 V (Fig. 3f and i).
s. The surficial morphology and cross-sectional views are shown for
cycles in the cell voltage operation ranges of 0.7–2.8 V (b, e and h) and
ding to parts (d, e and f), respectively.

This journal is © The Royal Society of Chemistry 2023
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This generation of cracks is due to uneven distribution of strain
pressure, which probably results from the continuously
increased Li+ deciency.27 The Li+ deciency can be attributed
to much fewer Li+ ions intercalating into NCM622 during
discharge than the amount extracted during charge when
a higher cut-off voltage was employed, which can be proved by
the poorer CEff (Fig. 1b) during cycling.
2.3 Investigation of the H+ intercalation phenomenon of
NCM622 electrodes aer charging to different SOCs

As the Li+ deciency as well as H+ intercalation play a key role in
cell degradation when charged to high cut-off voltage, the
NCM622 electrodes at different SOCs were further analyzed by
thermogravimetric and mass spectrometry (TGA-MS) analyses
to conrm the existence of intercalated H+ (Fig. 4a). The pristine
NCM622 electrode displays nearly no weight loss (z0.6%) up to
350 °C. In contrast, the cycled NCM622 electrodes tend to lose
weight starting at lower temperatures, which mainly derives
from the release of water because of the increase in m/z = 18 at
z80 °C and $270 °C according to the MS curves (baseline not
subtracted). The former small “bump” at z80 °C is probably
Fig. 4 Investigation of intercalated H+ after 100 cycles or the 1st charging
and mass spectrometry (TGA-MS) analysis data for pristine and cycled N
cycled NCM622 electrodes were taken from disassembled NCM622kTi
operation ranges of 0.7–2.8 V or 0.7–2.9 V. The MS spectra form/z = 18
step. The electrochemical de-lithiation process of NCM622 electrodes to
curves of cell voltage vs. time (b) or vs. capacity (inset figure) for NCM622
NCM622 after de-lithiation.

This journal is © The Royal Society of Chemistry 2023
due to the release of surface-absorbed water. The latter water
molecule evaporation at temperature over 270 °C corresponds
to the bulk change, which indicates a water forming reaction
between lattice oxygen and intercalated protons. The notable
amount of H2O release, from both cycled electrodes, is a strong
indication of the existence of intercalated protons. Meanwhile,
a higher intensity of released H2O can be detected for NCM622
electrodes cycled up to 2.9 V, which can be concluded to be the
result of more severe H+ intercalation behavior aer charging to
a higher SOC. Meanwhile, the weak signals of O2 and CO2 gas
release up to 350 °C demonstrate that the thermal decomposi-
tion reactions that may come from/between other components
in the electrode can be ignored. Therefore, severe H+ interca-
lation into the layered NCM622 structure is once again proved
to be the main reason resulting in degradation of cycling
performance, especially for cells operated at 0.7–2.9 V.

Furthermore, the intercalation of protons at high SOC can
also be characterized by the evolution of the NCM622 lattice
structure. During the post XRD experiments, the charged full-
cells were kept at an upper cut-off cell voltage aer the rst
charge for 48 hours (shown in Fig. 4b) in order to promote the
effects caused by protonation. Therefore, two de-lithiated
but with a constant voltage holding step for 48 h. (a) Thermogravimetry
CM622 cathodes in the temperature range from 30 °C to 350 °C. The
O2@LiTi2(PO4)3 cells (P/N = 1.2 : 1) after 100 cycles in the cell voltage
(H2O), m/z = 32 (O2) andm/z = 44 (CO2) are displayed for the heating
2.9 V with or without the constant voltage holding step. The charging
kTiO2@LiTi2(PO4)3 cells. (c) Diffraction angle shift of the (003) plane of

J. Mater. Chem. A, 2023, 11, 3663–3672 | 3667
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cathodes were prepared by (i) charging to 2.9 V (marked as ‘2.9
V’) and by (ii) an additional constant voltage holding step at
2.9 V for 48 hours (marked as ‘2.9 V–48 h’). Fig. 4b (inset gure)
shows the cell voltage vs. specic capacity proles, thus,
pointing out that the SOC of the cathode is the same before the
holding step. The XRD patterns of electrodes at different SOCs
that refer to (003) reection (18.51° for the pristine NCM622
cathode) are plotted in Fig. 4c, which have been calibrated using
the diffraction reections of the current collector (Ti foil), as
shown in Fig. S7.†

For the cathode charged to 2.9 V, Fig. 4c and S8† show that
the (003) plane shis to lower 2q values, indicating that the
NCM622 lattice is expanded along the c-axis aer the de-
lithiation process because of the enhancement of electrostatic
repulsion originated from the absence of Li+ between the two
oxygen layers.15,28 However, it is obvious that the (003) plane
shis back to higher 2q values aer 48 hours of holding time,
Fig. 5 Characterization of Li+ diffusion kinetics of NCM622kTiO2@LiTi2(P
or 2.9 V by EIS and GITT, and the proposed schematic of the H+ blocking
labelled points (8–40 h) for EISmeasurements. EIS spectra for 8–40 hours
of GITT measurement during the discharging process (d) and the embe

pulse. (e) Comparison of the calculated kinetic parameter

�
DEM
DEs

�2

for di

the proposed mechanism of capacity fading of NCM622 electrodes in aq
and blocked Li+ diffusion pathways.

3668 | J. Mater. Chem. A, 2023, 11, 3663–3672
indicating the shrinkage of the NCM622 lattice along the c-axis.
This shrinkage would be due to H+ intercalation into the
cathode lattice and the subsequent occupation of Li+ vacancies,
demonstrating that H+ intercalation can be dramatically
promoted by maintaining the cell at high SOC of the cathode for
longer duration.
2.4 Increased Li+ diffusion barrier of NCM622 electrodes
results from H+ intercalation

To further understand the failure mechanism of the NCM622
cathode in aqueous electrolyte, EIS and GITT analyses were
used to reveal the negative impact of the protonation of the
active material upon cycling. An accumulated protonation
during long-term cycling was also simulated by a holding step at
the upper cut-off voltage for 48 h. EIS spectra were collected
every 8 h during this holding step, as shown in Fig. 5a. The
O4)3 cells (P/N= 1.2 : 1) during and after 48 hours of holding steps at 2.8
mechanism. (a) Cell voltage vs. time curve of the charge process and
at different cut-off voltages: 2.8 V (b) and 2.9 V (c). Cell voltage vs. time
dded thumbnail shows the relation curve of E–s1/2 of the initial single

fferent cut-off voltages of 2.8 V and 2.9 V. (f) Schematic illustration for

ueous electrolytes due to the intercalated protons in NCM622 particles

This journal is © The Royal Society of Chemistry 2023
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impedance evolution of the NCM622kTiO2@LiTi2(PO4)3 cells
was compared for the two different upper cut-off voltages, i.e.,
2.9 V (Fig. 5b) and 2.8 V (Fig. 5c), respectively. Both plots indi-
cate a similar, less affected RInterphase evolution trend, indicating
that the electrolyte is not continuously decomposed during the
holding step at 2.9 V for 48 h. However, Rct shows an increase
during the holding time, especially aer charging to 2.9 V
(Fig. 5b), displaying a signicant increase aer each 8 h step in
contrast to a minor increase from the cell charged to 2.8 V
(Fig. 5c). The increase in Rct most likely results from the
continuous intercalation of H+ and subsequent blocking of Li+

intercalation. Therefore, GITT measurements were conducted
to evaluate the practical Li+ diffusion coefficient (DLi+) in the
discharge process aer a 48 h holding time at 2.8 V or 2.9 V.
Eventually, the DLi+ of the full-cells at individual discharge states
(points 1–7, as labelled in Fig. 5d) were calculated based on the
simplied formula (1), since the E–s1/2 curve shows a linear
relationship as shown in Fig. 5d29w

DLiþ ¼ 4

ps

�
mB VM

MBS

�2 �
DEM

DEs

�2 �
s � L2

�
D
�

(1)

here s is the relaxation time, VM (cm3 mol−1) is the molar
volume of the cathode materials, MB and mB are the molecular
weight and mass of the cathode material, respectively, S is the
active surface area of the electrode, DEM (V) is the change of the
voltage aer the pulse and relaxation time, DEs (V) means that
the charge voltage alters aer the current pulse, L (cm) is the
Fig. 6 The (de-)lithiation process of NCM622kTiO2@LiTi2(PO4)3 cells. d
2.9 V (b) with or without an additional 24 h constant cell voltage holdin
charging, holding and discharging (c).

This journal is © The Royal Society of Chemistry 2023
diffusion length, and D is the chemical diffusion
coefficient.30–33

In order to enable a fair comparison of DLi+ for the 2.8 V and
2.9 V samples, the electrode with the same mass loading were
selected for different cells to guarantee the same value origi-
nated from the rst part of formula (1), and thus only the later

part
�
DEM

DEs

�2

is calculated for comparison. The corresponding

values are plotted vs. the discharge voltage, as depicted in
Fig. 5e. It can be observed that the Li+ diffusion coefficients aer
charging to 2.9 V are always smaller than those aer charging to
2.8 V. This nding further conrms the strong effect of high
SOC of the cathode on the behavior of H+ intercalation.

By combining the previous analyses, the proposed mecha-
nism of H+ intercalation can be summarized. As illustrated in
Fig. 5f, both high SOC of the cathode and long duration at high
SOC can promote the H+ intercalation. The intercalated H+

results in high Li+ impedance and a decreased Li+ diffusion rate,
which in turn results in degradation of the cycling stability at
higher cut-off voltage.
2.5 Exploration of the H+ intercalation mechanism during
charging and discharging

Based on the above discussions, electrochemical performance
degradation of NCM622kTiO2@LiTi2(PO4)3 full cells is attrib-
uted to a deteriorated electrochemical impedance, which
Q/dV vs. voltage curves of the 1st cycle after charging to 2.8 V (a) and
g step. The processed schematic of the (de-)lithiation process during

J. Mater. Chem. A, 2023, 11, 3663–3672 | 3669
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results from intercalated protons. The extent of H+ intercalation
is related to the SOC of the NCM622 electrodes. However, the H+

intercalation mechanism, especially the difference between the
charge and discharge processes, is still unclear. Therefore, the
electrochemical behavior of NCM622kTiO2@LiTi2(PO4)3 full
cells in the initial discharge process aer a 24 h holding step at
upper cut-off voltage (2.8 or 2.9 V) as well as the subsequent 2nd

cycle was further characterized. The corresponding cell voltage
vs. time proles are shown in Fig. S9.† The additionally
exhibited electrochemical redox pairs of charged NCM622
cathodes results from intercalated protons, which is investi-
gated by comparing the differential capacity (dQ/dV) vs. voltage
curves of the cells with/without the additional 24 h constant
voltage holding process as shown in Fig. 6, wherein, the dQ/dV
vs. voltage curve from regular charge/discharge cycling (Fig. 1c)
was used as the reference. When charging to 2.8 V without
a holding step, Ni3+/2+/Ni4+ is the main oxidization couple and
no additional peaks appeared during discharging (Fig. 6a).34

However, aer holding at 2.8 V for 24 h, a new reduction couple
appeared, which can be attributed to higher potential redox
pairs (HPRPs), e.g. Co4+/Co3+.34,35 Because the difference in
redox potentials between Ni3+/Ni2+ (3.65 V vs. LijLi+, in organic
electrolyte)36 and Co4+/Co3+ (3.9 V vs. LijLi+, in organic electro-
lyte)37 is roughly equal to the difference between the two
observed reduction peaks Ni4+/Ni3+/Ni2+ (1.89 V of cell voltage)
and the HPRP (2.15 V of cell voltage), as shown in Fig. 6a, it is
reasonable to divide the discharge capacity into two parts at
Fig. 7 dQ/dV vs. voltage curves of subsequent charge/discharge cycles
with (a, d and e) or without (b and c) an additional 24 h constant cell volta
the 1st cycle, and (b and c) 5th, 10th and 20th charge/discharge cycles at diff
The charge/discharge cycling process of NCM622kTiO2@LiTi2(PO4)3 full
voltage vs. time curve (d) and the corresponding dQ/dV vs. cell voltage

3670 | J. Mater. Chem. A, 2023, 11, 3663–3672
a cell voltage of 2.0 V, as the Ni4+/Ni2+ couple corresponds to
#2.0 V, and the HPRP to $2.0 V. Similarly, a newly generated
reduction peak can also be found for the “2.9 V–24 h” sample as
shown in Fig. 6b.

In order to clearly illustrate the proposed (de-)lithiation
behaviors affected by intercalated H+ during charging and dis-
charging, a schematic is depicted in Fig. 6c. During charging,
the Li+ was extracted from the NCM622 structure, and Ni2+ was
oxidized to Ni3+/Ni4+, and upon charging to high voltage,
protons will start to intercalate into the structure. During the
holding process, continuously intercalated H+ occupies the Li+

vacancies, meanwhile, reducing oxidized Ni4+ to Ni3+ or Ni2+.
Hence, more Li+ must be extracted to maintain the cell voltage
at a high value during the holding process, which will arouse
more Li+ deintercalation and HPRPs, e.g. Co3+/Co4+. At the end
of the holding procedure, reduced Ni2+ or Ni3+ and oxidized
HPRPs would exist; thereaer, a newly generated reduction
peak appeared during discharging.

The corresponding dQ/dV vs. voltage proles of the subse-
quent cycles with a 24 h holding step (only in the 1st cycle) are
shown in Fig. 7a. A HPRP can still be observed for both cells in
the 2nd discharge process, indicating that this reaction is
reversible. However, its reversibility is quite poor, especially at
higher cut-off voltages, as the cell operated at 2.9 V displays
a dramatic decrease in the HPRP. The activation of the HPRP
can also be observed during the prolonged cycling even though
the 24 h holding step is skipped. Fig. 7b and c show the dQ/dV
of NCM622kTiO2@LiTi2(PO4)3 cells after charging to 2.8 V or 2.9 V and
ge holding step. (a) 2nd charge/discharge cycle after 24 h of holding in
erent voltage operation ranges of 0.7–2.8 V or 0.7–2.9 V, respectively.

-cells with a 24 h holding process at 1.7 V during the 1st discharge. Cell
profiles of the 2nd cycle (e).

This journal is © The Royal Society of Chemistry 2023
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vs. voltage proles of the cells with different cut-off voltages at
the 5th, 10th and 20th cycles, respectively. Obviously, the redox
pairs of the cell with a 2.8 V cut-off voltage maintain stability
during cycling, while those of the cell with a cut-off voltage of
2.9 V gradually shi to higher voltage during cycling, suggesting
an activation of the HPRP. Since the HPRP shows poor revers-
ibility, it probably accelerates the degradation of the NCM622
lattice structure, which is another failure mechanism of
NCM622 at high SOC besides deteriorated impedance owing to
H+ intercalation.

Besides the charging process, the proton intercalation was
explored during discharge as well by applying a holding step at
1.7 V. As shown in Fig. 7d, the NCM622kTiO2@LiTi2(PO4)3 full
cell was charged to 2.9 V and subsequently discharged to 1.7 V,
holding for 24 h, then discharged to 0.7 V and then another
cycle was performed. Similar to the curves shown in Fig. 7a,
a HPRP can be observed in the dQ/dV vs. voltage prole of the
2nd cycle, as shown in Fig. 7e, demonstrating that the proton
intercalation also takes place during the discharging process.
3. Conclusions

In this work, the electrochemical performance of
NCM622kTiO2@LiTi2(PO4)3 full-cells using a hybrid aqueous/
non-aqueous electrolyte was systemically investigated with two
different upper cut-off voltages (2.8 V and 2.9 V). Cells operated
at 2.9 V displayed signicantly reduced capacity retention aer
100 cycles compared to the cells operated at 2.8 V (18.5% vs.
73.6%). A series of experimental studies enabled the exploration
of the key reason for NCM622 degradation in aqueous-based
electrolyte, which is the severe protonation (H+ intercalation)
upon charging. The intercalated protons increase the Li+

transport barrier and activate higher potential redox pairs. It
was found that protons are easier to intercalate into the
NCM622 structure at a higher de-lithiation state, so moderating
the upper cut-off voltage is a rational strategy to suppress the
corresponding deterioration. In addition, H+ intercalation
during the discharging process is also not negligible which
causes a gradual decay of the electrochemical performance.
This work offers a better fundamental understanding regarding
the challenges of applying layered cathode materials in aqueous
electrolytes, and hopefully it can provide inspiration to develop
suitable approaches towards aqueous lithium ion batteries with
improved electrochemical performance.
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