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Abstract

The autonomy of next generation Electric Vehicles relies on the development of 
high energy density automotive batteries. LiMn1.5Ni0.5O4 (spinel structure) is a promis-
ing active cathode material in terms of charge rate capability, theoretical capacity, cost 
and sustainability being a cobalt-free material. In the current study pristine and doped 
(Fe, Al, Mg) LiMn1.5Ni0.5O4 particles were synthesized by an Aerosol Spray Pyrolysis 
pilot scale unit in a production rate of 100 gr. h−1 and were evaluated for their elec-
trochemical activity in Half Coin Cell form. The doped particles were characterized 
in terms of their surface area, particle size distribution, crystallite size, morphology 
and ion insertion of the doping element into the LiNi0.5Mn1.5O4 lattice by Raman 
spectroscopy. The mixed oxide particles had homogeneous composition which is an 
inert characteristic of aerosol spray pyrolysis synthesis. The electrochemical activity 
of the material is attributed both to the nanoscale structure, by successful dopant ion 
insertion into the spinel lattice as well as to optimization of carbon and spinel particle 
interface contact in the microscale for increase of electrode conductivity.

Keywords: Li-ion batteries, aerosol spray pyrolysis, LNMO, spinel, cathode materials

1. Introduction

The unavoidable consumption of the global fossil fuel reserves in conjunction 
with the increasing environmental issues, have rendered the storage of electrical 
energy produced from renewable sources of greater importance than ever before 
[1]. Rechargeable Lithium-Ion batteries (LIB) have gained considerable attention 
among various energy storage technologies and are currently widely employed or 
considered to be deployed in electric devices, electric vehicles (EVs) and grid energy 
storage systems due to their relatively high energy density, high voltage, better cycle 
life and environmental friendliness [2–5]. Pyrolysis methods are extensively studied 
for the synthesis of anode and cathode materials for LIBs [6–11], either as mixed 
oxide particles [12, 13] or carbon-based structures [14], thereby providing a scalable 
and sustainable process for the production of electrode materials. The demand for 
high specific power, energy capacity [15, 16] and safety within the battery lifetime 
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has led to the importance of “going nano” [17] in order to optimize electrode elec-
trochemical activity and stability towards lithium ion intercalation (insertion within 
the material lattice) in the framework of the necessary cycling operation.

Aerosol spray pyrolysis synthesis is an established and scalable method for the 
synthesis of metal oxides [18], metal [19] and carbon-based [20] materials. The atom-
ized droplets undergo controlled evaporation of solvents and subsequent precipitation 
of precursor materials by regulating the operating conditions of the process to allow 
tuning of size distribution, morphology, porosity and to achieve uniform multicom-
ponent composition of the synthesized particles and structures. Furthermore, the 
residence time of the droplets in the heated reactors is in the time frame of seconds, 
while further (i.e. post-synthesis) calcination can be performed in powder form. The 
precursor solutions for aerosol spray pyrolysis are mostly aqueous based, leading only 
to gaseous byproducts that can be in-line processed or captured, thereby contributing 
further to an environmentally sustainable and cost-effective process.

To meet the demanding battery standards, a wide variety of cathode materials 
has been thoroughly studied, such as the layered LiMO2 [21–24], the olivine LiMPO4 
[25–27] and the spinel structure of LiM2O4. Among the materials of the latter 
LiM2O4 family, LiNi0.5Mn1.5O4 (LNMO) is considered a very promising candidate 
as a cathode material in both environmental [28, 29] and operational terms, since 
it exhibits an operating charge/discharge voltage of ~4.7 V vs. Li/Li+, a theoretical 
capacity of ~147 mAh·g−1 [30] and it does not require the use of cobalt. In this work 
we investigate the doping of Mg, Al and Fe through partial substitution of Ni in 
the LNMO structure (Mg-LNMO, Al-LNMO and Fe-LNMO respectively) via the 
Aerosol Spray Pyrolysis (ASP) synthesis technique for a production capacity of 
approximately 100 g·h−1. Subsequently, the doping effect on the electrochemical 
performance of LNMO half cells is assessed experimentally.

2. LiNi0.5Mn1.5O4 spinel structure

LNMO can be formed in two different space groups as it is also exhibited in 
Figure 1(a) the single cubic P4332 phase (ordered), where in the absence of Mn3+ 
the Mn4+ and Ni2+ ions are located at 12d and 4a sites of the lattice respectively, Li 
ions occupy the 8c sites and O ions the 8c and 24e sites and b) the face centered 
Fd-3 m phase (disordered) where Mn4+ and Ni2+ are randomly distributed at 16c 
sites of the lattice, while Li and O ions are located at 8a and 32e sites respectively 
[31]. P4332 demonstrates a stoichiometric amount of oxygen atoms, while Fd-3 m 
presents oxygen vacancies, represented by the non-stoichiometric parameter δ. 
Thus, a LiNi0.5Mn1.5O4-δ structure appears with certain Mn ions being reduced to 
Mn3+ due to charge balancing [32].

Despite the fact that LNMO exhibits promising electrochemical features, it may 
demonstrate significant capacity reduction during cycling due to Mn diffusion in 
the electrolyte mass, caused by various lattice modifications in conjunction with 
the Jahn-Teller effect [33]. Since the electrochemical performance of LNMO can 
be affected by the synthesis route and thus the stoichiometry, morphology, crystal 
structure and impurities [34], many synthesis methods have been employed in 
order to improve LNMO performance: hydrothermal route [35, 36], co-precipita-
tion [37–40], sol–gel [41, 42], induction thermal plasma [43], molten salt [44–46], 
liquid phase self-propagating high-temperature synthesis (LPSHS) and aerosol 
spray pyrolysis [47].

The electrochemical performance of LNMO can be improved via cation doping 
[48–50] by Mg, Al and Fe. This approach contributes to LNMO lattice stabilization, 
increase of specific capacity, reduction of the LixNi1-xO phase which is formed in 
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the case of the disordered Fd-3 m structure and increase of cycle life. Moreover, the 
doped compositions are less expensive, abundant and without scarcity or toxicity 
issues such as in the case of cobalt [51–58].

3. Experimental

3.1 Material synthesis

The LNMO material was synthesized by the Aerosol Spray Pyrolysis method 
[19], which utilizes the principles of bottom up synthesis in droplet micro-reactors. 

Figure 1. 
Crystal phases of LNMO: (a) ordered P4332, (b) disordered Fd-3 m.
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A precursor solution is atomized into fine droplets which subsequently undergo 
evaporation of the solvent while transferred by a carrier gas, inside a heated tubular 
reactor. The advantages of the respective synthesis technique is the short produc-
tion time of some seconds in the reactor zone and the scalability of the produced 
material quantities.

In the current synthesis campaigns, the precursor solution was a 1 M aque-
ous solution of LiNO3 (Merck, ≥98%), Ni(NO3)2·6H2O (Merck, ≥99%), 
Mn(NO3)3·4H2O (Alfa Aesar, 98%), Mg(NO3)2·6H2O (Sigma Aldrich, 98 + %, 
Al(NO3)3·9H2O (Sigma Aldrich, ≥98%) and Fe(NO3)3·9H2O (Merck, ≥99%), in 
molar ratios of Li:Ni:Mn:D: 1:0.5-x:1.5:x and the temperature of the heated reactor 
was 800°C. The collected powder was subsequently calcined at 850°C for 16 h (air 
atmosphere) in a muffle furnace in order to obtain the disordered phase of the 
LNMO material [11]. The temperature of the reactor controls the evaporation rate 
of the solvent and thus the chemical composition and morphology of the synthe-
sized particles. The synthesis reactor is a pilot plant unit constructed and operated 
in CERTH’s facilities. In this study, 4 different materials were produced; the pristine 
LNMO and 3 metal doped LNMO compositions using Mg, Al and Fe as additives, 
namely Mg-LNMO, Al-LNMO and Fe-LNMO, respectively.

3.2 Structural characterization

The identification of the phase structure was performed by XRD analysis using 
a Siemens D500/501 X-ray diffractometer with Cu Kα radiation between 5° and 80° 
at a scan rate of 0.040°/s. SEM/EDS analysis as well as the mapping of the materi-
als were performed with a JEOL JSM-6300 microscope, while the TEM analysis 
was performed using a JEOL JEM 2010 high-resolution microscope. The ordered/
disordered structure was identified with a Raman Renishaw microscope equipped 
with a 514 nm Argon laser of 50 mW. The specific surface area of the samples (BET 
method) was measured with the aid of a N2 adsorption porosimeter (Micromeritics 
ASAP 2000, at 77 K, after degassing the samples at 250°C). Finally, the particle size 
distribution of the materials synthesized (powder form) was performed using a TSI 
PSD 3603 Particle Size Distribution Analyzer.

3.3 Electrode assembly and electrochemical characterization

The electrochemical performance of synthesized LNMO was evaluated at the 
laboratory scale by preparing electrodes and assembling half-coin cells (HCC). 
During the cathode formulation, an N-methyl-2-pyrrolidone (NMP) slurry was 
prepared, consisting in a first approach of 90 wt. % of active material with the 
rest 10 wt.% being carbon black (C-NERGY Super C65 from IMERYS Carbon & 
Graphite) and Poly-Vinylidene Fluoride (PVdF HSV900 from Arkema) as electronic 
conduction enhancer and binder, respectively, while different ratios followed 
(84/8/8, 80/10/10) when issues where observed on the slurry stability and electrical 
conductivity of the electrodes. After coating the slurry on an aluminum current 
collector foil (Showa Denko, 20 μm thickness) using the doctor blade technique to 
a targeted loading of 1.0–1.5 mA.cm−2, the resulted electrodes were dried at 120°C 
under vacuum overnight, and the coin cell assembly followed.

The electrochemical performance of the prepared electrodes has been ana-
lyzed by assembling and testing coin cells (CR2025, Hohsen), in HCC configura-
tion using Li metal disk (50 μm thick, Albermale) as counter anode electrode. 
One layer of polyolefin Celgard 2325 separator was used in all coin cells with 
50 μL of 1 M LiPF6 EC/EMC electrolyte from Arkema. The cells were tested in 
a potential window of 3.5-5 V at room temperature in a working C-rate range 
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between C/5 (5 h) and 5C (12 min). C-rate calculations were made based on a 
LNMO specific capacity of 135 mAh.g−1.

4. Physicochemical characterization results

Figure 2(a) depicts the XRD spectra of the synthesized LNMO materials. In all 
cases a desired well-crystallized LiNi0.5Mn1.5O4 structure was obtained, with the 
characteristic peaks of the typical cubic structure at 19, 36, 44, 59, 64 2θ values; the 
higher resolution graph in Figure 2(b) referring to the pristine LNMO indicates 
two weaker peaks at ~37.5 and ~ 43.5 2θ values corresponding to the LixNi1-xO phase. 

Figure 2. 
(a) XRD of the pristine and doped LiNi0.5Mn1.5O4 with Fe, Al and Mg materials (b) higher resolution XRD 
graph depicting the additional LixNi1-xO of the pristine sample.
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On the contrary, in the case of doped LNMO compositions these peaks are not 
 present, assuming, therefore, the elimination of the undesired LixNi1-xΟ phase.

Crystallite size was calculated by the Scherrer’s formula from the FWHM of the 
(111) LiNi0.5Mn1.5O4 peak; the calculated sizes in Figure 3(a) exhibit crystallites 
with an average size of ~53 nm for all the materials. Doping seems to affect the spe-
cific surface area in a different manner; in Figure 3(b) the pristine sample exhibits 
a 1.46 m2.gr−1 specific surface area which increases slightly to 1.68 m2.gr−1 for Mg 
and significantly to 2.32 m2.gr−1 for the Al sample, while in accordance to its crys-
tallite size deviation the Fe sample exhibits lower surface area than the pristine at 
1.24 m2.gr−1. The different surface areas can be related to the morphology exhibited 
by SEM in Figure 4, where spherical particles seem to exhibit a non-dense, macro-
porous structure. Particles synthesized by aerosol synthesis are expected to have a 
spherical morphology based on the aerosol process principle [19]. SEM images for 
the pristine and the doped particles depict multiple particulate aggregates forming 
the macroscopic spherical particles. The EDS mapping images show a homogeneous 
dispersion of the Ni, Mn and of the respective Mg, Al and Fe dopants per case, 

Figure 3. 
Crystallite size (a) and specific surface area (b) of the doped LNMO materials.
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in consistency with the XRD patterns which also confirm the homogeneity of the 
synthesized structures.

The morphology of the polycrystalline material obtained from the TEM images 
in Figure 5 shows the aggregated morphology in the nanoscale, revealing similar 
morphological characteristics for all three doped compositions.

Figure 4. 
SEM images and EDS mapping analysis for the pristine and doped LNMO particles.

Figure 5. 
TEM images depicting the crystallites of the LNMO of (a) pristine, (b) Mg-LNMO, (c) Al-LNMO and 
(d) Fe-LNMO.
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Concerning the particle size distribution analysis, the mean particle diameter 
of pristine material was 2 μm; doping with Al and Mg led to smaller particle sizes 
while Fe doped had the higher particle size distribution at 2.2 μm, as observed in the 
normalized particle volume probability density function (PDF) plots of Figure 6.

Raman spectra was obtained in order to evaluate lattice differences of the 
pristine and doped LNMO materials. The spectra at Figure 7 exhibits the 636 cm−1 
peak, which is assigned to the Mn-O stretching vibration of the A1g mode shifted to 
slightly higher wavenumbers due to the insertion of the Ni2+ ions in the spinel lattice 
[59]. The decrease of Ni amount (doped compositions), shifts the corresponding 
peak to the nominal location at 625 cm−1 attributed to the symmetric stretching 

Figure 6. 
Particle volume probability density function distribution of the pristine and doped LNMO particles measured 
by an aerodynamic diameter measuring technique.

Figure 7. 
Raman spectrum of the doped LNMO materials.
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vibration of the Mn-O of the MnO6 groups. The broadening of the two peaks at 582 
and 605 cm−1, which cannot be separated in the disordered structures, is attributed 
to the F(3)2g and the intensity of the shoulder located at 580 cm−1 is enhanced upon 
nickel substitution.

5. Electrochemical characterization results

The respective LNMO doped active materials were coated on aluminum foils 
using different formulations of active material, carbon and binder – as explained 
below – in order to study the material ratios and process parameters for slurry 
preparation and battery performance optimization. The coated material was also 
tested under different calendering densities, by varying the calendering pressure 
and final active layer thickness. The coated electrodes were analyzed for their 
electrochemical performance in the form of Half Coin Cells (HCC) with a metallic 
Lithium foil as counter electrode and evaluating their discharge specific capac-
ity. Preliminary electrochemical tests were performed on all four materials using 
HCCs (3 cells per formulation/material). Discharge C-rate varied from C/5 to 10C 
on comparable electrodes prepared with a formulation AM/Carbon/PVdF ratio of 
90/5/5, a real loading ~1.5 mAh.cm−2 and density of 2.5 g.cm−3.

As depicted in Figure 8, a profound specific discharge capacity decay was 
observed in both pristine and Mg-doped LNMO during cycles 1 to 5 (C/5 low rate 
and near-zero values were recorded until cycle 32 at high C-rates. Al-doped LNMO 
demonstrated high specific capacity values (~120 mAh.g−1) at low C-rates i.e. C/5, 
C/2, 1C while at higher discharge C-rates of 2C, 5C, 8C and 10C the specific capac-
ity demonstrated values of ~110, ~90, ~50 and ~ 20 mAh.g−1 respectively. The 
discharge specific capacity almost regained its initial high values when C-rate was 
decreased at C/2 during cycle 24 and withstood high charge rates (~80 mAh/g at 3C 
charge, cycles 29–31). On the other hand, Fe-doped LNMO demonstrated similar 
behavior during cycles 1–8, however the performance was clearly poorer than the 
Al-doped LNMO composition at 2C and 5C (i.e. ~90 and ~ 18 mAh.g−1 respectively) 
while it dropped to zero during fast discharge at 8C and 10C. During the C-rate 

Figure 8. 
Specific capacity of the different doped LNMO electrodes at different discharge rates (1C to 10C) and charge 
rates (1C, 3C).
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reduction at cycle 24 (C/2), an increase in specific discharge capacity to the initial 
values was observed but again performance was inferior to the Al-doped LNMO 
case throughout cycles 25–32.

Figure 9. 
Specific capacities of iron and aluminum doped LNMO for the same target loading of ~1.0 mAh.cm−2 under 
different electrode formulations and densities (a) 80/10/10_D1.5, (b) 84/8/8_D1.5 and (c) 84/8/8_D1.8  
(D in g.cm−3).
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Based on the abovementioned electrochemical results, Fe-doped and Al-doped 
LNMO were chosen for further testing in HCCs in order to study the effect of the 
AM/Carbon/PVdF and electrode density on the electrochemical performance.

The effect of electrode formulations with higher conducting carbon content to 
improve electrical conductivity and the calendering density on electrochemical 
performance of Fe-doped and Al-doped LNMO is depicted in Figure 9(a)–(c). The 
materials were tested with high C black content, an AM/carbon/PVdF ratio 80/10/10 
ratio, that limited the achievable loading to 1 mAh.cm−2 and a density of 1.5 g.cm−3. 
Figure 9(a) depicts low C-rates of C/5 to 1C during cycles 1–8; Fe-doped LNMO 
demonstrated higher values of specific discharge capacity compared to Al-doped 
LNMO (~138 and 118 mAh.g−1 respectively), while similar performance in the range 
80–100 mAh.g−1 was observed in the higher C-rate of 5C (cycles 13–15). Increasing 
the amount of active material to optimize the energy density of the active layer 
while maintaining slurry stability, achieved an AM/carbon/PVdF ratio of 84/8/8. As 
shown in Figure 9(b), the Al-doped LNMO performance demonstrates a capacity 
improvement while a capacity reduction is observed in the case of Fe-doped LNMO. 
During cycles 1–4 (C/5 and C/2 rates) the specific capacity reaches values ~137 and 
125 mAh.g−1 for Al-doped and Fe-doped LNMO respectively, with further decrease 
at 1C rate (130 and 120 mAh.g−1 respectively) and 2C rate (105 and 95 mAh.g−1 
respectively). Both materials demonstrate zero capacity at 5C rate. On subsequent 
charge at 1C during cycles 17–19, a decrease in Al-doped LNMO capacity is observed 
compared to 1C discharge cycles 5–7 while insignificant change in Fe-doped LNMO 
was observed in the course of the same cycles. During 3C charge (cycles 21–23), 
Fe-doped LNMO performed better than Al-doped LNMO with a specific capacity 
of ~95 vs. 85 mAh.g−1 for the Al-doped LNMO composition.

Finally, by further increase of the density to 1.8 g.cm−3, a significant improve-
ment of Al-doped LNMO performance was observed, especially at the higher 
C-rates of 2C, 3C and 5C in Figure 9(c). On the contrary, no improvement was 
observed in the case of Fe-doped LNMO, as the capacity values remained almost  
the same as for 1.5 g.cm−3 densification. The enhanced electrochemical activity  
of the Al-doped LNMO at the 1.8 g.cm−3 density comparing to that of 1.5 g.cm−3 
shows the importance of the physicochemical properties of the overall electrode, 
beginning from the nanoscale of Al ion doping in the LNMO lattice to the mac-
roscale attributed to the density of the coated electrode; the conductivity (Li-ion 
mobility and electrical conductivity) of the cathode increases when carbon and 
LNMO particle interfaces are in better contact by calendaring.

6. Conclusions

Aerosol Spray pyrolysis is a sustainable and promising route for the syn-
thesis of anode and cathode nanostructured materials, which is exploited by 
research laboratories and is employed for industrial production. In the current 
work, LiNi0.5Mn1.5O4 spinel was synthesized at a production rate of 100 gr hrs−1 
and was studied for three different doping compositions of Mg, Fe and Al; 
LiNi0.4Mg0.1Mn1.5O4, LiNi0.42Fe0.08Mn1.5O4 and LiNi0.4 Al0.1Mn1.5O4 by substituting Ni 
molar ratio in the spinel lattice. The aqueous precursor solutions were sprayed at a 
heated tubular reactor at 800°C, while further calcination of the collected powder 
was carried out at 850°C for 16 hrs [11]. The Raman spectra and XRD diagrams 
depict successful synthesis of the mixed structure, while SEM showed spherical 
particles with partially hollow morphology. The electrochemical evaluation was 
performed for different electrode formulations and loading/densities in half coin 
cells at different C-rates. Fe- and Al-doped materials for the electrode formulation 
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AM/C/PVdF = 90/5/5 exhibited high specific capacity values (~120 mAh.g−1) at low 
C-rates, while at higher discharge C-rates of 2C, 5C, 8C and 10C the specific capac-
ity demonstrated values of ~110, ~90, ~50 and ~ 20 mAh.g−1 respectively, showing 
interesting activity for further study, while pristine and Mg- doped material showed 
very low capacity at rates exceeding 1C. Fe- and Al- LNMO were further studied 
at lower active material ratios; namely 80/10/10 ratio using a density of 1.5 g.cm−3, 
where Fe-doped LNMO demonstrated higher values of specific discharge capacity 
compared to Al-doped LNMO at low C-rates of C/5 to 1C (~138 and 118 mAh.g−1 
respectively), while similar performance in the range 80–100 mAh.g−1 was observed 
for the higher C-rate of 5C. Increasing the amount of active material to 84/8/8 to 
increase electrode energy density for practical battery application, improved the 
capacity for the Al-doped case, while a capacity reduction was observed for the 
Fe-doped LNMO. The current work shows the potential of Fe and Al doped LNMO 
synthesized by ASP as promising materials for cobalt free cathodes for the develop-
ment of high voltage next generation Li-ion batteries.
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