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Abstract
LiNi0.6Co0.2Mn0.2O2 (NMC 622) cathode material is widely used for lithium-ion batteries. The effect of the method of 
creating a protective layer of Li1.3Al0.3Ti1.7(PO4)3 (LATP) on the electrochemical characteristics of commercial cathode 
material NMC 622 was investigated. It was found that both methods of LATP coating did not affect the crystal structure and 
morphology of NMC 622. The prototypes of Li-ion batteries with a cathode based on modified NMC 622 are characterized 
by significantly higher stability of capacitive characteristics during long charge/discharge cycling, compared with prototypes 
of Li-ion batteries based on the pristine cathode material. In addition, the protective layer of LATP, applied by the sol–gel 
method, can significantly increase the capacity of the cathode material NMC 622 at the high current density and reduce the 
capacity drop during the continuous charge/discharge cycling. Creating a protective layer of LATP via sol–gel method is an 
effective way to improve the electrochemical characteristics of cathode materials such as NMC 622.

Graphical abstract
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1  Introduction

Lithium-ion batteries (LIBs) are widely used in consumer 
electronics, mobile phones, personal computers, as well as 
in hybrid and electric vehicles [1]. Various Li-containing 
materials are used as cathode materials for LIB, such as 
LiCoO2, LiNiO2, LiMnO2, and so on. The most common 
cathode material in the commercial LIBs is lithium cobaltite 
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(LiCoO2). The main disadvantages of LiCoO2 are high cost 
and low specific capacity (130–140 mAh/g) [2]. NMC solid 
solutions that chemical formula is LiNixCoyMnzO2 (0 < x, 
y, z < 1, x + y + z = 1) are promising candidates for replac-
ing lithium cobaltite. They are characterized by the higher 
capacity compared to LiCoO2, better thermal stability during 
the interaction with the electrolyte than LiNiO2, and better 
stability in cycling than LiMnO2 [3, 4]. However, according 
to the literature data, both the charge–discharge capacity and 
thermal stability for NMC-type layered cathode materials 
strongly depend on the ratio of nickel, cobalt, and manga-
nese in their structure. For example, it is well known that 
high nickel content promotes the increase in capacity but 
reduces the level of safety, while high content of cobalt and 
manganese improves the cyclicity and safety level by the 
reducing power [5, 6]. Therefore, the optimization of the 
chemical composition of NMC is a very important task for 
the enhancement of the electrochemical characteristics and 
safety level of LIBs using NMC-type cathode materials.

NMC-type materials, as well as other cathode materials, 
suffer from an interphase reaction between the cathode mate-
rial and the liquid electrolyte, which results in the transition 
of Co3+ to Co4+ and destruction of the NMC structure due 
to the disordering Li+ and Ni2+ ions in the crystalline lattice 
[7]. This interaction reduces the specific power and impairs 
the cyclicity of the cathode material. In addition, the litera-
ture data also notes that overcharging an NMC-based battery 
leads to the reducing Ni4+ to Ni2+, which is accompanied by 
the oxygen release and, due to the device overheating and 
interaction with flammable electrolyte, can lead to the explo-
sion or ignition of the battery [8, 9]. The safety issue con-
nected with the oxygen evolution is considered as the main 
disadvantage of using cathode materials with a high nickel 
content, despite of the obvious advantage of high capac-
ity. One of the most promising NMC-type layered cathode 
materials with a high nickel content is the material, which 
has the chemical composition of LiNi0.6Co0.2Mn0.2O2 (NMC 
622) [10, 11]. This material is characterized by the stable 
characteristics, high discharge–charging capacity, and a high 
level of safety, even at elevated temperatures [12, 13].

To prevent the interfacial side reactions, composite sys-
tems, in which a shell of chemically stable (in contact with 
the electrolyte) and electrochemically inert materials (such 
as FePO4, Al2O3, AlPO4, and so on) is applied to the parti-
cles of the NMC cathode material, were proposed [14–21]. 
Such a protective layer must be dense enough to prevent the 
contact of the cathode material with the liquid electrolyte 
and, at the same time, its thickness should not exceed a few 
nanometers, so as not to interfere the migration of lithium-
ions through it. In [22], the authors showed that solid elec-
trolytes, in particular lithium-aluminum-titanium phosphate 
Li1.3Al0.3Ti1.7(PO4)3 (LATP) with NASICON structure, 
can be used to create a protective shell on the particles of 

cathode materials. The protective layer was applied by the 
mechanical mixing NMC 532 particles and pre-synthesized 
LATP nanoparticles for 24 h in cyclohexane. This allowed 
achieving a significant improvement in the stability of the 
capacitive characteristics of the cathode material during a 
continuous discharge/charge cycle.

The deposition method [23, 24] and the sol–gel method 
[25] are often used to apply a protective shell of simple 
oxides to the cathode material. These methods are tradition-
ally used in the coating oxide materials such as TiO2, ZrO2, 
or SiO2, but they are quite difficult to implement for more 
complex systems such as AlPO4 or FePO4 [26, 27]. At the 
same time, it is difficult to achieve a uniform deposition of 
an all-over protective layer on the particles of the cathode 
material when creating a protective layer by the mechani-
cal stirring, since the particles of the protective layer in the 
most cases are unevenly distributed. However, there are no 
data in the literature on the relationship between the method 
of creating a protective layer on the surface of the particles 
of cathode materials and its electrochemical characteristics.

The aim of this work was to create a protective layer of 
LATP nanoparticles on the surface of particles of com-
mercial cathode material NMC 622 using two methods 
(mechanical mixing and sol–gel method) and to study the 
effect of the method of creating a protective layer on the 
electrochemical characteristics of the cathode material.

2 � Experimental

Obtaining Li1.3Al0.3Ti1.7(PO4)3 via sol–gel  method. LATP 
nanoparticles, which were used for the creation of a protec-
tive layer on the surface of the cathode material, were syn-
thesized by the sol–gel method. Lithium carbonate Li2CO3 
(99.99% Merck), aqueous solution of aluminum nitrate 
Al(NO3)3 (99.99% Merck), diacetylacetonate diisopropylate 
(IV) titanium C16H28O6Ti (∼75% in isopropanol) (purum, 
Sigma-Aldrich), 85% orthophosphoric acid H3PO4 (in water, 
FCC, FG Sigma-Aldrich), 65% nitric acid HNO3 (Sigma-
Aldrich), 25% aqueous solution of ammonia NH4OH (99% 
Sigma-Aldrich), citric acid (CA) (anhydrous, 99%, Merck), 
and ethylene glycol (EG) (99% Sigma-Aldrich) were used 
as the starting reagents for the synthesis. A stoichiometric 
amount of Li2CO3 was dissolved in 5 ml of nitric acid and 
added to the stoichiometric volume of aluminum nitrate 
solution. Appropriate amounts of citric acid and ethylene 
glycol were added to the aluminum and lithium solution and 
the mixture was heated at 120 °C with constant stirring. Tita-
nium diacetylacetonate diisopropylate (IV) was added after 
the evaporation of the solution for 8 h., Orthophosphoric 
acid and aqueous ammonia solution were added one hour 
after the addition of the titanium solution to achieve pH = 10. 
The synthesis was continued for 10 h at a temperature of 
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135 °C up to the gel formation. LATP precursor powder 
was obtained after pyrolysis of the gel at a temperature of 
350–450 °C. To form the crystalline structure of the parti-
cles, the pyrolysis product (LATP precursor) was treated at 
750° C for 2 h.

Application of a protective layer of Li1.3Al0.3Ti1.7(PO4)3 
on particles of the cathode material. A commercial sample 
of LiNiCoMnO2 (Ni:Co:Mn = 6:2:2, hereinafter NMC 622) 
manufactured by MTI Co was used as the cathode mate-
rial. The LATP protective layer on the surface of the NMC 
622 cathode material particles was formed using two meth-
ods—mechanical mixing and sol–gel technology. In [22], 
the authors demonstrated the effect of applying different 
amounts of LATP protective coating on the properties of 
the cathode material NCM 532 and showed that the optimal 
ratio of cathode material to the amount of LATP nanopar-
ticles applied to the surface of the cathode material is 99: 
1 wt. %. Therefore, similar ratios of LATP nanoparticles and 
cathode material were used in this work.

To apply a protective LATP layer by the mechanical stir-
ring (Fig. 1), the pristine particles of the commercial cathode 
material NMC 622 and the pre-synthesized LATP nanopar-
ticles in a ratio of 99:1 wt. % were homogenized in isopro-
panol for 24 h by an alternating stirring on a magnetic stirrer 
and ultrasonic homogenization at the room temperature. The 
obtained suspension was dried up to the complete removal 
of the solvent and heat-treated at 750 °C for 2 h with the 
heating rate of 5 °C/min.

To apply a protective layer of LATP on the particles of 
the cathode material by the sol–gel method, NMC 622 par-
ticles were injected into the jar, in which the LATP synthesis 
was carried out, according to the scheme shown in Fig. 2.

To establish the effect of the method of creating a pro-
tective layer of the cathode material on its electrochemical 
characteristics, the following samples were studied:

•	 NMC 622 without LATP protective layer (pristine);
•	 NMC 622 with LATP protective layer applied by the 

homogenizing pre-synthesized LATP nanoparticles with 
the particles of cathode material in isopropanol for 24 h 
(NMCm);

•	 NMC 622 with LATP protective layer applied by the 
homogenization of pre-synthesized LATP nanoparticles 
with particles of cathode material in isopropanol for 24 h, 
followed by the heat treatment of the composite for 2 h at 
a temperature of 750 °C (NMCm (T));

•	 NMC 622 with a protective layer of LATP, applied by 
the injection of cathode material particles into the reac-
tion jar during the synthesis of LATP sol–gel method, 
followed by the heat treatment of the composite for 2 h 
at a temperature of 750 °C (NMCsol-gel).

Production of LIBs models. The cathode mass was pre-
pared by stirring the cathode material (pristine NMC or 
NMC/LATP composite) with PVDF (polyvinylfluoride) 
solution in N-methyl pyrrolidone, carbon black, and graph-
ite at a ratio of 85:7:4:4 wt%.. Graphite SFG-6L and carbon 
black C65 were obtained from Timcal, Switzerland. The 
suspension was applied to the 20 μm thick aluminum cur-
rent collector using a Doctor Blade applicator. To remove 
the organic solvent, the collector with the applied cathode 
mass was dried for 30 min at a temperature of 100 °C. The 
electrode was rolled through rollers to seal the cathode mate-
rial. The electrodes were cut in the form of disks with the 
diameter of 16 mm and additionally dried at a temperature of 
120 °C for 12 h. The lithium electrode was made in a glove 
box from MBraun (USA) filled with argon. The content of 
water vapor and molecular oxygen in the box did not exceed 
5 ppm. The anodes were cut from 0.4 mm thick lithium tape 
in the form of disks with a diameter of 16 mm. Experimental 
LIBs were built using casing parts CR2016 coin-type cells. 
Separator Celgard 2400 with a thickness of 25 μm saturated 
with the electrolyte (1 M solution of LiPF6 in a mixture of 
solvents—ethylene carbonate/dimethyl carbonate/diethylene 

Fig. 1   Scheme for applying a protective layer of LATP on particles 
of commercial cathode material NMC 622 by the mechanical mixing

Fig. 2   Scheme for applying a protective layer of LATP on particles of 
the commercial cathode material NMC 622 via sol–gel method
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carbonate in a ratio of 1:1:1) was placed in the case of the 
element.

Design of LIBs prototypes. It is well known that the 
cycling of half-cells with a lithium electrode is limited by 
the behavior of the lithium electrode due to the formation of 
dendrites and the resulting increase in resistance. Therefore, 
the issues related to the design of prototypes of lithium-ion 
batteries and their suitability for the study of LIBs’ materi-
als in various types of tests, including long-term cycling, 
were investigated in this work. Casing parts of CR2016 
coin-type cells using tape electrodes were used to implement 
LIBs’ prototypes. The following parameters were taken into 
account during the research and development work on the 
design of the lithium-ion batteries: a) the need to properly 
balance the capacity of the positive and negative electrodes; 
b) it is necessary to achieve the highest values of specific 
energy and specific power. The test and layout focused on 
the electrochemical system with graphite anode based on 
TIMCAL TIMREX® SLP30 and cathodes based on pristine 
NMC and NMCsol-gel.

Equipment. The phase composition of the samples was 
determined by X-ray diffraction method (XRD) using 
DRON-4-07 diffractometer (CuKα-radiation, Ni-filter). 
Certified SiO2 (2θ standard) and Al2O3 (intensity standard) 
were used as the external standards [21]. Crystallographic 
lattice parameters of the samples were calculated by Rietveld 
method using FULL-PROF software package. The degree 
of crystallinity of the particles was calculated by the XRD 
integration method.

The morphology of the powders was observed using a 
JEM 1400 transmission electron microscope (Jeol, Japan) 
and a SEC miniSEM SNE 4500 MB scanning electron 
microscope. EDS spectra and element distribution maps 
were recorded using the EDAX Element PV6500/00 F.

The charge/discharge characteristics of LIBs models were 
obtained using multi-potentiostate ARBIN (MITS Pro Soft-
ware of MSTAT 32, Arbin Corporation, USA) and VMP3 
(Bio-Logic-Science Instruments, France). To establish the 
repeatability of the results, a set of three cells with the same 
composition of the cathode material was investigated.

3 � Results and discussion

XRD results for materials obtained during the synthesis of 
LATP by the sol–gel method (Fig. 3a) show that LATP pre-
cursor is amorphous during the synthesis, and the formation 
of a crystalline NASICON-type structure occurs in one stage 
at the temperatures above 750 °C. Crystallographic param-
eters calculated via XRD show that the synthesized sam-
ples have a rhombohedral structure and belong to the space 
group of R3c with the next cell parameters: a = 8.503 Å; 
c = 20.787 Å; V = 1301.46 Å3. Figure 3b represents TEM 

image, which shows that nanoparticles are weakly agglom-
erated and their size varies in the range from 50 to 80 nm.

Figure 4 demonstrates the results of X-ray phase analysis 
of both the pristine cathode material NMC and LATP nano-
particles synthesized by the sol–gel method (Fig. 4a), and 
cathode materials with a protective layer of LATP (1 wt.%), 
applied by two methods (Fig. 4b). All NMC diffraction 
peaks can be indexed in a hexagonal-layered structure of 
the α-NaFeO2 type with a space group of R3m that is evi-
denced by the clear splitting of the (006)/(012) peaks, and 
LAT—in a rhombohedral structure with a space group of 
R3c . Peaks of the NASICON rhombohedral structure are 
not observed in the XRD patterns of the cathode materials 
with a protective LATP layer due to the low LATP content 
in the investigated systems.

Crystal lattice parameters for NMC, NMCm, NMCm (T), 
and NMCsol-gel samples calculated by the Rietveld method 
are shown in Table 1. Here, Rb is Bragg factor and Rf is com-
pliance form factor [29]. As can be seen from the table, the 

Fig. 3   XRD patterns (a) and TEM image (b) of LATP nanoparticles 
obtained by the sol–gel method
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unit cell size for all samples is slightly different. This may 
indicate that Ti4+ ions present in the structure of the LATP 
protective layer diffuse into the structure of the cathode 

material during the coating process, which is also indicated 
by the authors of a number of works [29–31]. Increasing 
the parameters of the crystal lattice leads to an increase in 

Fig. 4   XRD patterns for (a) LATP (1) and pristine NMC (2) materi-
als; b cathode materials coated with a LATP protective layer by vari-
ous methods: 1—NMCm; 2—NMCm (T); 3—NMCsol-gel. Observed 

and calculated XRD patterns of samples: c—pristine NMC; d—
NMCm; e—NMCm (T); f—NMCsol-gel
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the size of the diffusion channels of lithium-ion that sim-
plifies the intercalation and deintercalation of lithium and 
reduces the destruction of the material during cycling [32]. 
At the same time, the table shows the ratio of the parameters 
c/a. According to the authors [28, 31], the value of c/a is 
an important factor that indicates the layered nature of the 
material structure. When the value of c/a is greater than 4.9, 
there will be a layered structure in the material. The greater 
this value, the greater the proportion of layered structure. 
As can be seen from the table, the value of c/a for all cath-
ode materials is ~ 4.95 and practically does not change with 
the application of a protective layer. This indicates that the 
samples with a protective layer of LATP retain their original 
crystalline structure.

Also, in the table, the values of crystallinity of the inves-
tigated samples are given. As can be seen from Fig. 5, the 
particles of the cathode material have a spherical shape and 
are porous, and the degree of their crystallinity is not equal 
to 100%. At the same time, when applying the LATP protec-
tive layer in the case of mechanical application, there is a 
decrease in the degree of crystallinity of the particles, which 
may indicate a statistical distribution of LATP particles on 
the surface of the cathode material. Since LATP particles are 
nanosized, this will reduce the degree of crystallinity of such 
composite structures. During heat treatment of such com-
posite structures, LATP nanoparticles close the pores of the 
cathode material, which leads to an increase in the degree 
of crystallinity. In the case of the NMC sample, the gel pen-
etrated into the surface layers of the porous structure of the 
cathode material, thereby reducing the number of pores and 
defects in such structures, which led to an increase in the 
degree of crystallinity of the composite structures.

The morphology of the pristine cathode material NMC 
622 and the cathode material with a protective LATP layer 
was examined using scanning electron microscopy, and 
obtained results are shown in Fig. 5. As it can be seen in 
this figure (Fig. 5a), the particles of the pristine cathode 
material have a spherical shape and a size near 7 μm. The 
surface of the particles is porous. It is not homogeneous 
and consists of a large number of particles with a size near 
500 nm. In contrast to the pristine cathode material, a large 
number of smaller particles are observed on the surface of 
NMC particles with a protective layer (Fig. 5b, c), and their 
surface is more homogeneous. According to the results of 
energy dispersion spectroscopy (EDS), there are no peaks 

of aluminum, titanium, and phosphorus on the surface of the 
particles of the pristine cathode material. At the same time, 
there are distinct signals of these elements in the EDS spec-
tra of the particles with a protective layer of LATP. Thus, 
the performed studies demonstrate that using both methods 
(mechanical application method and sol–gel method) allows 
obtaining a continuous protective layer of LATP on the sur-
face of the particles of the cathode material.

Electrochemical investigation of LIBs models. To study 
the electrochemical properties of modified cathode materi-
als, LIB models testing was performed, and its schematic 
representation is shown in Fig. 6.

The results of the study of cyclic voltammetry (CVA) of 
the first 3 cycles of laboratory models of electrochemical 
cells with different samples of cathode materials in the volt-
age range 2.7–4.5 V are shown in Fig. 7. The curves were 
obtained at the room temperature and the potential sweep 
rate of 0.01 mV/s. The CVA method is used to assess the 
reversibility of intercalation–deintercalation of the process 
of electrochemical incorporation of lithium into the cathode 
material. For the first cycle, one pair of cathode/anode peaks 
is observed, which indicates on the one-stage Red-Ox pro-
cesses for these materials. Upon subsequent cycling, there is 
an expansion of the peak in the cathode region. The reason 
for this may be due to the decrease in the crystallinity of 
the cathode material with the incorporation of lithium-ions. 
The results of the study point on the effect of heat treatment 
on the process of amorphization of the material during the 
cycling.

It should be noted that in the first cycle, the specific 
charge of the anode half-cycle of the CVA exceeds the cor-
responding value of the cathode half-cycle. This is due to 
the formation of a passivating film on the surface of the 
cathode material, which is formed in the first and partially 
in the second cycle. During subsequent cycling, the specific 
charge of the anode and cathode half-wave of CVA is the 
same, and the Coulomb efficiency is almost 100%, which 
indicates the absence of adverse reactions. However, the cur-
rent response (Fig. 7b–d) is associated with a pronounced 
peak shift in the direction of the scan. On the other hand, 
all electrodes with LATP show good reversibility of the 
charge transfer. Therefore, the slight separation of peaks in 
CV cannot be interpreted by the redox processes in LATP. 
A pronounced peak shift indicates that Li + intercalation in 
composite NMC-LATP happens under charge transfer and 

Table 1   Structural parameters 
obtained from Rietveld 
Refinement of pristine and 
LATP-coated samples

Sample a (Å) c (Å) V (Å3) c/a Rb Rf Crystallinity, (%)

Pristine 2.8634 14.1921 100.812 4.955 2.20 2.17 88.96
NMCm 2.8656 14.2050 101.017 4.957 2.78 2.14 85.72
NMCm (T) 2.8667 14.2102 101.127 4.957 2.55 2.15 89.81
NMCsol-gel 2.8687 14.2197 101.343 4.957 2.66 2.18 91.82
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diffusion contributes to the electrochemical response. The 
solid-state diffusion was modified by LATP. The relative 
contributions of charge transfer and solid-state diffusion in 
composite NMC-LATP are not constant in the voltage. This 
aspect is better inferred from EIS data.

Nyquist diagrams of LIBs models with cathodes based on 
the pristine NMC, NMCm, NMCm (T), and NMCsol-gel, which 
correspond to the state of charge of the cathode material, are 
shown in Fig. 8. The Nyquist curves are well described by 
the scheme in Fig. 9 and the simulation results are shown 
in Table 2. Impedance spectroscopy data are obtained in 
charged and discharged states of the cathode material. Ele-
ments describing the behavior of the cathode material (W, 

CPE1, Rc) are included in the equivalent circuit in order to 
better describe the processes occurring at the electrode/elec-
trolyte interface. The influence of the electrode/separator 
interface (R, C) and the influence of the lithium counter elec-
trode (CPE2, RLi) are also taken into account. Sometimes, in 
a half-cell system, the impedance value is coming from the 
lithium counter electrode. In order to minimize this effect on 
impedance spectrum, SEI was obtained after initial cycling 
of cells. In this case, the lithium counter electrode causes 
a relatively lower impedance (CPE2, RLi). Thus, Re and Rc 
represent the bulk resistance of electrolyte and the charge 
transfer resistance, respectively. The inclined line at low fre-
quency is derived from Warburg impedance (W), which is 

Fig. 5   SEM images and EDS 
results for the pristine cathode 
material NMC and LATP-
coated cathode material using 
different methods: a—pristine 
NMC 622; б—NMCm (T); b—
NMC sol–gel
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related to lithium-ion diffusion within cathode. According 
to table, the lower value of the charge transfer resistance 
(Rc) is acquired in a discharged state of cathode which cor-
responds to the higher concentration of Li+ ions in cathode. 
After charging of cathode up to 4.5 V, Li+ ions are extracted 
from the cathode that is accompanied with an increase of Rc.

It was found that the Rc value is higher for the elements 
based on of the pristine cathode material and NMCm after 
analyzing the simulation results. Consequently, the elements 
based on NMCm (T) and NMCsol-gel exhibit a much lower Rc 
value than pristine NMC, indicating the deposited LATP 
enhanced Li+ transport across cathode/electrolyte interface. 
Due to the fact that the semicircle (Fig. 8) is compressed, 
and a constant phase element CPE1 is represented inhomo-
geneity on electrode/electrolyte interface, surface roughness, 
and electrode porosity as well. According to our data, LATP 
does not lead to degradation of the cathode surface due to 
the formation of a thicker SEI and, therefore, cannot affect 
the charge/discharge process. Totally, the CPE of samples 

Fig. 6   Schematic representation of laboratory models of LIB for the 
investigation of cathode materials

Fig. 7   CVA of pristine and composite cathode materials: a—pristine NMC; b—NMCm; c—NMCm (T); d—NMCsol-gel
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Fig. 8   Nyquist diagrams of the pristine and composite cathode materials at different potentials vs Li: a—3.7 V; b—4.0 V; c—4.2 V; d—4.5 V

Fig. 9   Equivalent circuit used for simulating the experimental impedance data
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NMCm (T) and NMCsol-gel did not increase sufficiency that 
confirms out conclusions from the rate capability test.

The results of studies of galvanostatic charge–discharge 
cycling of electrochemical cells with cathodes made of the 
pristine NMC 622, NMCm (T) and NMCsol-gel in the volt-
age range of 2.4–4.2 V and at a current density of C/5 are 
shown in Fig. 10. Galvanostatic curves correlate well with 
the results of the CVA study. The calculated specific values 
of the accumulated charge are as follows: for the pristine 
material—158 mAh/g; for NMCm (T) and NMCsol-gel, this 
parameter is 157 and 156 mAh/g, respectively. According 
to the results of the study (Fig. 10) of the NMC and LATP 
composites, it was found that the modification of the cathode 

material with LATP nanoparticles does not cause the large 
losses in the specific capacity of the cathode material. A 
slight reduction in the specific capacity relative to the pris-
tine cathode material is due to the replacement of part of the 
NMC in the cathode by inactive LATP.

Figure 11 shows the dependence of the specific capac-
ity on the charge/discharge current density of the pristine 
cathode material NMC 622 and cathode materials with a 
protective layer of LATP in the voltage range from 2.5 to 
4.2 V. It is obvious that the specific capacity of all samples 
decreases with the increasing current density. It should be 
noted that the specific capacity of cathode materials with 

Table 2   Results of EIS-fitting of the equivalent circuit of an electrochemical cell with a lithium anode and NMC-based cathode from pristine 
and composite cathode materials

4.5 V 3.7 V

NMC NMCm NMCm (T) NMCsol-gel NMC NMCm NMCm (T) NMCsol-gel

L, Hcm2 3.41E-07 2.64E-07 3.53E-07 2.67E-07 2.77E-07 2.83E-07 3.14E-07 2.65E-07
Re, Ω cm2 5.24 6.63 5.18 5.86 5.67 6.73 6.32 6.83
W,
Ω−1 s−0.5 cm−2

0.116 0.258 0.170 0.176 0.201 0.170 0.318 0.189

CPE1,
Ω−1sncm−2

0.0034 0.0037 0.0051 0.0066 0.0033 0.0036 0.0051 0.0064

n 0.97 0.95 0.94 0.86 0.95 0.95 0.89 0.87
Rc, Ω cm2 142.8 254.7 53.42 48.28 24.07 34.52 9.614 12.98
CPE2,
Ω−1sncm−2

0.0004 0.0006 0.0005 0.0006 0.0006 0.0010 0.0005 0.0003

n 0.70 0.73 0.74 0.74 0.74 0.67 0.73 0.71
RLi, Ω cm2 1.80 1.20 1.42 1.71 1.84 2.44 1.96 3.94
C, Fcm−2 0.0069 0.0069 0.0069 0.0069 0.0069 0.0069 0.0069 0.0069
R, Ω cm2 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38

Fig. 10   Charge/discharge curves of pristine and composite cathode 
materials

Fig. 11   The specific capacity of the pristine cathode material and 
cathode materials with a protective layer of LATP at the different cur-
rent densities
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a protective layer is lower than the specific capacity of the 
pristine cathode material at low current densities. This may 
be due to the replacement of the part of the NMC in the cath-
ode with inactive LATP. However, the specific capacity of 
the NMCsol-gel is significantly higher than that of other mate-
rials (pristine NMC 622 and NMCm (T)) at current densities 
more than 30C. There are technical limitations to testing at a 
higher current rate. The effects of the counter electrode and 
the low electrical conductivity of the electrolyte are decisive. 
The above effect limits the performance of cells. Compara-
ble test at over 1C shows that the application of a protective 
layer of LATP via sol–gel method can significantly increase 

the specific capacity of the cathode material NMC 622 at the 
high current densities.

Figure 12 shows the results of galvanostatic cycling of 
LIBs models with cathodes based on the pristine NMC, 
NMCm (T), and NMCsol-gel at a temperature of 12 °C in the 
voltage range of 2.7—4.3 V instead of 4.2 V which is com-
monly used. Reducing the temperature and increasing the 
cycling voltage allows better determination of the action of 
the protective layer, since these changes lead to an increase 
in the rate of degradation of the characteristics of the cath-
ode material [33, 34]. Figure 12 shows that at the beginning 
of the cycling the capacity of both composite cathode mate-
rials is inferior to the cathode material without a protective 
layer, but the capacity drop during the cycling process for 
the capacity cathode material is much lower. The capacity 
drop of the cells during long cycling is primarily due to the 
poor cycling stability of the lithium electrode [35] and the 
formation of dendrites on its surface. The decision to limit 
the study to 80 cycles was made for the same reason.

LIBs prototypes with a capacity of 3–5 mAh with a 
maximum voltage of 4.3 V at a current density of C/5 were 
constructed and investigated. Cycle curves for LIBs pro-
totypes are shown in Fig. 13. The charge/discharge curves 
for LIBs prototypes with pristine and modified NMC are 
similar. It should be noted that significantly higher values 
of residual capacity were observed after long cycling for 
the LIBs prototype with cathode material, NMCsol-gel mate-
rial. For example, during 150 cycles, the LIBs prototypes 
made using NMCsol-gel as a cathode material lost 7.14% of 
the initial capacity, while, for the LIBs prototypes with the 
pristine cathode material, this value was 16.74%. Chang-
ing the capacity during cycling is shown in Fig. 14. The 
figure shows that LIBs prototypes with a cathode based 
on NMCsol-gel were characterized by significantly higher 

Fig. 12   Change of specific capacity of the pristine NMC and cathode 
materials with a protective layer of LATP during a long-term charge/
discharge cycling at a current density of C/5: 1 pristine NMC; 2 
NMCm (T); 3—NMCsol-gel

Fig. 13   Charge/discharge curves for LIBs prototypes based on the pristine cathode material (a) and NMCsol-gel (b)
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stability of capacitive characteristics during long charge/
discharge cycling, compared with LIBs prototypes based 
on the pristine cathode material.

4 � Conclusions

The effect of the method of creating a protective layer on the 
surface of the NMC622 cathode material on its electrochem-
ical characteristics was investigated for the first time in this 
work. It was found that the creation of a protective layer of 
nanoparticles of solid electrolyte LATP using two methods 
(mechanical application and sol–gel method) can increase 
the stability of the capacitive characteristics of the cathode 
material during a long-term charge–discharge cycling. How-
ever, applying the LATP protective layer to the particles of 
the NMC 622 cathode material by the sol–gel method is 
more promising technology, as it reduces the capacity drop 
during a long-term cycling by almost 2.5 times compared 
to the cathode material without a protective layer. In addi-
tion, the application of a protective layer of LATP using the 
sol–gel method can significantly increase the capacity of 
the cathode material at high current density. The obtained 
results provide a basis for a systematic study of the effect 
of the deposition of a protective LATP layer by the sol–gel 
method on the electrochemical characteristics of other lay-
ered cathode materials with the NMC-type structure.
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