
A Single-Pot Co-Precipitation Synthesis Route for Ni-Rich
Layered Oxide Materials with High Cycling Stability
Harald Norrud Pollen,[a] Julian Richard Tolchard,[b] Ann Mari Svensson,[a] and
Nils Peter Wagner*[a, b]

In this work we report variations of LiNi0.88Mn0.06Co0.06O2
synthesised through a single-pot oxalic acid co-precipitation
route, in which all cation precursors were added in the same
step. The effects of Al-doping, heat-treatment temperature and
Li precursor excess were investigated with physicochemical and
electrochemical characterisation. Phase pure and well-ordered
polycrystalline materials were successfully synthesised for all Al-
doped and undoped compositions. Undoped
LiNi0.88Mn0.06Co0.06O2 prepared at 750 °C with 4 at% excess Li
precursor showed excellent cycling stability in NMC j jLTO cells

with an initial capacity of 201 mAh/g at 0.1 C at 20 °C, and a
capacity retention of 81% after 415 cycles. The Al-doped
variations LiNi0.88Mn0.04Co0.06Al0.02O2 and LiNi0.88Mn0.06Co0.04Al0.02O2
were synthesised, and they showed similar initial electro-
chemical performance to undoped LiNi0.88Mn0.06Co0.06O2, but Al-
doping via the oxalic acid co-precipitation route resulted in
shorter cycle life. The study outlines the importance of the
processing parameters to achieve Ni-rich layered oxides with a
long cycle life without further surface modifications.

Introduction

Li-ion batteries have a central role in enabling the transition to
renewable energy sources, particularly within the transportation
sector where high energy densities are essential for electric
vehicles with long range. Ni-rich layered oxides (LiNixM1-xO2, x>
0.5) are the current default choice for high-energy cathode
materials for Li-ion batteries, and combine a high capacity of
over 200 mAh/g at the active material level with a high voltage
of �4 V vs Li/Li+.[1,2] A push towards higher Ni-content within
these is fuelled by a corresponding increase in capacity, with
concurrent cost- and ethical-benefits from lowering the Co-
content. However, the cycle life and the thermal stability also
decrease with increasing content of Ni.[3–6]

LiNixMnyCozO2 (NMC) and LiNixCoyAlzO2 (NCA) are two of the
main compositional subclasses within Ni-rich layered oxides,
and are reported to be commercially available at 80 at% Ni.[7–9]

These materials are isostructural to LiCoO2 (LCO) and can be
described as having a rock-salt-derived structure consisting of
edge-sharing octahedra ordered in alternating layers of TMO6
and LiO6.

[10–14] This allows for 2D diffusion of Li+ within the LiO6

layers. However, Ni-rich layered oxides are not perfectly
ordered, as the proximate ionic radii of Li+ and Ni2+ (r(Li+)=
76 pm and r(Ni2+)=69 pm[15]) allow for anti-site disorder (or
cation mixing) to occur,[16–18] which can impede Li+

diffusion.[19,20] One of the main capacity fading mechanisms for
Ni-rich layered oxides with respect to cycle life is a surface
reconstruction, where the layered structure transforms into a
spinel-like phase and a rock-salt phase at the delithiated
surface,[18,21,22] clogging the Li+ diffusion channels. These phase
transitions can be attributed to unstable Ni4+ present at high
levels of delithiation, which can be reduced to Ni2+ and enter
the Li-layer. Such surface reconstruction is also associated with
an oxygen release from the lattice to charge-compensate for
the Ni4+ to Ni2+ reduction.[22–24] The anisotropic volume change
associated with Li+ removal and insertion is another challenge.
During delithiation the layered oxides with high Ni-content go
through a series of phase transitions between hexagonal and
monoclinic phases. The layered structure collapses along the c-
axis at a highly delithiated state associated with a transition
between two hexagonal phases, commonly denoted H2 and
H3.[25–28] The volume changes accompanying the phase tran-
sitions can induce contact loss between particles and micro-
cracks when repeated upon cycling.[6,18,27,29] Electrolyte can
infiltrate the core of the particles via the microcracks, exposing
new surfaces to the electrolyte and triggering further surface
reconstruction and parasitic reactions.[6,27] Ni-rich layered oxides
are also known to be air sensitive as they react with CO2 and
H2O forming residual Li compounds, such as LiOH and
Li2CO3,

[24,30] if stored incorrectly. These surface residual com-
pounds can be detrimental for the electrochemical
performance.[31–33]

The various metal elements serve different purposes in
NMC. A higher Ni-content is linked to a higher capacity as it is
the main electrochemically active element. Mn is electrochemi-
cally inactive but contributes to the structural stability. Co
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contributes to both a well-ordered structure and improved rate
capabilities.[3,34,35] Several studies have observed that incorporat-
ing Al3+ in NMC to form NMCA has improved the cycle life,[36–38]

and Al3+ has been reported to suppress the H2-H3 phase
transition associated anisotropic volume change.[39,40] Nb5+ and
Mg2+ are other doping elements that have been explored to
counteract the instability issues of Ni-rich NMC.[41–43] As the Ni-
content increases there is correspondingly less substitutional
freedom, and which supporting elements to include should be
carefully considered due to their differing properties.

Hydroxide co-precipitation is a typical synthesis route to
obtain Ni-rich layered oxides. In this route, a stoichiometric ratio
of Ni2+, Mn2+ and Co2+ is precipitated as hydroxide compounds
(M(OH)2) in an alkaline environment. Afterwards a Li precursor
(LiOH or Li2CO3) and (if applicable) an Al precursor (Al(OH)3) are
added, mixed and reacted by a solid-state mechanism at a high
temperature in an oxidative environment, to form the lithiated
layered structure.[38,44,45] The Li precursor is added in an excess
amount to compensate for its volatility during the high temper-
ature heat-treatment.[44,46,47] Earlier studies have shown that the
heat-treatment temperature and holding time can affect the
structural quality, particle morphology and the electrochemical
properties.[44,48–51] Ni-rich layered oxides are considered difficult
to synthesise as they are sensitive to stoichiometric offsets: Li1-
zNi1+zO2 can be formed in a Li-deficient material, where
excessive Ni enters the Li-layer as Ni2+.[17,46] However, too much
Li precursor can also form undesirable amounts of residual Li
compounds on the surface.[47,49,52] The combination of heat-
treatment process parameters and amount of Li precursor
should be carefully balanced to achieve a well-ordered structure
with a low degree of cation mixing and low amounts of surface
impurities.

In this work variations of LiNi0.88Mn0.06Co0.06O2 are synthes-
ised through a single-pot oxalic co-precipitation route, in which
the oxalic acid serves as the precipitation agent. Compositional
differences by Al-doping, and the process parameters heat-
treatment temperature and amount of excess Li precursor are
investigated. The single-pot co-precipitation in this work takes
place in an acidic environment, allowing all the cation
components to be included simultaneously by co-precipitation,
including Li and Al, with the aim to distribute Li and Al
precursors uniformly amongst the precipitated particles before
the heat-treatment. Al-doped variations are prepared by
substituting either Mn or Co with 2 at% Al, as minor composi-
tional differences may prove important at a high Ni-content.
The studied compositions are LiNi0.88Mn0.06Co0.06O2 (NMC),
LiNi0.88Mn0.04Co0.06Al0.02O2 (NMCA� Mn) and
LiNi0.88Mn0.06Co0.04Al0.02O2 (NMCA� Co). Heat-treatment temper-
atures in the range 750–850 °C are explored, along with lithium
precursor excess in the range 4–15 at%, as these synthesis
parameters are considered to be important to the crystal
structure and the particle morphology. Synthesised materials
are characterised physicochemically to evaluate composition,
structure, and morphology. Electrochemical properties are
evaluated through cycling tests, rate tests and electrochemical
impedance spectroscopy.

The first part of this work explores different compositional
variations of Al-doped and undoped LiNi0.88Mn0.06Co0.06O2 pre-
pared at different heat-treatment temperatures, with a fixed
amount of excess Li precursor of 7.5 at%. Afterwards, the best
performing combination of composition and temperature is
fixed and the effect of excess Li precursor is studied.

Results and Discussion

Part A: Determining the composition and heat-treatment
temperature

The transition metal ratio of the as-synthesised NMC is 88 at%
Ni, 5 at% Mn and 6 at% Co based on ICP-MS measurements,
confirming that the composition is close to the targeted
stoichiometry. An overview of the NMC and NMCA samples
investigated by ICP-MS is given in Table S1, and all the tested
samples have distributions close to their targeted values. The
refined XRD pattern for NMC 750 °C is shown in Figure 1a, while
an overview of all NMC, NMCA� Mn and NMCA� Co samples
prepared at 750 °C, 800 °C and 850 °C is shown in Figure S1. The
measurements indicate that phase pure layered α-NaFeO2 type
structures with R-3m space groups are achieved for all
compositions and heat-treatment temperatures. The calculated
levels of cation mixing from the Rietveld refinements are shown
in Figure 1b and the c-lattice parameters are shown in Fig-
ure 1c. A complete overview of the calculated values from the
Rietveld analysis is shown in Table S2. These results show the
structural variations between the compositions and temper-
atures. All the samples prepared at 800 °C, and the NMC sample
prepared at 750 °C, show low degrees of cation mixing at �2 at
%. NMCA� Co 750 °C shows the highest degree of cation mixing
at �5 at%, indicating a higher level of disorder in the structure.
NMCA� Mn 750 °C and NMCA� Co 850 °C also show relatively
high levels of anti-site disorder at �3 at% compared to the
800 °C samples. The lattice parameter variations between the
samples are low, with �2 pm separating the largest and the
smallest c-axis parameters. The lattice parameter variations can
be due to a combination of factors, such as interior Li,[25–27]

cation mixing[46] and ionic radii with respect to compositional
differences.[53–55] From the Rietveld analysis, the c-axis lattice
parameter is observed to increase with increasing heat-treat-
ment temperature. The same trend can also be observed for
the a-axis parameter in the 800–850 °C region. Following the
observations of Li et al. for the Li1+x(NiyMn1-y)1-xO2 system, the
trend in lattice parameters may suggest some Li loss at higher
temperatures.[56] The lattice parameters also differ between
compositions, with the substitution of Co with Al having a
notably greater effect than the substitution of Mn with Al. The
relationship between unit cell axes lengths and transition metal
substitution in doped NMC’s is quite complex, with several
factors possibly playing a role, including ionic size, charge
compensation mechanisms, and bond dissociation
energies.[57–59]

Figure 1d shows a magnified area 15° to 19° 2θ-region
including the (101), (006) and (012) reflections of all three
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compositions prepared at 750 °C. It can be seen that NMCA� Mn
750 °C and NMCA� Co 750 °C have broader reflections compared
to NMC 750 °C as the (006)/(012) splittings and the Kα1 and Kα2
splittings are less visible. This broadening is an indication of
either small or micro-strained crystallites in the NMCA� Mn
750 °C and NMCA� Co 750 °C samples. It was found that a model
of microstrain-based peak broadening provided a substantially
better fit than a crystallite size broading model (Rwp difference
>1 for all samples). The calculated microstrain values for each
refinement are shown in Table S2, and a clear correlation of
microstrain with heat-treatment temperature is evident. Higher
microstrain values are also calculated for the Al-doped samples
(NMCA� Mn and NMCA� Co) prepared at 750 °C, which likely
reflects poorer homogeneity due to slower cation diffusion
kinetics. This also correlates with the calculated Li/Ni anti-site
disorder, and the smaller grains and broader grain size
distribution observed by SEM imaging (Figure 2). When increas-
ing the heat-treatment temperature from 750 °C to 800 °C, the
(006)/(012) splittings and the Kα1 and Kα2 splittings become
more pronounced for NMCA (Figure S2), and similar levels of
microstrain are calculated for all NMC and NMCA compositions.

The powder morphology was analysed by FESEM and the
corresponding micrographs of the synthesised powders (Fig-

ure 2) show agglomerated primary particles with irregular
shapes and increasing size with heat-treatment temperature for
all three compositions. Although all samples have size distribu-
tions, typical primary particle sizes for NMC are 700 nm, 900 nm
and 1.3 μm for 750 °C, 800 °C and 850 °C, respectively.
NMCA� Mn and NMCA� Co have typical primary particle sizes of
200 nm, 800 nm and 1.5 μm for 750 °C, 800 °C and 850 °C,
respectively.

NMCA� Mn and NMCA� Co prepared at 750 °C have large
fractions of 200 nm-sized primary particles (Figure 2d,g and
Figure S3), and the primary particles have sharp edges and
corners. However, significant crystal growth can be seen when
increasing the heat-treatment temperature, as seen in the
NMCA� Mn and NMCA� Co 800 °C samples (Figure 2e,h). The
large fraction of small primary particles for both NMCA samples
prepared at 750 °C, as seen by the FESEM images, in addition to
the higher degree of disorder in the structure, as indicated by
the XRD results, suggest that the structures and morphologies
have not properly equilibrated. Differing oxalate solubilities will
inherently result in inhomogeneity at the precipitation and
evaporation stages before the high temperature heat-treat-
ment. The addition of Al3+, with a small ionic radius (r(Al3+)=
53.5 pm[15]) and a corresponding high charge density, seems to

Figure 1. (a) Refined diffractogram of NMC 750 °C recorded with Mo-Kα radiation. (b) Calculated Li
+ and Ni2+ cation mixing amounts and (c) refined c-

parameters. (d) Enlargement of (101), (006) and (012) reflections from the observed data sets of samples heat-treated at 750 °C.
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slow down the solid-state diffusion. It is likely that for the Al-
containing compositions there is then some compositional
inhomogeneity within the samples prepared at 750 °C, and
possibly there is a compositional difference between the
smaller and the larger primary particles as well. Raising the
heat-treatment temperature from 750 °C to 800 °C clearly over-
comes this mobility limitation, with larger primary particles and
more ordered crystal structure, as observed by FESEM and XRD.

It is evident that from the FESEM images in Figure 2 that the
primary particles are assembled into compact secondary
particles. An overview FESEM image of NMCA� Co 800 °C (Fig-
ure S4) shows a large size distribution of secondary particles,
and even some single crystals are observed (Figure S4b). A
complete overview of low magnification FESEM images is
shown in Figure S5, showing secondary particles. The size
distribution may be a result of the synthesis route, but can also
be due to deagglomeration of large secondary particles at
poorly sintered connecting points as a consequence of
mechanical stress, e. g. during sonication as part of the FESEM
sample preparation. Neither the size nor the shape of these
secondary particles of the powders could be accurately
determined, as they may be affected by the FESEM sample
preparation route. Further processing, such as the slurry mixing
during the coating process, may also affect the secondary
particle sizes in the final electrodes.

The first cycle capacities and coulombic efficiencies (CE) of
half-cells cycled at 0.1 C and 3.0-4.3 V are given in Table S3.

NMC 750 °C, NMCA� Mn 800 °C and NMCA� Co 800 °C have the
highest discharge capacities of each composition at 185 mAh/g,
184 mAh/g and 179 mAh/g, respectively. All three materials
have a similar first cycle inefficiency of 18%, which is believed
to be caused by sluggish diffusion towards the end of the
discharge process, as seen in other studies.[60–62] The second
cycle potential profiles for NMC, NMCA� Mn and NMCA� Co
prepared at 750 °C, 800 °C and 850 °C against Li-metal anodes
are shown in Figure 3a–c. NMC 750 °C shows slightly higher
discharge capacities compared to the Al-doped samples in the
first and second cycles at 0.1 C. All the samples, except
NMCA� Co 750 °C, show the characteristic potential plateaus of
Ni-rich layered oxides due to the H1-M transition at �3.7 V, the
M� H2 transition at �4.0 V, and the H2-H3 transition at �4.2 V.
These plateaus are highlighted in the derived incremental
capacity plots (Figure S6). This is consistent with earlier
work.[3,13,25,63] NMCA� Mn and NMCA� Co 750 °C show the lowest
capacities and CE of their compositions. The potential profile of
NMCA� Co 750 °C is smoother and without the characteristic
plateaus of a Ni-rich layered oxide. In contrast, NMCA� Mn
750 °C shows the characteristic plateaus featured in Ni-rich
layered oxides. The smoothening might be due to the higher
degree of anti-site disorder of NMCA� Co 750 °C in comparison
to NMCA� Mn 750 °C. The low capacities of both NMCA samples
prepared at 750 °C are attributed the poor structures, with a
high degree of cation mixing, and the fine-grained morpholo-
gies.

Figure 2. FESEM micrographs of (a-c) NMC, (d-f) NMCA� Mn and (g-i) NMCA� Co samples prepared at (a, d, g) 750 °C, (b, e, h) 800 °C and (c, f, i) 850 °C.
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Figure 3d–f and Table S4 show the performance over 100
cycles in half-cell setup at 0.5 C and 20 °C. NMC 750 °C,
NMCA� Mn 800 °C and NMCA� Co 800 °C show the highest initial
discharge capacities of their compositions at 176 mAh/g,
175 mAh/g and 173 mAh/g, respectively. These three materials
show almost similar initial discharge capacities, but the cycling
stabilities differ. NMC 750 °C shows a good capacity retention of
96% after 100 cycles. NMCA� Mn and NMCA� Co materials
prepared at 800 °C fade considerably faster and respectively
retain 67% and 75% of their initial capacity after 100 cycles. A
similar fade was observed for the NMC sample prepared at
800 °C, which retained 79% of its initial capacity, and all
samples heat-treated at 850 °C show reduced capacities when
cycled at 0.5 C. This effect might be attributed to longer
diffusion lengths in the large grains, and the possibility of
limited Li-deficiency cannot be excluded. This highlights the
importance of the heat-treatment conditions for Ni-rich layered
oxides. Figure 3g–i shows the rate performance of NMC,
NMCA� Mn, NMCA� Co prepared at 750 °C, 800 °C and 850 °C.
NMC 750 °C and NMCA� Mn 800 °C show approximately similar
rate performance, respectively retaining 73% and 71% of their
capacity at 5 C as compared to at 0.1 C. NMC 750 °C also retains

99.5% of its initial capacity when returning to 0.1 C again after
30 cycles. NMCA� Co 800 °C shows an inferior rate performance
as compared to NMC 750 °C and NMCA� Mn 800 °C. The lower
rate performance of this sample might be attributed to the
lower Co-content, as one third of the Co has been substituted
with Al in the NMCA� Co samples, and this element is often
associated with rate properties.[34,55]

Although NMC 750 °C shows good cycling stability, the
achieved discharge capacity of 185 mAh/g at 20 °C and 0.1 C
(18 mA/g), in a voltage window of 3.0-4.3 V, is low compared to
earlier reported results. Initial capacities above 200 mAh/g at
19–25 °C have been reported for Ni-rich layered oxides with 85–
90 at% Ni-content.[3,6,43,64,65] Higher capacities have also been
reported with lower Ni-contents as well, such as above
190 mAh/g at 80 at% Ni.[3,37,66–69] It is known that Ni-rich layered
oxides have poor storage characteristics, and are prone to
reacting with H2O and CO2,

[3,24,30,31] when exposed to air. In the
work presented in Part A, the slurry preparation, tape casting,
electrode cutting, and weighing was done outside a glovebox
in air atmosphere. To assess the impact of this additional
electrodes were processed with reduced air-exposure, with
cutting and weighing was performed inside an Ar-filled glove-

Figure 3. Electrochemical characterisation of (a, d, g) NMC, (b, e, h) NMCA� Mn and (c, f, i) NMCA� Co prepared at 750 °C, 800 °C and 850 °C in half-cell setup.
(a–c) Second cycle potential profiles at 0.1 C, (d–f) 100-cycle test at 0.5 C, and (g-i) rate test with discharge rates from 0.1 C to 5 C. The cells were cycled
between 3.0-4.3 V at 20 °C. The error bars indicate cell deviations. Each second cycle is plotted in the 100-cycle test.
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box. Figure S7 shows how the potential profile of NMC 750 °C
changes when the air exposure time is shortened. A capacity
increase is clearly observed, and the average discharge capacity
over the three formation cycles at 0.1 C increases from
186 mAh/g to 192 mAh/g. The improvement is attributed to
reduced formation of Li impurity compounds on the particle
surface. Table S5 shows selected reported discharge capacities
and test parameters for Ni-rich layered oxides with 80–90 at%
Ni, which are compared to those achieved this work.

In conclusion, NMC heat-treated at 750 °C showed the best
overall electrochemical properties, with the highest discharge
capacity, good rate capability, and the best capacity retention.
The heat-treatment temperature of 750 °C was shown to be a
key factor for stable cycling. Higher temperature heat-treat-
ments were found to have a detrimental effect on electro-
chemical performance. Although NMCA� Mn and NMCA� Co
800 °C show similar degrees of Li/Ni anti-site disorder and
similar initial electrochemical performance as NMC 750 °C, Al-
doping did not improve electrochemical performance when
implemented in this synthesis route and the NMCA 800 °C
samples showed similar capacity fading to the undoped NMC
parent composition prepared at 800 °C. This is in contrast to
other studies where Al-doping has contributed to an improved
cycling stability,[36–38] even when synthesised at temperatures
down to at 730 °C.

Part B: The effect of excess Li precursor

The effect of excess Li precursor added in the synthesis on the
physical and electrochemical properties of LiNi0.88Mn0.06Co0.06O2
(NMC) prepared at 750 °C was investigated. The contact time to
ambient atmosphere of these materials was shortened to only
the slurry mixing and coating process. It can be noted that NMC
750 °C and NMC 7.5 at% are similar in terms of composition,
heat-treatment temperature and amount of Li precursor, but
NMC 7.5 at% has been exposed to ambient atmosphere for a
shorter time.

The physicochemical characterisation of the samples is
shown in Figure S8. The refined XRD patterns of NMC prepared
with 4 at%, 7.5 at% and 15 at% Li demonstrate α-NaFeO2
structures with R-3m space group characteristic of layered oxide
structures. All materials are phase pure, and no crystalline
secondary phases containing Li (Li2O, LiOH, Li2CO3) are
observed, even when prepared with a 15 at% excess of Li
precursor. However, excess Li that has not entered the structure
nor evaporated may still exist on the particle surface as
amorphous Li compounds. Rietveld refinements (Table S2)
indicate low degrees of cation mixing between 2.1% and 2.6%.
The lattice parameters show small variations, and the difference
between the largest and the smallest c lattice parameters is
�1 pm. The lattice parameters decrease with increasing excess
Li, which is consistent with Li et al..[56] FESEM micrographs show
similar morphologies for all three samples, with the primary
particles resembling those observed for the NMC 750 °C with
primary particles between 400 nm and 700 nm. The transition

metal distributions based on ICP-MS (Table S1) are close to the
targeted stoichiometry, confirming the composition.

Figure 4a shows the second cycle potential profiles for NMC
prepared with 4 at%, 7.5 at% and 15 at% excess Li cycled in
half-cells at 0.1 C and 20 °C. The sample with 4 at% excess Li
shows the highest capacity of 197�3 mAh/g, while the 15 at%
Li excess sample shows the lowest capacity of 187�2 mAh/g.
All three variations demonstrate the Ni-rich layered oxide
characteristic potential plateaus. The discharge capacities at
different C-rates in half-cells are shown in Figure 4b. It can be
seen that the 4 at% excess sample has the highest discharge
capacity up to 1 C, while the 7.5 at% excess sample has the
highest discharge capacity above 1 C. All three variations retain
99% of their initial discharge capacity when returning to a
lower current again after 30 cycles of rate testing. Although the
variations show very similar performance, the 15 at% excess Li
sample shows slightly lower discharge capacities at all the
current rates.

Cathode limited NMC j jLTO cells were cycled 415 times to
evaluate long-term cycling performance (Figure 4c) of NMC
prepared with 4 at%, 7.5 at% and 15 at% excess Li at a
controlled cycling temperature of 20 °C. LTO was used as anode
instead of Li-metal to avoid cell degradation arising from the
parasitic reactions between the electrolyte and Li-metal.[70] The
three initial cycles at 0.1 C have average discharge capacities of
201 mAh/g, 195 mAh/g and 190 mAh/g for NMC 4 at%, 7.5 at%
and 15 at%, respectively. After 104 cycles the respective NMC
samples retain 98%, 97% and 94% of their initial capacities.
After 413 cycles the capacity retentions are reduced to 81%,
83% and 69%, respectively. The higher capacities as compared
to the NMC j jLi cells can be explained by a small voltage
window shift due to anodic overpotentials at the LTO anodes,
shifting the anode potential slightly above 1.5 V vs Li/Li+. The
initial cycles at 0.5 C have discharge capacities 190 mAh/g,
187 mAh/g and 182 mAh/g for NMC 4 at%, 7.5 at% and 15 at%,
respectively. After 412 cycles the respective NMC samples retain
74%, 75% and 57% of their initial capacities. NMC 4 at% and
7.5 at% perform similarly in terms of both capacity and capacity
retention, but NMC 4 at% has the higher capacities throughout
the test. NMC 15 at% shows consistently the lowest capacity
and fades considerably faster. High CEs of �99.9% are seen for
all three samples throughout the test.

The development of the potential profiles (Figure 5 and
Figure S9) shows the changing polarisation of the NMC j jLTO
cells upon cycling. Higher polarisation is seen in the 15 at%
sample in comparison to the 4 at% sample. The polarisation is
also more pronounced at 0.5 C than 0.1 C due to the kinetic
contribution, as seen in Figure S9. In the 15 at% sample, the H2-
H3 phase transition usually seen as a voltage plateau at �2.7 V (
�4.2 V vs Li/Li+) cannot be seen after 300 cycles at 0.1 C and
after 200 cycles at 0.5 C. This is attributed the fact that the
NMC j jLTO cells polarise and reach the upper cut-off voltage
before enough Li has been extracted from the NMC cathodes
for the phase transition to occur. NMC 4 at% and NMC 15 at%
are the best and worst performing samples, respectively, based
on discharge capacity, polarisation and cycling stability. These

ChemElectroChem
Research Article
doi.org/10.1002/celc.202200859

ChemElectroChem 2022, 9, e202200859 (6 of 12) © 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Montag, 10.10.2022

2219 / 269678 [S. 169/175] 1

 21960216, 2022, 19, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202200859 by Sintef E
nergy R

esearch, W
iley O

nline L
ibrary on [09/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



two samples were investigated further to probe the failure
mechanisms.

A cycled NMC 15 at% cathode, the poorest performing
sample, was removed and examined by XRD to study the state
of the crystal structure after 415 cycles, and if there are clear

Figure 4. Electrochemical characterisation of NMC prepared with 4 at%, 7.5 at% and 15 at% excess Li precursor at 750 °C. (a) Second cycle potential profiles at
0.1 C and (b) rate test with discharge rates from 0.1 C to 5 C were cycled against a Li-metal anode between 3.0–4.3 V. (c) Long-term cycling test at 0.1 C and
0.5 C against a LTO anode between 1.5–2.8 V. The error bars indicate cell deviations. In the long-term cycling test, each third cycle is plotted in the 0.5 C
region, and each second of these cycles have error bars. The first and third cycles in the 0.1 C region are plotted. All tests were done at 20 °C.

Figure 5. Potential profiles of selected 0.1 C cycles from the long-term cycling test seen in Figure 4c for (a) NMC 4 at% and (b) NMC 15 at%. NMC was cycled
against a LTO anode at 20 °C.
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signs of structural deterioration. The XRD diffractograms (Fig-
ure S10) show no unexpected additional peaks for the cycled
cathode as compared to the pristine cathode. The diffraction
pattern indicates that the layered oxide structure is still present
after 415 cycles in the bulk material. Additional peaks can be
traced back to either the Al-foil current collector or the XRD
sample holder.

NMC cathodes from cycled NMC j jLTO cells were reas-
sembled into half-cell configuration with fresh Li-metal anodes
and refilled with electrolyte to investigate if Li loss, anode
degradation or electrolyte consumption contributes to the
NMC j jLTO cell degradation. The cycled NMC cathodes were
removed after being discharged to 1.5 V versus LTO (�3.0 V
versus Li/Li+), but the open circuit voltages of the reassembled
NMC j jLi cells were measured to 3.6 V for both NMC 4 at% and
15 at%. These open circuit voltages are higher as compared
NMC j jLi cells with pristine NMC cathodes. Further discharge of
the reassembled cells achieved only 3.4 mAh/g and 5.6 mAh/g
for NMC 4 at% and 15 at%, respectively. This accounts for 1.7%

and 3.0% of their initial discharge capacities, respectively. In
total, NMC 4 at% and 15 at% respectively lost 38 mAh/g and
59 mAh/g of their capacities over 415 cycles based on the 0.1 C
capacities, and then only regain �10% of the lost capacity from
this discharge with refilled electrolyte and a fresh Li-metal
anode. A full charge-discharge cycle in the reassembled half-
cells at 0.1 C led to similar capacities as their last full-cell cycle
(Figure S11). Hence, Li inventory loss cannot explain the loss in
reversible capacity. It is also unlikely that the degradation of the
NMC j jLTO cells is caused by the LTO anodes or electrolyte, but
rather by degradation of the active NMC cathode materials.

Cross-sectional imaging was used to inspect cycled NMC
cathodes for microcracking and morphology changes. Figure 6
displays cross-sections of pristine and cycled NMC 4 at% and
NMC 15% cathodes. The secondary particles of both NMC 4 at%
and NMC 15 at% have irregular shapes after the cathode
laminate fabrication. The cross-section image of cycled NMC
15 at% shows the only observed crack in the samples, but the
cross-section appears intact to a large degree. However, these

Figure 6. Cross-section FIB-SEM images of (a, c) NMC 4 at% and (b, d) NMC 15 at% cathodes (a, b) before and (c, d) after 415 cycles in NMC j jLTO cells, as
reported in Figure 4c.
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images are based on 20 μm cross-sections and more cracks are
expected across the entire cathode. Such cracking is attributed
the repeated anisotropic volume changes happening during
(de)lithitation.[28,71,72] NMC 15 at% (Figure 6b,d) shows a higher
intergranular porosity in the agglomerated secondary particles
than NMC 4 at% (Figure 6a,c) when comparing both the pristine
and cycled cross-sections images. This might be directly
correlated with excess Li species added during synthesis
accumulating at the surface of the crystallites before evaporat-
ing at high temperature. Such porosity is expected to make the
material more prone to cracking. It is also plausible that these
pores expand in a highly charged and delithiated state.[73] In
addition, if these pores can form interconnected channels, they
can allow for electrolyte penetration into the interior of the
secondary particles, exposing more surface area to electrolyte.
Fresh surface exposed to electrolyte can proceed to surface
reconstruction reactions[6,12,27] and parasitic reactions forming
CEI.[6]

The evolution of impedance for the NMC 4 at% and NMC
15 at% upon cycling was studied in order to identify factors
contributing to material degradation and capacity fade. Cells
were cycled at 1 C and PEIS measurements were taken in a
semi-charged state at 4.1 V versus Li/Li+ after 2, 40 and 80
cycles in a three-electrode test cell in order to avoid increased
impedance contributions from the Li-metal counter electrode.
Figure S12 shows the discharge capacities upon cycling and
Figure 7 shows the PEIS spectra in Nyquist representation. In
these plots, the zero intercept with the horizontal axis at high
frequencies is attributed the ohmic resistance (Re), the semi-
circle at high frequencies is attributed to surface film resistance
(Rsf), the semi-circle at medium frequencies is attributed to
charge transfer resistance (Rct) between the electrolyte and
electrode, and the tail at low frequencies is attributed the
Warburg diffusion element (Zw).

[28,74–78] The calculated values
from the data fitting are shown Table S6. It is noted that lowest
frequencies have not been included in the data fitting in this

work, and accordingly the Warburg element has been excluded.
This might have a minor effect on the reported values, but not
on the observed trend with increasing resistance over the
cycles. Several factors can contribute to the charge transfer
resistance, and it is often associated with surface structure
degradation and the growth of the surface reconstruction
layer.[6,21,28,79] Both samples show impedance growth, but of
different character. The impedance growth in NMC 4 at% is
mainly due to the surface film, while the charge transfer
resistance is very low throughout the cycling program. This may
suggest a growing CEI layer, while the surface structure stays to
a high degree intact. The impedance growth in NMC 15 at% has
contributions from both increased surface film and charge
transfer resistances. It is interesting that NMC 4 at% shows a
larger surface film resistance as it is expected that there are
more Li compounds present on the NMC 15 at% surface.
However, this might be explained by Li2CO3 decomposition
during cycling. Jung et al. observed CO2 gas evolution from
NMC 811 between 4.0-4.2 V versus Li/Li+ believed to be
decomposition of residual carbonates from the synthesis,[23]

which is within the voltage cut-off limits used in this study. The
evolution of the charge transfer resistance in NMC 15 at% may
suggest surface degradation impeding Li+ transfer between the
electrode and electrolyte. A general trend for both samples is a
decreasing capacitance (Csf and Cct) upon cycling, which is
evidence of a decrease in active surface area of the electrode.
This might suggest a loss of active material instead of an
increase in surface area caused by cracking or increased
porosity. The total resistances of both samples are close in
magnitude although NMC 4 at% outperforms NMC 15 at% in
terms of capacity and stability. The origin of the inductive loop
observed between the two semi-circles in NMC 15 at% cycle 80
is not known, but inductive loops in half-cells have previously
been shown to originate from experimental artefacts.[80] Alter-
natively, adsorption reactions in general have been shown to
result in inductive loops.[81]

Figure 7. Nyquist plots of (a) NMC 4 at% and (b) NMC 15 at%. The cells were cycled with a Li-metal anode at 1 C and 20 °C. The cells were charged at 0.05 C to
4.1 V before the EIS measurements.
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Conclusion

Ni-rich NMC and NMCA materials with 88 at% Ni were
synthesised through a single-pot oxalic acid co-precipitation.
An acidic environment allowed for all cation elements, includ-
ing Li and Al, to be added in the co-precipitation step. NMCA
variations were investigated with 2 at% Al-doping substituting
either Mn or Co. Both NMC and NMCA materials were tested
with a broad span of heat-treatment temperatures, and the
importance of both the degree of Li-excess in the precursors
and the heat-treatment regime is highlighted in the structural
and electrochemical evaluations. All synthesised materials were
phase pure and polycrystalline. A low degree of Ni2+ in the Li-
layer in NMC was achieved already at 750 °C, while NMCA
needed a higher temperature of 800 °C to achieve a similar
well-ordered structure and crystal growth. Although the NMC
and NMCA materials showed similar initial electrochemical
performance, the addition of Al3+ did not improve the electro-
chemical cycle life when implemented through the synthesis
route and parameters used in this work. The effect of excess Li
precursor amounts was further evaluated using the undoped
NMC heat-treated at 750 °C. At 4 at% excess Li precursor, the
lowest amount tested in this study, NMC had a good capacity
and cycle life. Long-term cycling of this material in NMC j jLTO
cells showed an initial capacity of 201 mAh/g at 0.1 C in a
window of 1.5-2.8 V at 20 °C, with 81% capacity retention after
415 cycles. Post-mortem investigations indicate that capacity
fade is connected to the changes in the NMC cathode, and that
Li inventory loss is not the main cause of fading. Cross-sectional
imaging of this material does not show significant micro-
cracking. The material showed a low charge transfer resistance
growth, possibly due to a low degree of surface structural
damage. Using a high amount of 15 at% excess Li precursor
proved detrimental to the electrochemical performance. The
work shows that Ni-rich layered oxide polycrystalline materials
can be stabilised by optimising composition and synthesis
parameters without an additional surface modification.

Experimental Section

Synthesis of Ni-rich layered oxides

Ni-rich layered oxides LiNi0.88Mn0.06Co0.06O2 (NMC),
LiNi0.88Mn0.04Co0.06Al0.02O2 (NMCA� Mn) and LiNi0.88Mn0.06Co0.04Al0.02O2
(NMCA� Co) were synthesised through a single-pot oxalic acid co-
precipitation route. As precursors LiNO3 (99%, Alfa Aesar), Ni-
(CH3COO)2*4H2O (�98%, Alfa Aesar), Mn(CH3COO)2*4H2O (�99%,
Merck), Co(CH3COO)2*4H2O (�98%, Sigma-Aldrich), and Al-
(NO3)3*9H2O (�98%, Sigma-Aldrich) were used. As precipitation
medium oxalic acid (C2H2O4, 98%, Aldrich and Alfa Aesar) was used,
as well as HNO3 (Sigma-Aldrich) and NH3 (VWR) for pH adjustment.
50 mmol of Ni-rich layered oxide materials were synthesised per
batch. First, the metal ion solution was prepared by dissolving the
corresponding precursors in 500 mL ethanol/deionised water 1 :1
by volume at pH 3 and temperature of 60 °C. Ni, Mn, Co and Al
precursors were added in stoichiometric amounts, while Li
precursor was added at a 4 at%, 7.5 at% and 15 at% excess. The
precipitation solution was prepared by dissolving 208 mmol oxalic
acid under the same conditions and same amount of solvent as

described above. The amount of oxalic acid corresponds to
approximately 2.7 times the oxalate needed to precipitate all the
metal ions as simple oxalates. The oxalic acid solution was stirred at
300 rpm and 60 °C while the metal ion solution was added at a
dripping rate of approximately 0.1 mL per second using a dropping
funnel. The pH was readjusted to pH 3 at intervals of 30 minutes
during precipitation. The precipitate was aged for 19 hours under
constant stirring before the solvent was evaporated on a heating
plate at 150 °C. The dry precipitate was ground and calcined in air
at 450 °C for 5 hours to burn off organic residues. Afterwards, the
calcined powder was reground and heat-treated in flowing O2
atmosphere at 750 °C, 800 °C and 850 °C with a dwell time of
15 hours. A heating rate of 200 °C per hour and a cooling rate of
300 °C per hour were used. The final powder material was reground
and sieved to 50 μm.

Physicochemical characterisation

The crystal structures and phase purities were investigated by
powder x-ray diffraction (XRD) on a Bruker D8 A25 DaVinci X-ray
Diffractometer operating with a Mo-Kα radiation (λ=0.71 Å) source,
focussing Göbel mirror, and equipped with a LynxEye™ XE 1D
Detector. Samples were loaded into 0.3 mm diameter quartz
capillaries and data collected in transmission mode. Post-mortem
XRD investigations of cycled cathodes were measured in Bragg-
Brentano geometry with Cu-Kα radiation (λ=1.54 Å), using a Bruker
D8 A25 DaVinci X-ray Diffractometer with LynxEye™ XE 1D
Detector.

Structural analysis was performed via Rietveld refinement using
TOPAS (version 5, Bruker AXS). A fundamental parameters model of
peak shape broadening was derived using a reference diffraction
pattern collected for NIST SRM 640d. The refinements were based
on a rhombohedral α-NaFeO2 structural model, with R-3m space
group and Li placed in the 3a position, Ni, Mn, Co and Al in the 3b
position and O in the 6c position. The refinements assumed fully
stoichiometric samples and a model in which Li and Ni were free to
switch positions (cation mixing) while Mn, Co and Al were confined
to the TM-layer. The a and c lattice parameters were treated as
variables, as was O z coordinate, and linewidths were modelled
within the fundamental parameters approach assuming micro-
strain-type broadening. It is noted that the use of short wavelength
radiation causes a shift of the diffraction pattern to lower angles of
2θ compared to Cu-Kα radiation (λ=1.54 Å), allowing the inclusion
of a large number of reflexes in the refinement, but resulting in a
high degree of asymmetry in the (003) diffraction reflex that was
found difficult to accurately model in refinements. Accordingly, that
reflex was excluded from the refinements.

The particle morphology was investigated by field emission
scanning electron microscopy (FESEM) on a ZEISS SUPRA 55VP or a
ZEISS ULTRA 55 operating in secondary electron mode. Elemental
composition was analysed by inductively coupled plasma mass
spectroscopy (ICP-MS). Powder samples were first dissolved in Aqua
Regia (HNO3 and HCl) or HNO3 and HF at 240 °C in a Milestone
UltraWAVE microwave oven, and then analysed in an Agilent 8800
Triplet Quadropole ICP-MS.

Cross-sectional imaging of pristine and cycled cathodes was
performed by focused ion beam scanning electron microscope (FIB-
SEM) on a FEI Helios NanoLab DualBeam FIB. Cross-sections were
prepared by Ga-ion milling with a protective Pt-layer and were
imaged in secondary electron mode. Cathodes from disassembled
cells were rinsed with dimethyl carbonate (DMC, Sigma-Aldrich)
before post-mortem measurements.
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Electrochemical characterisation

A slurry consisting of 85 wt% Ni-rich layered oxide powder, 10 wt%
carbon black (Imerys Super C65) and 5 wt% PVDF (Kynar) in N-
methyl-2-pyrrolidone (NMP, Sigma-Aldrich) was homogenised in a
mixer mill (Retsch M3) and tape casted onto Al-foil using a 150 μm
fixed gap applicator. The as-formed cathode sheets were dried in a
furnace at 80 °C for 30 minutes to remove the majority of NMP
solvent before being vacuum dried at 120 °C for 12 hours. The dried
laminates were then transferred to an Ar atmosphere glovebox
(MBraun, <0.1 ppm H2O and <0.1 ppm O2). Circular disk cathodes
were cut and assembled into 2016 coin cells with Li-metal or
oversized Li4Ti5O12 (LTO; 2 mAh/cm2; CUSTOMCELLS®) anodes.
Loadings were typically �4 mgNMC/cm

2. Polyolefin tri-layer Celgard
2325 separators soaked in 1 M LiPF6 in ethylene carbonate and
ethylene methylene carbonate (EC/EMC; 1 :1 by volume; Sigma-
Aldrich) acted as separator and electrolyte, respectively. The details
regarding dimensions of the cathode and anode disks, in addition
to the amount of electrolyte are specified in Table S7. The cells
were rested for 24 hours between assembly and electrochemical
testing. Electrochemical testing of coin cells was performed on
BioLogic BCS-805 and Lanhe CT2001A systems with various battery
testing programs. Cells with Li-metal anodes were cycled between
3.0-4.3 V, while cells utilising LTO anodes were cycled between 1.5–
2.8 V (based on LTO having a nominal voltage of 1.5 V versus Li/
Li+). Cells were cycled at various currents based on 1 C being
180 mA/g. Cycling at discharging rates up to 0.5 C was combined
with equal charging rates, while cycling at discharging rates above
0.5 C was combined with 0.5 C charging rates. All the charging
processes included a constant voltage step at the upper cut-off
potentials until the current had decayed to 0.1 C. Three formation
cycles at 0.1 C were completed before the 100-cycle test program
at 0.5 C. The figures and tables contain averaged values of 2–4 coin
cells, specified in Table S7, and their standard deviations are
indicated by error bars.

Selected cycled cells were disassembled and their cathodes and
separators were reassembled to new coin cells. The separators were
not removed in order to avoid damaging the cycled cathodes. The
new cells had a fresh Li-metal anode, an additional separator and
were refilled with 50 μL electrolyte.

PAT-cells (EL-CELL®) were assembled for potentiostatic electro-
chemical impedance spectroscopy (PEIS) measurements. These cells
consisted of a Ni-rich layered oxide working electrode, Li-metal
reference and counter electrodes, glass fibre separators (260 μm)
and 100 μL of the same electrolyte as used for the coin cell
measurements. The cells were cycled between 3.0–4.3 V versus Li/
Li+ reference and with one formation cycle at 0.1 C. The cells were
cycled at 1 C discharging- and charging rates, and with a constant
voltage step at the upper cut-off potential until a current decay to
0.1 C. PEIS measurements were taken in a semi-charged state of
4.1 V in cycle 2, 40 and 80. During these three cycles the cells were
charged to 4.1 V at 0.05 C and held at the upper cut-off potential
for 10 hours to equilibrate the cells. The PEIS measurements were
performed with 5 mV amplitude from 200 kHz to 10 mHz using a
BioLogic VMP-300 potentiostat. The measured PEIS data from
200 kHz to 400 mHz was by fitted to an equivalent circuit shown in
Figure S13 in BT-lab software (V1.65).
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