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on nickel-rich NCMs:
methodology to quantify the lithium/proton-
exchange kinetics, the inserted protons, and the
structural changes†

Stefan Oswald, ‡§*a Rebecca Wilhelm, ‡a Tim Kratky, b László Szentmiklósi, c

Boglárka Maróti, c Ildikó Harsányi, {c Sebastian A. Hallweger, d

Gregor Kieslich, d Sebastian Günther b and Hubert A. Gasteiger a

The washing of cathode active materials (CAMs) for lithium-ion batteries (LIBs) to remove unwanted

contaminants is of high importance in industrial CAM manufacturing. Nickel-rich NCMs

(LiMO2, M = Ni, Co, Mn), a family of commercial high-energy CAMs, are known for their detrimental

reactivity with liquid/gaseous water; yet, insights on the kinetics of the occurring lithium/proton (Li+/H+)

exchange are still lacking. To assess the Li+/H+ exchange, a set of five independent techniques is

developed and employed to quantify its extent for a nickel-rich NCM (LiNi0.83Co0.12Mn0.05O2) as

a function of the washing parameters. Using titration, prompt-gamma activation analysis,

thermogravimetric analysis, temperature-dependent X-ray diffraction, and X-ray photoelectron

spectroscopy, the proton content of washed NCM samples is determined, exploring the impact of

washing time and water-to-CAM mass ratio. Furthermore, a highly protonated NCM

(H0.25Li0.75Ni0.83Co0.12Mn0.05O2) is used to investigate the bulk properties, e.g., the change of lattice

parameters and the spatial proton distribution, as well as the thermal decomposition of the protonated

phase. The gained knowledge on the mechanism and the kinetics of the Li+/H+ exchange as well as on

the decomposition mechanism of the protonated NCM phase is essential for the successful aqueous

processing of nickel-rich CAMs, advancing the sustainable production of LIBs.
Introduction

Layered lithium transition metal oxides (LiMO2) are the most
widely used cathode active materials (CAMs) in commercial
lithium-ion batteries (LIBs).1,2 NCMs (M = Ni, Co, Mn;
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LiNiaCobMncO2, with a+b+c = 1) are the best-known represen-
tative, providing a high theoretical capacity of 275mAh g−1. Due
to structural instabilities of the NCM structure at high degrees
of delithiation, however, the utilized capacity has to be
limited;3–8 otherwise, the release of reactive oxygen from the
NCM structure at high state of charge oxidizes the electrolyte
chemically,4,9–12 the formed oxygen-depleted layer on the NCM
surface increases the resistance of the CAM,3,13–16 and the
conventionally used polycrystalline particles expose their
internal surface area due to particle cracking.17–20 Fortunately,
nickel-rich NCMs, being cost-efficient due to the reduced cobalt
content,21 provide a large share of up to 85% (or 234mAh g−1) of
their theoretical capacity in their stable operation window.8

Even though the use of nickel-rich NCMs is essential to enable
higher specic capacities and thus energy densities for future
LIBs, their successful application is challenged by their
tendency to form unwanted surface species, which increases
with the nickel content.22,23

In nickel-rich NCMs, these surface species originate from:
(i) residual lithium salts (such as lithium carbonate) which
remain from the slight lithium excess (of few mol%) required
for the synthesis, especially for CAMs with a high nickel
This journal is © The Royal Society of Chemistry 2024
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content,24,25 (ii) the use of ux agents (such as NaCl, KCl, LiOH,
LiNO3, or Li3BO3), which are benecial for the synthesis of
single-crystalline NCM particles,26–29 and (iii) the formation of
surface contaminants such as lithium and transition-metal
hydroxides, carbonates, and bicarbonates when the CAM is
stored in humid/ambient atmosphere containing water vapor
(and carbon dioxide (CO2)).23,30–34 Especially the surface
contaminants are detrimental to electrode manufacturing, cell
performance, and battery safety, as they: (i) increase the pH
value of the slurry due to their basicity, resulting in the cross-
linking of polymer chains of the polyvinylidene-uoride
(PVDF) binder and thus the gelation of the slurry during
mixing;35–37 (ii) result in an alkaline slurry which may corrode
the aluminum current collector and evolve hydrogen during
electrode casting;38 (iii) evolve CO2 upon the chemical decom-
position of the carbonate species during the rst few
cycles;23,39,40 and/or, (iv) compromise the cycle life of
a battery.23,30–32

To counter these contaminant-induced detriments and
remove any unwanted surface species prior to electrode
manufacturing, CAMs are typically washed in H2O or in alco-
hols to remove any surface species.41–44 Due to their high solu-
bility in H2O, the surface can be cleared efficiently from the
present salts.42,45–47 Even though this washing step induces
additional cost during the manufacturing of the CAM, it is
crucial for electrode manufacturing, reduces gassing during cell
operation, and improves the cycle life of a battery. On the
downside, the washing with water is accompanied by an
unwanted lithium/proton (Li+/H+) cation exchange, yielding
a partially protonated NCM (HxLi1−xMO2) and lithium
hydroxide (LiOH) dissolved in the washing solution:46

LiMO2 + xH2O / HxLi1−xMO2 + x LiOH (1)

Based on the current mechanistic understanding, the Li+/H+

exchange occurs within the near-surface region of the NCM
particles, both during washing46 and storage in humid atmo-
sphere.34 This cation exchange decreases the lithium inventory
of the CAM and thus of the cell, while the intercalation of
protons results in resistance build-up and deteriorates the cycle
life.44–46 The implications of this exchange reaction were rst
investigated by Pritzl et al. for a nickel-rich NCM (with a nickel
content of 85 mol%),46 which is known for its accelerated
reaction with H2O.23,32,34,48,49 Their study revealed that the
protonated material exhibits a compromised thermal stability
as it releases H2O and molecular oxygen (O2) upon heating,33,46

resulting in an oxygen-depleted surface layer, similar to what
was observed for partially delithiated NCMs.22,50,51 Conse-
quently, the release of oxygen from the NCM structure at high
degrees of delithiation, investigated by on-line electrochemical
mass spectrometry (OEMS), is mitigated – or even eliminated –

for a washed NCM that was dried at 180 or 300 °C prior to
electrode preparation, reducing the extent of unwanted elec-
trolyte oxidation reactions.46 Unfortunately, the thus formed
oxygen-depleted surface layer also leads to a roughly 10-fold
higher impedance as compared to the unwashed NCM, thereby
diminishing its overall electrochemical performance.46
This journal is © The Royal Society of Chemistry 2024
Therefore, it is essential to understand and optimize the
washing parameters – such as the time, the concentration (i.e.,
the water-to-CAM mass ratio), the temperature as well as the
drying conditions – with the aim to maximize the removal of
surface species (enhanced for extended washing) while sup-
pressing the Li+/H+ exchange (reduced for minimized washing).
Typically, this optimization is performed empirically by evalu-
ating the effect of the washing parameters on the amount of
remaining surface species, the extent of gas evolution, as well as
the electrochemical cell performance and cycle life. Particularly,
the latter two should depend on the proton content of the
washed CAM, independent of the exact washing conditions;
however, the proton content aer washing has not yet been
assessed.

In this study, the extent and the kinetics of the Li+/H+ cation
exchange, i.e., the proton content of a nickel-rich CAM
(LiNi0.83Co0.12Mn0.05O2, further on referred to as NCM831205 or
simply NCM) is investigated as a function of the washing
parameters. A set of ve independent methods is employed to
conclusively quantify the proton content of differently washed
NCM samples in terms of the mole fraction of protons ion-
exchanged into the NCM material (xH+, in units of mol%,
dened by HxLi1−xMO2): acid–base titration, prompt-gamma
activation analysis (PGAA), thermogravimetric analysis
coupled with mass spectrometry (TGA-MS), in situ and ex situ
X-ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS). This allows to determine the dependence of the proton
content on the washing time and the water-to-CAM mass ratio.
Furthermore, a highly protonated NCM831205 sample is
prepared to investigate the bulk properties, e.g., the change of
lattice parameters and the spatial proton distribution, as well as
the decomposition mechanism of the protonated phase. Nickel-
rich NCA (LiNiaCobAlcO2) materials are equivalent to nickel-rich
NCMs (as both have a nickel content between 80 and 95 mol%,
while, for NCAs, 5 mol% of manganese are replaced by 5 mol%
of aluminum); thus, it is expected that the ndings of this study
apply to both NCMs and NCAs for similar nickel contents on the
order of 83 mol%.

Results and discussion
Acid–base titration

So far, mainly the titration technique has been utilized to
determine the amount of surface contaminants, oen referred
to as Warder's method.52,53 During washing, the surface
contaminants such as lithium carbonate (Li2CO3) as well as
transition-metal (TM) hydroxides and carbonates, which may
remain from the synthesis and/or from improper storage in
humid atmosphere, are expected to get dissolved, which can
then be quantied from the titration curve of the washing
solution. Upon contact of NCM with either gaseous or liquid
water (H2O), however, lithium ions (Li+) from the NCM host
structure are exchanged by protons (H+), resulting in the
formation of lithium hydroxide (LiOH), as depicted in
eqn (1).31,34,46,54 While LiOH remains on the NCM surface upon
the reaction with H2O vapor,23,30,34 it gets dissolved in the solu-
tion upon washing.34,46,54 In this work, we extend this approach,
J. Mater. Chem. A, 2024, 12, 25140–25164 | 25141
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Fig. 1 Acid–base titration of the washing solutions which were
collected after the washing of the NCM with different washing
procedures. 0.5 ml of washing solution were diluted by 20 ml of H2O
and titrated with 10 mM HCl (aq.) until a pH value of 3.5 was reached.
(a) Exemplary titration curve for the solution obtained for the 1h-5:1
sample (1 h at a water-to-CAMmass ratio of 5:1), showing the pH value
(black, depicted on the left y-axis) and the derivative of the pH with
respect to the added HCl volume in units of mlHCl

−1 (blue, depicted on
the right y-axis), both as a function of the added HCl volume. The
position of the two equivalence points E1 and E2 are marked in the
figure (the gray dashed line marks a dpH/dVHCl of 0). The bottom
panels show the concentrations of both LiOH (blue) and Li2CO3 (gray)
in units of mmol l−1 in the washing solution: (b) as a function of the
washing time for a water-to-CAMmass ratio of 5:1; or, (c) as a function
of the water-to-CAM mass ratio for a washing time of 1 h, both in
a logarithmic representation.
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aiming to quantify the protons exchanged during washing from
the LiOH concentration of the washing solution.

Previous studies have assigned the detected LiOH in the
washing solution to hydroxide species which stem solely from
surface contaminants of the CAM.22,33 The here investigated as-
received NCM material (see Fig. S1a and Table S1† for particle
morphology) has been stored for over one year in an argon-lled
glovebox that contained no H2O (<0.1 ppm) vapor but had CO2

(several hundred ppm). Therefore, we expect that most surface
hydroxides have been transformed to their respective carbonate
analogue; the impact of the initial hydroxide content is dis-
cussed in more detail in the ESI.† This implies that the
hydroxide ions found in the washing solution are expected to
stem from the Li+/H+ exchange; in this case, the amount of H+

intercalated into the NCM structure from the washing solution
is equal to the amount of deintercalated Li+ and thus of LiOH.
Furthermore, deionized and degassed water has a pH value of 7,
which rises to values above 10 within less than a minute when
H2O is mixed with nickel-rich NCMs.46,48 Additionally, it has to
be noted that no dissolution of TMs from the NCM is expected
since this process mainly occurs with acidic solutions and is
absent for a pH value above 10.48,54 Thus, most of the detected
hydroxides and carbonates in the following experiments are
expected to be lithium salts, which are summarized for
simplicity as LiOH and Li2CO3, respectively.

To quantify the amount of LiOH, an acid–base titration of
the washing solution is performed using 10 mM HCl (aq.) as
titrant. Upon addition of HCl, the monoprotic base LiOH is
neutralized, while the diprotic base Li2CO3 gets fully protonated
in two steps. Here, the second equivalence point of Li2CO3

overlaps with the one of LiOH (see eqn (2) to (4)). A typical
titration curve based on these three processes is exemplarily
shown for a washing solution obtained for the 1h-5:1 sample
(the rst number giving the washing time of 1 h and the second
the water-to-CAM mass ratio of 5:1, see Methods section)
depicted in Fig. 1a, showing the pH value as a function of the
added titrant volume VHCl (see black curve, plotted against the
le y-axis). The titration curve of 0.5 ml of the washing solution
diluted by 20 ml of H2O starts at a pH value of 10.9, before it
reaches the nal target pH value of 3.5 aer the addition of
3.1 ml of HCl. Here, it has to be noted that, while the dilution
does not affect the quantication of the lithium salts, it does
affect the observed pH value; thus, the initial pH value of 10.9 of
the diluted solution corresponds to a pH value of 12.5 for the
undiluted washing solution. Up to a VHCl of 1.2 ml, the pH
decreases gradually to a value of 10 before dropping stepwise to
a pH of 4 aer 2.1 ml HCl were added; upon further HCl
addition, the pH gradually decreases to 3.5.

To identify the equivalence points of the three acid–base
reactions, being the points with the highest change of the pH
value as a function of VHCl, the derivative of the pH with VHCl

(dpH/dVHCl, in units of mlHCl
−1) is computed (see blue curve in

Fig. 1a, depicted on the right y-axis). For 1h-5:1, the two
equivalence points E1 and E2 appear for an added titrant
volume V E1

HCl of 1.6 ml and V E2
HCl of 1.8 ml, respectively. E1,

occurring at a pH value of 9, stems from the neutralization of
25142 | J. Mater. Chem. A, 2024, 12, 25140–25164
LiOH to lithium chloride (LiCl) as well as the protonation of
Li2CO3 to lithium bicarbonate (LiHCO3):55

LiOH + HCl / LiCl + H2O (2)

Li2CO3 + HCl / LiHCO3 + LiCl (3)

E2, where the protonation of LiHCO3 to carbonic acid
(H2CO3) occurs, is observed at a pH value of 6:55

LiHCO3 + HCl / H2CO3 + LiCl (4)

Since between E1 and E2 only the protonation of LiHCO3

occurs, the titrant volume VLi2CO3
HCl required for the protonation

LiHCO3 can be calculated by the difference of V E1
HCl and V E2

HCl:56

V
Li2CO3

HCl ¼ VE2
HCl � VE1

HCl (5)

Even though the neutralization of LiOH is convoluted with
the rst protonation step of Li2CO3,54 the titrant amount
V LiOH

HCl required to neutralize LiOH can be calculated by
This journal is © The Royal Society of Chemistry 2024
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Table 1 Lithium-hydroxide concentration of the washing solution
cLiOH and the mole fraction xH+ of H+ exchanged into the NCM
(defined by HxLi1−xMO2 and determined via eqn (10)) for differently
washed NCM samples (the three parts of the labels specify the washing
time, the water-to-CAM mass ratio, and the washing temperature if
different from 25 °C). Rows 1 to 9 correspond to the data shown in
Fig. 1b and c (for clarity, the values for the 1h-5:1 sample are repeated).
Note that the 1h-125:1 and the 55h-25:1-80°C samples (marked by *)
are not further considered for the quantification of xH+ (see main text)

Sample cLiOH (in mM) xH+ (in mol%)

2min-5:1 14.7 0.72
12min-5:1 21.6 1.05
1h-5:1 29.0 1.41
5h-5:1 32.9 1.60
25h-5:1 50.7 2.47
1h-1:1 101.7 0.99
1h-5:1 29.0 1.41
1h-25:1 8.1 1.98
1h-125:1 1.0 1.17*
55h-25:1-80°C 54.4 13.33*
2min-1:1-0°C 48.5 0.47
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subtracting V Li2CO3
HCl from V E1

HCl since the titrant volume of the
two protonation steps of Li2CO3 is identical:

VLiOH
HCl ¼ VE1

HCl � V
Li2CO3

HCl ¼ 2VE1
HCl � VE2

HCl (6)

By taking into account the concentration cHCl of 10 mM of
the titrant and the sample volume V sample

washing of 0.5 ml of the
washing solution used for the titration, the concentration of
each anion can be determined, yielding the following value for
CO3

2−, i.e., for Li2CO3:

cLi2CO3
¼ V

Li2CO3

HCl � cHCl

V
sample
washing

(7)

The concentration of Li2CO3 in the washing solution is
depicted for a xed water-to-CAMmass ratio of 5:1 as a function
of the washing time (see gray symbols in Fig. 1b). For the
exemplary data of 1h-5:1 shown in Fig. 1a, the experimental
values of V E1

HCl and V E2
HCl result in V Li2CO3

HCl of 0.2 ml, corre-
sponding to cLi2CO3

of 4.2 mM. Even though the washing times
differ by almost three orders of magnitude, cLi2CO3

remains
within 3.7 to 5.4 mM, indicating that Li2CO3 surface species are
readily dissolved within minutes for a water-to-CAM mass ratio
of 5:1. The weight percentage of Li2CO3 in the NCMmaterial can
be determined by taking into account the molar mass of Li2CO3

(MLi2CO3
) of 73.9 g mol−1, the mass of the washed NCM (mNCM),

and the total volume of the washing solution V total
washing:

wLi2CO3
¼ cLi2CO3

�MLi2CO3
� V total

washing

mNCM

¼ cLi2CO3
�MLi2CO3

� rH2O
� mH2O

mNCM

(8)

Here, rH2O is the density of water of 1 g l−1. For the various
washing times, the Li2CO3 weight percentage determined from
the data shown in Fig. 1b ranges from 0.13 to 0.19 wt%, which is
within the typical range of up to 1 wt%.22,46 As there is no
systematic increase of the Li2CO3 weight percentage with
washing time, we ascribe the variation of the measured values
to experimental errors and believe that Li2CO3 surface species
can be removed completely from the CAM, even for the shortest
washing time of 2 min. Varying the water-to-CAMmass ratio for
a xed washing time of 1 h, cLi2CO3

does not remain constant but
decreases with increasing water-to-CAM mass ratio (see gray
data in Fig. 1c), which is simply explained by the higher dilution
for a higher water-to-CAM mass ratio; as a matter of fact, very
similar Li2CO3 weight percentages are obtained. Taking into
account all the data shown in Fig. 1b and c, the average Li2CO3

weight percentage is 0.21 ± 0.11 wt% (note that there are larger
errors for the higher water-to-CAM mass ratios due to the low
resulting Li2CO3 concentrations and the associated higher
titration errors). This is consistent with previous washing
experiments with an NCM851005 material (20 min at a water-to-
CAM mass ratio of 5:1 at 25 °C), where no Li2CO3 was observed
in a second washing step.46

As a next step, to assess the amount of LiOH in the solution,
its concentration is determined by considering V LiOH

HCl (see
eqn (6)), cHCl of 10 mM, and V sample

washing:
This journal is © The Royal Society of Chemistry 2024
cLiOH ¼ VLiOH
HCl � cHCl

V
sample
washing

(9)

The concentration of LiOH in the washing solution is depic-
ted for a xed water-to-CAMmass ratio of 5:1 as a function of the
washing time (see blue data in Fig. 1b). For the exemplary data of
1h-5:1 in Fig. 1a, V E1

HCl and V E2
HCl result in V LiOH

HCl of 1.4 ml, cor-
responding to cLiOH of 29.0 mM. This concentration of
hydroxide ions translates to an approximate pH value of 12.5 (i.e.,
pH z 14 − log(0.029), ignoring the activity coefficient of the
hydroxide species for this rough estimate), which was observed
for the undiluted washing solution (see discussion above). For
the variation of the washing time at a water-to-CAMmass ratio of
5:1, cLiOH increases roughly proportionally with the logarithm of
the washing time (see Fig. 1b), indicating that either the disso-
lution of LiOH is very slow or that LiOH is produced by the Li+/H+

exchange of the CAM in contact with water. In the experiment
where the water-to-CAM mass ratio is varied for a xed washing
time of 1 h (see blue data in Fig. 1c), cLiOH decreases with
increasing water-to-CAM mass ratio. Assuming that the
measured amounts of LiOH are due to the Li+/H+ exchange of the
CAM, the obtained cLiOH values (see Table 1) can be converted
into the proton content of the NCM in terms of the mole fraction
of protons ion-exchanged into the NCM material (xH+, in units
ofmol%, dened by HxLi1−xMO2) by considering V

total
washing,mNCM,

and the molar mass MNCM of the NCM of 97.5 g mol−1:

xHþ ¼ cLiOH �MNCM � V total
washing

mNCM

¼ cLiOH �MNCM � rH2O
� mH2O

mNCM

(10)

The determined xH+ is summarized in Table 1 (also, later in
Table 6 and Fig. 8), both for varying washing times and varying
J. Mater. Chem. A, 2024, 12, 25140–25164 | 25143
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water-to-CAMmass ratios. For example, for 1h-5:1, xH+ equals to
1.41 mol%, corresponding to the amount of H+ ion-exchanged
into the NCM (equivalent to the Li+ exchange from the NCM
into the washing solution). When increasing the washing time
at a constant water-to-CAM mass ratio of 5:1 (rows 1 to 5), xH+

increases roughly linearly with the logarithm of the washing
time (see green circles in Fig. 8a). Similarly, when increasing the
water-to-CAM mass ratio for a xed washing time of 1 h (rows 6
to 9), the xH+ value increases roughly linearly with the logarithm
of the water-to-CAM mass ratio (see green circles in Fig. 8b).
Only for the 1h-125:1 sample, xH+ does not follow this trend, as it
is lower than that of the 1h-25:1 sample; this is likely due to the
comparably low cLiOH of the washing solution of only 1.0 mM
(see Table 1), so that small amounts of CO2, that may be
absorbed by the solution during the titration under ambient
air, can substantially alter the result. Additionally, for the
55h-25:1-80°C washed sample (row 10) that was prepared at
a washing temperature of 80 °C to obtain an NCM with a very
high xH+ for XRD analysis, a very high Li2CO3 content of 1.5 wt%
was obtained, which we ascribe to the intrusion of CO2 from
ambient air, permeating over the long washing time; since
intruding CO2 would also affect the LiOH concentration, the
calculated xH+ value is not trustworthy. Finally, the sample
washed under the most mild conditions, namely for 2 min at
a water-to-CAMmass ratio of 1:1 and at 0 °C (row 11), the Li2CO3

weight percentage of 0.21 wt% is essentially identical to that of
all other measurements, while its calculated proton content is
still 0.47 mol%. The latter implies that either a perfect exclusion
of the Li+/H+ exchange during washing with water is impossible
and/or that the CAM contains approx. 0.12 wt% of LiOH surface
contaminants; the latter is unlikely since the CAM was stored
for more than a year under a glove-box atmosphere with several
hundred ppm of CO2, so that any residual LiOH surface
contaminants should have reacted to Li2CO3.

Alternative methods to the above quantication of xH+ via
analysis of the washing solution are based on the direct analysis
of the washed NCM powders, which will be discussed in the
following sections.
Prompt-gamma activation analysis (PGAA)

PGAA is used to determine the bulk elemental composition of
samples.57,58 It is based on the radiative neutron-capture
process, where characteristic gamma radiation is emitted
promptly aer a nucleus captures a neutron. PGAA is particu-
larly suited for detecting protons due to their large neutron-
capture cross-sections upon irradiation with cold neutrons,
resulting in the emission of a photon with an energy of
2223.3 keV:59

1
1Hþ 1

0n/
2
1H*/2

1Hþ gð2223:3 keVÞ (11)

Similar processes occur for other elements and their
isotopes, including lithium, nickel, cobalt, and manganese. The
emitted photons, having nuclide-specic energies, enable the
quantication of isotopic constituents in a sample from the
intensity of the entire PGAA spectrum, even for trace amounts.
25144 | J. Mater. Chem. A, 2024, 12, 25140–25164
The mass m of the respective element in the irradiated volume
can be determined from the peak area, i.e., from the number of
counts NP in one single peak, the analytical sensitivity S of each
nuclide-specic photon energy, and the measurement time t:

m ¼ NP

S � t
(12)

The analytical sensitivity S (in units of s−1 g−1) is calculated
for protons, lithium, and the transition metals using the Avo-
gadro constant NA, the molar massM of the respective element,
the thermal-equivalent neutron ux F0, the partial gamma-ray-
production cross-section sg, as well as the detector efficiency
3(Eg) at the respective gamma energy Eg:

S ¼ NA

M
� F0 � sg � 3ðEgÞ (13)

Previously, PGAA has already been used to quantify xH+ in
chemically delithiated, cobalt-free CAMs.60,61 For typical NCM
materials containing substantial amounts of cobalt to enhance
structural stability and lithium-ion diffusion kinetics,8,62,63 it is
more challenging to quantify xH+ from its single peak (at Eg of
2223.3 keV) in the presence of cobalt (2221.6 keV) since the
gamma-ray energies are only 2 keV apart, resulting in the
overlap of the two peaks. Additionally, another spectroscopic
interference occurs between lithium and cobalt at 2032.3 and
2032.8 keV, respectively (data not shown). Therefore, to accu-
rately quantify the amount of lithium and hydrogen, a t of
selected regions within the entire PGAA spectrum is required,
and an appropriate correction has to be applied, using the
reference-peak method.58 On the other hand, the amount of the
transition metals in each sample can be obtained from several
interference-free peaks: at 282.9 and 8998.4 keV for nickel; at
277.2, 447.7, 556.0, and 6985.4 keV for cobalt; at 212.0, 271.2,
and 6783.7 keV for manganese (data not shown).59 Unfortu-
nately, the amount of oxygen could not be quantied due to the
low analytical sensitivity of the recorded peak at 870 keV.

Based on eqn (12) and (13), the mass m of the elements of
interest can be calculated from the respective peak areas, from
which their molar amounts n are determined when taking into
account the molar mass M of each element. Due to the spatial
inhomogeneity of the neutron beam spot and the inuence of
self-shielding and/or due to a partial illumination of the
sample, however, it is imprecise to quantify the absolute
amounts of each element. When considering the typical mass of
roughly 200 mg of an irradiated NCM sample and its molar
massMNCM of 97.5 g mol−1, an amount of 2 mmol of TMs would
be expected; the here observed smaller amounts of 1 mmol
detected by PGAA (data not shown) are attributed to self-
shielding and partial illumination of the sample. Neverthe-
less, the molar ratios between the elements of interest can be
determined precisely since they are independent of the
analyzed fraction for any homogeneous samples, such as an
NCM powder. The observed molar ratios of the transition
metals nNi:nCo:nMn, which are presented in Table 2 and deter-
mined with a relative uncertainty below 4% for each TM signal,
This journal is © The Royal Society of Chemistry 2024
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Table 2 PGAA analysis of as-received NCM831205, of the as-received
material calcined under O2 at 525 °C, and of differently washed NCM
samples after drying (under dynamic vacuum) at the specified
temperatures (given in square brackets). Shown are the obtainedmolar
ratios of the three transition metals, the molar ratio of lithium over the
sum of transition metals (nLi/nTM), and the molar ratio of protons over
the sum of transition metals (nH/nTM). The latter corresponds to xH+; its
value for the as-received and the calcined sample is below the
quantification limit (indicated by 0*)

Sample

Relative amounts (in mol%)

nNi : nCo : nMn nLi/nTM h xLi+ nH/nTM h xH+

as-received 82.5 : 12.6 : 4.9 97 � 4 0*
calcined 82.5 : 12.7 : 4.9 99 � 5 0*
1h-1:1-[65°C] 82.6 : 12.6 : 4.8 95 � 5 0.9 � 0.3
1h-5:1-[65°C] 82.4 : 12.8 : 4.9 97 � 5 1.7 � 0.4
55h-25:1-80°C-[65°C] 82.7 : 12.6 : 4.7 82 � 3 25.5 � 0.7
55h-25:1-80°C-[120°C] 82.5 : 12.7 : 4.9 83 � 3 26.6 � 0.8
55h-25:1-80°C-[180°C] 82.7 : 12.6 : 4.8 79 � 3 16.5 � 0.7
55h-25:1-80°C-[230°C] 82.4 : 12.7 : 4.9 75 � 3 8.1 � 0.4
55h-25:1-80°C-[300°C] 82.7 : 12.6 : 4.7 75 � 5 3.2 � 0.3
55h-25:1-80°C-[450°C] 82.7 : 12.5 : 4.8 74 � 7 4.1 � 0.4
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are close to the expected ratio of 83:12:05 for Ni:Co:Mn of the as-
received NCM. Since the total amount of TMs is not expected to
change upon washing in water, as they do not dissolve at a pH
value above 9,46,54 the amount of lithium and protons can be
referenced to either one and/or all of the TMs.

Based on the cobalt mass obtained from multiple
interference-free peaks, the expected area of the peak of cobalt
at 2032.8 keV is calculated using eqn (12). With this calculated
intensity, the area of the lithium peak at 2032.3 keV can be
quantitatively corrected for the cobalt contribution. The thus
obtained molar amount nLi of lithium, which is a weighted
average of the area of the lithium peaks at 980.6, 1051.8, and
2032.3 keV, can be converted into the degree of lithiation xLi+

(see third column of Table 2) by dividing nLi by the sum of the
molar amount of all transition metals nTM:

xLiþ ¼ nLi

nTM
¼ nLi

nNi þ nCo þ nMn

(14)

According to the PGAA data, the lithium content of the
as-received and the calcined NCM sample of 97 ± 4 and
99 ± 5 mol%, respectively, agrees within the experimental error
with the expected value of 100 mol%. For the mildly washed
samples, i.e., for 1h-1:1-[65°C] and 1h-5:1-[65°C] (both dried at
65 °C under dynamic vacuum aer washing), for which a proton
content of only 1.4 to 1.6 mol% (see Table 1) or a lithium content
of 98.6 to 98.4 mol% is expected, the experimental error of the
xLi+ value derived from the PGAA analysis is too high to detect
these minor changes in xLi+ (see row 3 and 4 in Table 2). Only for
the harshly washed 55h-25:1-80°C-[65°C] sample with an
expected xH+ value of more than 10 mol% (see Table 1), a clear
decrease in xLi+ to 82± 3mol% can be observed. Upon drying this
sample at higher temperature (of 120 to 450 °C), xLi+ remains at
similar values within the determined uncertainty. Even though
smaller changes in the lithium content cannot be detected
This journal is © The Royal Society of Chemistry 2024
reliably due to the relatively high absolute uncertainties of up to
7 mol%, resulting from the low intensity of lithium due to its
unfavorable nuclear properties, the removal of more than
10 mol% of lithium due to extensive washing (55 h at a water-to-
CAM mass ratio of 25:1 and a temperature of 80 °C), which was
indicated by titration (see Table 1), can be conrmed.

The data of the as-received NCM, presented in Fig. 2a, show
the normalized counts (black symbols), from which the back-
ground signal (dark gray line) as well as the total t (black line
and gray highlighted area) are determined. The contribution of
the cobalt (light green line/area) and of the protons (light blue
line/area), both obtained from the t of the peak depicted in
Fig. 2a, illustrate the relative contribution of the two components.

For the as-received NCM calcined at 525 °C under O2, the
PGAA spectrum between 2017 and 2028 keV shows no signal at
a gamma-ray energy of 2223 keV, indicating the absence of
protons in the calcined NCM material (see Fig. 2b). For
the washed NCMs dried at 65 °C, protons are detected: For
1h-1:1-[65°C] (see Fig. 2c), a small but signicant proton signal
is observed, which increases with increasing water-to-CAM
mass ratio, from a substantial signal for the 1h-5:1-[65°C] (see
Fig. 2d) to a dominating signal for 55h-25:1-80°C-[65°C] (see
Fig. 2e). When the latter sample is dried at increasingly higher
temperatures, i.e., at 120, 180, 230, 300, and 450 °C (see
Fig. 2f–j), the proton signal gradually decreases, particularly at
temperatures of 180 °C or greater, indicating the temperature-
induced removal of protons. It has to be noted, however, that
the here shown peak ts of cobalt and protons are for illustra-
tive purposes only, indicating the changes in the signal inten-
sity of the two elements.

In order to quantify xH+ of the NCM samples, the area of the
only proton peak with a maximum at 2223.3 keV is corrected by
the expected area of the cobalt peak at 2221.6 keV (based on the
four interference-free cobalt peaks), as it was also done for the
above described quantication of the lithium amount, resulting
in the contained amount of protons nH. Subsequently, the ratio
of nH and of the sum of the transition metals nTM yield the value
of xH+, according to eqn (15):

xHþ ¼ nH

nTM
¼ nH

nNi þ nCo þ nMn

(15)

This analysis results in a relatively low xH+ of 0.6 mol% for
the as-received NCM, with a 1s standard uncertainty of
0.4 mol%. In the here used analysis protocol, the quantication
limit of the method differs from the detection limit and is
dened as the value for which the uncertainty from the count-
ing statistics does not exceed 50%. As the uncertainty of xH+ of
the as-received sample was found to be above this threshold,
i.e., that the presence of the protons could be detected but not
quantied reliably, xH+ was not stated quantitatively (marked as
0* in Table 2). For the calcined NCM (see Fig. 2b), no signicant
amount of protons could be detected. In all other cases, the
proton signals could be quantied reliably.

The resulting xH+ is listed in Table 2 for each NCM sample and
compared below to the results of the other methods (see also
Table 6 and yellow symbols in Fig. 8). For the mildly
J. Mater. Chem. A, 2024, 12, 25140–25164 | 25145
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Fig. 2 Spectroscopic data from PGAA analysis between 2217 and 2228 keV, depicting the recorded counts (circles) for different NCM
samples: (a) as-received (black symbols); (b) as-received and calcined under O2 at 525 °C (gray symbols); (c) 1h-1:1-[65°C] (light blue symbols);
(d) 1h-5:1-[65°C] (dark blue symbols); (e) 55h-25:1-80°C-[65°C] (dark red symbols); (f)–(j) 55h-25:1-80°C washed samples dried under dynamic
vacuum at temperatures higher than 65 °C (viz., at 120, 180, 230, 300, or 450 °C; dark red symbols). The data were normalized by the fitted area of
the cobalt peak. For each sample, the figure shows exemplary fits of the data (black line and gray area), the fitted background signal (gray line
below each peak), and the computed contributions of cobalt (light green line/area, with Eg = 2221.6 keV) and protons (light blue line/area, with
Eg = 2223.3 keV).
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washed samples 1h-1:1-[65°C] and 1h-1:1-[65°C], xH+ is 0.9 ± 0.3
and 1.7 ± 0.4 mol%, respectively. By increasing the washing
time and temperature, xH+ even reaches 25.5 ± 0.7 mol% for
55h-25:1-80°C-[65°C]. Even though xH+ is only affected insigni-
cantly when the washed material is dried at the higher tempera-
ture of 120 °C, showing a value of 26.6± 0.8mol%, it continuously
decreases with increasing drying temperature: xH+ is reduced to
16.5 ± 0.7 mol% at 180 °C, to 8.1 ± 0.4 mol% at 230 °C, and to
similar values of 3.2 ± 0.3 and 4.1 ± 0.4 mol% at 300 and 450 °C,
respectively, indicating the removal of most of the protons upon
drying of the washed sample at temperatures of 300 °C or higher.
As the protons require oxygen atoms to be released from the NCM
structure in the form of H2O,46 and as the NCM particle surface
region is oxygen-depleted due to the expected temperature-
induced decomposition of the layered NCM structure to rock-
salt/spinel phases (observed for partially delithiated NCMs),22,50

oxygenmust diffuse to the surface where it can be released as H2O
upon the reaction with the intercalated protons. Thus, the 3 to
25146 | J. Mater. Chem. A, 2024, 12, 25140–25164
4 mol% of protons remaining in 55h-25:1-80°C-[450°C] might be
trapped due to a limited oxygen diffusivity; when increasing the
temperature further, however, it is expected that the remaining
protons are released. This suggests that, for the more mildly
washed samples with a much lower xH+, no protons might remain
aer drying at 450 °C since less oxygen atoms are required to
release all protons in the form of H2O.

Based on the Li+/H+-exchange reaction formulated in eqn (1),
the amounts of protons and lithium are expected to add up to
100 mol%. Within the obtained uncertainties of the PGAA
analysis, being relatively large for the determined lithium
amount in the NCM samples, the PGAA data for 55h-25:1-80°C
are consistent with a stoichiometric replacement of Li+ by H+, at
least for the samples dried at 65 and 120 °C. This does conrm
that the reaction with H2O does not induce the exclusive deli-
thiation of the NCM but results in the Li+/H+ exchange. Beyond
a heating temperature of 120 °C, xH+ rapidly decreases and the
sum of xLi+ and xH+ becomes substantially less than 100 mol%.
This journal is © The Royal Society of Chemistry 2024
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To elucidate the apparent removal of protons at temperatures
above 120 °C, the thermal stability of protonated NCMs is
further studied by thermogravimetric analysis.
Fig. 3 TGA-MS data recorded under argon (60 ml min−1) of as-
received (black), calcined (at 525 °C under O2, gray), and washed NCM
samples (dried at 65 °C). For the latter, exemplary data of 1h-1:1-[65°C]
(light blue), 1h-5:1-[65°C] (dark blue), and 55h-25:1-80°C-[65°C] (dark
red) are presented. The samples were heated to 450 °C at 10 K min−1

with intermittent temperature holds at 25 °C (for 10 min) as well as at
120 and 450 °C (for 30 min each), marked by the gray areas.
(a) Temperature profile. (b) Relative NCM mass, normalized to the mass
at the end of the temperature hold at 120 °C; the relative mass loss at
450 °C is marked in the figure (it is also given for all investigated samples
in Table 3). MS ion currents of (c) H2O (m/z = 18) and (d) O2 (m/z = 32)
are normalized by that of argon (m/z = 36). Due to the large difference
in signal intensity, the complete data of 55h-25:1-80°C-[65°C] are not
shown here but can be found in Fig. S3.†
Thermogravimetric analysis coupled with mass spectrometry
(TGA-MS)

The thermal analysis of CAMs by TGA(-MS) has proven useful to
identify the surface contaminants which form on the surface of
CAM particles upon their exposure to ambient atmosphere,
particularly on nickel-rich CAMs.30,33,34,64 So far, the mass loss as
well as the evolving gasses have oen been assigned solely to the
thermal decomposition of the contaminants; during ambient
air storage of CAMs, however, water vapor from humid air does
not only form contaminants such as lithium hydroxide that
gradually reacts further with CO2 to the more stable lithium
carbonate,23,30 but, simultaneously, H+ is intercalated to replace
the extracted Li+.34 This protonated NCM phase has been found
to be thermally less stable than fully lithiated NCMs.34,46,54 Thus,
for the thermal analysis of stored NCMs, the decomposition of
the surface contaminants and of the protonated, thermally less
stable NCM phase are convoluted since the temperature regions
of the decomposition reactions overlap.46,65 However, aer
washing an NCM, only minor amounts of contaminants are
expected to remain, which is why, in this case, the thermal
decomposition of the protonated NCMs can be investigated
without signicant interference.

Using a custom-made setup attached to an MS, Pritzl et al.
showed that no oxygen is released from the NCM structure
during the washing process;46 therefore, the layered NCM
structure is expected to be maintained, at least at relatively low
drying temperatures of 120 °C or below, as discussed further in
the later XRD analysis. The thermal decomposition of washed
and thus protonated NCMs has been investigated by Pritzl et al.
and Hamam et al.: Both discussed a two-step decomposition
reaction, rst evolving H2O above 120 °C and then oxygen (O2)
above 250 °C, resulting in the formation of a rock-salt-type
phase (MO).46,54 Since the extent of this decomposition reac-
tion is expected to scale with the extent of protonation of the
NCM caused by washing, the relative mass loss upon heating
allows to quantify xH+.

The thermal analysis of the as-received, the calcined, and the
washed NCMs is depicted exemplarily in Fig. 3. The applied
temperature prole (see Fig. 3a) consists of a temperature ramp
(of 10 K min−1) to 450 °C under argon, with intermittent
temperature holds at 25 °C (for 10 min) as well as at 120 and
450 °C (for 30min each), marked by the gray areas. Up to 120 °C,
the samples lose between 0.005 and 0.05 wt% of their initial
mass (see Fig. 3b), which is attributed to the desorption of
physisorbed H2O (see Fig. 3c). Since we expect to have removed
all physisorbed water up to 120 °C, the mass loss m(T) of the
NCM samples, depicted in Fig. 3b, is normalized by the value
m(120 °C) at the end of the temperature hold at 120 °C (reached
aer 49.5 min); the thus normalized mass at the end of the
450 °C temperature hold is marked in the gure and is referred
to as m(450 °C). The mass loss between 120 and 450 °C is only
0.09 wt% for the as-received NCM (black), consistent with
This journal is © The Royal Society of Chemistry 2024
previous reports;23,30,34 in contrast, this mass loss does not
exceed 0.01 wt% for the calcined NCM (gray) since it was not
exposed to ambient air aer calcination at 525 °C under oxygen.
The washed NCM 1h-1:1-[65°C] (light blue) exhibits an
increased mass loss of 0.20 wt% at 450 °C, initiating at approx.
140 °C. For the sample washed at the higher water-to-CAMmass
ratio of 1h-5:1-[65°C] (dark blue), which is expected to have
a higher xH+ (see Fig. 1), the mass loss reaches 0.34 wt%, while
55h-25:1-80°C-[65°C] (dark red) even loses 4.42 wt% of its mass
up to 450 °C (see also Fig. S3 in the ESI†). For all samples, the
mass loss essentially ceases at 450 °C, indicating the comple-
tion of the thermal decomposition of the protonated NCM. Note
that the here observed temperature range for the mass loss of
the washed/protonated nickel-rich NCMs of 120 to 450 °C
J. Mater. Chem. A, 2024, 12, 25140–25164 | 25147
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Table 3 Overview of the TGA-MS results of as-received, calcined, and
of differently washed NCM (dried at 65 °C), showing the remaining
sample mass after the 450 °C temperature hold referenced to the one
after the 120 °C temperature hold (m(450 °C)) as well as the proton
content xH+ obtained via eqn (19)

Sample m(450 °C) (in wt%) xH+ (in mol%)

as-received 99.91 0.49
calcined 100.00 0.02
2min-5:1-[65°C] 99.79 1.21
12min-5:1-[65°C] 99.74 1.50
1h-5:1-[65°C] 99.66 1.96
5h-5:1-[65°C] 99.42 3.31
25h-5:1-[65°C] 99.41 3.35
1h-0.2:1-[65°C] 99.87 0.74
1h-1:1-[65°C] 99.80 1.15
1h-5:1-[65°C] 99.66 1.96
1h-25:1-[65°C] 99.65 2.00
1h-125:1-[65°C] 99.61 2.21
55h-25:1-80°C-[65°C] 95.58 25.0
2min-1:1-0°C-[65°C] 99.87 0.74
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agrees well with the decomposition temperature of nickel oxy-
hydroxide (NiOOH, which can conceptually also be written as
HNiO2),66,67 and, since HNiO2 is essentially the fully delithiated/
protonated phase of nickel-only layered lithium nickel oxide
(LiNiO2), which has a signicantly higher decomposition
temperature of >600 °C, similar to nickel-rich NCMs, the
compromised thermal stability of a washed NCM is attributed
to its protonation.

The mass loss of the washed NCMs is accompanied by the
release of H2O (m/z = 18, see Fig. 3c) and O2 (m/z = 32, see
Fig. 3d), which are both normalized by the argon ion current
(m/z = 36). The release of H2O is detected together with the
onset of the mass loss at 140 °C, while most of the H2O signal is
detected below approx. 350 °C (for 55h-25:1-80°C-[65°C], see
also Fig. S3†). In contrast, the onset of the O2 release occurs at
approx. 230 °C and continues up to 450 °C. Note that the
observed decrease of the O2 signal over the rst 10 min during
the initial hold at 25 °C (see Fig. 3d) as well as the increase of
both the H2O and O2 signal during the temperature ramps of
10 K min−1 both from 25 to 120 °C and from 120 to 450 °C (see
Fig. 3c and d), being present for all samples, do not originate
from the NCM sample but are related to the background signal,
which is discussed in more detail for Fig. S2 in the ESI.†

Pritzl et al. suggested that relatively small amounts of oxygen
( x
12
O2 per HxLi1−xMO2) are released at the lower temperatures

together with H2O upon the formation of a spinel phase
(M3O4).46 However, since no O2 signal is observed below 230 °C
for the here obtained TGA-MS data of the washed NCMs, not
even for the highly protonated 55h-25:1-80°C-[65°C] that has
very large mass loss and gas signals (see dark red data in Fig. 3d
and S3d†), it is suggested that no O2 is released below 230 °C
and no M3O4 is formed. Instead, an oxygen-depleted corundum
phase (M2O3) could develop below 230 °C, which, according to
eqn (16), would only release H2O and no O2 (note that the here
suggested decomposition pathway will actually be disproven by
the later discussed XRD analysis):

HxLi1�xMO2 ���!. 140 �C ð1�xÞ LiMO2 þ x

2
M2O3 þ x

2
H2O (16)

Similar to the thermal decomposition of (electro)chemically
delithiated NCMs (Li1−xMO2),22,50,51 the release of O2 is observed
at higher temperatures between 230 and 450 °C, eventually
resulting in the formation of a rock-salt phase (MO) according
to eqn (17):

ð1�xÞ LiMO2 þ x

2
M2O3 ���!. 230 �C

ð1�xÞ LiMO2 þ x MOþ x

4
O2 (17)

Since fully lithiated LiMO2 is stable up to >600 °C even for
nickel-rich materials,23,33 only the protonated fraction of the
HxLi1−xMO2 would be expected to be decomposed below 450 °C.
In this case, the fraction of the HMO2 phase can be quantied by
the ratio of the formedMO and the remaining LiMO2 phases (see
eqn (16) and (17)). For a complete decomposition of the HMO2
25148 | J. Mater. Chem. A, 2024, 12, 25140–25164
phase, xH+ can be obtained from the mass values of the washed
NCM samples at 120 °C (m(120 °C)), corresponding to a nominal
mixture of (1−x) parts of LiMO2 and x parts of HMO2, and at
450 °C (m(450 °C)), corresponding to a nominal mixture of (1−x)
parts of LiMO2 and x parts of MO, taking into account the molar
masses of the various compounds (of 97.5, 91.5, and 74.5 gmol−1

for MLiMO2
, MHMO2

, and MMO, respectively); this results in
eqn (18), being a simple mass balance that can be solved for x
(corresponding to xH+), and, when solved for xH+, in eqn (19):

mð120 �CÞ
ðð1�xÞ �MLiMO2

þ x�MHMO2
Þ ¼

mð450 �CÞ
ðð1�xÞ �MLiMO2

þ x�MMOÞ
(18)

xHþhx ¼
�
1þ mð450 �CÞ �MHMO2

�mð120 �CÞ �MMO

ðmð120 �CÞ �mð450 �CÞÞ �MLiMO2

��1

(19)

Note that for this quantication of xH+, it is irrelevant what
the intermediate species are, as long as the only compounds
present at 450 °C are the fully lithiated layered phase and the
corresponding rock-salt phase.

For 1h-1:1-[65°C] and 1h-5:1-[65°C], shown in Fig. 3b, the
values for the mass loss of 0.20 and 0.34 wt% between 120 and
450 °C equate to xH+ of 1.15 and 1.96 mol%. For the harshly
washed 55h-25:1-80°C-[65°C] sample with an observed mass
loss of 4.42 wt% (Fig. 3b), eqn (19) yields a value for xH+ of
25.0 mol%. For this high proton content, however, some
protons potentially remain in the structure even at 450 °C, as
discussed for the PGAA data (see Fig. 2), so that the actual xH+

value might be approximately 10 to 15% higher (for 3 to 4 mol%
of protons remaining, see Table 2). While the mass loss of
0.003 wt% of the calcined NCM is <0.01 wt%, the larger mass
loss of 0.09 wt% of the as-received NCM (see Table 3) may stem
from the decomposition either of surface contaminants such as
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta03319a


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 4

:3
0:

46
 A

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
LiOH or TM carbonates and/or of a protonated phase formed by
short-term ambient air exposure (e.g., during packaging).
Additionally, for the most mildly washed 2min-1:1-0°C-[65°C]
sample, a mass loss of 0.13 wt% is observed, corresponding to
xH+ of 0.74 mol%. All results for m(450 °C) and xH+ obtained by
TGA-MS are depicted in Table 3 and Fig. 8 (gray symbols), both
for varying water-to-CAM mass ratios and washing times. To
elucidate the assumed decomposition of HxLi1−xMO2 to MO,
the structural changes of the highly protonated NCM sample
upon heating will be investigated by XRD next.
In situ temperature-resolved X-ray powder diffraction
(TR-XRD)

The utilization of in situ TR-XRD allows to illuminate bulk
structural changes of samples as a function of temperature. In
the context of CAMs, it has been used, e.g., to elucidate their
synthesis as well as their decomposition upon heating.68–70

Furthermore, Bak et al. employed TR-XRD to elucidate the
thermal decomposition of delithiated NCMs to identify the
resulting spinel- and rock-salt-type phases.50 For protonated
NCMs, showing a similar structural (in)stability upon heating as
delithiated NCMs,20,22,71 the thermal decomposition of the
protonated phase (HMO2) is investigated here by TR-XRD for
temperature steps of 5 K between 120 and 450 °C. Since (TR-)
XRD is a bulk-sensitive analysis technique that requires
a signicant phase fraction to enable its detection, identica-
tion, and quantication, the highly protonated NCM sample
55h-25:1-80°C-[65°C] (with xH+ of 25.0 mol%) is investigated by
TR-XRD and compared to the as-received NCM, being thermally
stable far beyond 450 °C.33

The obtained diffractograms are normalized by the reec-
tions with the highest intensity, i.e., the ones at 8.5° (corre-
sponding to the (003)L lattice plane, being perpendicular to the
layers in the layered NCM structure (L)). The thus normalized
diffractograms are depicted in Fig. S4a† for the as-received
sample and in Fig. S4b† for the 55h-25:1-80°C-[65°C] sample
as a function of temperature through a contour plot (where the
x-axis represents the diffraction angle 2q and the y-axis the
temperature, while the intensity is given by the color). The
visible reections at 120 °C (i.e., at the bottom of each contour
plot) agree with the reections expected for a layered NCM
phase (see ticks at the bottom of Fig. S4†), with the lattice
parameters of 2.87 Å for aL and 14.2 Å for cL (see discussion for
Fig. 5 and S5† as well as Table 4). At rst sight, the two samples
exhibit similar diffraction patterns, and newly occurring pha-
ses, both upon washing or heating, are not obvious from the full
diffractograms; thus, changes in the already apparent reec-
tions will be discussed for the zoomed-in regions of the contour
plot shown in Fig. 4.

Fig. 4a–d present selected regions of the as-received NCMwhich
were extracted from the XRD data of Fig. S4a.† The shown reec-
tions do not expose any structural changes upon heating but
exclusively exhibit a decrease of the diffraction angle with
increasing temperature due to the thermal expansion of the lattice
parameters, which becomes more pronounced for the reections
at higher diffraction angles. For the as-received sample, no
This journal is © The Royal Society of Chemistry 2024
increase in the diffraction background with temperature is
observed, and no additional phases can be found.

The selected regions of the highly protonated NCM sample
55h-25:1-80°C-[65°C] are depicted in Fig. 4e–h, showing the
reections at similar angles as the as-received NCM. Based on
this observation, the layered structure clearly remains intact
during washing in water, and no new crystalline phase is
observed at 120 °C; this nding agrees with the observed
absence of any oxygen release during washing46 or of any
release of oxygen from the NCM structure during heating to
120 °C (see Fig. 3). Since there is no additional phase to be
found by XRD for 55h-25:1-80°C-[65°C], the protonated NCM
does not form a separate crystalline phase. In contrast to the
as-received sample, however, the 55h-25:1-80°C-[65°C] washed
NCM exhibits additional features upon heating to 450 °C,
which mainly appear at 230 °C (indicated by the white dashed
line in the bottom panels of Fig. 4). Fig. 4e presents the region
between 7.9° and 8.9°, which includes the reection at 8.5°
that corresponds to the (003)L lattice plane of the layered (L)
phase (LiMO2) and is its most intense reection. For the (003)L
plane, in addition to the thermal expansion, a slight shi to
greater diffraction angles as compared to the as-received NCM
can be observed; this observation will be discussed in more
details for Table 4 and Fig. S5.† In contrast, both the (101)L
reection at 16.6° as well as the (10�2)L reection at 17.4°,
depicted in Fig. 4f (between 16.1° and 17.6°), exhibit a shi to
smaller angles at 230 °C. Furthermore, in addition to the weak
(006)L reection at 17.2°, a more intense reection occurs at
17.2° for temperatures above 230 °C, which stems presumably
from the (111)RS lattice plane of a rock-salt (RS) phase (i.e.,
indicating the formation of an MO phase). Similarly, the (104)L
reection at 20.0°, which is shown in Fig. 4g (between 19.3 and
20.3°), is broadened towards smaller angles, likely induced by
an overlapping reection appearing at 19.8° above 230 °C; this
reection is attributed to the (200)RS plane, being the most
intense one of MO. Furthermore, the (10�8)L reection at 28.3°
and the (110)L reection at 28.6°, which are depicted in Fig. 4h
(between 27.7° and 28.9°), are separated and of similar
intensity at 120 °C; above 230 °C, however, the two peaks
partially merge and their intensity ratio changes, likely
explained by an occurring reection at 28.3°, which may
originate from the (220)RS reection of MO. Additionally, the
increase of the background, which becomes most obvious in
Fig. S4b† and is absent for the as-received sample, might
emerge from amorphous contributions, i.e., the partial loss of
crystallinity of some material. When analyzing the XRD data
without normalizing them by the intensity of the (003)L
reection (not shown), a decrease in the (003)L reection
intensity is observed (see discussion below for Table 4), which
decreases between 230 and 330 °C from approx. 750 to 550
counts (data not shown) and, consequently, increases the
background signal upon normalization. This indicates the
decomposition of the layered phase at 230 °C.

Since even nickel-rich LiMO2 phases are stable up to >600 °C,33

only the HMO2 fraction of the NCM is decomposed below 450 °C.
The appearance of MO above 230 °C agrees with the release of O2,
as it was shown by TGA-MS (see Fig. 3). Even though the release of
J. Mater. Chem. A, 2024, 12, 25140–25164 | 25149
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Fig. 4 Zoomed-in regions of in situ TR-XRD contour plots of the NCM samples acquired between 120 and 450 °C (at 5 K steps): (a)–(d) as-
received NCM; (e)–(h) highly protonated 55h-25:1-80°C-[65°C] NCM. The data are depicted for selected regions of the Mo-Ka1 2q angle, viz., for
(a) and (e) between 7.9° and 8.9°, (b) and (f) between 16.1° and 17.6°, (c) and (g) between 19.3° and 20.3°, as well as (d) and (h) between 27.7° and
28.9°, all extracted from the complete data set in Fig. S4.† The white labels indicate the lattice planes of the layered (L) and the rock-salt (RS)
phase; the dashed white line across the bottom panels marks the temperature of 230 °C.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 4

:3
0:

46
 A

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
oxygen from the NCM structure in the form of H2O occurs already
at temperatures greater than 140 °C (and thus far below 230 °C),
clearly no new crystalline phase is visible between 140 and 230 °C
(see Fig. S4b†). The most intense reections of the previously
hypothesized intermediate spinel (S) phase (M3O4, suggested by
Pritzl et al.46) or the corundum (C) phase (M2O3, see eqn (16)) would
occur at 14.3° for the (220)S plane or at 15.2° for the (222)C plane,
respectively;50,72–74 however, no additional reections can be
observed in that region between 120 and 450 °C. Thus, one can
exclude the formation of M2O3 and M3O4 phases upon washing
and heating of a protonated NCM831205 material.

In addition to the decomposition of the layered phase,
a kink-like, sudden shi of the diffraction angles is observed
for all ve reections in the temperature region of 230 °C: This
shi also results in a change of the distance between the
(10�8)L and the (110)L reections (Fig. 4h), which decreases
from 0.3° up to 230 °C to 0.2° above 280 °C. For the (electro)
chemical (de)lithiation of the NCM structure, it is known that
these two reections move apart from each other when
lithium ions are deintercalated.75 Based on this observation,
this shi of the reections at 230 °C is assigned to a lithiation
of the layered phase, while, at 120 °C, the structure appears to
be slightly delithiated as compared to the as-received NCM.
This suggests that the partially protonated HxLi1−xMO2 phase
decomposes between 120 and 230 °C into a slightly lithiated
layered phase and a rock-salt phase, concomitant with the
release of H2O:
25150 | J. Mater. Chem. A, 2024, 12, 25140–25164
HxLi1�xMO2 ���!. 140 �C
�
1�x

2

�
Li1�x

1�x
2

MO2 þ x

2
MOþ x

2
H2O (20)

The onset temperature for this process is marked by the release
of H2O in the TGA-MS experiments, which occurs at 140 °C (see
Fig. S3c†). The partially lithiated layered phase in the bulk is then
decomposed at higher temperatures, which is accompanied by the
release of O2, initiating at 230 °C (see Fig. S3d†):�

1�x

2

�
Li1�x

1�x

2

MO2 þ x

2
MO

���!. 230 �C ð1�xÞ LiMO2 þ x MOþ x

4
O2 (21)

Note that despite the different intermediate phases, the sum
of eqn (20) and (21) results in the same overall reaction as the
sum of eqn (16) and (17), so that the above proposed TGA-MS
analysis of the proton content is valid (see eqn (19)), irre-
spective of the intermediate phases.

Therefore, instead of the hitherto hypothesized formation of
an intermediate M2O3 phase upon heating protonated NCMs to
a temperature between 140 and 230 °C (eqn (16)), the here
presented XRD analysis suggests a thermal decomposition into
an MO phase (likely in the surface-near region due to the slow
diffusion of oxygen in the NCM structure) and a partially lithi-
ated layered phase (likely in the bulk), as described by eqn (21).
To verify this hypothesis and to quantify the amount of the MO
This journal is © The Royal Society of Chemistry 2024
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phase, samples of the highly protonated NCM material heat-
treated at different temperatures were analyzed by ex situ
powder XRD, as this provides a higher signal-to-noise ratio and,
through a Rietveld renement, also the values of the lattice
parameters a and c.
Ex situ X-ray powder diffraction (XRD)

As shown in Fig. 4 and S4,† the reections of the rock-salt phase
(MO) have a signicant overlap with those of the layered phase
(LiMO2), rendering the discrimination of the two phases chal-
lenging. The phase analysis is facilitated by: (i) high-quality
diffraction patterns (high signal-to-noise ratio, small full
width at half maximum of peak shapes), (ii) a large amount of
the side phase aer heating, here of the rock-salt phase, and
(iii) a Rietveld renement to quantify the contribution of the
phases as well as their lattice parameters. Therefore, ex situ
powder XRD data were collected for the highly protonated NCM
sample 55h-25:1-80°C, which was heated beforehand to
temperatures of 65, 120, 180, 230, 300, and 450 °C; these are
then compared to the as-received as well as the calcined NCM.
The measurements were performed at room temperature, thus
avoiding contributions by thermal lattice expansion, in contrast
to the in situ TR-XRD data presented in Fig. 4 and S4.†

Exemplarily, the diffractogram of the highly protonated and
subsequently at 450 °C heat-treated NCM (55h-25:1-80°C-[450°C])
is depicted in Fig. 5a (black data points). As suggested by Friedrich
et al.,14 a Rietveld renement based on the combination of
a layered NCM phase with an R�3m space group as well as a rock-
Fig. 5 Ex situ powder X-ray diffractograms (black data points) and fit
experiments were conducted in transmission mode using Mo-Ka1 radiati
gray vertical bars indicate the expected position of the layered and the ro
set. (a) Exemplary diffraction pattern of the highly protonated NCM samp
(gray line). (b) Magnified diffraction patterns of all samples, showing the in
between 16.1° and 20.9° (see black dashed box in panel a). The red and g
(RS) phase, respectively. (c) Relative molar fraction (in mol%) of the layere
the XRD data by the Rietveld refinement.

This journal is © The Royal Society of Chemistry 2024
salt phase with an Fm�3m space group should, in the absence of
additional phases, fully account for all reections between 7° and
48° using a Mo-Ka1 source (see red line). This is indeed the case,
yielding a reasonably small difference of data and t (see gray data
in Fig. 5a). The difference can also be expressed by the goodness-
of-t parameter c, as discussed in the ESI,† having values of c
between 0.86 and 1.15 and thus conrming a reliable t.

To investigate the changes in the NCM structure upon
washing and/or subsequent heating, an overview of all collected
diffractograms is shown in Fig. 5b for the region between 16.1°
and 20.9°. This region includes the (101)L, (006)L, (102)L, and
(104)L reections of the layered NCM structure and, if present,
two reections of the MO structure, viz., the (111)RS reection at
17.2° and the (200)RS reection at 19.8°. When comparing the
diffraction pattern of the as-received and the calcined NCM, no
changes are observed. In contrast, for the highly protonated
sample heated to only 65 °C (55h-25:1-80°C-[65°C]), a shi of
the reections towards smaller angles occurs, which is dis-
cussed below for the evaluation of the lattice parameters aL and
cL in Table 4 and Fig. S5.† Nevertheless, the NCM structure
maintains its layered structure and no other crystalline phases
are observed, despite the high proton content xH+ of 25.0 mol%
(see Table 6), underlining that no oxygen is released from the
NCM structure upon washing, consistent with the on-line mass
spectrometry analysis by Pritzl et al.46 The formation of a sepa-
rated phase for HMO2 with reections at different diffraction
angles is excluded by XRD, as there is no peak broadening
observed upon protonation, evident when comparing the
by Rietveld refinement (red lines) for various NCM samples: the XRD
on, taking one data point every 0.15° between 7° and 48°. The red and
ck-salt phase, respectively. The goodness of fit c is stated for each data
le after heating at 450 °C, including the difference between data and fit
tensity normalized to the highest peak (i.e., the (003)L reflection at 8.5°)
ray labels indicate the lattice planes of the layered (L) and the rock-salt
d (red) and the rock-salt (gray) phase for each sample, extracted from

J. Mater. Chem. A, 2024, 12, 25140–25164 | 25151
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calcined and the 55h-25:1-80°C-[65°C] sample; furthermore, the
protonated phase cannot be amorphous either, as this would
result in the unchanged diffractogram of a pure LiMO2 phase,
while the XRD data of 55h-25:1-80°C-[65°C] exhibit a clear shi
of the (104)L reection to lower diffraction angles.

With increasing drying temperature, only little changes are
observed up to 180 °C, while, starting at 230 °C, a broadening of
the (104)L reection (at 20.1°, see Fig. 5b) towards lower
diffraction angles can be observed. The broadening is explained
by the appearance of the (200)RS reection (at 19.8°), which is
accompanied by the simultaneous development of the (111)RS
reection (at 17.2°), both challenging to observe by eye. The ratio
I8.5°/I20.0° of the integrated intensities of the (003)L reection (at
8.5°) as well as the (104)L and the (200)RS reection (both at
20.0°), however, provides further insights: In the literature, this
ratio (oen referred to as I003/I104 value, with I104 including the
intensity of the (200)RS reection) is an indicator both for
lithium-TM disorder as well as for rock-salt formation.14,76,77 The
as-received NCM exhibits an I8.5°/I20.0° value of 1.42 (see Table 4),
while it increases for the calcined NCM to 1.69, potentially due to
the partial conversion of an MO phase present in the as-received
material to a layered phase. Upon protonation, relatively small
changes are observed (I8.5°/I20.0° = 1.60), while, upon heating of
the highly protonated NCM, the I8.5°/I20.0° values decrease with
increasing drying temperature (from 1.40 to 1.16, see Table 4),
possibly indicating a partial decomposition of the layered phase
to the MO phase. Similar to the TR-XRD results (see Fig. 4), no
indication of an intermediate spinel (S) phase (M3O4) or
a corundum (C) phase (M2O3) are observed for any heat-
treatment temperature, as for these reections at 14.3° for
(220)S or at 15.2° for (222)C would be expected, both of which are
absent for the ex situ XRD data as well.

From the Rietveld renements of the diffractograms, the
relative contributions of the layered LiMO2 and the rock-salt
MO phase are extracted and presented in Fig. 5c (note that
the relative mass fraction (in units of wt%) obtained by Rietveld
renement is stated here in themoremeaningful molar fraction
(in units of mol%), calculated from the mass fraction using the
molar masses of LiMO2 (97.5 g mol−1) and MO (74.5 g mol−1)).
Up to 120 °C, no MO can be determined. Starting at 180 °C,
3 mol% of MO are detected, increasing to 7 mol% at 230 °C and
20 mol% at 300 °C. At the highest temperature of 450 °C, where
the TGA-MS experiments indicate the completion of the thermal
decomposition of protonated NCMs (see Fig. 3 and S3†), a value
of 24.1 mol% of MO is determined.

The observations that exclusively H2O is released up to 230 °C
(see Fig. S3†) while the formation of MO is observed to start
already at 180 °C, provide further evidence that the thermal
decomposition of the protonated NCM between 140 and 230 °C
proceeds via eqn (20) (yielding a partially lithiated layered and
a rock-salt phase), rather than via the previously proposed
formation of a spinel phase46,78 or the potential formation of
a corundum phase (eqn (16)). As the thermal decomposition is
completed at 450 °C (see Fig. S3†), solely yielding a layered LiMO2

and a rock-salt MO phase (see Fig. 5), consistent with eqn (20)
and (21), the combination of eqn (20) and (21) predicts that, at
450 °C, 1 mol of HxLi1−xMO2 should be converted to 1−x mol
25152 | J. Mater. Chem. A, 2024, 12, 25140–25164
LiMO2 and xmol MO, so that the MOmole fraction corresponds
to x, i.e., to xH+:

xHþ ¼ xMO

xMO þ xLiMO2

(22)

The thus obtained proton content xH+ of 24.1 mol% for the
highly protonated 55h-25:1-80°C sample will be compared to
those obtained by the other methods in Table 6. However,
considering that the PGAA analysis indicated that protons
remain in its structure even at 450 °C (see Fig. 2), the here ob-
tained xH+ value might be somewhat underestimated (as in the
case of the TGA-MS analysis).

The Rietveld renement also allows to determine the lattice
parameters aL, cL, and aRS for the highly protonated and heat-
treated samples. In the literature, the change of the lattice
parameters has already been investigated for washed and/or
heated nickel-rich layered oxides;41,42,49,79–81 however, for the
typical washing conditions which would result in a small Li+/H+

exchange on the order of 1 mol%, the effect on the lattice
parameters would be minor. In this work, however, changes in
the lattice parameters, listed in Table 4 and discussed for Fig. S5
in the ESI,† are rather pronounced due to the relatively high xH+

of 25 mol%.
As already observed for the TR-XRD experiments of the as-

received NCM and the highly protonated 55h-25:1-80°C-[65°C]
sample, the diffraction angles of certain reections of the latter
are slightly shied as compared to the as-received NCM; addi-
tionally, this shi is reversed when the washed NCM is heated
above 230 °C (see Fig. 4). These changes of the lattice parameters
aL and cL were quantied for the layered phase via Rietveld
renement of the ex situ XRD data and are presented in Table 4:
aL and cL of the as-received NCM show the expected values of
2.8711 and 14.1894 Å of an NCM851005, respectively, consistent
with previous studies.14,75,82 Comparing the as-received NCM with
the calcined one, the differences of aL and cL are minor. Upon
protonation, however, aL changes by only 0.04% to 2.8694, while
cL increases by 0.33% to 14.237 Å. Upon heating up to 180 °C, aL
remains essentially constant (at 2.8696 Å), and cL also increases
by only 0.08% to 14.248 Å. More signicant changes are observed
with the release of O2 starting at 230 °C (see also Fig. S3†), where
the cL parameter again decreases, reaching 14.196 and 14.194 Å at
300 and 450 °C, respectively, which are within 0.04% of the value
in the as-received material; at the same time, the aL parameter
increases to 2.8738 and 2.8746 Å, which is 0.14% higher than in
the as-received material. It must be noted that, even though both
the as-received/calcined sample as well as the washed and heat-
treated samples dried at 300 and 450 °C are expected to consist
of a fully lithiated layered structure (and an additional rock-salt
shell for the washed and heat-treated samples), their lattice
parameter aL of the layered structure differs. This may be caused
by the relatively thick rock-salt surface layer formed on the parti-
cles of the 55h-25:1-80°C-[300°C] and the 55h-25:1-80°C-[450°C]
samples: For a molar fraction of the rock-salt phase of 24 mol%
and a specic surface area of 1.67 m2 g−1 (corresponding to
a particle diameter of 0.7 mm, see Table S1†), a spherical
approximation would yield a thickness of 18 nm for the MO
This journal is © The Royal Society of Chemistry 2024
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Table 4 Ex situXRD results (deduced fromFig. 5) for the as-receivedNCM,
the calcined NCM, as well as the highly protonated NCM (55h-25:1-80°C,
with xH+ of 25.0 mol%) after heat treatments at different temperatures
(65, 120, 180, 230, 300, and 450 °C). Shown are the I8.5°/I20.0° ratios of the
integrated intensities of the reflection at 8.5° (i.e., the (003)L reflection) and
at 20.0° (i.e., the (104)L and the (200)RS reflections), the goodness of fit c of
the Rietveld refinement, the lattice parameters aL and cL of the layered
phase, as well as their ratio aL/cL

Sample I8.5°/I20.0° c aL (in Å) cL (in Å) cL/aL

as-received 1.42 0.96 2.8711 14.1894 4.9422
calcined 1.69 0.92 2.8706 14.1904 4.9433
55h-25:1-80°C-[65°C] 1.60 0.86 2.8694 14.2374 4.9618
55h-25:1-80°C-[120°C] 1.40 0.98 2.8696 14.2408 4.9627
55h-25:1-80°C-[180°C] 1.31 0.93 2.8696 14.2484 4.9654
55h-25:1-80°C-[230°C] 1.17 1.15 2.8680 14.2248 4.9598
55h-25:1-80°C-[300°C] 1.16 0.93 2.8738 14.1961 4.9398
55h-25:1-80°C-[450°C] 1.17 0.87 2.8746 14.1952 4.9382

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 4

:3
0:

46
 A

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
shell aer washing and heat treatment; aer washing without
heat treatment, an HMO2 shell of 33 nm would be present
(see detailed derivation of eqn (S12) and (S14) in the ESI†). This
MO shell of 18 nmmay then distort the lattice parameters of the
layered phase in the core. The here described variation of the aL
and cL values is also illustrated in Fig. S5.† The lattice parameter
aRS of the rock-salt phase, appearing at 180 °C, exhibits a value
of 4.11 ± 0.01 Å that remains constant also at higher tempera-
tures; it is close to the one of nickel-rich rock-salt-type phases of
TM oxides, e.g., of NiO.83,84 Based on the results of Iida et al. on
the dissolution of lithium oxide in NiO, the relatively low value
of aL of 4.11 Å might suggest that the rock-salt phase contains
up to 25 mol% of lithium.85 Overall, however, the changes of the
lattice parameters of at most 0.14% for aL and 0.42% for cL are
relatively small in comparison to their changes upon (electro)
chemical delithiation of up to 2% for aL and up to 5% for cL.75

Furthermore, the parameter cL/aL, being a descriptor for the
distortion of the unit cell, has a very similar value of 4.9433 and
4.9422 for the as-received and the calcined NCM, respectively. It
increases by 0.40% to 4.9618 for the highly protonated NCM
with xH+ of 25.0 mol% (see Table 4); upon heating, the cL/aL
values further increase, reaching a maximum of 4.9654 at
180 °C. This trend becomes reversed between 180 and 230 °C,
and the cL/aL value decreases to 4.9382 aer the heat treatment
at 450 °C, a value that is within 0.08% of that of the as-received
and calcined NCM. This nding conrms our hypothesis taken
in eqn (21) that protonated NCMs heat-treated at 450 °C are
composed of a rock-salt structure on the surface and a fully
lithiated LiMO2 phase in the core.

As the protonation affects the lattice parameters and thus
also changes the bulk properties of the NCM material, the
distribution of protons and lithium ions within an NCM particle
is of great interest. Since the here observed variations of the
lattice parameters of a highly protonated and heat-treated NCM
are signicant but rather small, two possible structures of the
washed NCM particles remain plausible: either (i) the protons
mix with the lithium ions and distribute homogeneously within
the NCM particle, or (ii) a layered material evolves with
This journal is © The Royal Society of Chemistry 2024
a delithiated, protonated NCM layer around an essentially
unperturbed fully lithiated NCM core. To elucidate the spatial
distribution of the protons within the NCM primary particles,
X-ray photoelectron spectroscopy is applied in the following.
X-ray photoelectron spectroscopy (XPS)

Core-level spectra are acquired by XPS for the calcined NCM
material as well as for samples washed with different washing
times, temperatures, and water-to-CAM mass ratios. The ob-
tained survey spectra with the assigned core levels and Auger
transitions are depicted in Fig. S7.† Besides the expected core-
level photoelectron and Auger emission from lithium, oxygen,
and the transition metals, a C 1s signal of similar intensity is
found at 284.5 eV for every sample, originating from the
adventitious carbon, which is typical for sample surfaces that
have not been pre-treated in ultra-high vacuum prior to XPS
analysis.86 For the calcined sample, which is the only unwashed
sample investigated by XPS, traces of sodium and sulfur are
detected on the surface, which are impurities stemming from
the NCM synthesis (see discussion of Fig. S7†).

To study the chemical environment and the concentration of
the lithium and TM species in the near-surface region of the
NCM particles, high-resolution spectra of the TM 3p and Li 1s
core levels are acquired (see Fig. 6a). As all respective core levels
lie in a very narrow range with a binding energy between 45 and
85 eV, this region allows for a simplied and more accurate
quantitative analysis (see below). Quantitative analysis of the
TM 2p core levels is omitted since the respective peaks suffer
from a complicated satellite structure and overlap with electron
emission from Auger transitions, especially in case of the Mn 2p
peak, which cannot be resolved at low concentration due to the
overlap with the intense Ni L2M23M45 Auger transition peak.
The spectra depicted in Fig. 6a are normalized by the total
integrated Ni 3p intensity and corrected for sample charging by
using the C 1s signal of adventitious carbon at 284.5 eV. The
overall sample charging is low in all cases (<0.1 eV), except for
the highly protonated 55h-25:1-80°C-[65°C] sample, which
charges by 1.3 eV during the XPS measurements. This larger
extent of sample charging goes in line with inhomogeneous
(differential) charging effects leading to peak broadening,
particularly visible for the Co 3p and Mn 3p peak. Aer
subtraction of a Shirley background, the deconvolution of all
peaks in the acquired spectra is accomplished by a global t
with ten components, of which four components are used for
the Ni 3p peak and two components each for the Co 3p (blue
area in Fig. 6b–g), the Li 1s (red), and the Mn 3p (brown) peaks.
The two components for the Li 1s peaks aim at deconvoluting
two spectroscopically resolved, chemically different
Li 1s species (see below); all other peak components are solely
introduced to mimic the complex peak shape and satellite
structure of the TM 3p photoemission peaks in order to
correctly determine their peak areas.

The binding energies of the Ni 3p, Co 3p, and Mn 3p core
levels of 67, 60 and 49 eV, respectively, are similar for the
calcined and all the washed NCMs, indicating that the proton-
ation of the NCM does not signicantly change the oxidation
J. Mater. Chem. A, 2024, 12, 25140–25164 | 25153
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Fig. 6 XPS data of the calcined NCM and of differently washed NCM samples heat-treated at 65 °C, which are normalized by the total integrated
Ni 3p intensity and corrected for sample charging by using the C 1s signal of adventitious carbon at 284.5 eV. (a) Data overview. (b)–(g) Ten-
component fit of the core levels of Ni 3p (68 eV, data not shown, four components), Co 3p (60 eV, blue, two components), Li 1s (54 eV, red, two
components), and Mn 3p (49 eV, brown, two components) for each of the NCM samples. The ten-component fit aims at distinguishing two
chemical Li 1s species, i.e., lithium-containing surface impurities such as Li2CO3 (54.8 eV, pale red) and intercalated lithium (53.4 eV, red); all other
peak components are solely introduced to correctly mimic the complex peak shape and satellite structure of the TM 3p photoemission peaks,
having no physical meaning but enabling an accurate determination of their respective peak areas.
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state or chemical environment of the TMs, as one would expect
for a Li+/H+-exchange reaction. However, the Ni 3p peak shape is
affected by the washing procedure: For the calcined sample, its
peak shape resembles a single broad component that tails to the
high binding energy side, whereas all washed samples clearly
show a similar, more narrow peak shape with a resolved second
component at 72 eV. This additional component reects
a satellite and does not originate from the spin–orbit splitting
which is below 2 eV for Ni 3p.87 Mansour et al. found that the
absence of this satellite is characteristic for LiNiO2

systems;86,88–90 lithium-free nickel compounds such as rock-salt
NiO or nickel-oxide species formally containing Ni3+, such as
NiOOH and Ni2O3, show pronounced satellites at similar
binding energy. Thus, this satellite might be sensitive towards
the chemical environment and the lithium content of an
ordered NCM structure, which is inuenced by replacement of
lithium ions by protons. All other TM 3p signals remained
essentially unaffected upon washing of the NCM.

The Li 1s peaks of the calcined sample are deconvoluted by
two components: a sharp component at a binding energy of
53.4 eV (marked by a red background in Fig. 6b–g), referring to
lithium intercalated in the layered-oxide structure of the NCM
(further on referred to as [Li 1s]int.), and a broader component at
54.8 eV (pale red), indicative for typical surface contaminants
such as Li2CO3,30,34,46,47 remaining from the NCM synthesis or
produced during NCM exposure to ambient atmosphere (further
on referred to as [Li 1s]surf.). For the calcined NCM, the [Li 1s]surf.
component contributes 44% to the overall Li 1s intensity (see
25154 | J. Mater. Chem. A, 2024, 12, 25140–25164
Fig. 6b), while, for the washed samples, the [Li 1s]surf. contribu-
tion decreases substantially. For 2min-1:1-0°C-[65°C], the surface
contaminants contribute only 24% (see Fig. 6c), while all other
washing conditions are sufficient to remove most surface
contaminants, so that their contribution to the Li 1s signal is
below 10%. Besides the [Li 1s]surf. intensity, the washing proce-
dure also affects the intensity of the [Li 1s]int.. In accordance with
titration and PGAA experiments, both an increased washing time
as well as an increased water-to-CAM mass ratio reduces the
[Li 1s]int. intensity, as intercalated lithium is replaced by protons.
For the extreme washing conditions of 55h-25:1-80°C-[65°C], for
which xH+ of 25 mol% has been found by PGAA, TGA-MS, and
XRD (see Tables 2–4), the [Li 1s]int. signal is below the detection
limit, suggesting the formation of an entirely delithiated and thus
fully protonated near-surface region (see Fig. 6g).

In order to study the effect of the lithium/proton intermixing
within the lithium layer of the NCM structure, the intensity
changes of the [Li 1s]int. signal are analyzed using a model for
the NCM surface composition based on a quantitative peak
intensity analysis. First, the intensity IA of a core level A is
given by:91

IA ¼ Ihn � sAðhnÞ � TðEkin; AÞ �DðEkin; AÞ

�
ðN
0

NAðzÞ �W ðzÞ dz (23)

Here, Ihn is the X-ray intensity, sA(hn) is the photoemission cross
section dependent on the photon energy hn, T(Ekin, A) is the
analyzer transmission at the kinetic energy of the photoelectron
This journal is © The Royal Society of Chemistry 2024
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Table 5 Overview of the XPS-derived composition of the calcined as well as the differently washed NCM samples heat-treated at 65 °C, showing
the molar ratio of the three transition metals, the normalized intensity of the intercalated lithium, as well as the thickness l of the delithiated
surface layer (via eqn (28)). The [Li 1s]int. intensity (normalized by the Mn 3p intensity) of the washed samples ð~I ½Li 1s�int:Þ is normalized by the one of
the calcined sample ð~I0½Li 1s�int: Þ. The latter is indicated by 1* since, for the calcined sample, it is assumed that no protons are present, indicated by
a layer thickness of 0*. For 55h-25:1-80°C-[65°C], the normalized intensity of intercalated lithium is below the detection limit, indicated by <0.05,
which results in a lower limit of l, indicated by >8.1

Sample NNi :NCo :NMn (in mol%) ~I ½Li 1s�int:=
~I
0
½Li 1s�int: l (in nm)

calcined 84.4 : 10.4 : 5.2 1* 0*
2min-1:1-0°C-[65°C] 85.0 : 10.8 : 4.3 0.86 0.4
1h-1:1-[65°C] 84.5 : 10.9 : 4.6 0.77 0.7
1h-5:1-[65°C] 84.3 : 11.1 : 4.6 0.57 1.5
25h-5:1-[65°C] 83.8 : 11.5 : 4.8 0.38 2.6
55h-25:1-80°C-[65°C] 83.4 : 10.7 : 6.0 <0.05 >8.1
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Ekin, A, and D(Ekin, A) is the detection efficiency. The integral in
eqn (23) considers the distribution NA(z) of element A with
depth z into the sample surface and the escape probability W(z)
of the photoelectron. The photoelectron ejected from an
element A at depth z has an exponentially decaying probability
W(z) when travelling a distance z in the solid towards the surface
before undergoing an inelastic scattering event. Since the
respective electron does not contribute to the emitting
core-level peak intensity when having experienced an energy
loss, the peak signal attenuates with an effective attenuation
length l(Ekin, A) that can be approximated by the inelastic mean
free path (IMFP). Detection of the photoemission spectra at an
emission angle q with respect to the surface normal extends the
path to be traveled in the solid to reach the surface by a factor of
1/cos(q). As a result, the escape probability amounts to:

W ðzÞ ¼ e

�z
lðEkin; AÞ�cosðqÞ (24)

This limits the probed surface layer to typically 3l(Ekin, A) or
approximately 2 to 10 atomic layers, making XPS a surface-
sensitive technique. For a solid with a homogeneous distribu-
tion of element A, NA is not dependent on z and the integral in
eqn (23) results in:ðN

0

NAðzÞ � e

�z
lðEkin; AÞ�cosðqÞ dz ¼ NA �

ðN
0

e

�z
lðEkin; AÞ�cosðqÞ dz

¼ NA � lðEkin; AÞ � cosðqÞ (25)

In the case of the NCM material, the TM atoms are assumed
to be homogeneously distributed, which is not expected to
change during washing, as the TMs do not dissolve above a pH
value of 7;48,54 furthermore, the layered structure is not altered
by the Li+/H+ exchange, as observed by XRD (see Fig. 5).
Considering an intensity ratio of two elements within the same
data set, the X-ray intensity Ihv and the detection efficiency D are
identical and thus cancel out. As the kinetic energy of the TM 3p
core levels varies within a very narrow range of 35 eV compared
to the absolute kinetic energy of more than 1400 eV (for the here
used Al-Ka radiation with an energy of 1486.6 eV), the changes
in the analyzer transmission T(Ekin) as well as the signal
This journal is © The Royal Society of Chemistry 2024
attenuation length l(Ekin) can be neglected, so that these
contributions cancel out when calculating an intensity ratio.
Hence, the atomic ratio of two elements A and B is dependent
on the core level intensity ratio and the photoionization cross
sections only:

NA

NB

¼ IA

IB
� sB

sA

(26)

Following this approach, the molar ratios of the transition
metals in the investigated NCM samples can be determined and
are summarized in Table 5. For the calcined and all the washed
samples, the obtained molar ratios of the TMs match the bulk
composition of the NCM831205 material as well as the PGAA
results (see Table 2). Thus, no differences between surface and
bulk stoichiometry of the TMs in the NCM particles are
observed, and changes of the NCM stoichiometry upon washing
can be ruled out.

In contrast to the TMs, the distribution of Li+ within the
NCM host structure might be affected by washing, for which
different scenarios can be imagined:

� As lithium ions are removed by the washing solution from
the near-surface region of the NCM particles and simulta-
neously replaced by protons, a protonated near-surface layer
may form around a lithiated NCM core without signicant
intermixing of the protonated and lithiated phases. This could
either be caused by an extremely slow interdiffusion (i.e., kinetic
limitations) or by a thermodynamically favored phase separa-
tion (i.e., intercalated lithium ions prefer to be surrounded by
lithium ions rather than by protons and vice versa).

� In case of a thermodynamically favored and relatively fast
lithium/proton intermixing within the NCM structure (i.e., fast
interdiffusion), a partially protonated/lithiated NCM phase with
a homogeneous distribution of both lithium ions and protons
throughout the entire NCM particle would be obtained.

These two hypotheses can be tested with the NCM
material subjected to the harshest washing procedure
(55h-25:1-80°C-[65°C]), for which PGAA, TGA-MS, and XRD
suggest that approx. 25 mol% of the intercalated lithium ions are
exchanged by protons. Assuming complete intermixing of Li+ and
H+, this would result in a decrease of the [Li 1s]int. intensity by
J. Mater. Chem. A, 2024, 12, 25140–25164 | 25155
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Fig. 7 Thickness of the protonated surface layer l (in units of leff
and nm on the left and right y-axis, respectively), extracted from XPS
(see Table 5), as a function of the proton content xH+ (in mol%) ob-
tained by titration (green symbols, see Table 1), by PGAA (yellow
symbols, see Table 2), and TGA-MS (gray symbols, see Table 3). The
gray line was calculated by linear regression of the data points (while,
for the calculation, a proton content of 0 mol% was defined to
correspond to a layer thickness of 0 nm) and serves as guide to the eye.
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approx. 25% compared to the value obtained for the calcined
NCM, for which a homogeneous Li+ distribution without a deli-
thiated surface layer can be assumed. However, the [Li 1s]int. peak
intensity measured for 55h-25:1-80°C-[65°C] is not decreased by
only 25%, but its signal drops below the detection limit. Thus, no
intercalated lithium is present within the probed surface layer (of
3l, corresponding to 8 nm) of the highly protonated NCM parti-
cles, indicating that the lithium/proton intermixing within the
NCM structure must either be extremely slow or thermodynami-
cally unfavorable. The latter is implied by an additional experi-
ment, as the protonated surface layer is maintained even during
a temperature hold at 120 °C for 18 h (data not shown), which will
be discussed in a future publication.

To quantify the thickness of this surface layer, in a rst step,
a at NCM surface consisting of a protonated, lithium-depleted
near-surface layer above an unaffected, fully-lithiated substrate
is assumed. For this geometry, the [Li 1s]int. intensity origi-
nating from the substrate is attenuated by the protonated layer.
Compared to the [Li 1s]int. intensity of the calcined sample with
a homogeneous lithium distribution I0½Li 1s�int: , an exponential
decay of the [Li 1s]int. intensity of a washed sample I½Li 1s�int: as
a function of the protonated layer thickness l is expected, which
scales with the signal attenuation length l(Ekin, Li 1s) and the
emission angle q:

I½Li 1s�int: ¼ I0½Li 1s�int: � e

�l
lðEkin; Li 1sÞ�cosðqÞ (27)

Thus, the thickness of the protonated layer can be derived
from the [Li 1s]int. intensity ratio of a washed NCM compared to
the calcined NCM (note that here the attenuation by surface
contaminants of the calcined NCM is expected to be small and
thus neglected). However, the intensities of a single photoemis-
sion line acquired from different samples might suffer from
deviations in X-ray intensity or detection efficiency (see eqn (23))
and require normalization. As the TMs remain unchanged
during the washing procedure, a TM 3p intensity can serve for
the normalization. Due to the complicated satellite structure of
Ni 3p and the overlap between Ni 3p and Co 3p, the Mn 3p
intensity was used to normalize the [Li 1s]int. intensity, i.e.,
Ĩ[Li 1s]int. = I[Li 1s]int./IMn 3p. As noted above, the signal attenuation
length is oen approximated by the IMFP. According to Seah
et al., the IMFP of an electron can be estimated by l= C E0.5, with
E being the energy of the photoelectron (in units of eV) and C
being a material constant, which is typically 0.096 nm for inor-
ganic compounds.32,92 At the kinetic energy of 1430 eV for Li 1s
photoelectrons when using an aluminum X-ray source, l in the
NCM solid amounts to 3.6 nm. Considering that the NCM
material does not provide a at surface but approximately
spherical particles in the micrometer range, the photoelectron
emission angle between the surface normal and the analyzer
changes depending on the position on the particle. According to
Kuipers et al., this can be accounted for by a correction of
the IMFP by a factor of 0.75, independent of the particle geo-
metry and size,93 resulting in an effective attenuation length
leff = 0.75 l = 2.7 nm for a kinetic energy of 1430 eV. For this
geometry, the thickness of the delithiated shell l can be
25156 | J. Mater. Chem. A, 2024, 12, 25140–25164
calculated by eqn (28) (note that the data given for
~I ½Li 1s�int:=~I

0
½Li 1s�int: in Table 5 is the inverse of the value required

here):

l ¼ ln

0
@~I

0

½Li 1s�int:
~I ½Li 1s�int:

1
A� leffðEkin; Li 1sÞ (28)

The calculated layer thickness, summarized in Table 5, varies
between 0.4 nm for the material washed for the shortest time at
the lowest temperature (2min-1:1-0°C-[65°C]) and 2.6 nm for the
25h-5:1-[65°C] sample. Note that, obviously, no layer thickness
can be derived when no [Li 1s]int. intensity is observed, as it is the
case for the highly protonated 55h-25:1-80°C-[65°C] sample;
however, the lower limit of its layer thickness can be estimated
by 3leff, for which most signal of the lithium in the bulk is
attenuated (i.e., 95% of ~I0½Li 1s�int: ), resulting in a layer thickness of
more than 8.1 nm.

In general, the proton contents of the washed NCMmaterials
can be derived based on the thickness of the protonated surface
layer determined by XPS. The proton content reects the
contribution of the protonated surface layer to the total particle
volume. However, the total particle volume is a bulk-related
value that is inaccessible by surface-sensitive XPS. Hence,
additional knowledge of the particle size distribution is
required, which must be addressed by other analytical tech-
niques. A common approach considers the specic surface area
of the materials: Assuming all particles are spheres of the same
size, an effective particle diameter can be extracted (see
Table S1†) and related to the thickness of the protonated
surface layer obtained by XPS. The absolute proton content
determined by this approach is on the correct order of magni-
tude and differs by a factor of 2 from the values obtained by the
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Summary of the obtained proton content xH+ for the two
measurement series: (a) with a water-to-CAM mass ratio of 5:1 as
a function of washing time, and (b) for a washing time of 1 h as
a function of the water-to-CAM mass ratio. Note that the x-axes are
plotted in a logarithmic representation. The data are extracted from
Table 1 for the titration technique (green circles), from Table 2 for
PGAA (yellow symbols), and from Table 3 for TGA-MS (gray symbols).
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other techniques, as discussed in more detail in Table S2.†
Considering that the actual particle size distribution of the
NCM materials is very broad and not monodisperse (see
Fig. S1†), the deviations of the proton contents are within the
expected error. Nonetheless, calculating the protonated layer
thickness via XPS provides plausible results.

Thus, for a semi-quantitative interpretation of the XPS
data, the thickness of the protonated layer obtained by XPS
(see Table 5) is plotted in Fig. 7 as a function of the proton
content obtained from titration (green symbols in Fig. 7, see
Table 1), PGAA (yellow, Table 2), and TGA-MS (gray, Table 3),
both in units of leff (equal to 2.7 nm, le y-axis) as well as nm
(right y-axis). For the calcined sample (see black symbol), the
layer thickness and the proton content is dened to be zero
since, based on the TGA-MS and PGAA data, the absence of
protons has been conrmed. With increasing intensity of the
washing conditions (i.e., with prolonged washing time,
higher water-to-CAM mass ratio, and higher temperature),
the thickness of the protonated layer increases and is directly
proportional to the proton content determined by the other
techniques. Due to this linear relationship of layer thickness
and proton content (see gray line), it is concluded that the
washing of NCM materials results in the formation of a deli-
thiated but protonated surface layer, in which lithium ions
are fully replaced by protons while the bulk remains lithiated.
The intermixing of H+ and Li+ was not observed, thus it does
not take place to a signicant extent.

At rst sight, it seems contradictory that the XRD data (see
Fig. 4 and 5) indicate changes of the lattice parameters in the
bulk, while XPS indicates the presence of a protonated surface
layer with no/negligible intermixing of the protons with the
intercalated lithium from the NCM bulk (see Fig. 6). In the case
of a core–shell particle comprising two phases with slightly
different lattice parameters, a tiny difference (e.g., of 1%) in the
layer spacing would likely accumulate over tens of layers within
an NCM particle. As the bending of the layers to such an extent
is energetically unfavorable, the induced stress/strain may
result either in (i) plane gliding or stacking faults of the struc-
ture, or (ii) in a distortion of the lattice parameters within the
entire particle. From the collected XRD data, the formation of
stacking faults between the protonated and the lithiated phase
cannot be excluded. The XPS data, however, indicate the
formation of core–shell particles, consisting of a protonated
surface layer and a lithiated bulk without signicant intermix-
ing, whereby the intrinsically different lattice parameters of the
surface layer appear to slightly distort the lattice parameters of
the entire particle. Such distortions are observed for epitaxially
grown surface lms on single-crystalline substrates in surface
science, e.g., for gold on alumina, niobium-germanium alloys
on silicon, silver on sapphire, gallium-nitride semiconductor on
aluminate or silicon carbide, and vanadium oxide on
sapphire.94–96 However, even though the XPS measurements
provide unequivocal evidence for the core–shell nature of
protonated NCM particles, it cannot be excluded that a (rela-
tively small) fraction of the protons diffuses into the lithiated
phase, what might contribute to the overall change of the lattice
parameters, as observed by XRD (see Table 4 and Fig. S5†).
This journal is © The Royal Society of Chemistry 2024
Comparative evaluation of the methodology

The methods employed in this study assess the extent of the
Li+/H+ exchange of NCM CAM powder upon washing, quanti-
fying: (i) the amount of extracted lithium by titration; (ii) the
amount of inserted protons by PGAA; (iii) the mass loss of the
protonated, thermally unstable NCM phase by TGA-MS; and
(iv) the thermally decomposed phase by XRD for the harshly
washed sample. Even though the four methods illuminated xH+

by completely independent approaches, their results show good
agreement, as presented in Fig. 8 and Table 6. In addition, the
thickness of the protonated/lithium-depleted surface layer was
determined by XPS.

For example, when studied by three independent techniques
(i.e., titration, PGAA, and TGA-MS), the 1h-1:1 and 1h-5:1 washed
NCM samples exhibit values for xH+ between 0.9 and 1.2 mol% as
well as between 1.4 and 2.0 mol%, respectively. For the harshly
washed 55h-25:1-80°C sample, the highest xH+ values between
24.1 and 25.5 mol% are observed, as presented in Table 6.
Furthermore, the XPS-derived thickness of the essentially fully
delithiated/protonated near-surface layer is 0.7 nm for 1h-1:1 and
1.5 nm for 1h-5:1. Since the Li+/H+ exchange is assumed to occur
on various exposed crystal facets, for simplicity, a cubic NCM
unit cell with an edge length of 3.2 Å is assumed (corresponding
to the actual cell volume of 33.7 Å3 per LiMO2 unit75), as done in
a previous work.16 For the 1h-1:1 and the 1h-5:1 samples, the
values for the layer thickness equate to the exchange of approx-
imately 2 and 5 monolayers, respectively. It has to be noted that,
for the quantication by titration, xH+ of only 13.4 mol% is
observed for 55h-25:1-80°C (see Table 6), which is also demon-
strated in repetition measurements (data not shown); while the
origin of this deviation remains unclear, it should be noted that
this washing condition is much harsher than what is relevant for
practical applications. For the samples washed at 25 °C, the
titration-based xH+ values are in good agreement with those ob-
tained by the other techniques (see Fig. 8). Note that a summary
and comparison of the ve methods regarding effort of
J. Mater. Chem. A, 2024, 12, 25140–25164 | 25157
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Table 6 Comparison of the proton content xH+ of the as-received as well as for three differently washed samples obtained via titration, PGAA,
TGA-MS, and XRD; for each method, the physical quantity from which xH+ was determined is stated (note that xH+ of the as-received sample is
below the quantification limit in PGAA, indicated by 0*). The XPS analysis instead provides a thickness of the protonated near-surface layer,
whereby the intensity ratios obtained by XPS are normalized to the one of the calcined NCM since, for the calcined sample, it is assumed that no
protons are present. For 55h-25:1-80°C, the normalized intensity of intercalated lithium is below the detection limit, indicated by <0.05, resulting
in a lower limit for l of >8.1 nm

Method Quantity Units as-received 1h-1:1 1h-5:1 55h-25:1-80°C

Titration
LiOH concentration mmol l−1 — 99 29 55
proton content mol% — 0.97 1.42 13.4

PGAA
proton-to-TM molar ratio — 0* 0.9 1.7 25.5
proton content mol% 0* 0.9 1.7 25.5

TGA-MS
mass loss (at 450 °C) wt% 0.09 0.20 0.34 4.42
proton content mol% 0.49 1.15 1.96 25.0

XRD
rock-salt content (at 450 °C) mol% 0* — — 24.1
proton content mol% 0* — — 24.1

XPS
intensity ratio — — 0.77 0.57 <0.05
protonated-layer thickness nm — 0.7 1.5 >8.1
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experiment and analysis, accessibility, accuracy, required sample
amount, advantages as well as disadvantages/limitations is pre-
sented in Table S3 of the ESI.†

Based on the measurements of the pH value of the washing
solution as a function of time, previous studies have observed
that the Li+/H+ exchange increases with washing time, whereby
this increase appears to cease aer usually 5 to 10 h, depending
on the used CAM and the washing parameters.42,46,54,97 As the pH
value is a logarithmic representation of the proton concentra-
tion in the washing solution, it is challenging to detect (not to
mention quantify) smaller changes of the proton concentration
reliably, especially for the typical, relatively high pH values of
11 to 13 during washing. Within the precision of the here used
techniques, it is shown that the rate of the Li+/H+ exchange at
room temperature decreases for extended washing times;
however, the exchange reaction does not stop but continues for
at least 25 h at an albeit decreasing rate, as depicted in Fig. 8a
for a water-to-CAM mass ratio of 5:1. Independent of the
measurement method, at a constant water-to-CAM mass ratio,
xH+ appears to increase roughly linearly with the logarithm of
time for practically relevant washing times t of up to several
hours. As shown for the harshly washed 55h-25:1-80°C sample
(see Table 6), the extent of the Li+/H+ exchange can be driven to
relatively high values at the elevated washing temperature,
which may be due to either faster Li+/H+-exchange kinetics or
different exchange equilibrium conditions.

Phenomenologically, Fig. 8b shows that xH+ increases roughly
linearly with the water-to-CAM mass ratio for a washing time of
1 h. Here, for a given extent of the Li+/H+ exchange, the
increasing amount of water in the washing solution with
increasing water-to-CAM mass ratio results in lower LiOH
concentrations and thus lower solution pH, corresponding to
a higher proton activity in the washing solution at any given xH+

value. This higher proton activity is apparently able to further
drive the Li+/H+-exchange reaction, resulting in the apparent
25158 | J. Mater. Chem. A, 2024, 12, 25140–25164
logarithmic relationship between xH+ and the water-to-CAMmass
ratio. Thus, combining the observations from Fig. 8a and b, the
relationship of the xH+ value obtained under practical washing
conditions (i.e., up to several hours at room temperature) can be
described by its logarithmic dependence on the water-to-CAM
mass ratio and the washing time t:

xHþfln

�
mH2O

mCAM

� t

�
(29)

To extend this relation by other relevant washing parame-
ters, future studies should also quantify the dependence of the
Li+/H+-exchange kinetics on the applied washing temperature,
the effect of other protic solvents than water (e.g., alco-
hols),43,44,79,98 the nickel content of the CAM, as well as the
specic surface area of the CAM powder.

Conclusions

Five independent techniques were developed and employed to
assess the extent of the Li+/H+ exchange of a nickel-rich cathode-
active-material (CAM) powder upon washing in water (H2O),
expressed in terms of the mole fraction of protons xH+. These
independent methods allowed to reliably quantify: (i) the
amount of extracted lithium by titration; (ii) the amount of
inserted protons by prompt-gamma activation analysis (PGAA);
(iii) the mass loss of the protonated, thermally unstable NCM
phase by thermogravimetric analysis coupled with mass spec-
trometry (TGA-MS); (iv) the thermally decomposed phase by
in situ and ex situ X-ray diffraction (XRD); and (v) the thickness
of the protonated/lithium-depleted near-surface layer of NCM
particles by X-ray photoelectron spectroscopy. Even though the
ve methods illuminated xH+ by completely independent
approaches, their results show good agreement. Washing at
room temperature under conditions relevant to application
resulted in xH+ values between 0.7 and 3.6 mol%, depending on
This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Graphical summary of the key findings of this work. The as-
received NCM powder (top left) with its layered crystal structure also
contains contaminants on its surface (yellow). Upon washing in H2O
(top right), the surface contaminants are dissolved while simulta-
neously the lithium (green) in the NCM is exchanged by protons (blue),
resulting in a protonated phase in the near-surface regions as well as
LiOH in thewashing solution. Phenomenologically, the proton content
xH+ of the washed NCM depends on the water-to-CAMmass ratio and
on the washing time in a logarithmic manner. Upon heating above
140 °C (bottom right), H2O is released from the structure of the
washed NCM, leaving behind an oxygen-depleted surface layer and
a partially delithiated layered phase (open circles indicate vacant
lithium sites). Above 230 °C (bottom left), O2 (red) is released,
decomposing the partially delithiated structure and forming an even
thicker rock-salt-type phase in the near-surface regions.
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the washing parameters. This variation of the washing param-
eters exposed a linear dependence of xH+ on the logarithms of
both the washing time and the water-to-CAM mass ratio.

By washing at elevated temperature, a model material with
a relatively large xH+ of approx. 25 mol% was prepared, as
quantied by PGAA and TGA-MS. This enabled a reasonably
accurate XRD analysis of the initially formed protonated phase
and of the temperature-dependent formation of various phases
that are produced upon heating of the protonated NCM
material. A Rietveld renement of the XRD data exposed that
the protonation of the surface alters the lattice parameters
a and c of the lithiated core. Upon heating of the washed
NCM, both PGAA and TGA-MS indicated the removal of the
ion-exchanged protons, and the effect on the lattice parameters
was reversed. The thermal decomposition of the protonated
phase (HMO2) initiates at 140 °C and is accompanied by the
release of H2O only (i.e., without the release of O2) as well as the
formation of an oxygen-depleted rock-salt-type surface layer
(MO) and a partially delithiated layered structure (Li1−xMO2).
Above 230 °C, the Li1−xMO2 phase is decomposed by the
release of O2, resulting in an even thicker MO layer.

Using XPS, it was veried that the surface contaminants were
successfully removed from the surface, even for the shortest
washing time of 2 min. More importantly, however, it was
shown that the ion-exchanged protons in the NCM phase do not
mix with the intercalated lithium ions, i.e., they do not
distribute homogeneously within the bulk but rather form
a protonated near-surface layer. Finally, the key ndings of this
work are summarized graphically in Scheme 1.

To elucidate the effect of the Li+/H+ exchange on the gas
evolution and on the electrochemical performance of differ-
ently washed NCM831205 materials, on-line electrochemical
mass spectrometry (OEMS) as well as cycling experiments in
half- and full-cells of the here prepared protonated NCMs
with a known proton content will be presented in the second
part of this study.

Methods
Washing and sample preparation

Nickel-rich LiNi0.83Co0.12Mn0.05O2 (NCM831205, referred to as as-
received, BASF SE, Germany, 0.62 mBET

2 gNCM
−1, see Fig. S1a and

Table S1† for the particle morphology), which was not washed,
coated, or doped in the synthesis, was mixed in a high-density-
polyethylene (HDPE) bottle with deionized and degassed water
(H2O, 18 MU cm−1, Merck MilliPore Milli-Q, USA, additionally
degassed by bubbling nitrogen for at least 48 h), and stirred at
500 rpm using a magnetic stirring bar. To exclude the unwanted
dissolution of carbon dioxide from ambient air and its effect on
the carbonate concentration in the suspension of CAM and H2O,
the gas atmosphere in the HDPE bottle was exchanged with argon
before the bottle was closed and placed inside a closed argon-
lled glass bottle (wide-mouth Duran bottle).

In the rst set of experiments, water-to-CAM mass ratios of
1:1, 5:1, 25:1, and 125:1 (H2O:CAM w/w) were chosen, while all
suspensions were stirred at room temperature for 1 h. For
example, for an water-to-CAMmass ratio of 1:1, 5 g of CAM were
This journal is © The Royal Society of Chemistry 2024
mixed with 5 ml of H2O. For 125:1, only 2 g of CAM were mixed
with 250 ml of H2O to reduce the total volume of the suspen-
sion. For 0.2:1, 2 g of NCM were mixed with 0.4 g of H2O and
1.6 g of N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%,
Sigma-Aldrich) to form a suspension with a processable
viscosity while reducing the water-to-CAM mass ratio. In
a second set of experiments, a suspension with a water-to-CAM
mass ratio of 5:1 was stirred for 2, 12, 60, 300, or 1500 min
(or 0.033, 0.2, 1, 5, or 25 h, respectively) at room temperature. To
generate a highly protonated CAM, a suspension with a water-
to-CAM mass ratio of 25:1 was stirred for 55 h at 80 °C, while
a suspension of 1:1 was stirred for 2 min at 0 °C to remove
surface contaminants but minimize the exchange of protons.
Aer the washing, the washing solution was removed by
vacuum ltration using a membrane lter (cellulose acetate,
0.2 mm pore size, Whatman, United Kingdom), collected in an
HDPE bottle, which was lled with argon, and stored in an
argon-lled glovebox (MBraun, Germany, <1 ppm O2 and H2O).
All NCM powders were dried in a glass oven (Büchi, Switzerland)
under dynamic vacuum at 65 °C for at least 6 h and transferred
to the argon-lled glovebox without exposure to ambient air.

Additional subsequential heat treatments at 120, 180, 230, or
300 °C were conducted under dynamic vacuum in the Büchi
J. Mater. Chem. A, 2024, 12, 25140–25164 | 25159
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glass oven for at least 6 h; furthermore, to obtain samples heat-
treated at 450 °C, the NCM powders investigated by TGA-MS
under argon atmosphere up to 450 °C (see below) were used.
The chosen nomenclature for the washed and heat-treated NCM
samples, e.g., 1h-1:1-[65°C], describes a sample washed in
a suspension with a water-to-CAM mass ratio of 1:1 for 1 h at
room temperature, while the drying temperature of 65 °C is
shown in square brackets; consistently, the sample heated
during washing is labeled by 55h-25:1-80°C-[65°C], while the
one cooled during washing is labeled by 2min-1:1-0°C-[65°C].
Additionally, as-received NCM was also calcined in a tube
furnace under oxygen atmosphere (1 l min−1) at 525 °C for 1 h
before the sample was transferred to an argon-lled glovebox
without exposure to ambient air (referred to as calcined).

Scanning electron microscopy (SEM)

The morphology of the NCM powder samples was investigated
via top-view SEM using a MIRA3 FEG-SEM (TESCAN, Czech
Republic) in secondary electron mode, applying an acceleration
voltage of 5 kV.

Surface-area analysis (Kr-BET)

The surface area of the NCM powders was determined by
krypton-gas-physisorption measurements (also referred to as
Kr-BET)99 at 77 K (adapted and reprinted here from previous
publications7,14–16,19,20 for the sake of completeness),
measuring at 13 points between 0.01 # p/p0 # 0.30, using an
autosorb iQ (Quantachrome Instruments, USA). Prior to
Kr-BET measurements, the NCM samples were dried at 120 °C
under vacuum for 6 h.

Titration

For the titration, 0.5 ml of the collected washing solutions
were pipetted into a polyethylene beaker and diluted with
20 ml of H2O. The solution was stirred with a magnetic stirring
bar and only exposed to ambient atmosphere for the relatively
short duration of the measurement (of approx. 5 min). To
obtain the titration curve, an acidic titrant solution of 10 mM
hydrochloric acid (HCl, Sigma-Aldrich) in H2O was added
stepwise with a resolution dVHCl of the added titrant volume of
0.1 ml using an automated titrator (TitroLine 7000, SI
Analytics, Xylem Inc., USA) until a pH value of 3.5 was reached,
recording the pH value as a function of time and added acid
volume. The NCM sample washed with a water-to-CAM mass
ratio of 0.2:1 was not titrated, as the washing solution con-
sisted of H2O and NMP.

Prompt-gamma activation analysis (PGAA)

The experiments were performed at the PGAA station of the
Budapest Neutron Centre.100 Portions of ∼200 mg of NCM
powder were weighed into 200 ml aluminum crucibles, closed
with an aluminum lid, and heat-sealed into a polytetrauoro-
ethylene (PTFE) bag lled with nitrogen gas. These samples
were irradiated with a white beam of cold neutrons (with
a wavelength between 1 and 7 Å) at room temperature and
25160 | J. Mater. Chem. A, 2024, 12, 25140–25164
under ambient conditions. The thermal equivalent neutron ux
at the sample position was about 7.7× 107 cm−2 s−1. The size of
the neutron-collimator aperture was set to 20 mm × 20 mm;
therefore, the entire volume of each sample was irradiated. The
measurement times varied typically between 3 and 18 hours.
The beam time was allocated considering the mass of the
samples and the count rates of the lithium and hydrogen peaks,
as, due to the higher analytical sensitivities, the peaks of nickel,
cobalt, and manganese were always of adequate statistical
precision (note that, by this strategy, a 1s-uncertainty of 1.7 to
4.0% was achieved for all components of interest). The prompt-
gamma spectra were recorded using an Ortec DSPEC 502A
digital gamma spectrometer in 64k histogram channels
between 45 keV and 12 MeV and in Compton-suppressed mode.
The detector had been calibrated for efficiency and for non-
linearity of the energy response using sealed radioactive sour-
ces and lines of the radiative neutron capture process of
nitrogen and chlorine.

The in-house soware PeakFit was used to evaluate the
spectra.101 This program ts asymmetric Gaussian-like peak-
shape functions and a smooth baseline to the spectrum counts
in selected regions, using the weighted nonlinear least-squares
method. Special background and peak shape features of the
PGAA spectra are also implemented.While the element hydrogen
has only one line at 2223.3 keV, all other constituents have
several analytical peaks in the PGAA spectrum. The element
identication is based on matching the experimentally deter-
mined peak energies to entries in the nuclear data library of
Révay et al.,59 while the formulae for the concentration calcula-
tion were presented by Révay.102 The nuclear data of each prompt
gamma peak includes the natural abundance of the specic
isotope, and natural isotopic composition is assumed for all the
elements. The quantity of an element is obtained as the weighted
average of masses from up to 25 analytical lines; this approach
reduces the risk of a bias due to interferences and offers an
inherent way to check the consistency of the reported results. The
spectroscopic background, which originated from the structural
and shielding materials of the facility, was corrected for.
Thermogravimetric analysis coupled with mass spectrometry
(TGA-MS)

For TGA-MS, portions of roughly 100 mg of CAM powder were
lled into an aluminum-oxide crucible (150 ml, calcined
beforehand for 1 h at 1000 °C in oxygen), which was transferred
to a TGA system (TGA/DSC 1, Mettler Toledo, Switzerland) with
minimized air exposure. The TGA device was ushed using
argon at a owrate of 200 ml min−1 at room temperature for
10 min (data not shown) before the owrate was reduced to
60 ml min−1. Aer an additional 10 min at 25 °C, the sample
was heated from 25 °C to 120 °C at 10 K min−1, where it was
held for 30 min, followed by an additional heating step at
10 K min−1 to 450 °C, where the temperature was also held
constant for 30 min. Part of the evolving gases was diverted
through a capillary and detected in a mass spectrometer
(ThermoStar GSD320, Pfeiffer Vacuum, Germany). The moni-
tored sample mass is normalized to the last measurement point
This journal is © The Royal Society of Chemistry 2024
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of the temperature hold at 120 °C, while the ion currents of the
evolved water (m/z = 18) and oxygen (m/z = 32) are normalized
by the one of the argon-36 isotope (m/z = 36). To provide
a baseline for the sample mass as well as the evolving gases,
a measurement with only an empty crucible, i.e., without
sample, was run separately with the same experimental
conditions.
In situ temperature-resolved X-ray powder diffraction
(TR-XRD)

For in situ TR-XRD, variable-temperature measurements were
performed on a STADI P Dual (STOE, Germany) using Mo-Ka1

radiation (l = 0.7093 Å, Ge monochromator). The calcined NCM
sample as well as the highly protonated one (55h-25:1-80°C-[65°C])
were lled into a quartz capillary (with a diameter of 1 mm),
placed onto the sample stage of an INSITU HT furnace (STOE,
Germany), and measured in Debye–Scherrer geometry with
a Mo-Ka1 source over a 2q range of angle of 6.0° and 48.0° in
temperature steps of 5 K from 120 to 450 °C. Between each
temperature step, a temperature ramp of 10 K min−1 was
applied. Each spectrum was recorded aer an equilibration
time of 1 min at each temperature step while each temperature
was held for 36 min in total.
Ex situ X-ray powder diffraction (XRD)

For ex situ powder XRD, the NCM powder samples were lled into
0.3 mm glass capillaries (Hilgenberg, Germany), which were
sealed in an argon-lled glovebox. The experiments were con-
ducted at room temperature at a STADI P diffractometer (STOE,
Germany) in transmissionmode usingMo-Ka1 radiation (0.7093 Å,
50 kV, 40mA) and aMythen 1 K detector with one data point every
0.15° from 7° to 48°, resulting in a total acquisition time of roughly
45 min. For the determination of instrumental broadening,
a silicon standard material (NIST SRM 640c) was used. Rietveld
renement was performed using the Topas soware package;103

the tting procedure is based on the publication of Friedrich and
Strehle et al., where all relevant details on the Rietveld renement
are presented.14 During the renement, the data was simulta-
neously tted for both a layered oxide (LiMO2, with the space
group R�3m) as well as a rock-salt phase (MO, Fm�3m). In a similar
manner, the tting of LiMO2 in combination with either
a corundum phase (M2O3) or a spinel phase (M3O4) was attemp-
ted, but neither of the two phases could be detected in any sample.
X-ray photoelectron spectroscopy (XPS)

For XPS measurements, the NCM powder samples were pressed
into cavities of a stainless-steel stub in the argon-lled glovebox
and transferred into the spectrometer (Axis Supra, Kratos, UK)
without exposure to ambient air using a portable inert-transfer
suitcase (Kratos, UK). All spectra were recorded at a pressure
below 10−8 torr using monochromatized Al-Ka radiation with an
energy of 1486.6 eV. The concentric hemispherical analyzer was
operated at a constant pass energy of 40 eV for the core-level
spectra. Since the powders were mounted conductively, no
active charge neutralization was applied.
This journal is © The Royal Society of Chemistry 2024
The region of interest, containing the core levels of Ni 3p,
Co 3p, Li 1s, and Mn 3p, was investigated in the binding-energy
(BE) range between 35 and 85 eV using 10 sweeps with a step
size of 0.1 eV and a dwell time of 1000 ms. Additionally, a survey
spectrum (for BEs between 1202.5 and 0 eV with a step size of
0.5 eV, a dwell time of 100 ms, and a pass energy of 160 eV) as
well as a spectrum of the regions containing the C 1s, O 1s,
Co 2p, and Ni 2p core levels (with a step size of 0.1 eV and
a dwell time of 200 ms, data not shown) were recorded using
two sweeps, all without active charge neutralization. The energy
scale of the spectra was corrected for sample charging by using
the adventitious-carbon peak at a BE of 284.5 eV. Aer a Shirley
background was subtracted, the core level spectra were decon-
voluted by Voigt functions.

Data availability

The data supporting the ndings of this study have been
included as part of the ESI† and are also available from the
authors upon reasonable request.
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Nucl. Chem., 2010, 286, 501–505.
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