
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 3

/2
9/

20
26

 5
:1

9:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Stoichiometrical
aUniversity College London, Department o

E-mail: t.ashton@ucl.ac.uk
bRutherford Appleton Laboratory, ISIS, Didc
cTRIUMF, Centre for Molecular and Materia
dUniversity of British Columbia, Stewar

Vancouver, BC, Canada
eIbaraki University, Frontier Research Cen

Ibaraki, Japan
fHigh Energy Accelerator Research Organisa

† Electronic supplementary informa
10.1039/d1ta01639c

Cite this: J. Mater. Chem. A, 2021, 9,
10477

Received 24th February 2021
Accepted 7th April 2021

DOI: 10.1039/d1ta01639c

rsc.li/materials-a

This journal is © The Royal Society o
ly driven disorder and local
diffusion in NMC cathodes†
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Major structural differences in lithium nickel manganese cobalt oxides (NMC) prepared under identical

conditions have been uncovered using neutron powder diffraction. Sample NMC-622 was obtained as

a single R�3m crystal structure with little defects, whereas NMC-811 showed significant Li deficiency and

NMC-433 formed three distinct phases; ordered R�3m, disordered R�3m and a C2/m phase. Local

diffusion behaviour was also studied by muon spin relaxation (mSR). It was observed that single phase

R�3m NMC-622 showed a higher lithium diffusion coefficient (4.4 � 10�11 cm2 s�1) compared to lithium

deficient NMC-811 (2.9 � 10�11 cm2 s�1), or the highly disordered NMC-433 (3.4 � 10�11 cm2 s�1).

Furthermore, activation energies for the Li diffusion process were estimated to be 58 meV, 61 meV and

28 meV for NMC-811, NMC-622 and NMC-433, respectively.
Introduction

In response to the ever growing environmental and societal
demands for decarbonised electrication, much effort has been
afforded to the development of lithium-ion batteries (LIBs).
Despite LIBs offering a reliable and efficient method of storing
energy for portable electronics, transport and grid-based
energy, the underpinning materials chemistry employed in
such devices continue to be of paramount importance. Lithi-
ated nickel manganese cobalt oxide (NMC) cathodes currently
remain one of the most promising cathode materials families
for commercial LIBs.1,2 The attraction of NMC cathodes lies in
their demonstrated stability over several thousand cycles and
the promise of high energy densities.3 Furthermore, the elec-
trochemical attributes of these cathodes can be tuned by
altering the metal ratios of Ni, Mn, and Co. Recent attention has
been focused on high-nickel NMC cathodes (>80% of the metals
being Ni) due to their increased capacity (�200 mA h g�1) versus
lower Ni concentration NMCs.4 This increase in Ni also allows
higher maximum voltages to be accessed (approaching 5 V
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versus Li/Li+) during electrochemical cycling, increasing energy
density.5 However, increasing the Ni concentration may also
lead to increased structural instability, both during synthesis
and electrochemical cycling.6 Thus, signicant challenges still
remain.

The electrochemically attractive crystal phase of NMC adopts
a layered R�3m structure, typical of LiCoO2. Alternating slabs of
Li atoms on the 3a sites are sandwiched between layers of MO6

octahedra (M ¼ Ni, Mn or Co), where M are located on the 3b
sites (Fig. 1).7 Isolation of a defect-free R�3m phase has proven to
be a sensitive process due to thermodynamic limitations on
structural evolution during heating.8–10 Typically, syntheses are
carried out in a two-step reaction. The rst reaction
Fig. 1 Crystal structure of R3�m LiMO2 (M ¼ Ni, Mn, Co). Li atoms are
shown in green and MO6 polyhedra in grey. In the perfect structure, Li
diffusion occurs in the ab plane.
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consolidates the constituent transition metals (Ni, Mn and Co)
into a single precursor, usually by coprecipitation at tempera-
tures <350 �C.11,12 The second step requires a solid-state reaction
between a lithium source (such as LiOH or Li2CO3) and the
aforementioned precursors, typically in a furnace at >800 �C for
5 to 48 h.11 Due to these high temperatures and long times,
a ne interplay between lithium incorporation into the metal
oxide and evaporative lithium loss arises.13 Thus, an excess of
the Li source is commonly used, but consequently risks the
formation of additional ‘lithium-rich’ phases.14 In combination,
these reports also suggest that lithium incorporation becomes
increasingly more difficult with greater Ni concentration,
requiring longer times or higher synthesis temperatures.

Suppression of lithium–nickel cation mixing (Li3a
+/Ni3b

2+)
has also been highlighted as a major synthetic challenge.15

Reportedly, this exchange can lead to further structural insta-
bility and lower intrinsic Li mobility (at elevated concentra-
tions). Li3a

+/Ni3b
2+ mixing is purportedly more probable in high-

nickel NMC due to the larger availability of Ni, and thus
a smaller amount of R�3m templating Co3+, and R�3m stabilising
Mn4+. Li3a

+/Ni3b
2+ mixing in NMC has commonly been assessed

using the peak intensity ratios of the I(003) and I(104) by X-ray
diffraction, however this analysis is limited and presumes the
only contribution to these intensities is Li3a

+/Ni3b
2+. Other

contributions may include bifurcation of element rich and poor
phases, Li deciency, or the presence of impurity phases whose
peaks overlap such as Li rich C2/m. Suggestions have also been
made that the exchange of Li+ and Ni2+ are not necessarily
equivalent.16 Furthermore, the diminished X-ray attenuation of
Li versus other elements (due to its lower relative mass) reduces
the accuracy of such measurements.17 Therefore, advanced
techniques such as Neutron Powder Diffraction (NPD) are key
for gaining a more thorough understanding of structural
chemistry.
Fig. 2 (a) Elemental composition of the three NMC samples observed
comparison of R3�m andC2/m structured NMC showing the replacement
generate a “honeycomb” structure.

10478 | J. Mater. Chem. A, 2021, 9, 10477–10486
Typically, Li ions migrate through the 2D Li plane and are
reversibly removed and inserted from the crystals' surface. As
the diffusion of lithium ultimately dictates the operation of
intercalation cathodes such as NMC, these systems have been
widely studied by a range of methods including cyclic voltam-
metry (CV) electrochemical impedance spectroscopy (EIS), gal-
vanostatic intermittent titration technique (GITT) and solid-
state lithium nuclear magnetic resonance (Li-NMR).18–21

Among these, muon spin relaxation (mSR) remains a unique and
powerful tool to probe the diffusive properties of lithium ions
(among others) on a local scale.22 In contrast to bulk electro-
chemical methods, mSR is not limited by grain boundaries or
electrode preparation. Thus, mSR can establish diffusion coef-
cients (D) and activation energies (Ea) specic to the crystal
structures present, irrespective of the particle- or meso-
structure. mSR has previously been employed on isostructural
materials such as the parent LiCoO2 and sister LinNixCoyAlzO2

materials, and have been in good agreement with computa-
tional predictions of DLi and Ea values.23–26

Although many studies have been performed to characterise
electrochemical performance, there is still a lack of under-
standing of the effect of increasing nickel concentration on the
structure and its relationship with local lithium diffusion in
NMC cathodes. Herein, we present the need for improved
structural scrutiny and an evaluation of increasing Ni content
on local structure by NPD and local diffusion by mSR.

Results and discussion
Structural and elemental characterisation

NMC-433, NMC-622 and NMC-811 were all collected as ne
black powders aer solid state lithiation and analysed by
inductively coupled plasma mass spectrometry (ICP-MS) to
elucidate the bulk elemental composition (Fig. 2a). It was found
using inductively coupled plasma mass spectrometry. (b) Structural
of metal ions (grey polyhedra) with Li+ (green atoms) in the MO6 slab to

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Scanning electron micrographs of the three NMC samples prepared by a continuous hydrothermal approach followed by solid state
lithiation (a) NMC-433, (b) NMC-622 and (c) NMC-811.

Fig. 4 Rietveld refinement of PXRD data collected for NMC-811,
NMC-622 and NMC-433 prepared by a CHFS assisted route. All three
patterns showed good agreement with the R3�m reference patterns for
their respective nominal stoichiometries.
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that the observed metals compositions were consistent with the
nominal ratios; Li1.21Ni0.43Mn0.28Co0.29O2 (NMC-433), Li1.02-
Ni0.62Co0.19Mn0.19O2 (NMC-622) and LiNi0.93Mn0.11Co0.10O2

(NMC-811). Interestingly, the concentration of Li in each
sample increased with decreasing Ni content, and a super-
stoichiometric quantity of lithium was identied in NMC-433.
Ordering of Li into a hexagonal arrangement to give concen-
trations exceeding unity has previously been reported as
a ‘lithium-rich’ phase, adopting a monoclinic C2/m unit cell
similar to Li2MnO3.27–29 It is therefore suggested that it is the
inclusion of increasing amounts of Mn, rather than decreasing
Ni, would promote the higher concentration of Li observed in
the samples as this phase is oen observed in Mn rich NMC.30,31

A representation of the MO6 slab for both R�3m and C2/m is
shown in Fig. 2b where MO6 polyhedra are shown in grey and
Li+ in green. It can be seen that the only signicant difference
between the two structures is the replacement of 20% of the M
sites are occupied by Li+ to produce a ‘honeycomb’ structure.

Scanning electron microscopy (SEM) was used to further
investigate particle size and morphology of the NMC samples.
SEM of NMC-433, NMC-622 and NMC-811 (Fig. 3a–c, respec-
tively) showed similar granular morphologies with typical
diameters z2 mm. It is interesting to note that NMC-433 was
signicantly smaller than the other two materials. This may be
due to the increased levels of Mn and/or Co providing resistance
to particle sintering (as the same solid state lithiation condi-
tions were used).

To corroborate the presence of a C2/m phase, powder X-ray
diffraction (PXRD) and subsequent Rietveld renement was
employed to evaluate the structure of the NMC samples (Fig. 4).
All samples showed well dened, sharp peaks indicating a high
degree of crystallinity and a rhombohedral R�3m space group
typical of LiCoO2 layered compounds (no contribution from
a C2/m phase was identied). However, previous reports have
suggested that an increase in cobalt content (relative to the
other metals present) can decrease the size of the C2/m
domains, causing them to be essentially amorphous to PXRD.32

The peak intensity ratio of the I(003)/I(104) reections has
previously been used to evaluate Li3a

+/Ni3b
2+ mixing within

layered R�3m metal oxides, where a value <1.2 suggests Ni2+ is
This journal is © The Royal Society of Chemistry 2021
purportedly present at the Li+ 3b crystallographic site and vice
versa.33,34 For the three materials, the values of I(003)/I(104) sug-
gested little or no cation mixing had occurred (NMC-433 ¼ 1.2,
NMC-622 ¼ 1.3 and NMC-811 ¼ 1.2). To establish the contri-
bution from cationmixing of Li+ and Ni2+ on the 3a and 3b sites,
a (Li1�dNid)3b(LigNix�gMnyCoz)3aO2 model was rst applied
during renement. However, the model could not converge with
real values of d and g, agreeing with the values of I(003)/I(104) that
no detectable cation mixing had occurred. While this is prom-
ising, Li occupancies are unlikely to be truly reliable due to the
limited ability of low Z elements (such as Li) to diffract X-rays.
Neutron powder diffraction (NPD)

To elucidate the crystal structure of the NMC materials further,
neutron powder diffraction (NPD) was employed. Fig. 5 shows
J. Mater. Chem. A, 2021, 9, 10477–10486 | 10479
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Fig. 5 Rietveld refinement of NPD data collected for NMC-811, NMC-622 and NMC-433 prepared by a CHFS assisted route. Relevant tick marks
for NMC-433 have been included, where R3�m0 and R3m00 denote the ordered and disordered NMC 433-phases, respectively.
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the data collected for the three samples with respect to their d-
spacing, and Rietveld renement thereof. A full account of the
tting parameters can be found in the ESI.† While NMC-811
and NMC-622 were adequately t with a single R�3m phase
(similar to the PXRD renements), a small inclusion of Li2O
(0.5 mol%) and LiOH (4.9 mol%) was identied in NMC-622 and
an unknown impurity (0.3 mol%) in NMC-433 denoted by an
asterisk. These observations led to a more correct stoichiometry
being dened for NMC-622 (Li0.96Ni0.62Co0.19Mn0.19O2). Similar
to the PXRD renements, a (Li1�dNid)3b(LigNix�gMnyCoz)3aO2

model was employed with the determined values given in Table
1.

The values in Table 1 show that increasing [Ni] from 0.6 to
0.8 did not lead to a signicant change in the absolute presence
of Ni2+3b (NMC-811 ¼ 3.1%, NMC-622 ¼ 3.6%). However, these
values do become signicant when comparing them to the
relative total Ni content of the material; 3.97% of the Ni in NMC-
811 is located on the 3a site in contrast to 9.42% of the Ni in
NMC-622. Uniquely, although NMC-811 exhibits a low concen-
tration of Ni3b

2+ mixing, it is not accompanied by an equivalent
exchange of Li3a

+ due to a signicant concentration (z7%) of
Table 1 Occupancy values for the Rietveld refinement of neutron pow
a (Li1�dNid)3b(LigNix�gMnyCoz)3aO2 model for an R�3m structure

Atom Site NMC-811 NMC-622

Li1 3b 0.8982(2) 0.9643(2)
Ni2 3b 0.0317(2) 0.0356(2)
Co1 3a 0.11 0.19
Ni1 3a 0.7659(1) 0.5877(1)
Li2 3a 0.0240(1) 0.0322(1)
Mn1 3a 0.1 0.19
O1 6c 1 1
Livac. 3b 0.0701 —

10480 | J. Mater. Chem. A, 2021, 9, 10477–10486
vacancies on the 3b site. This is an important observation that is
only made possible through the use of NPD, as Li vacancies have
a relatively small impact on the I(003)/I(104) peak intensity ratio
due to their low Z. A representation of this effect can be seen in
Fig. 6, where values of I(003)/I(104) from simulated PXRD patterns
are given versus the concentration of mixing (Fig. 6a) and
vacancy defects (Fig. 6b). In both cases, the location of Li makes
the smallest contribution to the magnitude of I(003)/I(104) with
the smallest contribution attributed to Li vacancies. Thus, Li
vacancies may be more easily concealed in PXRD than any other
defect and supporting techniques, such as NPD or elemental
analysis, are crucial.

In comparison, the structural renement of NMC-433 was
unable to converge with a single R�3m phase. NMC-433 was best
t by a combination of three phases: (i) a conventional, ordered
R�3m NMC (58.8 mol%); (ii) a disordered R�3m NMC phase
(33.4 mol%) and; (iii) a C2/m Li2MnO3 phase (7.8 mol%). As
shown in Fig. 2, the C2/m phase can be thought of as a highly
disordered R�3m with 20 mol% of Li on the metal 3b site. Thus,
the C2/m phase is “lithium rich” compared to the R�3m phase,
which agrees well with the overabundance of Li in NMC-433
der diffraction data collected for NMC-811 and NMC-622 based on

NMC-433 (ordered) NMC-433 (disordered)

0.9579(9) 0.876(2)
0.0420(9) 0.123(2)
0.25339 0.25339
0.433(1) 0.255(3)
0.050(1) 0.229(2)
0.26244 0.26244
1 1
— —

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Values of peak intensity ratios for I(003)/I(104) for simulated diffraction patterns of NMC-811. (a) The effect of Li on an Ni site (Li3b), Ni on an Li
site (Ni3a) and an exchange of Li and Ni both ways (Ni3a/Li3b) on the I(003)/I(104) peak intensity ratio. (b) The effect of vacancies of Ni and Li on the
I(003)/I(104) peak intensity ratio.
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observed from ICP-MS analysis. Interestingly, the C2/m con-
taining NMC-433 exhibited broader peaks, suggesting a lower
degree of crystallinity compared to the other two samples. This
observation potentially supports the lack of PXRD evidence for
a C2/m phase by agreeing with prevailing suggestions that small
domains of C2/m disrupt the R�3m crystals when Co is present in
elevated concentrations in NMC materials.

A representation of the crystal structures for each of the
major phases in NMC-811, NMC-622 and NMC-433 can be seen
in Fig. 7 (derived from the respective NPD crystallographic
renements). From this gure three primary observations can
be made: (i) although Li3a

+/Ni3b
2+ mixing is present in low

concentrations at the highest [Ni] content (NMC-811), Li+
Fig. 7 Crystal structures of all major phases identified fromNPD; the orde
disordered R3m phase for NMC-433 and (e) the C2/m phase for NMC-4

This journal is © The Royal Society of Chemistry 2021
vacancies are signicantly prevalent; (ii) reducing [Ni] to 0.6 (as
in NMC-622) eradicates the Li+ vacancies while a low concen-
tration of Li3a

+/Ni3b
2+ mixing is maintained; (iii) further

reducing [Ni] to 0.4 (NMC-433) leads to an overabundance of Li,
and the formation of multiple crystalline phases.

Regarding the nal point; it is likely that the formation of
multiple phases is due to the elevated presence of Mn, rather
than the lack of Ni. Although Li3a

+/Ni3b
2+ cation mixing is

possible due to the magnetic structure of Ni (leading to a disor-
dered R�3m), this is found to be more prominent at increasing
[Ni].35 Previous reports on similar oxides containing only Mn
and Co have also shown phase separation of C2/m and R�3m in
the absence of Ni.36 The increase in [Co] can also be ruled out for
red R3�m phase for (a) NMC-811, (b) NMC-622 and (c) NMC-433; (d) the
33.

J. Mater. Chem. A, 2021, 9, 10477–10486 | 10481
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instigating phase separation or cation mixing as Co3+ is known
to nucleate and stabilise the R�3m phase, and alleviate the
magnetic frustration responsible for Ni2+ formation.37,38

Increased cation mixing has also been directly observed from
combinatorial experiments when Ni is replaced for Mn.39 Thus,
it is likely that increasing Mnmay both aggravate cation mixing,
and encourage the formation of the C2/m phase, if sufficient Li
is available during heat treatment.
Local lithium diffusion (mSR)

Since the structures of the NMCmaterials differed signicantly,
it is important to establish the effect of these changes on
lithium diffusion. Previously, R�3m structures have been pre-
dicted to exhibit two intraplanar diffusion pathways through the
LiO6 slab; the Oxygen Dumbbell Hop (ODH) and the Tetrahe-
dral Site Hop (TSH).40 Previous investigations on isostructural
materials have found the TSH mechanism to occur on a similar
timescale (z10�10 cm2 s�1), but provides a lower activation
energy (Ea) diffusion pathway (ETSHa z EODHa /4).26 However, the
TSH mechanism is only available where [Li] < 1 (due to the
requirement for a Li divacancy). In comparison, the C2/m
structure has previously been reported to exhibit additional
interplanar diffusion pathways between the Li and MO6 slabs,
which may be expected to provide enhanced Li ion conductivity.
However, density functional theory (DFT) studies suggest that
the average Ea of Li diffusion lies between 510 and 840 meV in
C2/m LiMn2O3, similar to values estimated by DFT for the ODH
mechanism (�800 meV).41

To understand the impact of nickel concentration and
crystal structure on the local lithium diffusion mechanics,
muon spin relaxation (mSR) experiments were performed on all
three samples of NMC. Briey, the powders were loaded into
a titanium sample holder and exposed to a spin-polarized beam
of muons in a vacuum using the EMU instrument at the STFC
ISIS Neutron and Muon Facility, Harwell, UK. Muon decay
Fig. 8 (a) Fluctuation rate of muon decay (n) and (b) field distribution wid
nickel content. The error for each D value is <0.5%.

10482 | J. Mater. Chem. A, 2021, 9, 10477–10486
asymmetry data were recorded at 300 K using a transverse
magnetic eld of 20 G to normalise the initial decay asymmetry
arising from the sample geometry. Data were then recorded
between 160 K and 450 K, applying three longitudinal elds of 0,
5 and 10 G at each temperature to decouple the muon spin
relaxation from any nuclear magnetic contributions from Ni,
Mn or Co (Fig. 8a). The data from the three elds at each
temperature were t simultaneously to a modied Kubo–
Toyabe relaxation model to describe the dynamic diffusion
processes multiplied by a Gaussian relaxation function to
account for temperature independent uctuations in Li+ diffu-
sion, with a constant background component (eqn (1)).

A0PLF(t) ¼ AF exp(�lFt) + AKT exp(�lKTt) �
GDGKT(D,n,t,HLF) + ABG (1)

Two key parameters were extracted from the ts; (i) the eld
distribution width (D) which is a measure of the magnetic eld
distribution that the muon experiences at the implantation site
and, (ii) the uctuation rate (n) which is a measure of the rate of
muon decay perturbation from Li+ diffusion, where n f DLi.
Fig. 8b shows the extracted values for D for the three NMC
samples. It is observed that as temperature increases there is
a corresponding decrease in the eld distribution width due to
Li+ diffusion becoming more rapid and leading to a motional
narrowing effect similar to that seen in previous investiga-
tions.26,42 As [Ni] increases (and thus, [Mn] and [Co] decreases)
there is a consistent decrease in D due to the signicantly
smaller nuclear moment present in Ni, when compared to Mn
or Co.

Fig. 9a shows the extracted values of n versus temperature
where a steady increase was observed, indicating the thermal
activation of Li diffusion. The data was used to estimate the
average DLi of each sample employing eqn (2); Ni is the number
of accessible Li+ sites in the ith path, Zn,i is the vacancy fraction
th (D) observed from mSR for three NMC compositions with increasing

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 (a) Extracted values of fluctuation rate (n) versus measurement temperature. (b) Arrhenius plot of the fluctuation rate versus temperature
for the three samples of NMC with increasing Ni content. Solid lines show the linear regression over the thermally activated regions for each
sample. The thermally active range is shown in filled icons with their respective fits. The error for each data point is <0.5%.
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of the destination sites, si is the hopping distance between Li+

sites and n is the uctuation rate at each temperature.43 Struc-
tural values were extracted from the NPD renements, and the
calculation for NMC-433 included a weighted average of the
three observed phases.

DLi ¼
Xn

i¼1

1

Ni

Zn; isi
2n (2)

Values of DLi at 300 K for the two samples exhibiting only the
R�3m structure were determined to be 2.90 � 10�11 cm2 s�1 for
NMC-811 and 4.36 � 10�11 cm2 s�1 for NMC-622. Statistical
signicance was conrmed by calculated errors of �1.75 �
10�28 (NMC-811), �2.65 � 10�28 (NMC-622) and �1.92 � 10�20

(NMC-433). Using the Arrhenius relationship over the thermally
activated region of each sample (Fig. 9b), Ea of muon hopping
were found to be 58meV for NMC-811, 61meV for NMC-622 and
28 meV for NMC-433. Compared to NMC-622, it is possible that
the marginally slower but more facile diffusion of NMC-811
(indicated by both lower DLi and Ea) may be attributed to the
Table 2 Values of DLi and Ea for the NMC-811, NMC-622 and NMC-
433 samples determined by muon spin relaxation. Values are also
given for the LiMn2O3 and the isostructural LiCoO2 for comparison

Sample DLi (cm
2 s�1) Ea (meV)

NMC-811 2.9 � 10�11 58.3 � 4.5
NMC-622 4.4 � 10�11 60.9 � 2.2
NMC-433 3.4 � 10�11 27.6 � 0.8
LiMn2O3 (ref. 51) 4.7 � 10�11 156
Li0.73CoO2 (ref. 24) 7.0 � 10�10 —
Li0.53CoO2 (ref. 24) 2.5 � 10�10 —
LiNi1

3
Mn1

3
Co1

3
O2 (ref. 52) 3.5 � 10�12 z100

Li0.87Ni0.77Co0.14Al0.09O2 (ref. 26) 3.0 � 10�11 90 � 13
Li0.71Ni0.77Co0.14Al0.09O2 (ref. 26) 1.0 � 10�11 65 � 6

This journal is © The Royal Society of Chemistry 2021
Li vacancies. Lower [Li3b] causes less electrostatic repulsion
between Li aiding diffusion (lowering Ea), but provides less
diffusion events for the muon decay to sample (lowering n). The
lowering of Ea with decreasing [Li3b] has been previously pre-
dicted in the parent LiCoO2 by computational means, and
observed in isostructural materials by mSR (Table 2). However,
this does not preclude the possibility of the observed differ-
ences being solely or partly due to changes in transition metal
stoichiometry, and the values of Ea for NMC-811 and NMC-622
lie within experimental error.

In comparison, while the estimated DLi for NMC-433 was
found to be 3.35 � 10�11 cm2 s�1 the estimated value of Ea was
28 meV, signicantly lower than that for NMC-811 or NMC-622.
Although the structure of NMC-433 is too complex to be certain
of the origin of the decrease in Ea, it is unlikely to be due to the
presence of Li2MnO3 as it was present <10 mol% of the total
sample and has previously shown a larger Ea versus R�3m struc-
tured materials (Table 2). Thus, it is likely that this marked
decrease in Ea is either due to (i) the elevated concentration of
Mn and/or Co or (ii) a contribution from the heavily disordered
R�3m phase.

Conclusions

Intimate studies of the three NMC samples (made using iden-
tical heat treatments) have provided direct evidence for stoi-
chiometry driven phase formation. Neutron powder diffraction
studies on ‘Ni rich’ NMC-811 has shown that while a single R�3m
phase can be obtained; Li incorporation is more challenging
(under similar synthetic conditions) compared to the lower Ni
content NMC-622. However, lowering the Ni content further in
NMC-433 leads to a dramatic structural disruption and the
evolution of three phases; an ordered R�3m phase, a disordered
R�3m phase with a high degree of Li3a

+/Ni3b
2+ mixing, and a Li

rich C2/m phase. In this case, the authors suggest that this is
J. Mater. Chem. A, 2021, 9, 10477–10486 | 10483
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more likely due to the presence of elevated [Mn], rather than
diminished [Ni] and the available excess of Li during solid-state
lithiation. Differences in the local diffusion mechanics were
also identied, with well-ordered NMC-622 showing the highest
diffusion coefficient of the three materials. Interestingly, mixed
phase NMC-433 showed a signicantly lower activation energy
than NMC-811 or NMC-622 despite the large amount of struc-
tural disorder.

In closing, it is of paramount importance to interpret results
given from PXRD responsibly. Although no signicant cation
mixing was detected with PXRD, this is not proof of its absence;
a vastly different story was told by using NPD data that showed
not only cation mixing, but multiple crystalline phases. It is also
important that I(003)/I(104) is not accurate in solely determining
the Li3a

+/Ni3b
2+ mixing in NMC materials, as vacancies and

closely related crystal structures may also have a large impact on
the results.

Experimental
Synthesis of lithium nickel manganese cobalt oxide (NMC)

To prepare the nanoparticulate NMC precursors a continuous
hydrothermal ow synthesis (CHFS) process was used, which
has been described elsewhere.26,44 To summarise the process,
three diaphragm pumps (Primeroyal K, Milton Roy, Pont-Saint-
Pierre, France) were used to supply feeds of deionized water
(Psw), an aqueous solution of the metal salts (PM), and a 1 M
KOH solution (Pbase) at ow rates of 80, 40 and 40 mL min�1,
respectively. All chemicals were obtained from Sigma-Aldrich,
Dorset, UK.

The NMC compositions were prepared by mixing the
appropriate amount of metal nitrate salts [Ni(NO3)2$6H2O,
Mn(NO3)$xH2O and Co(NO3)3$6H2O], summarised in Table S1.†
The DI water feed from pump Psw was heated in ow to 450 �C
using a 7 kW custom-built in-line electrical heater. Precursor
feeds from pumps PM and Pbase were separately mixed in a T-
piece in ow (at room temperature) prior to mixing in ow
with the combined superheated water feed in the patented
(WO2011148121A1) conned jet mixer (CJM).45 In all cases, the
total concentration of metals, PM was xed at 0.5 M and the
concentration of base, Pbase was xed at 1 M. Uponmixing of the
feeds in the CHFS process, nanoparticles were formed, which
were then cooled to �40 �C using a 1.5 m counter-current pipe-
in-pipe heat exchanger, before being passed through a back-
pressure regulator (BPR) valve at the CHFS outlet. The
aqueous nanoparticle slurry exiting the BPR was collected and
cleaned by repeated centrifugation and washing with deionized
water until the conductivity of the supernatant was consistently
below 50 mS, as measured by a conductivity probe (Hanna
Instruments, model HI98311, Leighton Buzzard, UK). The
concentrated slurry was then freeze-dried (Virtis Genesis 35XL)
by gradually heating a sample from �60 to 25 �C (over 24 h) in
vacuo (<100 mTorr), which yielded free-owing dark brown/
black powders in all cases.

The NMC precursor powders were then mixed with a 30%
molar excess of LiOH in a Thinky™ mixer for 30 min at
1500 rpm and heat treated in a box furnace at 800 �C for 5 hours
10484 | J. Mater. Chem. A, 2021, 9, 10477–10486
in air (ramp rate 5 �C min�1). The resulting black powders were
characterised and tested with no further modication.

Structural characterisation (PXRD and NPD)

Powder X-ray diffraction (XRD) patterns were collected using
a STOE Stadi P diffractometer in transmission geometry (Mo-
Ka1 radiation, l¼ 0.70932 Å), equipped with a germanium (111)
monochromator and a DECTRIS Mythen 1k silicon strip
detector (DECTRIS, Baden, Switzerland). An Yttria (Y2O3) stan-
dard was used to estimate instrumental peak broadening.
Datasets were collected over the 2q range of 2 to 40� with a step
size of 0.5� and a count time of 5 s per step.

Time-of-ight (TOF) neutron powder diffraction (NPD) was
carried out on the iMATERIA diffractometer at J-PARC.46 The
each as-synthesized powder sample (�2.5 g) was placed into
vanadium cell, which was installed to iMATERIA. In this study,
a wide d-spacing (0.11 < d < 5.29 Å) and a high resolution (Dd/
d ¼ 0.16%) were used for the TOF NPD measurements. The
sample environment of iMATERIA was evacuated to prevent
incoherent scattering of water vapor (H atoms). All experiments
were measured for 4 h at room temperature. The beam power of
the J-PARC for NPD measurements was 500 kW. The data was
analysed by Rietveld renement using the Z-Rietveld soware
package (ver. 1.0.2).47,48 In the case of both NMC-811 and NMC-
622, the Rietveld renements were demonstrated between d ¼
0.35 and 4.95 Å, whereas that of NMC-433 was done the region
between d ¼ 0.70 and 5.08 Å.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was performed using
a JEOL JSM-6700F microscope. To minimise charging samples
were deposited on copper foil tape, mounted on aluminium
stubs, aer dispersion in methanol (99.9%, Sigma Aldrich,
Dorset, UK) and ultrasonication in a XUBA3 Ultrasonic Bath
(Grant Instruments, Cambridge, UK) for 5 minutes. Image
analysis was carried out using ImageJ soware.

Elemental analysis (ICP-MS)

Inductively coupled plasma mass spectrometry (ICP-MS) was
carried out by fully dissolving each sample in concentrated
hydrochloric acid overnight by microwave digestion (CEM
Discover SP). These solutions were then diluted with dilute
hydrochloric acid prior to analysis by ICP-MS (Agilent 7500ce).
Calibration curves were constructed with elemental standards
and used to calculate the concentrations of Ni, Mn, Co and Li
for each sample.

Local diffusion analyses (mSR)

Muon spin relaxation experiments were performed at STFC ISIS
Neutron and Muon Source, Harwell, UK. Approximately 3.0 g of
powdered samples of NMC-811, NMC-622 or NMC-433 were
packed into recessed titanium sample holders, covered with
a titanium window and secured with a titanium bezel. The
titanium holder provided a simple background signal from
muons that are not implanted into the sample and any signal is
This journal is © The Royal Society of Chemistry 2021
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easily subtracted from the data. The sample holder was placed
into the muon spectrometer (EMU) and evacuated to <1 � 10�6

mbar. The instrument was cooled to a temperature of 150 K and
instrument asymmetry was measured using a transverse
magnetic eld of 20 G. Measurements were taken every 10 K up
to 450 K, with longitudinal at elds of 0, 5 and 10 G. Data
collected at each temperature for the three applied magnetic
elds were t simultaneously using the WiMDA soware.49
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