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A combinatorial library of twenty-three, phase pure, near-NMC111 (LiNi0$33Mn0$33Co0$33O2) composi-
tions were synthesised and their electrochemical performance, was mapped (in lithium ion half-cells).
Each of the 23 compositions was made in series, using a two-step process of 1) a rapid initial contin-
uous hydrothermal precipitation, followed by 2) solid state lithiation. The 23 lithiated NMC samples were
then subjected to analytical methods including electron microscopy (selected samples), Powder X-ray
Diffraction and electrochemical tests in half cell Li-ion configurations versus Li metal. A sample with a
Ni:Mn:Co (NMC) ratio of 39:28:33, revealed a specific capacity of 150 mA h g�1 at a C/20 rate, which was
63 and 43% greater capacity than NMC111 and NMC433 samples produced in this work, respectively. The
sample with NMC ratio 47:25:28, showed the best capacity retention characteristics, retaining 70% of its
C/20 capacity at 1C, after 40 cycles. Further analysis of all the samples by cyclic voltammetry and elec-
trochemical impedance spectroscopy, allowed compositional mapping of diffusion coefficients. Overall,
the mapping data revealed a gradual change of properties across compositional space, which has vali-
dated our combinatorial approach and allowed identification of the optimum performing near-NMC111
cathode materials.

© 2021 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In order to transition towards a low carbon future, our capacity
to harness and store renewable energy, must improve [1]. Whether
applied to Electric Vehicles (EVs) or smartphones, lithium ion
batteries (LIBs) have become indispensable to modern life [2]. High
power LIBs are crucial to future EVs and large-scale energy storage,
although higher energy density cathodes are required to match the
capacities offered by the newer anode materials [3,4]. The last two
decades have seen the rise of layered cathodes such as LiCoO2 (LCO)
to prominence, storing energy by the intercalation of Liþ between
alternating layers of transition metal oxides [5,6]. Providing the
benchmark for high power cathodes, LCO has been widely applied
to EVs. However, lower cobalt content cathodes have been com-
mercialised in order to offset the low capacity of LCO (~125 mA h
g�1) [7,8] as well as high material cost and ethical issues sur-
rounding cobalt and its mining [9].

Energy dense layered cathodes have been made by incorpo-

rating nickel into the R3m structure, which provides higher
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capacities (~200 mA h g�1) but this can suffer from instability and
rapid degradation in its pure LiNiO2 form [10]. The inclusion of
further transition metals such as manganese, has improved long
term structural stability and safety [11]. In contrast, cobalt has
generally been added to these structures to improve rate capability
[12]. Thus, NMC compositions (which include all three metals) can
give rise to a balance of properties, which include improved safety,
high energy density and fast charge capability [13e15]. Notable
NMC compositions, which have been commercialised include
LiNi0$33Mn0$33Co0$33O2 and LiNi0$5Mn0$3Co0$2O2 (also known as
NMC111 and NMC532, respectively) [16]. Great progress has been
made in increasing the degradation resistance of cathode active
materials through coating with inert and lithium reactive species
[17e20] doping and particle concentration gradients [21e25].
Challenges still remain to improve properties such as high power
performance and stability under ever increasing energy densities
[26]. Although there are a large number of reports covering the
properties of specific NMC compositions, to the authors’ knowl-
edge, there appear to be no comprehensive combinatorial studies
in the literature coveringmore than six samples each [27,28]. This is
in part due to the difficulties in consistently preparing large
numbers of subtly different lithiated NMC materials that is pre-
requisite for electrochemical comparison.
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NMCs can be made via a number of methods, which are largely
batch processes requiring a great deal of process control. These
include coprecipitation, solid state, batch hydrothermal, sol-gel or
various combustion methods [21,29e33]. When NMC cathodes are
designed for high energy density, well packed, solid centred par-
ticles with sizes � 10 mm are often used [4]. Consequently, such
cathodes are often not evaluated at C-rates higher than 2C as they
do not tend to have good capacity retention compared to the initial
first cycle capacity [34e36]. Various efforts have been made to
improve rate capability, to lower capacity losses at rates of 5C and
higher. Huang et al. synthesised samples containing a Co concen-
tration gradient that were Co-rich at the core and deficient at the
surface, leading to 65% capacity retention at 10C compared to the
initial first cycle capacity (195 mA h g�1 at C/5) [28]. Sun et al.
coupled a concentration gradient secondary particle (6 mm sec-
ondary particle size) with nanostructured needle like constituent
particles (2 mm length), giving 79% capacity retention at 5C [37].

To achieve high power performance in cathode materials, a
small secondary particle size (a few microns or smaller) and high
surface area can be used [38]. For example, batch coprecipitation
has been refined via process control (pH, concentration and tem-
perature) [39], to make complex microparticles in the size range
4e10 mm. Complex internal structure and high surface area) deliver
enhanced lithium diffusion at high C-rates [40]. Zheng et al.
demonstrated that 79% capacity retention was possible at 10C for
NMC811 (compared to the initial cycle value at C/10), by optimising
the lithiation/heat treatment temperature, reducing the size of
primary particles to 100e300 nm [41]. One of the highest rate ca-
pabilities for NMC111 in literature was reported by Ren et al. in
which 6 mm secondary particles were engineered with orientated
diffusion channels, yielding a cathode with 89% retention at 10C
(compared to the initial cycle value at C/5) [16].

Herein, we report the focussed synthesis of twenty-three near-
NMC111 compositions and their analytical and electrochemical
evaluation (within lithium ion half-cells); from NMC111 (metal
ratio 33:33:33) to NMC211 (metal ratio 50:25:25). The systematic
approach produced phase pure materials in all cases that allowed
structure-property-compositional mapping and identification of an
optimum high power, stable, high energy NMC composition.
Furthermore, using our high-throughput synthetic methodology,
the different precursor compositions (pre-lithiation) were made
within a couple of hours, giving a considerable time saving
compared to more conventional or batch hydrothermal synthesis
methods.
2. Results and discussion

2.1. Structure and morphology

The precursor slurries obtained in series from the Continuous
Hydrothermal Flow Synthesis (CHFS) process, appeared dark
brown in colour when wet and were jet-black (free flowing)
powders after freeze drying. Yields were in the range 68e78% (due
to small samples sizes and losses from unoptimised workups),
giving ca. 15g for each of the 23 samples in the library. After all
samples had each individually undergone solid-state lithiation,
they appeared to have a blue-grey colour and were gritty, neces-
sitating gentle hand grinding for a few minutes to obtain relatively
fine flowing powders.

In order to confirm the structure and phase purity of samples in
the library, each sample was separately analysed using Powder X-
ray Diffraction (PXRD). An example pattern of the NMC111 sample
is displayed in Fig. 1a, which was indexed as the expected R3m
layered structure of LiNixMnyCozO2 (ICSD collection code 99,890)
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[42]. No evidence of any impurity phases were found in any of the
23 samples produced. Fig. 1 b shows magnified plots of (003) and
(110) peaks for materials with increasing Ni content, where
[Mn]¼ [Co]. A peak shift to lower 2qwas only observed in the (110)
peak upon increasing [Ni] in the powder. This is likely due to the
larger ionic radius of Ni2þ (0.69 Å), the majority charge state of Ni in
the material [43]. In contrast, Fig. 1 c shows the (003) and (110)
peaks for samples where the Mn:Co ratio varied with a fixed Ni
value of (Ni fixed at ca. 44 to 45% of total transition metal con-
centration). Again, a peak shift to lower 2q was observed, but in
both the (003) and (110) reflections.

To investigate these differences further, the lattice parameters of
each sample were calculated using the unit cell equation for the R-
3m space group.

From Fig. 1, clear changes in lattice parameters were observed as
the ratio of metals in NMC were varied. Fig. 1c) shows that
increasing the Mn:Co ratio (fixed Ni value of ca. 44 to 45% wrt total
metal content) led to a monotonic expansion of parameter a and
larger c values, due to the larger ionic radius of Mn3þ (0.65 Å
compared to 0.545 and 0.56 Å for Co3þ and Ni3þ, respectively) [44].
When the Mn:Co ratio was maintained near to unity (range 0.96 to
1.03) and the Ni content increased from 0.34 to 0.46, the a
parameter increased from 5.847 to 5.850 Å. This was likely due to
the presence of more Ni2þ that has a larger radius (0.69 Å) than
Ni3þ. This would be expected to distort the lattice outward along
the TM layer plane, whereas a slight contraction is seen on the
interlayer c axis parameter. Arguably this may be due to the Ni2þ

occupying spaces in the alternating lithium layers through the
phenomenon of cation mixing (which can also limit the potential
active sites for lithium causing capacity fade). This cation mixing is
possible due to the similar ionic radii of Ni2þ and Li þ at 0.69 and
0.76 Å, respectively [18,45].

A previous report by Gao et al. suggested that the intensity ratio
of the (003) to the (104) peaks (I003/I104) for NMC111, could quali-
tatively suggest the extent of cation mixing [46]. The higher the
I003/I104 ratio, the lower the extent of cation mixing, with a ratio
near to 1.2 believed to minimise this effect. The I003/I104 ratio of
NMC 111 was 1.04, lower than the ideal value, but reasonable
considering the heat-treatments were performed in static air [9].
Heat-treatments in an oxygen rich environment, or with a dynamic
flow of air, can provide higher partial pressure of oxygen for the
lithiation reaction, requiring less harsh lithiation conditions, which
can limit cation mixing [47].

To identify the effect of elemental composition on cation mixing
more thoroughly, the elemental compositions of the samples were
determined by X-Ray Fluorescence (XRF) and plotted against the
I003/I104 peak ratios in the ternary diagram, Fig. 2a); specific NMC
compositions of NMC 111, 433, 532 and 622 are also highlighted as
compositional markers. For clarity, a magnified view focussing on
the compositions made herein, is provided in Fig. 2b). A trend can
be seen with increasing concentration of nickel; cation mixing
appears to increase (I003/I104 peak ratios reducing to 0.96 for NMC
45:35:25). This might be explained by the fact that a greater
quantity of Ni2þ leads tomoremigration into the lithium layers due
to size similarities; in nickel-rich cathodes, this problem can often
be alleviated by heat-treatment in O2 [24]. Conversely, it was
observed that cation mixing seemed to reduce for samples, which
contained high levels of cobalt (I003/I104 reached a maximum of 1.10
for the NMC 48:22:31 sample). This was likely to be due the role of
cobalt in the layered structure, relieving the magnetic frustration of
spin aligned Ni3þ ions. These ions have a relatively strong magnetic
moment and although this can be relieved by anti-alignment, when
arranged in the R3m lattice, they are arranged triangularly. There-
fore, there will always be neighbouring ions that are aligned, in a



Fig. 1. a) PXRD for the NMC 111 sample from the library with indexed peaks labelled (003 and 104) that were used to determine cation mixing. b) Magnified view of (003) and (104)
PXRD peaks for selected samples with near equal Mn:Co ratio and differing Ni values. c) Magnified view of the same peaks for samples with approximately fixed Ni concentration
and a differing Mn:Co ratios. d) a and c lattice parameter values versus the Mn/Co fraction values (at fixed Ni value of ca. 44 to 45% Ni in NMC). e) a and c lattice parameter values
versus Ni fraction in the NMC (where Mn/Co values were in the narrow range 0.96 to1.03).

Fig. 2. a) Shows a ternary plot of and expanded compositional range, with common NMC compositions plotted. b) Shows the magnified central region, with the XRF determined
compositions plotted with I003/I104 peak ratio (represented by colour of dot).
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higher energy state. Cation mixing occurs as Liþ ions have no spin,
therefore, they can easily relieve this magnetic frustration by
exchanging with Ni3þ. Although, as nickel, cobalt is a ferromagnetic
material, Co3þ ions have no spin and therefore, no magnetic
moment. By increasing the concentration of Co3þ, less Liþ migrates
3

into the nickel sites to relieve magnetic frustration during lithiation
and cycling [12]. Though Mn3þ should too have this effect in such
systems, there is likely a significant prevalence of Mn4þ in the
samples [48], which would be expected to exacerbate magnetic
frustration; hence, it may not have behaved like the cobalt [9]. The
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effect of Co/Mn ratio on cation mixing, followed the trend where
larger quantities of Mn, led to greater abundance of NiLi. This effect
has been previously predicted by Yin et al. in a study where high
precision powder diffraction was applied to study a range of NMC
compositions and their defect concentration [49]. Their model
calculated that the NiLi concentration showed an increasing trend
towards greater quantities of Mn on a ternary plot, moving outward
from NMC 111, as observed in the ternary space in the present
study.

Thus, prior to electrochemical testing, it might be expected that
better rate capability and capacity at low rates, would be observed
for samples with lower cation mixing.

In order to achieve high rate capability in NMC cathodes, it is
desirable to be able to manufacture these materials below 3 mm in
size, where the high surface area could facilitate more rapid lithium
intercalation and deintercalation [50]. The particle morphology of
selected samples in the library, was studied using Scanning Elec-
tronMicroscopy (SEM), see Fig. 3. SEM images of the NMC 45:31:25
sample are shown in low magnification Fig. 3a), followed by
increasingmagnification for Fig. 3b) and c). The samemagnification
in c) is shown for samples 34:34:33 in Fig. 3d), NMC 35:36:29 in
Fig. 3e) and sample NMC 40:30:30 in Fig. 3f).

In Fig. 3a) the NMC 45:31:25 sample was found to consist of
microparticles in the size range 0.8 to 10.1 mm (averaging
4.0 ± 1.8 mm) [100 particle measurements per sample]. This was
comparable across all the samples characterised by SEM, including
NMC 34:34:33 (4.3 ± 1.7 mm); NMC 35:36:29 (3.8 ± 1.9 mm) and
NMC 40:30:30 (3.5 ± 1.9 mm), low magnification images are shown
in Fig. S1. At higher magnification for sample NMC 45:31:25, it was
more evident that these structures were assemblies of particles
with a size range of 150 to 660 nm (average 320 ± 80 nm). Such
primary particle size is likely due to the small size of the precursor
oxides made using CHFS, which limited particle growth and sin-
tering during the lithiation heat-treatment [51]. A report by Zheng
et al., also suggested that for NMC811, such a small primary particle
size might enhance high power performance [41]. This is because
higher surface area will allow more rapid intercalation of lithium,
due to minimized diffusion distances and greater contact with the
electrolyte [52].
Fig. 3. SEM images of the NMC 45:31:25 sample are shown in low magnification a), followe
samples NMC 34:34:33 in d); NMC 35:36:29 in e) and NMC 40:30:30 in f).

4

SEM images obtained herein, appear to show highly uniform
particles across compositional space. High magnification SEM im-
ages for samples NMC111(34:34:33), NMC 35:36:29 and NMC433
are shown in Fig. 3d), e) and 3f), respectively. Analysis of the images
suggest a primary particle size in the range 150 to 620 nm for
sample NMC111 (34:34:33) [average 320 ± 107 nm]. For the NMC
35:36:29 and NMC433 samples, primary particles were in the range
from 150 to 590 nm (average 280 ± 90 nm) and 170e700 nm
(average 370 ± 110 nm), respectively.

The particle sizes were also estimated by Scherrer analysis of the
(003) peak from powder XRD, Table S2 [53]. The sizes show little
variation across compositional space, being in the range 28 to
35 nm. This implies that across this range the composition plays a
small role in determining the particle size, this is more greatly
affected by conditions of heat treatment. These values are also an
order of magnitude lower than the primary particles measured by
SEM. This is likely due to the particle size limitation of Scherrer
analysis, these particles are likely too large for significant peak
broadening [54]. Furthermore, the primary particles may not be
single crystal domains and likely contain crystal defects that will
affect the full width half maximum of the pattern peaks [55].
2.2. Li-ion half cell performance

Electrochemical investigations including Galvanostatic Charge
Discharge (GCD) cycling, were performed on the library of cathodes
in lithium ion half cells, see Fig. 4. Charge and discharge data for the
highest capacity sample NMC 39:28:33, are shown in Fig. 4a), with
C-rates in the range C/20 to 1C (specific capacities given in
Table S3). In the initial cycles for sample NMC 39:28:33 at C/20, a
specific capacity of 150 mA h g�1 was observed with low coulombic
efficiency (presumably due to the formation of the SEI layer) [56].
This capacity is similar to that expected for analogous NMC litera-
ture materials which are typically in the range 140 to 170 mA h g�1

for NMC111 [22,31,57,58], and ca. 165 mA h g�1 for NMC433 (at low
C rates) [59].

Fig. 4c) maps the capacities of the electrodes at C/20 across
compositional space, which are in the range 92 to 150 mA h g�1

(capacity values are listed in Supplementary Table S3). Following an
d by increasing magnification for b) and c). The same magnification in c) is shown for



Fig. 4. a) Shows the charge discharge curves for the highest C/20 capacity sample, NMC 39:28:33. b) Shows the discharge capacities of several samples for comparison, including the
coulombic efficiency for the highest 1C sample, NMC 47:25:28. c) Compares the C/20 capacities across the ternary compositional space, whilst the 10C capacity retention is
compared in d). The high-power sample NMC 47:25:28 is highlighted by *.
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approximately vertical path up through compositional space on the
C/20 capacity map (increasing Ni levels), the capacity values were
in the range 94 mA h g�1 (for NMC 34:34:33) to 118 mA h g�1 (for
NMC 49:24:27). Furthermore, at higher nickel contents, the pres-
ence of more cobalt was advantageous for obtaining a high capacity
(observed in NMCs 49:24:27, 48:22:31, 47:25:28), giving a capacity
of 125 mA h g�1 for sample NMC 48:22:31 (at C/20). In comparison,
sample NMC 47:31:22 (with the cobalt and manganese contents,
swapped compared to sample NMC 48:22:31) and achieved a lower
capacity of 113 mA h g�1. As previously mentioned, sample NMC
39:28:33 achieved a reasonable capacity of 150 mA h g�1 but many
of the other samples were slightly lower than expected (typical
range expected was ca. 140 to 170 mA h g�1 for NMC111 at C/20)
[22,31,57,58]. However, this is unsurprising. given that electrodes
were not calendared or optimised in the initial fast screening stage.

The rate performance of the samples across the library at
different C-rates, was also assessed. Sample NMC 39:28:33 showed
a big drop in capacity at higher C rates, giving 69 mA h g�1 at 1C
(53% loss compared to the initial cycle value at C/20). The rate ca-
pabilities of other NMC library samples are displayed in Fig. 4b);
samples with higher Ni content such as NMC 46:26:27, NMC
48:22:31 and NMC 47:25:28, achieved capacities of 72, 83 and
84 mA h g�1 at 1C, respectively. These results were consistent with
the suggestion that increased cobalt content would lead to greater
rate capability [11]. Furthermore, it was found that sample NMC
47:25:28 showed excellent capacity retention (ca. 84 mA h g�1 that
5

was ca. 70% of its initial C/20 performance) after 20 cycles at 1C (see
Fig. 4d).

It has been widely acknowledged that the three transition
metals in NMC, offer different advantages for the cathode material
[2e4]. Higher nickel content is associated with greater capacity and
therefore, energy density, whilst greater rate capability and ca-
pacity retention, is attributed to having more cobalt [5]. This study
affirms these observations in the near NMC111 region, where a
general trend of increased capacity with higher Ni content, was
measured. Furthermore, increased Co content, generally led to
greater capacity retention at higher rates of charge. Finally, man-
ganese is known to have a positive effect on safety and thermal
stability; the confirmation of this benefit is outside the scope of this
study, though this may prove a fruitful avenue of future research
[6].

Sample NMC 47:25:28 was calculated to deliver a power density
of 6148 W kg�1 at an energy density of 314 Wh kg�1 [see Fig. S2a),
contour plot of power density]. Adding more Ni to this optimum
composition, only reduced the capacity retention at 1C (C/20 en-
ergy densities are plotted in Fig. S2b).

The outstanding high rate capacity retention of sample NMC
47:25:28 will require optimisation of heat treatment conditions to
match higher C-rate capacity NMCs in literature, such as in the
report by Huang et al. on NMC 70:15:15 (65% retention at 10C with
a capacity of 115 mA h g�1) [60], or NMC811 (55% retention at 10C
with a capacity of 100 mA h g�1) [61], NMC111 (20% retention at 8C
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or 57% retention at 10C) [16,26]. The bottom-up synthetic method
presented here, also lends itself to additional particle engineering,
such as the strategy employed by Ren et al. to make highly orien-
tated NMC 111, revealing an impressive 86% retention at 10C [16].
This composition also matches in situ XRD and thermal stability
studies on various commercial NMC ratios that were reported by
Bak et al.; NMC 532 was found to be the best trade-off for high
stability and high capacity in comparison to NMC 622, 811 and 433
[62].

The cycling stability of the samples was determined by finding
the percentage reduction in capacity from the first cycle to the 45th
cycle; both these cycles used a current density of C/20. The results
are displayed in Table S3 and are mapped against composition in
Fig. S3. NMC433was found to have the highest stability, showing no
measurable degradation after 45 cycles. In this work, with nickel
content below 50%, all samples showed good cycling stability, with
the optimum high-power sample NMC 47:25:28, fading by just
2.5%. This activematerial will require further cycling in the future to
confirm its long-term stability behaviour.
2.3. Diffusion and SEI formation

In order to further understand the effect of composition on the
electrochemical properties of the NMC samples, Cyclic Voltam-
metry (CV) was performed on all the samples. The CV of the sample
NMC 39:28:33 at 0.1 mV s�1 scan rate (Fig. 5a), displayed a single
redox couple, with peaks centred at 3.97 V (delithiation) and 3.80 V
(lithiation) vs Li/Liþ. This corresponded to the Ni2þ/Ni4þ redox
processes, with no additional peaks, implying significant contri-
butions from other redox reactions for Mn3þ/Mn4þ or Co3þ/Co4þ

[31]. This was as expected within the selected voltage range [63].
These peaks showed a low polarization of 0.17 V at 0.1 mV s�1,
implying a highly reversible reaction. In contrast, at a scan rate of
0.5mV s�1, the peak separation grew to 0.35 V, which suggested the
occurrence of an irreversible reaction could be responsible for the
drop in capacity at higher rate cycling. This could have been due to
the increased formation of the Solid Electrolyte Interface (SEI) or
the Cathode Electrolyte Interface (CEI). The formation of
carboneoxygen species on the surface, due to the reaction of the
organic electrolyte with the oxide surface, will lead to a permanent
resistive layer [46]. This will lead to a greater charge transfer
resistance, leading to a larger polarization of redox peaks.

All the samples showedwell-defined CVs that were interrogated
and the peak current, ip,was plotted against the square root of scan
rate (v1/2) that allowed the lithium diffusion coefficient D, to be
estimated via the Randles-Sevcik (R-S) equation [25].

ip ¼ 2:686� 105n3=2AD1=2Cv1=2

The gradient of the fit plotted in the inset of Fig. 5a as well as the
Liþ concentration (C), the reaction electron count (n) and the
electrode area (A), were used to determine D for each sample
composition, plotted in ternary Fig. 5b). The trends in the R-S
diffusion value vs composition map in Fig. 5b unsurprisingly, these
follow closely with the percentage capacity retention plot at 1C in
Fig. 4d. Higher Ni content led to a general increase in D, where a
greater Co:Mn ratio led to the higher values still. This trend can be
explained as being due to reduced cation mixing for samples in the
high Ni, higher Co region, i.e. less Ni3þ blocking the intercalation
channels for lithium, thereby lowering the resistance to Liþ diffu-
sion. Sample NMC 47:25:28 was calculated to have a R-S diffusion
coefficient of 1.5 � 10�7 cm2 s�1, which was an order of magnitude
greater than the NMC 34:34:33 sample (at 2.9 � 10�8 cm2 s�1). As
shown in Fig. 4d), increased nickel content starting from NMC111
(with slightly more cobalt), led to the highest diffusion coefficients
6

observed. In contrast, compositions that were low nickel and high
manganese, did not favour rapid lithium intercalation.

The R-S method provides a useful indication of properties to be
expected, however, Electrochemical Impedance Spectroscopy (EIS)
can be used as a more accurate measurement of the diffusion co-
efficient. Furthermore, by testing the impedance before and after
rapid CV cycling, the effect of SEI or other phase formation could be
measured by looking at the charge transfer resistance, Rct. An
example EIS Nyquist plot can be seen in Fig. 5c, withmarkers for the
NMC 39:28:33 sample prior to CV cycling. Half cells were tested at
open circuit voltage in their uncharged state. Useful numerical
values can be extracted from the data using a lumped equivalent
circuit; in this case, a typical Randle's circuit was used as shown in
the inset of Fig. 5c [64]. Useful values extracted from the circuit
include Resistance to Charge Transfer (Rct) from the high frequency
arc of the plot, and Warburg Impedance (ZW), calculated from the
linear region of the plot in the low frequency, arising from Liþ bulk
diffusion [19].

The values of pre-cycling Rct and the % change after cycling DRct,
measuring the resistance of electrode/electrolyte charge transfer,
are displayed in Supplementary Figs. S4a and S4b, respectively. A
large drop in resistance was seen in all samples after cycling, likely
due to the formation of SEI, leading to a passivation of the electrode
surface [19]. Several components in the SEI or degradation products
have previously been reported in the literature for these changes,
including surface Li2CO3, NiO rock salt or LiMn2O4 spinel [4,10,34].
In thework herein, surface Li2CO3 from the SEI could be responsible
for the large Rct observed from the NMC 39:28:33 sample. This
would explain the initially high capacities and rapid capacity fade
of the cathode as a result of possible surface species dissolution
and/or corrosion [39]. Consistently, the NMC 35:36:29 sample had
the lowest Rct after cycling, which has previously been suggested to
be due to the formation of a manganese rich spinel phase pro-
tecting the sample from thick SEI formation [65].

The diffusion coefficient can also be calculated using the War-
burg constant s, determined from the gradient of the slope of real
impedance (Z Re) against the inverse root of frequency u [41]. This
is taken from the low frequency region as shown in the inset in
Fig. 5c.

D¼ R2T2

2A2C2s2n4F4

In this case R refers to the universal gas constant, T the tem-
perature and F the Faraday constant (96,485 C/mol), the diffusion
coefficients are plotted in D against composition. The values pre-
sented are ca. 4 orders of magnitude lower than those measured by
CV, and are likely to be closer to the true bulk values of lithium
diffusion coefficient. Somewhat surprisingly, the maxima in the
plots do not appear to align with the constants determined by R-S
calculation. However, the EIS values were determined after cycling
at scan rates of up to 50 mV s�1, whereas the linear relation for R-S
against square root of the scan rate value, stopped after running at a
scan rate of 5 mV s�1. Perhaps the harsh cycling conditions used,
could have led to side species formation that severely hindered the
performance of some of the samples.
3. Conclusions

A library of near-NMC111 compositions was explored using a
combined continuous hydrothermal precipitation plus solid state
lithiation approach, to give sub-micron and phase pure R3m
structures in all cases. The materials obtained were self-consistent,
displaying graduated changes in properties for electrochemical and
other data. This is a testament to the reproducible and consistent



Fig. 5. a) Cyclic Voltammograms for the NMC 39:28:33 sample at a range of scan rates, with an inset plotting peak current against the root scan rate for the Randles-Sevcik (R-S)
diffusion. b) Shows the R-S diffusion coefficient across compositional space. c) Shows the Electrochemical Impedance Spectrum (EIS) Nyquist plot for the pre-cycled NMC 39:28:33
sample; with insets showing equivalent circuit (left) and inverse root of frequency plotted against real impedance (right). d) Shows EIS diffusion coefficients plotted against
compositional space. The high-power sample NMC 47:25:28 is highlighted by *.
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synthesis approach adopted; the first step of synthesis allowed
consistent and well mixed fine and homogenous precipitates to be
quickly made, which, after solid state lithiation of samples, greatly
aided comparison of the NMCs. For the high Ni content NMC ma-
terials in the library (e.g. samples NMC 47:25:28 and NMC 45:31:2),
it was found that slightly increased ratio of Co:Mn, helped to reduce
cationmixing in the activematerials. SEM images of selected NMCs,
revealed a primary particle size of ca. 300 nm in all the materials
studied, within larger assembled microstructures. This was linked
to the ability of some of these materials to retain a decent and
stable capacity at high C rates. Some compositions showed
improved electrochemical performance over near-NMC111 and
NMC433 composition samples in Li-ion half-cells. The NMC
39:28:33 sample showed the greatest specific capacity and there-
fore, highest energy density at low C rates. In contrast, sample NMC
47:25:28 showed the greatest high rate capability (and highest
power density) amongst all samples. Analysis of the CV and EIS
data, allowed important trends in the form of compositional
heatmaps for diffusion coefficients to be generated. Overall, this
study was successful in providing a set of self-consistent data that
will no doubt increase our understanding of the subtle interplay
between structure-properties and composition. This could be an
7

invaluable tool for modellers to better predict high performance
materials or developing those which are more environmentally
sustainable and inexpensive.
4. Experimental methods

4.1. Synthesis

The precursor powder library of 23 precipitated samples (pre-
solid-state lithiation) were synthesised in series using a Continuous
Hydrothermal Flow Synthesis (CHFS) reactor, which incorporated a
Confined Jet Mixer, CJM (patent no. US 9192901); see Scheme S1A
in the supporting information. The CJM was designed to allow
instant and highly turbulent mixing of an ambient temperature
aqueous metal salt mixture with a superheated water feed, without
any blockages. See Supplementary Scheme S1b for the design and
specifications of the mixer used [66e68]. The CHFS process has
been described at lab and pilot plant scales elsewhere in the liter-
ature [69,70]. A CHFS pilot plant was used in this work that has a
design as follows; two identical high pressure pumps (Primeroyal
K, Milton Roy, France) were used to deliver the aqueous metal feeds
(pump P2) and the aqueous KOH base feed (pump P3), respectively.
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First the two ambient temperature feeds were mixed in flow in a
dead volume tee mixer, prior to entering the CJM (both pumps at
200 mL min�1; KOH feed 2 M; concentrations found in Table S1,
with the total transition metal concentration ¼ 0.4 M). Precursor
purity and supplier can be found in the supporting information. A
third pump (P1) was used to pump room temperature DI water
under pressure at 400 mL min�1 into a heat exchanger at 450 �C.
The combined P2 þ P3 flow at ambient temperature was mixed in
the CJM with the supercritical water flow, whereupon precipitation
and crystallisation occurred (mixing temperature of 335 �C)
[71e76]. Thereafter, the slurry was cooled in process after passing
through a pipe-in-pipe heat exchanger. The sample slurry product
was then collected at the exit of the CHFS process at ca. 50 �C, see
Scheme S1 [77]. The collected slurry was then centrifuged (2 min at
4000 rpm) and the wet solids were cleaned by dialysis over 1 week
until a conductivity value below 100 mS was achieved. The cleaned
slurry was then centrifuged for 3 h at 4000 rpm (model Sigma 6-
16S, Sigma Aldrich, Dorset, UK) into a thick paste and freeze-dried
at 3 � 10�7 MPa for 20 h (Virtis Genesis 35XL, Biopharma process
systems, Winchester, UK) to obtain a free flowing NMC precursor
powder.

The freeze-dried NMC precursor powders were then lithiated
using an incipient wetness type method. 2.0 g of each CHFS powder
composition was saturated with the required amount of 5 M
lithium hydroxide aqueous solution (Li was 30% excess) based on
Mr (Table S1). The wet mixture was then homogenised using a
Thinky™ mixer (model ARE-310) at 1000 rpm for 30 min using ten
3mm zirconia balls. The resulting thick black slurry for each sample
was then subsequently freeze-dried using a Virtis Genesis 35XL.
Each of the powders were then gently dry ground at 1000 rpm for
10 min in the Thinky™ mixer with ten ZrO2 balls.

Each of the 23 samples was then individually heat-treated in
4.2 cm wide zirconia crucibles in a box furnace (CWF1105-230SN-
CWF, Carbolite, Derbyshire, UK) in air to form the corresponding
phase pure LiNixMnyCozO2 samples. The samples were first heated
to 800 �C for 8 h (ramp rate 3 �C min�1) followed by 600 �C for 12 h
(ramp rate 3 �C min�1). Once when it cool, the samples were gently
hand-ground prior to characterisation and electrode manufacture.
All sample compositional labels hereafter were determined by X-
ray Fluorescence (XRF) data rather than the nominal values.

4.2. Structural and physical characterisation

The samples were characterised by powder X-ray diffraction
(PXRD) using a STOE StadiP diffractometer (Mo Ka radiation
l ¼ 0.7107 Å), with a 2q range from 5 to 40�, 0.5� step size and 20 s
step time. The transition metal ratios were determined by XRF
using an Epsilon 3 benchtop spectrometer (Malvern Panalytical Ag-
anode 50 kV X-rays). Scanning electron microscopy was used to
analyse sample morphology, using a JEOL JSM-6300 in secondary
electron mode with Hitachi Se3400 N field emission instruments
(20 kV).

4.3. Electrochemical characterisation

Cathodes were prepared by combining the lithiated samples
with Super P conductive carbon (Alfa Aesar, Heysham, UK) followed
by PVDF polymeric binder (polyvinyl fluoride, PI-KEM, Stafford-
shire, UK) in the wt% ratio 80:10:10. The PVDF was dissolved be-
forehand in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich, Dorset,
UK) as a 5 wt% solution. The viscous slurry was mixed in a Thinky™
mixer for 10 min at 1000 rpm with ten ZrO2 balls (3 mm), before
doctor blading on aluminium foil. Once briefly dried for 10min on a
110 �C hot plate, individual coin cell electrodes were punched out to
15 mm diameter and dried for 2 h under vacuum at 60 �C in the Ar-
8

filled glove box (O2 and H2O < 0.1 ppm) antechamber before entry
for cell assembly. The active mass loading was ~3 mg cm�2 and the
electrode thickness was 150 mm. The half cells were assembledwith
a lithium foil (PI-KEM, Staffordshire, UK) counter electrode in
CR2032 casings, using a glass microfibre separator (Whatman GF/D,
Buckinghamshire, UK) cut to 20mmdiameter. This was saturated in
1 M LiPF6 electrolyte with a 3:7 solvent weight ratio of ethylene
carbonate:ethyl methyl carbonate (Targray, Canada).

An Arbin Instrument model BT-2000 (Caltest Instruments Ltd,
Guildford, UK) was used to perform galvanostatic charge/discharge
cycling at ~20 �C. Symmetric cycling tests used a potential range of
2.7e4.3 V vs Li/Liþ with various C-rate tests of C/20, C/10, C/5, C/2, C
and C/20. The specific capacities used to determine the current
density at 1 C were scaled according to nickel content, included in
Table S1. Cyclic voltammetry measurements used the same in-
strument and an identical potential window as galvanostatic
charge/discharge, with scan rates of 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20
and 50 mV s�1. Electrochemical impedance spectroscopy was
tested using an Interface 1000 Gamry potentiostat (Gamry In-
struments, Pennsylvania, US), at a DC voltage bias of 0 V vs open
circuit voltage and a sinusoidal AC voltage of 10 mV. Cells were
tested in their discharged state before and after CV cycling, using a
frequency range of 1 Hz to 1 MHz.
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