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A B S T R A C T   

LiMn1.6Ni0.4O4 (LMNO) spinel is a promising cobalt-free electrode for high potential applications. However, its 
chemical stability against electrolytes is relatively poor. Inorganic coatings have widely used to achieve superior 
chemical and electrochemical properties. A promising example is LiFePO4/C (LFP/C) olivine coated LMNO spinel 
particles, in which olivine provides a high chemical stability. Chemical incompatibility between them during 
atmospheric synthesis conditions makes the process extremely challenging. Herein, we propose a simple and 
practical route to prepare LFP/C-coated LMNO using microwave irradiation. This process significantly improves 
the crystallographic order of the spinel structure and provides sufficient physical interaction between both 
materials while avoiding side reactions. Li-ion battery using LFP/C-coated LMNO electrode exhibits a higher 
discharge capacity at 25◦C and 60◦C than those of uncoated spinel. Moreover, cyclability (up to 500 cycles) at 
25◦C and C-rate capability performances at 60◦C are superior in LFP/C-coated LMNO particles and not possible 
using uncoated spinel.   

1. Introduction 

Lithium-ion batteries are an essential component of a wide variety of 
electronic devices, which play a key role in modern life. High-potential 
cathodes, particularly those based on cobalt-free materials, have been 
actively studied to develop electronic devices with high energy density, 
along with safe and reliable operation. Spinel-structured cathodes such 
as LiMn1.6Ni0.4O4 (LMNO) are promising alternatives, with a theoretical 
capacity of 146.7 mAh g− 1 (700 Wh kg− 1, 4.7 V vs. Li+/Li). Compared to 
spinel LiMn2O4 with non-doped Mn sites, the initial discharge capacity 
loss associated with Jahn− Teller distortion of Mn3+ ions and Mn 
dissolution into the electrolyte is significantly improved for the LMNO 
spinel, because its proportion of insoluble manganese in the +IV 
oxidation state is considerably higher than that in LiMn2O4 [1]. Despite 
this favorable property, the LMNO spinel alone cannot prevent the 
dissolution of its transition metal ions upon long-term battery cycling, 
leading to inevitable capacity fading. The decomposition of the elec-
trolyte, particularly under high voltage and elevated temperature con-
ditions, accelerates the dissolution of the spinel. Several alternatives to 

improve the chemical stability have been studied as for example pro-
tective coatings, lattice modification and lattice doping to impro struc-
tural stability. The structural stability can also be improved via increases 
of entropy introducing several transitions metal [2,3]. Development of 
polyanionic structures NVPPx substituting the anions PO4

3− by P2O7
4− , 

substituting the cation V3+ by Na+ or doping with Si and S have been 
reported to improve structural stability, diffusion rate and electronic 
conductivity of the active material [4–6]. Coatings based on inorganic or 
polymeric materials such as metal oxides, polyanionic compounds, and 
carbon layers have been applied on the surface of spinel particles to 
prevent their direct contact with the electrolyte and then reduce side 
reactions at the particle surface [7,8]. Coatings based on materials such 
as LiPO3, Li4Ti5O12, and LiFePO4 (LFP) provide not only surface 
passivation, but also a Li+ diffusion pathway with low charge-transfer 
resistance, which enhances the initial discharge capacity and cycle life 
[9–12]. LFP olivine is an excellent candidate as coating layer because its 
properties can be complementary to those of LMNO spinel. In particular, 
LFP olivine is more chemically stable against electrolytes than LMNO 
spinel, because oxygen atoms are covalently bonded to phosphorus 
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instead of transition metals, improving the stability of the LFP olivine 
structure [13]. If the LFP olivine coating is sufficiently thin, the prob-
lems associated with a low electronic conductivity should be mitigated; 
otherwise, carbon-coated LFP olivine (LFP/C) provides a sufficiently 
electronic conductivity and stable electrochemical performance. 

The development of LFP-coated LMNO spinel is extremely chal-
lenging, because of the incompatibility between the two materials under 
air or argon atmosphere when a heat treatment is applied. Under Ar- 
atmosphere the LMNO spinel can discomposes into rhombohedral 
layered rock salt (Li0.8Mn0.8O2) and NiO, and under air atmosphere the 
LFP olivine can discomposes into Li3Fe2(PO4)3 and Fe2O3 [14–16]. To 
the best of our knowledge, two routes have been used to prepare 
LFP-coated LMNO particles (Fig. 1): (a) in situ coating deposition and (b) 
mechano-fusion dry processes [11,12]. The traditional in situ coating 
deposition process involves the deposition of the LFP precursor on 
LMNO particles and subsequent heat treatment. This process is difficult 
to implement [11] without affecting the integrity of each material, 
because the spinel requires oxidizing conditions to keep the Mn ions in 
their higher valence state and prevent the formation of secondary pha-
ses. On the other hand, olivine requires reducing conditions to prevent 
the oxidation of iron. Jang et al. [12] studied the in situ coating depo-
sition of an LFP precursor on LMNO particles, through heat treatment 
steps at low temperatures (500–600◦C) under reducing conditions. An 
LFP coating with a thickness of ~ 2 nm considerably improved the cycle 
life of LMNO; however, the initial discharge capacity was up to 20% 
lower than that of the pristine LMNO spinel. The authors hypothesized 
possible changes in the spinel structure or side reactions between spinel 
and olivine during heat treatment, but no clear evidence was obtained. 
On the other hand, Liu et al. [11] employed a mechano-fusion dry 
process to prepare LFP/C-coated LMNO, in which particles of both 
materials were used without any heat treatment. Although the interac-
tion between the two types of particles was not discussed in detail, the 
LFP/C-coated LMNO spinel showed an enhanced cycle life, which was 
attributed to the successful adhesion between the two materials [11]. 
The low discharge region at high potential associated with the 
Ni4+/Ni2+ and Mn4+/Mn3+ reduction processes was attributed to the 
large amount of LFP/C phase (20 wt.%). In summary, both routes pre-
sent limitations in achieving the desired electrochemical properties of 
the LMNO spinel. Thus, a thin LFP/C coating layer to prevent the side 

reactions between LMNO spinel and liquid electrolyte maintaining a 
high lithium diffusion rate is needed to achieve a high discharge ca-
pacity and stable cycle life . 

Processes involving microwave irradiation trigger a uniform and 
rapid heating through the energy absorption generated by electromag-
netic waves directly on the particles. In particular, carbon provides 
significant advantages for microwave heating because of its high 
dielectric losses, which means that the microwave irradiation can lead to 
strong local heating and hot-spot formation (up to 1200◦C at 1 kW for 1 
min on 25 g) [17–20]. Evidence of enhanced adhesion of carbon to metal 
substrates such as nickel by microwave treatment has been reported by 
Su et al. [21]. In spite of the beneficial role of the LFP/C as protective 
coating for LNMO active material, as was mentioned above, little 
attention have been paid to the interface formed between LFP/C and 
LNMO phases, which can be the key to achieve better designs of the 
active composite material for lithium-ion batteries with superior elec-
trochemical performance. According to knowledges of the authors there 
are not works concern about the interface formed between LFP/C and 
LNMO. Interfaces in lithium-ion batteries are important as reactive sites 
between the electrolyte and active electrode material and as pathways 
for lithium-ion intercalation. However, the methods for modelling in-
terfaces in lithium-ion batteries reliably have been little developed [22]. 
According to Butler et al. [22] the interfacial properties are accessible by 
using modern electronic structure methods, particularly density func-
tional theory (DFT). 

In this work, we propose a simple and practical route to prepare an 
LFP/C-coated LMNO electrode using microwave irradiation in an 
organic solvent medium and the interface formed between LFP/C and 
LNMO is modeled by DFT calculations. The effect of the microwave 
irradiation is studied and compared with a simple mixture to rationalize 
their effect on physicochemical and electrochemical properties of the 
composite electrode. Electrochemical performance is evaluated at room 
temperature and extreme conditions of 60◦C. The LFP/C-coated LMNO 
electrode obtained by microwave exhibits a higher discharge capacity, 
C-rate and thermal stability at 25◦C and 60◦C. The microwave absorp-
tion by the carbon layer on LFP particles is crucial to promote the 
adhesion between LFP/C and LMNO particles according to DFT interface 
calculations and provides an adequate interface to lithium intercalation 
between both phases and the electrolyte. 

2. Results and discussions 

Microwave heating approach of LFP/C olivine on LMNO spinel 
particles (LMNO-LFP/C) is illustrated in Fig. 2. We used LMNO and LFP/ 
C particles in a weight ratio of 98:2 (the experimental details are pro-
vided in the Supporting Information). LMNO spinel particles (porous 
cluster) with sizes in the range of 10–30 µm containing secondary par-
ticles smaller than 2 µm were used (SEM images shown in Fig. 2). LFP/C 
nanoparticles with nanoplate morphology and dimensions of approxi-
mately 130 × 90 nm (TEM image in Fig. 2) were selected to be deposited 
as a layer on the LMNO particles, because their thickness can reach 10 

Fig. 1. Two-dimensional schemes of (a) LFP-coated LMNO preparation by in 
situ coating deposition and (b) preparation of LFP/C-coated LMNO by 
mechano-fusion dry process. 

Fig. 2. Schematic illustration of the preparation of LMNO-LFP/C by microwave 
irradiation, including SEM and TEM images showing the morphology of the 
initial LMNO and LFP/C particles, respectively. 
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nm (with a 3-nm graphitic carbon layer), making them an ideal alter-
native to allow sufficient lithium diffusion to LMNO. Both the LMNO and 
LFP/C particles were dispersed in N-methylpyrrolidone solvent to 
facilitate their interaction, and microwave irradiation powers of 10 and 
100 W (at 200 and 300◦C, respectively) were evaluated. The overall 
microwave process took approximately 7 min, with almost negligible 
effect on the solvent used to perform the procedure (Fig. S1). After 
microwave heating, the material was washed and centrifuged with 
ethanol/water and dried at 80◦C for 24 h. The LMNO-LFP/C samples 
were named according to the irradiation power employed, i.e., LMNO- 
LFP/C-10W and LMNO-LFP/C-100W. The pristine LMNO spinel 

irradiated at 10 W and the LMNO-LFP/C samples prepared by stirring 
with the same solvent were used as reference materials and named 
LMNO-10W and LMNO-LFP/C-S, respectively. 

Fig.s S3 and S5 show SEM images of pristine LMNO spinel, LMNO- 
10W, and LMNO-LFP/C-10W. The morphology of LMNO-LFP/C-10W, 
with particle sizes between 5 and 20 µm, is similar to that observed 
for the pristine LMNO spinel or the sample irradiated at 10 W, but with a 
smooth surface. The morphology of the LMNO-10W particles suggests 
that the microwave process may promote exfoliation of the secondary 
particles. The smooth surface of the LMNO-LFP/C-10W particles is 
associated with the deposition of LFP/C nanoparticles, as confirmed by 

Fig. 3. (a–c) TEM images of LMNO-2LFP/C-10W showing the distribution of spinel and olivine phases.  
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the energy-dispersive spectroscopy (EDS) mapping in Fig. S5, in which 
the LFP olivine (Fe and P elements) is uniformly distributed on the 
LMNO spinel particles (Ni and Mn elements). At higher irradiation 
power, the morphology of LMNO-LFP/C-100W (not shown) is similar to 
that obtained using an irradiation powder of 10 W. 

The TEM analysis of LMNO-LFP/C-10W is shown in Fig. 3. Each 
magnified TEM image includes the fast Fourier transform (FFT, inset) 
image obtained by the Gatan software [23,24]. The identification of 

LFP/C on LMNO is complicated because of the rather small size of the 
LFP/C nanoparticles (Fig. 2); therefore, the TEM analysis was performed 
on small LMNO particles. The presence of both phases is indicated by the 
change in contrast in the TEM image (plane orientation in the magnified 
images of Fig. 3a–c) between the planes assigned to LMNO spinel (region 
marked as 1) and the overlapping planes of both LFP olivine and LMNO 
spinel (region marked as 2). Further, both phases were confirmed by the 
FFT analysis, in which the d-spacing of 2.1 Å is assigned to the (004) 

Fig. 4. Synchrotron XRD patterns obtained with a wavelength of 0.496197 Å (see Rietveld profiles in Fig. S7). (a) Pristine LMNO spinel, (b) LMNO-10W, (c) LMNO- 
LFP/C-10W, (d) LMNO-LFP/C-100W. The different colored lines denote the spinel (pink and black) and olive (dark green) phases. The signals of the secondary 
MnNi6O8 phase are also included. 
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plane of the LMNO spinel phase (see Fig. 3a-c), while the d-spacing 
values of 2.6 Å (Fig. 3c) and 3.1 Å (Fig. 3a-c) are assigned to the (311) 
and (020) planes of the LFP olivine phase, respectively. The presence of 
carbon between LMNO and LFP could not be confirmed, because of the 
overlap between the olivine and spinel planes; however, carbon was 
confirmed to be present in some of the spinel particles. In Fig. 3a, the 
layer of approximately 3 nm on the top of the particle is assigned to 
amorphous carbon, while the undulating planes with a d-spacing of 3.8 
Å in Fig. 3c are assigned to the (002) plane of graphitic carbon [25]. 
Both the graphitic and amorphous carbon signals are attributed to the 
carbon coating on the olivine particles. The XPS profile of the 
LMNO-LFP/C-10W particles (Fig. S6) confirms the presence of the 
olivine and spinel phases, as well as carbon from LFP/C nanoparticles. 
Interestingly, the intense C–O bonds in the XPS profiles could be asso-
ciated with the binding of LFP/C and LMNO particles. Overall, the SEM, 
TEM, and XPS analyses suggest that the two phases were closely linked; 
further details on the interaction between LFP/C and LMNO will be 
discussed later, bases on their electrochemical performance in Li-ion 
batteries and DFT interface modelling. 

The synchrotron XRD patterns of pristine LMNO and LMNO-10W 
compared to those of the LMNO-LFP/C-10W and LMNO-LFP/C-100W 
samples is shown in Fig. 4. The figure includes two enlarged views of 
the regions corresponding to the LMNO spinel (444) and LFP olivine 
(101, 111) diffraction planes, respectively. The XRD fitting results are 
reported in Table S1 of the Supporting Information. The synchrotron 
XRD patterns of the pristine LMNO and LMNO-10W samples show the 
formation of a cubic spinel phase with various lattice parameters, 
including Ni-Mn cation order/disorder structures with spatial groups 
P4332 (ICSD 98-009-8360) and Fd3‾m (ICSD 98-008-5399 and 98-009- 
4340) (Table S1, Fig. S7) [26–28]. The variation of the lattice parame-
ters in the spinel phase is attributed to local changes in oxygen defi-
ciency in this structure. In addition, a MnNi6O8 (ICSD 98-004-0584) 
[29] secondary phase was also identified. On the other hand, the syn-
chrotron XRD patterns of LMNO-LFP/C-10W and LMNO-LFP/C-100W 
show the presence of the cubic spinel phase and additional peaks 
attributed to the orthorhombic olivine phase (magnified XRD, Fig. 4) 
with spatial group Pnma (ICSD 98-015-5580) [30,31]. The lattice 
parameter of the olivine phase in the LMNO-LFP/C material is in good 
agreement with those obtained for the pristine LFP/C sample (Fig. S8, 
Table S1). 

Microwave heating does not seem to have a negative effect on the 
LMNO-LFP/C sample, because the absence of additional secondary 
phases suggests a negligible reaction between the two primary phases. 
Surprisingly, an important effect on the crystallinity of the LMNO spinel 
phase is observed in its enhanced crystallographic order. The effect of 
microwave irradiation is clearly shown by the split of diffraction peak 
(444) of the LMNO spinel (magnified XRD pattern, Fig. 4), which shows 
the presence of various lattice parameters, as mentioned above. This 
broad split peak also suggests the presence of residual strain (de-
formations) in the spinel crystal structure [32]. The residual strain was 
partially released after microwave irradiation of pristine LMNO spinel as 
can be observed in Fig. 4b and disappeared in LMNO-LFP/C samples 
with irradiation power of 10 and 100 W (see Fig. 4c-d) [33]. In those 
Figures no split of the diffraction peak (444) occurs. Microwave irradi-
ation of the LMNO spinel produces a slight peak shift to higher angles 
(Fig. 4b), which is more evident in the LMNO-LFP/C samples (Fig. 4c,d), 
and is directly proportional to the irradiation power when it is increased 
from 10 to 100 W. Moreover, the peak shift is accompanied by a rather 
low residual strain in the spinel structure (narrow peaks), which denotes 
a high crystallographic order. The peak shift to higher angles indicates a 
spinel structure with small lattice parameters and a partial phase 
transformation from cation-disorder to cation-order structures 
(Table S1). This phase transformation can be the reason for the relatively 
high intensity of the peak associated with the MnNi6O8 phase (2θ = 6.8◦) 
in the LMNO-LFP/C-100W sample. The transition from cation order to 
cation disorder is controlled by the formation of oxygen vacancies and 

the corresponding changes in the Mn oxidation state, as described by the 
following equation: [33] 

Li+ + 0.5Ni2+ + 1.5Mn4+ + 4O2− ←
→

Li+ + 0.5Ni2+ + (1.5 − 2x)Mn4+

+ 2xMn3+ + (4 − x)O2 (1) 

The electrochemical properties of the LMNO-LFP/C samples were 
evaluated as positive cathode electrodes of Li-ion battery cells at 25◦C 
and 60◦C, using 1.2 M LiPF6 in ethylene carbonate and dimethyl car-
bonate (EC/DMC, 1:2 wt.%) as electrolyte and lithium metal as anode 
(details of cells assembly at experimental section). Fig. 5a shows the 
initial discharge profile (second cycle) of LMNO-LFP/C-10W and LMNO- 
LFP/C-100W at 0.5 C. For comparison, the electrochemical perfor-
mances of pristine LMNO and of the sample prepared by simple stirring 
(LMNO-LFP/C-S) are also included. 

The discharge capacities of pristine LMNO, LMNO-LFP/C-10W, and 
LMNO-LFP/C-100W were 111, 115, and 79 mAh g− 1, respectively. The 
discharge profiles of the LMNO spinels show two plateaus (Ni4+/Ni2+

and Mn4+/Mn3+ redox couples), while those of the LMNO-LFP/C elec-
trodes containing olivine phase display an additional plateau related to 
LFP olivine (Fe3+/Fe2+ redox couple) at the same potential than pristine 
LFP/C (Fig. S9) [34,35]. The discharge capacity fraction for the 
Ni4+/Ni2+ plateau reaches approximately 61% of the total discharge for 
all samples, except for the LMNO-LFP/C-100W one (49%); on the other 
hand, in the case of the LMNO-LFP/C electrodes the discharge fraction 
for the Fe3+/Fe2+ plateau is less than 4% of the total discharge 
(Fig. S10a). The dramatic difference in the initial discharge capacities of 
the LMNO-LFP/C-10W and LMNO-LFP/C-100W samples (Fig. 5a) sug-
gests that excessive microwave irradiation is not beneficial for LMNO 
particles; this finding is in good agreement with the XRD analysis, which 
identified a spinel structure with small lattice parameters and an elec-
trochemically inactive MnNi6O8 phase [36,37] (Fig. 4d and Table S1). 
The electrochemical performance of the LMNO was also found to be 
highly susceptible to similar heat treatments such as the stirring at 
relatively low temperatures (200◦C) or microwave irradiations with or 
in absence of carbon (Fig. S10a). It should be noted that LMNO-LFP 
without a carbon layer by microwave irradiation show also a low 
initial discharge capacity. The reason of this last, suggests also that 
carbon even at rather low concentrations is crucial to promote the 
adhesion between the two phases and to stablish a favorable interphase 
to facilitate the lithium-ion intercalation. 

Fig. 5b shows the discharge cycling performances of the LMNO, 
LMNO-LFP/C-S, and LMNO-LFP/C-10W samples. The LMNO and 
LMNO-LFP/C-S samples show a slight increase in the discharge capacity 
in the first two cycles, due to the activation and wetting of the active 
material during the initial cycles, [38,39] after which the discharge 
capacity decreases monotonically. In contrast, the LMNO-LFP/C-10W 
sample shows an increase in discharge capacity from 111 to 118 mAh 
g− 1 during the first cycles, and then, the discharge capacity is basically 
constant. The capacity increases take place as consequence of active 
material wettability improvement during initial cycles. After 100 cycles, 
the LMNO, LMNO-LFP/C-S, and LMNO-LFP/C-10W retain 94%, 89%, 
and 97% of the initial capacity, respectively (Fig. 5b). Interestingly, 
LMNO-LFP/C-S shows a high initial discharge capacity, suggesting that 
the LMNO spinel and LFP olivine phases are active; however, capacity 
fading occurs in this sample related with the lack of adhesion between 
the two phases or the inexistence of an adequate interface between the 
two active phases which promotes the lithium-ion intercalation. 

The internal resistances of these cells were examined after cycling 
(100 cycles) by impedance measurement at 50% state of charge-SOC 
(Fig. S11, Table S2). The internal cell resistances of LMNO and LMNO- 
LFP/C-10W are similar, while the one using LMNO-LFP/C-S is much 
higher (see Fig. S11b), in good agreement with the severe capacity fade 
observed in this electrode. The high internal resistance of the battery 
based on LMNO-LFP/C-S is attributed to the low electronic conductivity 
through the electrode due to the poor adhesion between the spinel and 
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olivine particles. The LMNO and LMNO-LFP/C-10W were also examined 
by synchrotron XRD (Fig. S12, Table S3) to understand the impact of the 
electrochemical performance on their crystal structures. For instance, 
the spinel structure of LMNO-LFP/C-10W remains almost unchanged, 
while LMNO shows a change in its crystallization order (peak 444 at 
lowest angles disappear) attributed to the partial dissolution of the 
manganese (details at supporting information in Fig. S12). Most signif-
icantly, the LMNO electrode shows the presence of Li2CO3 secondary 
phase which confirms its degradation after cycling [8,13]. The Li2CO3 
phase is almost negligible in the LMNO-LFP/C-10W case. 

The LMNO-LFP/C-10W shows a clear enhancement of the electro-
chemical stability than pristine LMNO at long-term cycling at 25◦C, 
Fig. 5c. The pristine LMNO shows a severe capacity fading after 180 
cycles and is short-circuited after 250 cycles. In contrast, the capacity of 
LMNO-LFP/C-10W became rather stable after 200 cycles and retain a 
high capacity of more than 90 mAh g− 1 even after 550 cycles. These 
results and the low presence of Li2CO3 on the LMNO-LFP/C-10W cath-
ode after 100 cycles (See Fig. S12) clearly suggest that the LFP/C coating 
reduces the interaction between the spinel and the electrolyte lessening 

the lixiviation of Mn and Ni from LMNO spinel into the liquid electro-
lyte. It seems also that the LFP/C coating reduces the possibility of 
dendrite formation on the anode material derived of Ni and Mn pre-
cipitation, as was described by T. Yi et al., and C. Birkl et al. [40,41]. The 
coulombic efficiency shows values of 75% and 88% in the first cycle for 
LMNO and LMNO-LFP/C-10W, respectively (see Fig. S10e), suggesting 
that a higher lithium amount can be consumed by the solid electrolyte 
interphase formation in the pristine LMNO than in the composite. The 
coulombic efficiency stabilization shows values of 99.1 and 98.2 for 
pristine LMNO and the composite, respectively. However, pristine 
LMNO material shows a progressive reduction of coulombic efficiency 
after 180 cycles, suggesting that the charge is consume by short-circuit. 

The Figs. 5d and 5e show discharge profiles and C-rate at 60◦C of 
LMNO and LMNO-LFP/C-10W. LMNO-LFP/C-10W shows an enhanced 
electrochemical performance at 60◦C than pristine LMNO. The C-rate at 
60◦C shows higher performance for composite LMNO-LFP/C-10W 
retaining more than 90% at C-rates of 2C, higher than the pristine 
LMNO in which a discharge capacity is practically negligible. The ca-
pacity recovering of LMNO-LFP/C-10W at 0.1-0.5C, after 10C, is higher 

Fig. 5. (a) Discharge profiles (second cycle) and (b) cycling of LMNO, LMNO-LFP/C-S, LMNO-LFP/C-10W, and LMNO-LFP/C-100W operated at 25◦C and 0.5C. (c) 
Long-term cycling of LMNO and LMNO-LFP/C-10W composite operated at 25◦C and 0.5C. (d) Discharge profiles at 60◦C (e) C-rate discharge capabilities of pristine 
LMNO and LMNO-LFP/C-10W at 60◦. 
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than LMNO. Note that LMNO seems to achieve a comparable capacity to 
those of LMNO-LFP/C-10W but, in subsequent cycles, the capacity 
dramatically fades as a consequence of accelerated degradation. The 
enhanced C-rate performance at 60◦C for composite LMNO-LFP/C-10W 
than LMNO (Fig. 5d) is attributed to the improvement of Li-ion diffusion 
(mobility) at higher temperatures, particularly those related to the 
olivine particles. In fact, the C-rate at 25◦C (Fig. S10b-d) shows that the 
capacity at 10C of LMNO-LFP/C-10W is slightly lower than LMNO, 
probably because of the lower diffusion coefficient of the LFP/C olivine 
that lessen the C-rate performance for pristine LFP/C (Fig. S9c) and in 
accordance with their determined diffusivity values (Table S2). [42,43]. 
Nevertheless, the capacity recovery after high C-rate is again higher in 
LMNO-LFP/C-10W, which confirms the observations of the cell perfor-
mances at 60◦C. This means that the LMNO spinel coated with LFP/C 
retains a superior cycling and C-rate capability at room and high tem-
peratures, achieving a rather high electrochemical performance than 
uncoated spinel. A slight attenuation of the LMNO capacity can be 
observed at 25◦C because the presence of the LFP/C coating. This 
behavior could be probably due the lower diffusion coefficient of the 
olivine phase respect to spinel phase. However, the initial capacity 
attenuation problem is compensated by the better electrochemical 
behavior of the coated LMNO observed at high C-rate, high cycle 
numbers and high temperature tests. 

The LMNO|LFP/C interface, promoted by microwave irradiation, 
was modeled with DFT calculations to gain a deeper understanding of 
the nature of the interaction strength between them that makes its su-
perior electrochemical performance possible. The model is based on two 
considerations: (i) the LFP|C interface has a well-known and proven 
adhesion between C and LFP reflected in its improved electronic con-
ductivity compared to bare LFP particles and, (ii) the adhesion between 
LMNO and LFP/C may occur at LMNO|C interface in which the carbon 
should absorb microwaves to promote it. Therefore, we studied the 
interaction strength between LMNO substrate and C via explicit inter-
face structure modeling with DFT calculations (details at supporting 
information, Fig. S13-S14). 

The result of the Bayesian-driven interface structure search (See 
supporting information, Sec.2.3) for the LMNO(100)|C(001) system is 
shown in Fig. 6a. Starting from an initial dataset size of 4 randomly 
picked interface slabs, the minimum DFT total-energy (E) structure 
(with geometry optimization) was quickly found by the algorithm at 
sampling step t = 1 (see Fig. 6b-c for the actual optimized structure and 
its optimized vertical shift at the contact region). Additional rounds of 

sampling with geometry optimization of candidate interface structures, 
such as at t = {2, 3, 4}, have resulted to slightly higher E values. 
Moreover, with further sampling at t = 5, the DFT-optimized slab 
structure resulted to an even higher E value. This structure search effi-
ciency can be explained by the high symmetry of the two slabs (spinel 
and (001) hexagonal lattice points), which results to a highly periodic/ 
repetitive slab-to-slab atom-stacking alignment in the lateral-shift di-
rection (Fig. 6d). Meanwhile, the underlying probabilistic model (i.e., 
Gaussian process) has fairly deduced at t = 5 on which interface struc-
tures have high and low E values within the pre-defined sampling grid. 
This is made evident by the distinct overall shape of the evolved E 
landscape (Fig. S15), in which the predicted high (deep red) and low E 
(deep blue) regions are already clearly distinguishable at t = 5. More-
over, the prediction uncertainty on E is noted to be significantly reduced 
as well (see Fig. S16), as evidenced by the largely increased region with 
low DFT total-energy variance (σ2) (i.e., increased blue color area at t =
5). Based on this level of confidence by the probabilistic model on the 
overall shape of the E landscape, including the sudden increase of E 
value at t = 5, the likelihood for finding other low-E interface structures 
is expected to be largely diminished at t > 5. Thus, the structure sam-
pling procedure was terminated at t = 5. 

The optimized vertical shift distance between the two slab materials 
was determined to be z = 2.764 Å, this value is comparable with those 
found in related oxide substrates with adsorbed graphene layers 
(Table S6). The interaction strength (binding energy, Eb) between LMNO 
(100) and C(001) was estimated to be -0.065 eV which indicates that the 
C(001) bilayer energetically prefers to be adsorbed on the LMNO(100) 
surface. However, the layer-decomposed DOS profiles (C-2s, C-2p states) 
for the graphene contact layer and graphene top layer do not show any 
significant electronic band perturbation (Fig. 7a, 6b). This suggests that 
no new chemical bonds are formed between C(001) contact layer and 
the exposed cations/anions on LMNO(100). In the LMNO(100) side, 
layer-by-layer DOS profiles (Fig. 7c-e) also show close similarity, with 
the Fermi level region dominated by O-2p states and the overall elec-
tronic structures of Mn and Ni closely resembling that of +4 (t2g

3 eg
0) and 

+2 (t2g
6 eg

2) oxidation states, respectively. Given these findings, the 
interaction between LMNO and C is thus determined to be physical 
adsorption. Collectively, the Mn/Ni-O bonding network from the LMNO 
bulk to its surface region, the adhesion of C on LMNO surface promoted 
by microwave irradiation, and the adhesion of C on the LFP particle 
surface are expected to enable electronic conduction and good particle 
contact in the LFP/C-coated LMNO composite cathode. 

Fig. 6. (a) Interface structure sampling results 
for the LMNO(100)|C(001) by Bayesian-driven 
DFT-geometry optimization scheme. The 
lowest energy interface structure was found at 
sampling step t = 1. (b-c) Actual lowest-energy 
geometry-optimized interface structure (bc- and 
ac-plane view) showing the optimized vertical 
shift (zoptimized) at the contact region in the slab- 
normal direction. (d) Highlighted interface-slab 
contact region, showing only the C(001) bottom 
layer and LMNO(100) top layer (c-direction 
view).   
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Finally, Table 1 shows a comparison of the electrochemical perfor-
mance of LFP/C-coated LMNO prepared by different routes in Li-ion 
batteries. Although direct comparison is difficult due to the slight vari-
ation in spinel composition, the LFP/C-coated LMNO composite elec-
trodes show similar initial capacitance values. Among them, the in-situ 
deposition process leads to a high loss of discharge capacity, around ~ 
8%, [12] taking pristine LMNO spinel as reference, as a result of possible 
interfacial reactions during thermal treatment. In contrast, the 
mechano-fusion and microwave irradiation processes lead to an increase 
in discharge capacity because of the contribution of iron redox reactions 
from LFP olivine. 

A large amount of olivine (20 wt%) in the LFP/C-coated LMNO 
prepared by mechano-fusion affects considerably the performance at 
high C-rates losing more than 40% of the capacity at 10C [11]. In this 
sense, the low content of olivine (2 wt%), such as that used in the mi-
crowave process, provides sufficient chemical stability without affecting 
the capacity, which remains high even at a high C-rate (105 mAh g− 1 at 
10C). The electrochemical performance at high temperatures (around 
60◦C), using a similar amount of olivine, shows that LFP/C-coated 
LMNO obtained by 10-W microwave irradiation leads to notably ca-
pacity retention (97%) upon long-term cycling not obtained by other 
processes so far. The superior performance of the optimized 
LMNO-LFP/C-10W active material respect to other reported in the 
literature is associated to the better distribution and adhesion of the 
LFP/C coating on the LMNO active material conferred by the microwave 
irradiation technique, which also prevents the occurrence of side re-
actions during the synthesis procedure avoiding the formation of un-
desirable or contaminant phases. In addition, thanks to the localized 
heating, the microwave irradiation technique allows to use smaller 
amount of the less-conductive LFP/C coating material (2% in the 

optimized active material) than those used by other synthesis tech-
niques, like mechano-fusion process (20%) [11]. 

It is anticipated, the use of microwave-assisted synthesis is expected 
to allow the development of unique materials with synergic properties 
that cannot be achieved by traditional methods. For instance, this pro-
cedure could explore other low-cost spinel compositions and achieve 
even high capacities with enhanced chemical stability and cyclability at 
room and high temperatures. 

3. Conclusions 

The problems associated with the challenging atmospheric condi-
tions required to prepare LiFePO4/C-coated LiMn1.6Ni0.4O4 have been 
overcome by a simple and fast microwave irradiation process in an 
organic solvent medium. The preparation of LMNO-LFP/C under mild 
microwave irradiation conditions (10 W) considerably improves the 
electrochemical performance of the pristine LMNO spinel, providing not 
only a high initial discharge capacity, but also high-capacity retention 
upon long-term cycling and C-rate at 25◦C and 60◦C, not reported by 
other processes so far. The improved properties of the electrode are 
attributed to the high crystallographic order of the LMNO spinel and the 
improvement of physical adhesion between the LMNO spinel and carbon 
coating of LFP olivine phase promoted by microwave irradiation, which 
cannot be obtained by a simple mixture. The application of this pro-
cedure is expected to lead to the development of unique materials with 
synergic properties that cannot be achieved by traditional methods. 

Credit Author Statement 

F.A. Vásquez: Investigation, original draft preparation, data 

Fig. 7. (a). DFT-optimized lowest-energy LMNO(100)|C(001) interface structure as viewed in the bc-plane. (b-e) Layer-decomposed DFT density of states (DOS) 
profiles for labeled layers as shown in (7a). 

Table 1 
Electrochemical performance of LFP/C-coated LMNO samples prepared by different routes in Li-ion batteries at 25◦C and (55) 60◦C.  

Route Temperature, processing time Discharge capacity (mAh g− 1) Capacity retention LMNO-LFP (0.5C) Ref. 
LFP (wt.%) LMNO-LFP (0.5C) LMNO-LFP (10C) % Cycle # 

In-situ 550◦C, 5 h 1 125 [LOSS OF 8%] – 95 80 [12]      
*92 *40  

Mechano-fusion Not specified 20 123 [GAIN OF 7%] 70 82 100 [11] 
Microwave 200◦C, 7 min 2 119 [GAIN OF 4%] 105 97 100 This work      

80 500       
*97 *40  

LOSS and GAIN correspond to the discharge capacities loss or gain percentages after the synthesis procedure, taking the capacity of pristine LMNO spinel as a reference 
in each case. 
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