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H I G H L I G H T S

LMO-NMC blended electrodes were tested and investigated by operando (XRD and XAS).
An overall rate capability gain is achieved for specific blend compositions.
Effective current load on each component differs from the nominal applied rate.
Operando studies confirm that current load peaks spur the redox reactions.
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A B S T R A C T

Blended positive electrodes consisting of mixtures of LiMn2O4 spinel (LMO) and layered LiNi0.5Mn0.3Co0.2O2
(NMC) have been studied by coupling electrochemical testing to operando synchrotron based X-ray absorption
and powder diffraction experiments to shed light on their redox mechanism. Blending NMC with LMO results in
enhanced energy density at high rates, with the composition with 25% LMO exhibiting the best electrochemical
performance. Tests with a special electrochemical setup detecting the contribution of each blend component
indicate that the effective current load on each blend component can be significantly different from the nominal
rate and also varies as function of SoC. Operando studies enabled to monitor the evolution of oxidation state
and changes in the crystal structure, which are in agreement with the expected behaviour of the individual
components considering the material specific electrochemical current loads. These findings should contribute
to a deeper mechanistic understanding of blended electrodes to foster a rational driven approach for their
design.
1. Introduction

‘‘Blended’’ positive electrodes with multiple active materials pose
an interesting and industrially relevant approach to overcome intrin-
sic disadvantages of certain single compounds. Mixing materials in
the right proportion can potentially give rise to improvements in a
variety of properties. Several works have reported enhanced thermal
stability [1,2], increased rate capability [3] and extended cycle life via
blending, in particular for LiMn2O4, which exhibits fast kinetics but
limited capacity [2,4,5].
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Numerous studies on LiNi𝑥Mn𝑦Co𝑧O2 (where x+y+z = 1, often
referred to as NMC-XYZ e.g. NMC-111, NMC-532, NMC-811, etc.) have
shown that electrochemical performance is significantly dependent
on the relative transition metal ratios. A general understanding of
the phase diagram of NMCs is that increasing the amount of cobalt
favours the lithium (de)intercalation reaction kinetics, high nickel con-
tent improves capacity and raising the amount of manganese favours
thermal stability (and hence safety) and lowers cost [6]. The current
trend in commercial batteries is oriented towards increasing the nickel
vailable online 22 November 2023
378-7753/© 2023 The Author(s). Published by Elsevier B.V. This is an open access ar
c-nd/4.0/).

https://doi.org/10.1016/j.jpowsour.2023.233804
Received 11 August 2023; Received in revised form 6 October 2023; Accepted 29 O
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

ctober 2023

https://www.elsevier.com/locate/jpowsour
http://www.elsevier.com/locate/jpowsour
mailto:rosa.palacin@icmab.es
mailto:mcasas@cicenergigune.com
https://doi.org/10.1016/j.jpowsour.2023.233804
https://doi.org/10.1016/j.jpowsour.2023.233804
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2023.233804&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Power Sources 591 (2024) 233804D. Chatzogiannakis et al.

(

c
C

share to enhance capacity and reduce cobalt content due to environ-
mental, cost, supply and ethical concerns. Blends of either NMCs or
NCA (LiNi𝑥Co𝑦Al𝑧O2 where x+y+z = 1) with olivine-type materials
LiFePO4, LiFe𝑥Mn𝑦PO4, x+y = 1) or LiMn2O4 have been studied to

combine the high capacity of the former with the lower cost and higher
power capability of the latter [7]. For that case, improved shelf and
cycle life compared to pure LMO was also achieved thanks to the
mitigation of Mn dissolution [8–10]. Blends of LMO and NMC are
already being widely used in commercial batteries for EV’s in addition
to other, less specialized applications [1,5,8,11,12].

Still today, commercial blends are primarily chosen based on em-
pirical evidence, and the mechanistic understanding of the individual
contribution of each component and their interplay remains unclear,
even after several noteworthy works in the field [13,14]. According
to a theoretical multi-particle model, it was proposed that the flow
of current across each component in the blend is different, with the
material possessing faster kinetics having a higher capacity to accom-
modate lithium during galvanostatic discharge pulses. This surplus
lithium is then redistributed during the subsequent relaxation period,
which is commonly referred to as the ‘‘buffer effect’’ [15]. This effect
was experimentally evinced by Klein et al. [16] by means of X-ray
diffraction for the LiFe0.3Mn0.7PO4 - LiMn1.9Al0.1O4 system. Heubner
et al. were able to quantify it by using an electrochemical cell set-up
with two working electrodes (each one with one component material
of the blend) that allows to determine the current contribution of each
material separately [17]. The same group applied this technique to
different blend combinations LMO-NMC, LCO-LMO [18], LFP-LCO [7]
and LMO-LFP [19], observing that each material is subjected to a
different electrochemical load (current) with its effective C-rate often
being several times higher (or lower) than the C-rate of the cell.
Recently Liebmann et al. demonstrated that the basic electrochemical
properties of the blend’s components match those of a physical mixture
model hence objecting to a systematic change of the thermodynamic
and kinetic properties of the mixture [20].

One of the few mechanistic studies on the LMO-NMC system was
carried out by Kobayashi et al. using X-ray diffraction to follow the
changes in the lattice parameters of the blends at low and high rates
for fresh and degraded cathodes. The conclusion was that the reduction
of capacity at higher rates (C/2 vs. C/20) was due to limited insertion
of Li ions in NMC during discharge [21]. In agreement with previous
studies they also observed Li exchange between active materials dur-
ing relaxation periods between charge and discharge after extensive
cycling.

Herein we present a study on the LMO - NMC-532 aiming at
elucidating the synergistic effects, examine their correlation with the
blend composition and investigate the redox mechanism by combin-
ing electrochemical and operando synchrotron based spectroscopic and
diffraction techniques. Through the comparison and contrasting of
those insights we strive to contribute to a better understanding of the
working principle of such blends and advance towards a more rational
approach in their design.

2. Experimental details

2.1. Electrode formulation and cell assembly

The materials used were all of commercial grade. LiMn2O4 (LMO)
and LiNi0.5Mn0.3Co0.2O2 (NMC-532) were purchased from Sigma-
Aldrich and MTI corp., respectively. The microstructure of the two
materials was quite different with LiNi0.5Mn0.3Co0.2O2 secondary par-
ticles in micrometer size (D50 = 10.0 − 14.0 μm) composed of primary
aggregated particles with diameters around 300−500 nm and LiMn2O4
particles exhibiting diameters smaller than 500 nm (data provided by
supplier and verified by SEM and TEM, see Fig. 1(a) and (b) in S.I.,
2

respectively).
Slurries of the pure materials and three different LMO:NMC-532
blends were prepared, namely L25:N75, L50:N50 and L75:N25 based on
their weight percentage, by dispersing the mixture of active materials
in N-Methyl-2-pyrrolidone, NMP, along with Polyvinylidene fluoride,
PVDF binder (Solef 5130/1001, Solvay, Belgium), and carbon additive
(C65, Imerys, Switzerland) in a ratio of 84:8:8. Subsequently, and after
homogenizing through vigorous stirring (ULTRA-TURRAX T25, IKA
Germany) the slurries were tape casted on 18 μm Al foil as current
collector. The capacity loading was generally adjusted to 1 ± 0.25 mAh
cm−2, except for the case of the power performance tests (Fig. 1)
where it was kept to 1 ± 0.05 mAh cm−2 for the sake of a rigorous
comparison. For the calculation of the areal capacity loadings, the
expected cell capacities and the C-rate calculation, the capacity of the
materials measured as C/20 in the same electrochemical window was
used (167 mAh/g for NMC-532 and 121 mAh/g for the LMO).

A cross sectional micrograph of a 50:50 blend electrode is depicted
in Fig. 1(c) in the S.I. In the micrograph, easily distinguishable are
the micrometer sized NMC-532 particles which are homogeneously
surrounded by the LMO sub-micron sized ones as evinced by elemental
mapping see Fig. 1(d). Blend electrodes are compact and crack-free,
which validates the quality of the tape casting process.

Electrodes consisted of discs of 14 mm diameter cut from the above
mentioned tapes, which were pressed at 4 tons using a hydraulic press
and subsequently dried at 120 ◦C under vacuum for at least one
hour. Afterwards and without any exposure to air they were used as
working electrodes for cell assembly in an argon-filled glove-box (≤
0.1 ppm H2O and O2) using a quartz fibre separator (QM-A; Whatman,
475 μm) and a 16 mm diameter lithium disc as counter-electrode.
From the mass of the Lithium (≈50 mg) the capacity of the elec-
trode was found to be 192 mAh vastly larger than the typical working
electrode capacity of less than 2 mAh. The thickness of the working
electrodes was found to be 60–70 μm before calendering, reducing
to ≈ 50 μm after, yielding a density of ≈ 1.5 gcm−3. Approximately
300 μL of a commercial 1:1 EC/DMC mixture with 1M LiPF6 and
2% VC was used as electrolyte (Solvionic, France). Electrochemical
performance was tested using CR2032 coin cells and cycled using a
VMP-3 potentiostat-galvanostat (Bio-Logic, France) within the voltage
window of 3.2 to 4.3 V vs. Li+/Li and at room temperature. All the
post-formation reported cycles had coulombic efficiencies higher than
95%.

The electrochemical cycling during operando measurements were
arried out using a VSP potentiostat-galvanostat (Bio-Logic, France) at
/4 rate in CC mode within voltage window of 3.2 to 4.3 V vs. Li+/Li.

For the operando experiments, identical electrodes as for the electro-
chemical experiments were used with active material loading of around
7 mg cm−2 in a specially designed in situ cell for operando spectroscopic
measurements, recently described elsewhere [22]. For the diffraction
experiment CR2032 coin cells equipped with glass window were used.

2.2. Decoupled blended electrode setup

In order to further investigate the electrochemical stress (current
load) experienced by each material in the blends, a cell setup with
decoupled blend component electrodes was used with electrodes and
separators identical to the previously mentioned. The assembly was
done as previously described by Heubner et al., in a three electrode
PFA swagelok type cell with two electrodes containing one of the
blend components each, with an appropriate active mass ratio to mimic
the mixed blend (tuned by electrode diameter). The two electrodes,
along with two separator discs, were placed facing each other while
having a piece of perforated, properly shaped, lithium in between, as
counter electrode. The same, previously discussed electrolyte was used
but approximately double the amount of a coin cell (≈ 600 μL). For
the measurement, two channels of a potentiostat/galvanostat (BioLogic
VMP-3) were used. One of them supplied the cycling current to one of
the positive electrodes, while the other held the two positive electrodes
at the same potential (𝛥V = 0 V) recording the current of the second

electrode.
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Fig. 1. Cell voltage vs specific capacity curves during discharge at different cycling rates for a L50:N50 blend (solid red line), pure LMO (blue), pure NMC-532 (black) as well as
calculated blend (dotted red line). The difference between the calculated and experimentally observed electrochemical cycling curve reflecting the synergistic effect is highlighted
in yellow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
2.3. Operando X-ray diffraction

XRD measurements were carried out on MSPD beamline at the ALBA
synchrotron using 15 keV photon energy (𝜆 = 0.82572 Å) in trans-
mission geometry using a MYTHEN high-throughput position sensitive
detector for the 2𝛩 range 1.5 to 61◦. The cells used were specially
adapted CR2032 coin cells (Institute for Applied Materials - Energy
Storage Systems Karlsruhe Institute of Technology), bearing a thin glass
window on both sides and a hole on the stainless steel spacer but oth-
erwise identical to the standard ones. A VSP potentiostat-galvanostat
(Bio-Logic, France) was utilized in CC/CV (1h CV + 1h OCV) mode
and cells were cycled at C/4. The cells were mounted on an 8 coin cell
carousel-like holder enabling sequential data acquisition [23] with an
interval of 5.5 min between patterns for each cell. Structural analysis
was performed by means of Rietveld refinements using the FullProf
software [24]. The peaks from the Aluminium current collector were
included in Le Bail mode.

2.4. Operando dual edge X-ray absorption spectroscopy

XAS measurements at the Ni and Mn K-edge were carried out in
transmission mode at the CLAESS beamline at ALBA synchrotron. A
specially designed in situ cell, recently described elsewhere [22], was
placed between the first and second ionization chambers. A focusing
double-crystal Silicon (311) monochromator was used and beam size
was adjusted to 3 × 1 mm (V×H). XAS spectra were continuously
acquired during one complete electrochemical cycle, alternating every
10 min between the two transmission metal edges (Ni and Mn). For
energy calibration, transition metal (TM) reference foils placed between
the second and third ionization chambers were used. Cycling protocol
and equipment was identical to the one used in the XRD measurement,
excluding the OCV step.

2.5. Chemometric data analysis

The complete operando XAS datasets were analysed by combining
Principal Component Analysis (PCA) and Multivariate Curve Resolution-
Alternating Least Squares (MCR-ALS) analysis, see details elsewhere
[25]. The MCR-ALS analysis for XAS data set was carried out with
3

the following constraints: non-negativity of the concentration of the
components and closure (sum of the components concentrations equal
to 100%) as well as single component at beginning of discharge. For
Mn a less or equal to 1 closure constrain had to be used to achieve a
converging fit.

3. Results

3.1. Electrochemical performance of blends

The electrochemical performance of the three different LMO:NMC
blended positive electrode materials (25:75, 50:50 and 75:25 wt%) was
tested against lithium metal at coin cell level and compared with that
of electrodes made with only one of the components. Fig. 1 shows the
measured and calculated voltage vs. capacity profiles upon discharge
at different C-rates of the individual components (LMO, NMC-532) and
the 50:50 wt% blend. The calculated profile capacity was achieved from
the weighted average of the capacity of the two individual materials
using their mass fraction as the weighting factor, as was previously
reported by Jung et al. [26] (equation in S.I.). No significant differ-
ences between the expected and the experimentally obtained curves
are observed at low cycling rate (C/20). However, as cycling rate is
increased to 1C, 2C and 3C, a growing mismatch between them can be
appreciated, which is highlighted by the yellow area in Fig. 1 . A higher
average discharge voltage is observed experimentally, the magnitude
of which grows with cycling rate (1, 3 and 5 mV respectively). This
results in an enhanced specific capacity (vs the calculated) for 1 C,
2C and 3C of 3.5, 3.8 and 5.8 m Ah g−1, respectively. A similar trend
was observed for the L25:N75 blend depicted in Fig. 3, in the S.I..
These observations are the manifestation of the previously suggested
synergistic effect achieved in the blends when compared to sum of the
individual components [1,11,12] .

In order to investigate the impact of blending ratio, a study on the
C-rate performance and capacity retention was performed where the
different blends where first subjected to multiple cycling rates (from
C/20 up to 3C) followed by 100 cycles at 1C. At least four cells were
used for each measurement with their loading adjusted at 1 ± 0.25 mAh
cm−2 for reproducibility. Thanks to the higher discharge voltage of
LMO compared to NMC-532, we witness a gradual increase of the
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Fig. 2. Comparison between single-component electrodes and L25:N75, L50:N50 and L75:N25 blends for (a) discharge voltage and (b) discharge energy at C/20, 1C, 2C and 3C.
All results are averaged based on four cells, with bars depicting standard deviations.
blend’s average voltage with increasing LMO content (see Fig. 2(a)).
The spread of the curves gives information about the overpotential
growth with faster rates and even though pure LMO is less affected
by rate than pure NMC, the results are inconclusive for the blends. In
spite of the voltage benefit stemming from LMO addition, the increase
in its content also results in a decrease in energy density due to its
significantly lower specific capacity, see Fig. 2(b). Interestingly, the
L25:N75 blend provides comparable energy density to the pure NMC-
532, particularly at higher rates. This blend ratio is hence of particular
interest and was selected for mechanistic investigation, vide infra. It
should be noted that this 25% LMO addition results not only in cost
reduction but also in a more sloping electrochemical signature which
could facilitate SoC estimation compared to pure NMC. Furthermore,
our blend comparison results also show that by adding just 25% of
NMC-532 to LMO, the cyclability of LMO, which is prone to fading,
can be greatly improved up to the level of pure NMC-532, see Fig.
2 (S.I.). Such a stabilization of LMO by blending has been previously
reported [5,8].

3.2. Decoupled blends

For the decoupled blended electrode study, the L25:N75 and L75:N25
blends were selected and each cell was subjected to subsequent charge
and discharge cycles. Fig. 3 summarizes the data corresponding to a C/5
(0.2 C) discharge, a rate comparable to the one used for the operando
studies. The current recorded for each material in the blend was divided
by its theoretical capacity to obtain the effective C-rate, indicative of
the real current load each electrode material is bearing.

As expected, due to their very different characteristic electrochem-
ical curves and power capabilities, the effective C-rate of the two
materials varies constantly depending on the state of charge (SoC) of
the blend. The influence of the LMO voltage plateaus is highlighted by
the fact that its discharge C-rate increases drastically when the voltage
of the cell coincides with them, resulting in two characteristic peaks
in the effective C-rate plot. However, their maximum effective C-rate
value depends strongly on the fraction of LMO in the blend. For the
L25:N75, the effective rate on LMO reaches up to 0.65 C, more than
three times the applied C rate and twice as high as the maximum
current load for L75:N25, which peaks at 0.3 C. Also, since LMO in
L25:N75 practically contributes during 40% of the overall discharge
time (10%–50% of overall progress of discharge) it discharges 2.5 times
faster than expected by the cell’s C-rate (in 120 min instead of 300 for
C/5 rate). On the other hand, NMC-532 takes most of the current load
at lower SoC due to its lower average potential, the value being again
highly dependent on its weight fraction in the blend. For the blend
with minority share of NMC (L75:N25), it reaches three times the total
applied rate of the cell. This highlights that the effective C-rate of the
blend constituents can differ significantly from the nominal cell C-rate
and is an important factor that should be taken into account for rational
4

Fig. 3. Decoupled blended electrode tests for L25:N75 (Top) and L75:N25 (Bottom) at
C/5 (0.2C). The red (LMO) and blue (NMC-532) lines depict the effective C-rate of each
electrode component, with explicit values corresponding to maximum observed C-rate.
C-rates are calculated from the current flowing through each electrode component,
which is divided by its capacity. The grey dashed line is the overall nominal cell
current divided by the sum of the capacities of both positive electrodes (set at C/5).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

design of blended electrodes. To further understand the behaviour of
each component, the decoupled blends study for the L25:N75 blend
was extended to higher rates (up to 3C) and the results are shown
comparatively in Fig. 4. Immediately apparent is that the deviation of
each component’s effective C-rate from the cell nominal C-rate differs
significantly, easily noticable at higher rates, especially for the minority
component (in this case LMO). At 3C the effective C-rate of LMO ranges
from 0.4C to 5.2C while that of NMC is comprised between 2.4C to
3.7C. These data highlight that the ratio of the active components
becomes even more relevant at high C-rates. Noteworthy is also the fact
that LMO maintains its characteristic double peak behaviour for all the
tested rates, although experiences C-rate dependent alterations. Going
to higher discharge rates causes the shift of the peaks to higher specific
capacities and broadens them. Insights on the synergetic phenomena
arise when one calculates the ratio between effective and nominal C-
rate. At 0.1C (C/10) nominal cell rate, the maximum effective C-rate
experienced by LMO was found to be 0.3C, three times that of the
nominal. This differs significantly from the discharge at a 3C nominal
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Fig. 4. Decoupled Blend L25:N75 tested at multiple rates. The characteristic curves
of the blend are depicted for each rate (top) and below are shown the effective C-
rates that were determined for each component, LMO (Middle) and NMC-532 (Bottom).
Horizontal lines indicate the cell’s nominal C-rate.

cell rate where LMO experiences a maximum slightly above 5C, only
1.7 times higher. Thus, at high rates within the range of 10–90 mAh/g
where LMO is active, the two components function more cooperatively
altering the load share, which leads to the performance increase ob-
served in Fig. 1. Based on the aforementioned analysis one can conclude
that on Fig. 1, the rule of mixture calculation fails to describe the
properties of the blend because it assumes equal current load on both
electrode components. This is not the case as LMO takes the majority
of the current at high voltages (high SoC). The overpotential of the
blend should be dictated mainly from the voltage of the primarily active
component at the effective C-rate. Interestingly, even though blended
LMO discharges at an effective C-rate significantly larger than the cell’s
nominal, its overpotential is comparable to the one observed for pure
LMO at 3C. The resulting increase in the average discharge voltage
of the blended cathode allows the retrieval of higher specific capacity
values before the cell reaches its lower cut-off voltage, as seen in Fig. 1.

3.3. Operando XRD and XAS

Based on its better electrochemical cycling performance (vide supra),
the L25:N75 blend was selected for an in depth operando study ac-
quiring either X-ray diffraction patterns or X-ray absorption near edge
spectra (XANES) while being subjected to lithiation (discharge) or
delithiation (charge) current at C/4. While XRD provides information
on long-range structural changes such as phase transitions and varia-
tions in lattice cell parameters, the XANES spectra presents insights into
oxidation state and local coordination geometry changes of the probed
transition metal.

The diffraction patterns in selected angular ranges for a full cycle
(discharge + charge) along with the corresponding electrochemical
curve are shown in Fig . 5.
5

Fig. 5. Evolution of diffraction patterns of a L25:N75 blend electrode operando
upon discharge and charge at C/4. ℎ𝑘𝑙 Miller indices are given for selected peaks
corresponding to NMC and LMO phase. Peaks corresponding to Al current collector are
also indicated. Blank area marks a period of beam loss.

Gradual changes in terms of peak position and intensity are ob-
served during charge and discharge from which the evolution of lattice
parameters (and hence cell volume) and phase changes can be de-
duced by means of multi-phase Rietveld refinement. A single phase
with 𝑅3̄𝑚 space group was selected to represent NMC-532 throughout
the full cycle while three phases with the same, 𝐹𝑑3̄𝑚 space group
were considered for LMO because it undergoes through two phase
transitions.

The refinement of the diffraction patterns reveals that the cell vol-
ume of both materials decreases during charge (delithiation), expressed
by a general shift of diffraction peaks to higher angles. An exception
to this is the (003) peak of the NMC-532 phase, as an increase in
interlayer distance is observed, in agreement with the literature [27].
This specificity of NMC-532 (and all layered oxides in general) is com-
monly explained by the increasing electrostatic repulsion between the
positively charged MO6 slabs. It has been reported that the interlayer
distance reduces abruptly at high delithiation degree caused by the
decrease of the repulsion between O−2 layers as the metal-oxygen bonds
become more covalent [28,29]. In our operando diffraction data we
only see the onset of this effect at the upper cut-off voltage at 4.3 V.
Regardless of this c cell parameter increase, while a and b decrease, as
evidenced by the (101) and (104) peaks shift towards higher angles, an
overall monotonically cell volume contraction upon charge occurs.

While a continuous shift in the peak positions is observed for NMC-
532, in agreement with a single phase reaction mechanism involving
the formation of a solid-solution, a different evolution is observed
for the LMO (111) peak, in agreement with its well known redox
mechanism involving two successive phase transitions during charge
(i.e. different LMO phases, differing in Li content, co-exist for the same
SoC). To monitor changes as a function of SoC, the global LMO cell
volume was calculated as the weighted average of the cell volumes of
the co-existing LMO phases and is depicted as solid red lines without
markers in Fig. 7 together with that of NMC-532 (bottom and top
respectively). The evolution of phase weight fractions is depicted in Fig.
4 in S.I. The trends observed upon charge are fully reversed during the
discharge (lithiation) in agreement with the high reversibility of the
structural changes of NMC-532 and LMO.

To obtain complementary information on the local structure and
electrochemical activity of the redox active transition metal (TM) the
L25:N75 blend was also investigated by dual edge operando XAS under
similar experimental conditions, however starting with pre-charged
cells.

The evolution of both Mn and Ni XANES K-edges upon delithiation
and lithiation are depicted in Fig. 6 along with the corresponding
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Fig. 6. Evolution of Mn (left) and Ni (right) K-edge XANES spectra upon discharge and charge under operando conditions.
Fig. 7. Concentration profiles based on XANES analysis (black line with markers) for
Ni (top) and Mn (bottom) and unit cell volume evolution (solid red lines without
markers) based on operando XRD for NMC-532 (top) and LMO (bottom) as function
of specific capacity. The dashed line with hollow markers in bottom figure represents
the sum of the two XANES-derived Mn components. The mean LMO unit cell volume
was calculated by multiplying the lattice volume of individual LMO phases with their
corresponding phase fraction. The vertical dashed line indicates the end of discharge
(EOD). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

electrochemical curve. It should be noted that XAS spectra represent
the sum of all absorbers within the beam path, hence, for a LMO:NMC
blend, the Mn K-edge will comprise both the LMO and NMC-532
contribution, while for Ni K-edge NMC-532 is the only contributing
species. A gradual shift to lower energies is observed upon discharge
(lithiation) for both TM edges which reflects the lowering of the mean
oxidation state of the TM. Interestingly the main spectral changes of the
two TM do not coincide. While for the Mn edge (Fig. 6, left) the main
changes are observed during the first few spectra (≤#6), the changes
on the Ni edge are strongest towards the end of the discharge (#8 to
14). This underlines the usefulness of element specific XANES analysis
as in the electrochemical curve no distinct plateaus can be identified
and the slope changes are barely visible. Upon charge (delithiation,
>#16) the observed changes are largely reversed, which suggests a
good reversibility of the TM redox reaction.

These spectral data sets were further analysed using a statistical
tool based on PCA followed by MCR-ALS, see Fig. 6 in S.I. The results
6

obtained suggest that the full spectral data set of Ni K-edge can be
reproduced with a linear combination of three components. This is well
in line with the expected reduction of Ni+4 to Ni+2 via the intermediate
Ni+3 phase upon NMC-532 discharge, see Fig. 7(top). For Mn K-edge the
spectral changes can be reproduced analogously using two components
which is in agreement with the expected reduction of Mn+4 to Mn+3.5

during LMO lithiation. It should be noted that the statistical approach
used for the concentration profile plotting only takes into consideration
the spectral changes in the data set. Absorbing atoms that do not
change their coordination geometry and /or chemical state leading to
spectral alterations are hence not considered. Interestingly, the closure
condition (sum of components equal to one) could not be achieved for
the Mn spectral data set unlike for Ni. This indicates that there are
additional spectral changes which are not considered by the evolution
of the two components. It is likely that these additional unaccounted
for spectral changes originate from the Mn in the NMC-532, which
represents ≈46% of the total Mn present in the blend electrode. Al-
though the Mn in NMC-532 is not expected to undergo any change in
the oxidation state, it experiences alterations in its ligand field caused
by the reduction and oxidation of the redox active Ni in its vicinity
which result in alterations of the Mn K-edge XANES spectra [30,31], as
we have recently evidenced for another high voltage positive electrode
material [32]. This hypothesis is also supported by the fact that the
largest mismatch between closure condition equal to one and the sum
of the two Mn components is found between spectra #10 to 20, which
is the region where the strongest Ni spectral changes occur, see dotted
line with hollow markers in Fig. 7 (bottom). The pure Ni and Mn
XANES spectral components associated to the concentration profiles
depicted in Fig. 7 are shown in Fig. 7 of the S.I. along with metal
oxide reference spectra to fingerprint their approximate oxidation state.
The results depicted in this figure strengthen the assumption that the
three Ni components can be roughly ascribed to the Ni+2, Ni+3 and
Ni+4 in NMC-532. In fact a good agreement between Ni comp2 and
Ni+2 reference is found, underlining that at EOD (End of Discharge)
the most reduced state of Ni is prevalent which is closest to the Ni+2
state. The deviation from the Ni+2 is a consequence of the presence
of Ni+3. As Mn and Co have oxidation states equal to +4 and +3
respectively and the average oxidation state of the TMs in NMC is +3,
the Ni+2/Ni+3 ratio changes depending on the Ni and Mn contents.
Thus, Ni+3 will be present in pristine NMC’s with a content of Ni
higher than that of Mn [6,30]. Furthermore, a good agreement is
found for Ni comp3 and the Ni+3 reference, which accentuates that
the formation of a transient phase with an approximate oxidation state
of Ni+3 occurs. The fingerprint comparison also reveals that, at EOC,
at which Ni comp1 is prevalent, the Ni+4 state is not reached which
suggests an incomplete delithiation. Such incomplete delithiation is to
be expected in regard of conservative cycling conditions used here to
avoid detrimental structural rearrangement of the NMC phase at high
SoC, and has been reported in previous operando XAS experiments [30].

Absorption edge position of both pure spectral components of Mn
are between the Mn-oxide references of Mn+3.5 and Mn+4. Component
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Fig. 8. (a) Rate of change of Mn oxidation state (black line with square markers) and LMO normalized unit cell volume (blue line with hollow spherical markers) along with
effective current load rate on LMO (solid red line) as function of state of discharge (SOD) for a L25:N75 blend electrode. (b) LMO normalized unit cell volume as a function of
discharge time (at C/4) for the cell with the blended L25:N75 electrode (grey line) and one with pure LMO electrode (red line). The most active regions were linearly fit (dashed
lines) and their slope is reported. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
2 is prevalent at EOD and has the oxidation state closest to Mn+3.5

reference. This is in agreement with the fact that the mean oxidation
state of Mn includes roughly a mix of 55 to 45% of Mn+3.5 in LMO and
Mn+4 of the NMC. Upon delithiation component 1 is formed at higher
energies compared to component 2, indicating a higher oxidation state,
in agreement with the oxidation of the LMO. Interestingly, the edge
position of component 1 is slightly lower than the Mn+4 reference,
which could originate from an incomplete delithiation of the LMO upon
charge reaction at the applied cut-off voltage of 4.3 V.

The findings of operando XRD and XANES analyses are summarized
in Fig. 7 which depict the correlation between oxidation state and unit
cell volume for Ni phase (top) and Mn phase (bottom), respectively. It
is remarkable that even though these data come from two independent
experiments the gradual growth of the NMC-532 unit cell volume upon
lithiation (discharge) is fully congruent with the rise of intermediate
nickel component 3, which reflects the reduction of Ni+4 to Ni+3, see
Fig. 7(top). Upon further lithiation beyond 50 mAh/g an accelerated
increase in the NMC-532 lattice volume is observed which coincides
with the steep rise of nickel component 2, reflecting the formation
of completely reduced Ni+2. Upon subsequent charge (delithiation) up
to 100 mAh/g capacity an equally good overlap between the sharp
decrease in NMC unit cell volume and the decline of component 2
is observed. Lithiation beyond this capacity results in a less steep
shrinkage of lattice volume, which analogous to the discharge reaction,
coincides with the formation of the intermediate Ni+3 (component 3).
Towards the end of charge a steep decline of both cell volume and
concentration of intermediate component 2 are observed. Interestingly,
an asymmetry between discharge and charge is observed both for
the Rietveld refinement derived volume change and the XAS derived
concentration profiles, which could be due to overpotential build-up.
Such a good agreement between two separate operando experiments
is remarkable and underlines the reproducibility of the experimental
findings.

The Mn XAS and XRD LMO data illustrate that the main unit cell
volume change and oxidation state changes occur in the capacity range
of 150 to 100 mAh/g during discharge, and 100 to 150 mAh/g during
charge. Within this range, the rapid decay of Mn component 1 and
the rise of component 2 occurs, reflecting the reduction from Mn+4

to Mn+3.5 and a rapid increase in mean unit cell volume of the LMO
phases. In the capacity range from 100 mAh/g discharge to 100 mAh/g
charge a single LMO crystal phase is prevalent (see Fig. 4 S.I. for
individual phase volumes and fractions), for which only minor volume
changes are observed. This is well in line with the broad maximum
of the spectroscopic species Mn component 2, reflecting the redox
inactivity of the Mn TM in this region.

In summary, our combined XAS and XRD analysis shows that during
charge (delithiation) of a L25:N75 blend the subsequent oxidation of
7

firstly Ni and secondly Mn occurs which is accompanied by a contrac-
tion of the cell volume for both components (NMC-532, LMO). This
sequence is reversed upon discharge.

To visualize the correlation between the redox mechanism progres-
sion and the fluctuating effective current load in the L25:N75 blend
electrode, the rate of change of oxidation state of Mn (based on XANES)
and of the LMO unit cell volume (based on XRD) are superimposed with
those of effective C-rate on LMO in Fig. 8(a). A general agreement be-
tween the effective C-rate on the LMO and the oxidation state changes
of the Mn K-edge is found depicting a twin peak, despite a much lower
resolution of the latter and slightly higher applied C-rate (C/4 instead of
C/5). In fact the maxima at ≈15 and 35% of SOD of the effective current
rate on LMO phase are well aligned with the maxima and shoulder peak
position of the Mn K-edge change rates. This confirms that when LMO
phase bears highest current rate it undergoes the fastest redox reaction.
To further support this claim, the normalized unit cell volume of a pure
LMO electrode (see Fig. 5 in S.I.) as determined from operando XRD
refinements at C/4 are plotted as a function of discharge time alongside
those of the L25:N75 blend Fig. 8(b). There is an apparent difference
in the behaviour of the normalized unit cell volume of LMO in pure
compared to blended electrode. Even though the start and end points
are similar, blended LMO is active only during the first 2 h (or approx.
50% SOD) as also observed in the decoupled blend study. In an effort
to quantify the difference in the reaction rate, the most active regions
of each curve were linearly fit in order to calculate an average rate of
change (expressed as Å/h) of LMO normalized unit cell volume. An ≈
2,8-fold increase in reaction rate was observed when the material is
in the L25:N75 blend (25 Å/h compared to 9 Å/h), very close to the
2.5-fold increase observed in the decoupled blend study (vide supra).

It should be noted that the sharp twin peak behaviour of the
effective rate across the LMO phase depicted in Fig. 8(a) is specific to
the L25:N75 blend ratio. Increasing the LMO content in the blend is
expected to lower the peak maxima and increase the width of the peaks,
as observed for the L75:N25 blend (vide supra). In the extreme case of
a pure LMO electrode a constant rate is to be expected, equal to the
cell’s rate. Interestingly, a similar trend of twin peaks is also observed
for the change rate of the Rietveld-refined LMO unit cell volume. How-
ever, in this case, the peaks are slightly shifted to higher SOD which
suggests that the phase transformation reaction is somewhat delayed
with respect to the effective current load and oxidation state changes.
This delay between XAS and XRD has been previously attributed to
domain growth [33]. Nevertheless the general agreement between the
three independent experiments (decoupled electrode, operando XAS and
operando XRD) underlines the reliability of our findings.
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4. Conclusions

Our results confirm that blending NMC with LMO is a viable ap-
proach to unlock synergistic effects in terms of energy density, rate
capability and cycling stability. We find that the effective current load
on each blend component greatly differs both as function of SoC as well
as of its share in the mixture. In this regard, we have demonstrated
that the minority component is subjected to a much higher effective
current load resulting in higher electrochemical stress. It is hence
crucial for rational blend design to select a minority component with
fast reaction kinetics in order to yield to a net performance gain.
We highlight that these effective current load peaks spur the redox
and phase change reaction. Furthermore the operando diffraction and
spectroscopic analysis confirms that the reaction mechanism occurs via
phase transition involving the Mn+3∕+4 redox couple in the LMO and
via solid solution mechanism involving N+2∕+4 redox couple with a
transient Ni+3 in the NMC. Moreover, we underline the correlation be-
tween lattice contraction and expansion upon oxidation and reduction
of the redox active TM. The dual edge XAS unveils that the Mn+3∕+4

reaction in LMO overlaps with the Ni+3∕+4 reaction in NMC, while the
Ni+2∕+3 redox reaction occurs at a lower voltage range. Overall these
findings enhance the understanding of the mechanisms involved and
encourage a more methodical approach to designing blend electrodes
and emphasize the need for additional research across a broader range
of compositions to strengthen insights and inform the design process
effectively.
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