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Abstract
In this work, a Li-rich layered 0.5Li2MnO3.0.5LiMn1/3Ni1/3Co1/3O2 (LMNCO) pristine cathode material synthesized with a
glycine-nitrate combustion method is further coated with silver. The effects of silver coating on the material structure and
performance of the as-prepared cathode are systemically studied with X-ray diffraction (XRD), scanning electron microscope
(SEM), galvanostatic charge/discharge, cyclic voltammetry (CV), and electrochemical impedance spectra (EIS). Material char-
acterizations and electrochemical measurements show that the surface modification does not lead to the change of crystal lattice
parameter and particle morphology. It is found that the rate capability and cyclability can be significantly improved, which could
be attributed to the enhancement of electronic conductivity of the particle surface of the cathode. It has been found that the
obtained silver-coated LMNCO cathode exhibits excellent electrochemical characteristics. For example, it can deliver a high
initial discharge capacity of 290 mAh g−1 between 2.0 and 4.9 Vat a rate of 0.05C at room temperature and a discharge capacity
of 159 mAh g−1 at 1 C, 128 mAh g−1at 2 C, and 101mAh g−1 even at 5 C. EIS result shows thatRsf and Rct values of LMNCO are
bigger than those of silver-coated LMNCO cathode.

Keywords Li-rich layered cathodes . Lithium batteries . Silver coating . Capacity fade . Cycling performance . Cyclic
voltammetry

Introduction

Nowadays, rechargeable Li-ion batteries (LIBs) are extensively
used in almost all types of electronic devices, including cell
phones, laptop computers, camcorders, and even electric and
hybrid electric vehicles due to their high energy and power
density, high voltage, and long lifespan [1–3]. The LIBs mate-
rials for new generations of such apparatuses are required for
combining high power and energy densities. In the three pri-
mary functional components of the lithium-ion battery, cathode

material plays a decisive role on its electrochemical properties.
Since 1991, the cathode material LiCoO2 was commercialized
by Sony Corporation, but LiCoO2 has limitations with respect
to capacity, thermal stability, high cost, and chemical stability at
high states of charge (above 4.3 V). Therefore, there is a strong
demand to find some new alternative cathodematerials to solve
these problems [2, 4, 5]. Layered lithium transition met-
al oxide LiNi1-x-yCoxMnyO2 has been regarded as the
most important cathode material for high-energy batte-
ries due to their intrinsic characteristics, such as less
toxicity, lower cost, better thermal stability, and higher
discharge capacity than currently large-scale used
LiCoO2 [6–8].

In par t icu lar, Blayered– layered^ xLi2MnO3· (1
−x)LiMn1/3Ni1/3Co1/3O2 lithium-rich manganese–based solid
solution cathode materials, which are comprised of a two-
layered component, are known to deliver a discharge capacity
of 200–250 mAh g−1 when charged to high potentials, and
their capacities are almost twice than that of a conventional
LixCoO2 electrode [9, 10].
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Howe v e r , Bl a y e r e d – l a y e r e d ^ xL i 2MnO 3 · ( 1
−x)LiMn1/3Ni1/3Co1/3O2 lithium-rich manganese–based solid
solution cathode materials still have several performance draw-
backs, such as

1. Large irreversible capacity loss (20–30%) in the first cycle,
2. Poor rate capacity performance,
3. Poor cycling stability, especially at high current density [11].

The mechanical degradation is mainly due to the fracture of
electrode materials especially for those with high energy den-
sity, finally leading to the loss of electrical contact [12]. On the
other side, the chemical degradation is mainly associated with
the aggravated side reactions between the cathode materials
and the electrolyte under high voltage which results in the
formation of a non-conducting solid electrolyte interface lay-
er, accelerating damage to the cathode material surface [13,
14]. Abraham et al. report on solutions to three of the afore-
mentioned deficiencies of the lithium-rich layered–layered
composite oxides by substituting some of the Li with Na
[15]. One effective method to resolve the aforementioned
problems of lithium-rich materials is surface modification
with coating materials such as Al2O3, ZrO2, MoO3, and
AlF3, which reduces the irreversible capacity in the initial

cycle and improves cyclic stability by suppressing elimination
of oxygen-ion vacancies and parasitic reactions at high volt-
age (≥ 4.5 V) [16–19]. Recently, the silver coating was report-
ed to improve the rate performance and cyclic stability of
LiMn2O4 and LiFePO4 [20, 21].

In this study, we first prepared Li1.3Mn0.666Ni0.167Co0.167O2.4

(0.5Li2MnO3.0.5 LiMn1/3Ni1/3Co1/3O2) (LMNCO) with silver
nanocoating which remarkably enhanced the electrochemical
performances of LMNCO including cyclic stability and rate
capability. The improved electrochemical performance
together with the low-cost nature and simple preparation
approach makes it possible to use these new 0.5Li2MnO3.0.5
LiMn1/3Ni1/3Co1/3O2 composite materials as promising cathode
candidate in lithium-ion batteries.

Experimental

Synthesis of 0.5Li2MnO3.0.5 LiMn1/3Ni1/3Co1/3O2

cathode

Untreated LMNCO was synthesized with a glycine–nitrate
combustion process. Figure 1 shows the preparation proce-
dure of the cathode material. Firstly, stoichiometric amounts

Fig. 1 Synthesis procedure of
LMNCO cathode
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of Mn(CH3COO)2·4H2O (Sigma), Co(NO3)2.6H2O (Merck),
and Ni(NO3)2.6H2Owere dissolved in distilled water. Glycine
(Merck) was added to the solution either as a solid or as a
water solution. Its role was to serve both as a fuel for combus-
tion and as a complexant to prevent inhomogeneous precipi-
tation of individual components prior to combustion. Finally,
nitric acid with the same mole of acetate anions was added to
the solution. The solution was heated continuously without
any previous thermal dehydration. Afterwards, the solution
became a transparent viscous gel which was auto-ignited, giv-
ing a voluminous, black, and sponge-like ash product of com-
bustion. The resulting ash was mixed and grinded with a stoi-
chiometric amount of Li2CO3 and then, it was heated at
500 °C for 5 h, 850 °C for 15 h in air, respectively. In order
to coat LNMCO with silver, silver nitrate was solved in the
mixture of ethanol and deionized water, and then, LNMCO
powder was added into the solution. The cathode was
suspended in the solution which was stirred vigorously with
a magnetic stirrer. Finally, ammonia solution (25 w/w%) was
poured in this suspension to reduce silver ions and thereby
deposit metallic silver particles on the LNMCO powder.
The weight ratio of the silver nitrate to the LNMCO pow-
ders for this method was 5 wt%. The above composition and
synthesis of silver-coated LiMn2O4 samples were fixed by
Son in earlier studies [20].

Characterization techniques

The crystal pattern of the samples was characterized with X-
ray diffractometer (Rigaku Ultima IV) equipped with Cu-Kα
radiation (α = 1.54178 Å) and a graphite monochromator.
Scanning electron microscope (SEM, Zeiss EVO) and field-
emission scanning electron microscope (FESEM, Hitachi
S-4800) were used to observe the morphology of the powders
by equipping energy dispersive spectroscopy (EDS) to per-
formed element composition of the powders. The silver com-
ponent in the coated sample was determined with an induc-
tively coupled plasma (ICP) emission spectrometer (Agilent
7500A). Thermal analysis of the precursor sample (ash and
Li2CO3) of cathode material was carried out using a Pekin
Elmer (diamond) TG/DTA thermal analyzer at a heating rate
of 10 °C min−1 under air atmosphere to specify the optimum
temperature for phase formation of LMNCO.

Electrochemical measurements

The electrode slurry was produced by mixing active materials
with polyvinylidene fluoride (PVDF was dissolved in N-
methyl-2-pyrrolidone (NMP) with a content of 10 wt%) as a
binder and Super P carbon black as a conductive agent with a
weight ratio of 8:1:1. This slurry was coated onto Al foils via
doctor blade technique and then dried at 120 °C for overnight
in a vacuum oven. Each electrode was cut into discs with a

diameter of 11 mm. The final working electrodes were usually
discs whose active mass exposed to the electrolyte solution
were 4–5 mg cm−2. Electrochemical measurements were per-
formed using Swagelok-type cells with lithium foil as the
counter/reference electrode, and glass microfiber filters
(Whatman) as the separator. The electrolyte was a 1 M
LiPF6 solution in a 50:50 (w:w) mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC). The cells were assembled
in argon-filledMBraun Uni Lab glovebox. All the as-prepared
cells were stabilized for 5 h before measurements. The cells
were galvanostatically charged and discharged on an 8 chan-
nel MTI battery analyzer. The cells were typically cycled be-
tween 2.0 to 4.9 V vs Li+/Li0, and 1.0 C rate was equal to the
current density of 280 mA g−1. Cyclic voltammograms (CV)
and electrochemical impedance spectroscopy (EIS) measure-
ments were performed with a VersaSTAT MC multi-channel
potentiostat/galvanostat/impedance analyzer. CV tests were
investigated in the voltage range of 2.0–5.0 V at a scan rate
of 0.1 mV s−1, and EIS tests were carried out when the ampli-
tude of AC signal was 5 mV over a frequency range from
100 kHz to 10 mHz at 4.1 V charge state. Electronic conduc-
tivity of cathodes was measured with a linear scanning volt-
ammetry method with a VersaSTAT MC multi-channel
potentiostat/galvanostat/impedance analyzer.

Results and discussion

The TG/DTA curve of LMNCO precursor is described in
Fig. 2. In order to better find out the decomposition reactions
occurring in the synthesis, TG analysis was fulfilled on the
precursor sample at a ramp rate of 10 °Cmin−1. The TG curve
clearly displays the three weight loss regions. The mass loss
between 100 and 200 °C is attributed to the physically
adsorbed water from the precursor mixture. Further, the TG
curve shows steep weight loss between 450 and 600 °C. This
effect is due to the thermal decomposition of Li2CO3.
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Fig. 2 Thermogravimetric and differential thermal analysis (TG/DTA) of
the precursor sample (ash and Li2CO3)
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Although pure Li2CO3 decomposes around 750 °C, as earlier
studies [22] have indicated, this result suggests that the de-
composition temperature can be imposed by the presence of
water and transitional metals. Finally, TG/DTA curve presents
a well-defined exothermic peak at 730 °C suggesting the for-
mation of layered material. DTA curve advocates no further
thermal reactions beyond 800 °C.

The XRD patterns of the pristine and silver-coated
LMNCO prepared with combustion method are presented in

Fig. 3. All the diffraction peaks can be indexed as the a-
NaFeO2-type layered structure (space group R-3m) with ad-
ditional weak short-ranged super structure reflections around
2θ = 20–25°. The characteristic diffraction peaks of silver can-
not be seen in the XRD pattern due to the low weight ratio of
silver (0.93 wt%) in the cathode material. The weak peaks
between 20 and 25° are consistent with the LiMn6 cation
arrangement that occurs in the transition metal layer of
Li2MnO3. The (006)/(102) and (108)/(110) doublets are clear
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split, which indicates the as-prepared layered structures have
good hexagonal ordering [23]. The ratio of I(003)/I(104) is
1.423 (> 1.2), which also demonstrates the formation of lay-
ered structure, and the cation mixing phenomenon is very
weak [24]. Lattice constants were calculated from the XRD
pattern of Fig. 3 with a least-squares refinement. The lattice
constants of pristine and silver-coated LMNCO were deter-
mined to be 0.2850(3) nm and 0.2820(4) nm for (a), and
1.4238(2) nm and 1.4242(2) nm for (c) with a unit volume
of 0.11156 nm3 and 0.11325 nm3, using only the R3m space
group during Rietveld refinements, respectively. The crystal
size parameter of LMNCO from the XRD data via the
Williamson–Hall method was found as a 45.69(4) nm.

The SEM images of the LMNCO and silver-coated
LMNCOmaterials are shown in Fig. 4. Figure 4a and b reveal
that the polyhedral-spherical nanoparticle of pristine and
silver-coated LMNCO powder is relatively uniform in the
range from 100 to 500 nm. The sharp edges and smooth
planes indicate that the LMNCO material is highly crystal-
lized, which is consistent with the XRD results. The formation
of the polyhedral-spherical particle is beneficial for achieving
a high tap density and energy density. In addition, it should be
noted that, in cathode materials, the Li+-ion diffusion not only
adheres to the size of primary particles but also to on the
morphology and porosity of the secondary particles.

Figure 4 e shows EDS analysis and elemental mapping of
silver-coated LMNCO cathode. As seen in Fig. 4 c–d, silver is
homogeneously distributed onto LMNCO cathode material.
Furthermore, to verify the chemical composition of the syn-
thesized particles, the EDS analysis of silver-coated LMNCO
sample with SEM was conducted. EDS spectrum of the sam-
ple exhibits the characteristic peaks ofMn, Ni, Co, O, and Ag.
No other element was detected in EDS analysis with SEM.
From the EDS spectrum, the weight ratio of silver in the cath-
ode material was calculated to be below 2.0%. Because of the
fact that EDX is a semiquantitative analysis method, we car-
ried out ICP analysis in order to determine the real silver
content in the cathode material. ICP analysis revealed that
the weight ratio of silver was 0.93%. The stoichiometric factor
of Ag/AgNO3 is 0.63. Reduced metallic silver particles may
not deposit on the surface of cathode particles and may mi-
grate into the coating solution during the coating process.
Because of these reasons, the silver content in the cathode
material has a low ratio.

Figure 5 a, b represents the initial charge–discharge
profile of LMNCO and silver-coated LMNCO cathodes
at a current density of 0.05 C (1.0 C = 280 mA g−1) in
the voltage range of 2.0–4.9 V at room temperature. As
can be seen in Fig. 5, there are two plateaus in the initial
charge profile: one is at about 4.0 V and the other one is at
about 4.5 V. The former plateau is the Li-extraction from
the structure of space group R-3m accompanying the re-
actions of Ni2+/4+and Co3+/4+ [25].

As expected, the potential plateau during the first charge is
much shorter and the capacity delivered is less for the pristine
electrode (278 mAh g−1), whereas the first discharge capacity
for silver-coated LMNCO cathode was found as 290 mAh g−1

at 0.05 C rate. Besides, the 5th, 35th, and 65th discharge
capacities of pristine cathode were found as 140.1 mAh g−1,
85.6 mAh g−1, and 42.8 mAh g−1 at 1 C, 2 C, and 5 C, re-
spectively. On the other hand, the 5th, 35th, and 65th dis-
charge capacities of silver-coated cathode were found as
158.1 mAh g−1, 127.5 mAh g−1, and 97.3 mAh g−1 under
the same condition. It can be clearly said that the improvement
of the discharge capacities at different C rates is related to
increasing the conductivity of cathode. It is believed that silver
surface modification not only reduced the side reactions but
also significantly enhanced the surface intercalation reaction
and reduced the polarization in the cell.

Figure 5 c shows several charge–discharge profiles (5th–
20th) of the pristine and silver-coated cathode at 1 C rate. It
can be clearly seen in Fig. 5 c that the gaps occupy the space
between the charge and discharge plateau regions. The gaps
which are related to polarization in the cell are different in
sizes. The gap for the pristine cathode is much bigger than
that for the silver-coated cathode. This means that the polari-
zation of pristine cathode increases with cycling, whereas the
polarization of silver-coated cathode is nearly the same. These
results revealed that silver coating decreased both polarization
and voltage level of the cell.

All cathodes were charged at 0.05 C rate and discharged at
1 C rate for the first 50 cycles, then charged/discharged at 1 C
rate for the second 50 cycles. Results are compared in Fig. 5 d.
The silver-coated pristine cathode maintains 146.4 mAh g−1,
which corresponds to 84% of the initial capacity after the first
50 cycles. The discharge capacity of the pristine cathode seri-
ously fades, and only 65% is retained after the first 50th cycle.
In addition, after the second 50 cycles (100th cycle), the dis-
charge capacity and capacity retention of pristine and silver-
coated cathodes are 90.4 mAh g−1, 124.6 mAh g−1, and 53%,
71%, respectively. As can be seen Fig. 5 d, silver coating
significantly improved cycling stability of cathode due to the
enhancement of electron and ionic conductivity. This issue is
related to the good electron transportation during the lithium
insertion-extraction reaction of the cathode.

Rate performance tests were conducted between 2.0–
4.9 V at 1 C (280 mA g−1), 2 C (560 mA g−1), and 5 C
(1400 mA g−1) for 30 cycles. The results of the rate

�Fig. 5 a, b The charge–discharge profile of LMNCO and silver-coated
LMNCO cathodes. c Specific capacity vs. voltage curves for the pristine
and silver-coated electrodes at the 5th, 10th, 15th, and 20th cycle at 1 C
rate. dCycling behavior of LMNCO and silver-coated LMNCO cathodes
at various charge rates and constant discharge rate measured in the poten-
tial range of 2.0–4.9 V. e Rate performance of LMNCO and silver-coated
LMNCO cathodes in the potential range of 2.0–4.9 V
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capability tests of the LMNCO and silver-coated LMNCO
cathode materials are compared in Fig. 5 e and Table 1.

The figure shows similar trends to those observed in the cy-
cling tests. As seen in Fig. 5 e and Table 1, silver-coated cathode
delivers a30th,60th, and90thdischargecapacityof155.8,130.6,
and 101.1 mAh g−1 at 1 C, 2 C, and 5 C, respectively, which is
obviously higher than the pristine cathode of 120.6, 84.1, and
38.9 mAh g−1 and what’s more, the capacity fade ratios of silver
cathode are lower than that of the pristine cathode. Rate perfor-
mance tests revealed that the polarization of cathode can be hin-
deredathighcurrentdensitiesviasilvercoating.Thesilver-coated
cathode material shows better electrochemical performance and
higher discharge capacities at all rates because it possesses better
electronic conductivity. Electronic conductivity of pristine
LMNCO and silver-coated LMNCO cathodes was found as
4.01 × 10−6 S cm−1 and 4.4 × 10−4 S cm−1, respectively. The re-
sistance(R)wasextractedfromthe I–VcurvebasedonOhm’slaw.
Resistivity (δ) was determined using the equationR ¼ δ L

Awhere
A is the pellet area andL is its thickness. 1/δ yielded dc electronic
conductivity for each cathode.

The redox behavior of the LMNCO and silver-coated
LMNCO cathodes were investigated with CV shown in
Fig. 6. Before the cycling process, two primary peaks ap-
peared at about 4.2 Vand upon 4.5 V. The first peak can be
attributed to the oxidation of Ni2+ and Co3+ to Ni4+ and
Co4+, respectively. The second peak beyond 4.5 V is due
to Li2MnO3 activation where Li2O is released from the
structure, and the reduction peak appearing about 3.8 V
could be related to Co4+ and Ni4+ reduction. After the
activation of Li2MnO3, some new redox properties were
seen in the first cycle. For instance, after the first cycling
procedure, first new oxidation peaks appeared at around
3.3 V. This new peak which appeared at 3.3 V is probably
due to the oxidation of reduced (lithiated) MnO2 (from
Mn3+ t o Mn4+ ) c r e a t ed i n t he f i r s t d i s cha rge .
Subsequently, the second new oxidation peak appeared
due mainly to Ni2+/Ni4+ oxidation, and a small peak just
below 4.5 V was determined which is attributed to the
oxidation of Co3+. These oxidation peaks are followed
by reduction peaks which could be Co4+ and Ni4+ reduc-
tion at 3.7 V, respectively [26, 27]. Finally, the last

reduction peak which is located around 3.3 V due to Mn
reduction from partially oxidized Mn3+ appeared. In gen-
eral, after the 30th cycle, the peaks shifted to lower poten-
tials, a strong indication of structural transformation.
Figure 6 extrapolated that redox behavior of the

Fig. 6 Cyclic voltammograms of the LMNCO and silver-coated
LMNCO cathodes recorded in the voltage range of 2.0–5.0 Vat scan rate
0.1 mV s−1

Table 1 Discharge capacity and
capacity fade ratios of the pristine
and silver coated cathodes at
different C rates as shown in Fig.
5e

Cycle number /
C-rate

Pristine cathode Silver coated cathode

Discharge
capacity (mAh g-1)

Capacity fade % Discharge capacity (mAh g-1) Capacity fade %

5’th / 1 C 139.3 13.4 158.9 2.0
30’th / 1 C 120.6 155.8

35’th / 2 C 85.6 1.8 127.5 0.0
60’th / 2 C 84.1 130.6

65’th / 5 C 42.8 9.1 97.2 0.0
90’th / 5 C 38.9 101.1
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Fig. 7 a, b, c Electrochemical impedance spectroscopy (EIS) Nyquist plots of LMNCO and silver-coated LMNCO cathodes at 4.1 V. d, e Pristine
cathode and silver-coated cathode for the relationship between ZRE and w

−1/2 at low-frequency region
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LMNCO and silver-coated LMNCO cathodes resemble
each other. Because of this reason, it may be clearly stated
that the silver coating process does not have a destructive
effect on the electrochemical process. When we compare
two different CV results, we can see that the redox peak
intensity of silver-coated LMNCO cathode is sharper than
the pristine one. This result may be related to better elec-
trochemistry kinetics of coated cathode.

Electrochemical impedance spectroscopy (EIS) of the
charged (4.1 V) Swagelock-type T cells is conducted to analyze
the interface reaction and the process of lithium intercalation/de-
intercalation into the electrode. The EIS profiles of the cathodes
were obtained when the cell was fresh and for the cycles 1, 10,
and 50 times respectively at 1 C between 2.0–4.9 V. The EIS
spectrum of fresh cathodes shows that silver-coated LMNCO
cathode has fewer impedance than a pristine one. It can be
observed that each plot exhibits two arcs and one slope line.
Commonly, the high-frequency semicircle reflects the imped-
ance of lithium-ion diffusion in the surface layer (including
SEI layer and surface modification layer) of the electrode (Rsf)
[28]; the second semicircle in the intermediate frequency arc is
related to charge transfer impedance in the electrode/electrolyte
(surface film and the active cathode mass) interface (Rct) [29];
and the sloped line of the low-frequency range is bound up with
the Warburg impedance (Zw) which corresponds to lithium-ion
diffusion in the material [30]. As seen in Fig. 7 b and c, the first
semicircles which are related with SEI (Rsf) for the silver-coated
cathode are almost similar. In stark contrast, the first semicircle
of pristine cathode continuously increases with cycling. This
means that lithium-ion diffusion of the pristine cathode in the
surface layer continuously declines after the first cycle. It can be
clearly said from the EIS measurements that silver-coated
LMNCO cathode has more stable SEI than that of the pristine
cathode. Besides, second semicircles of two cathodes in the
intermediate frequency (Rct) which is related with charge trans-
fer impedance increase with cycling; however, the Rct values of
the silver-coated cathode aremuch lower than that of the pristine
cathode. As seen in Fig. 7 and Table 2, the Rct values of pristine
cathode dramatically increased after the first cycle.
Electrochemical impedance spectroscopy (EIS) analyses also
reveal the more stable electrode/electrolyte interface of the
surface-modified electrode for 50 cycles compared with the
pristine electrode (Fig. 7) and the semicircle of the silver-
coated LMNCO electrode in the EIS curve stays smaller and

more steady throughout cycling. The EIS test result verified
better electronic conductivity and electrochemical kinetics of
the silver-coated cathode [31]. Detailed EIS results are summa-
rized in Table 2.

The values of Rsf, Rct, and Li diffusion coefficient (DLi) are
shown in Table 2. The diffusion coefficient was extracted
according to a Warburg model with a linear overvoltage-
current relationship [32–35] using the following equation:

D ¼ R2T2

2A2n4F4C2
Liσ

2

where R and T are the universal gas constant and the abso-
lute temperature, respectively, A is the surface area of the
electrode, n the number of electrons in the electrochemical
reaction (1 for Li), F is the Faraday constant, and CLi is the
Li-ion concentration in the material.CLi can be depicted as the
quotient of density and molar mass and is the Warburg factor
which has a relationship with ZRE (w = 2πf)

ZRE ¼ Rsf þ Rct þ σw−1=2

The relationship between ZRE and the square root of fre-
quency (w-1/2) in the low-frequency region is shown in Fig. 7
d, e as follows:

Figure 7 d, e and Table 2 clearly show that the DLi values of
silver-coated cathode material are roughly equal to those of
pristine cathode for the first and 10th cycle. The diffusion coef-
ficient of Li ions (DLi) is an intrinsic physical property. As de-
scribed above, the XRD and SEM analyses showed that silver
coating did not change the crystal and particle structures.
Because of these reasons, silver coating might not cause a huge
change in the DLi values. However, after the 50th cycle, DLi

value of silver-coated cathode ((2.1 ± 0.2) × 10−15 cm2 s−1)) is
one order of magnitude higher than that of the pristine cathode
((8.0 ± 0.2)×10−16 cm2 s−1). This issue may be related with two
reasons: (i) Li atoms occupy different oxide sites during charge
and discharge for the same voltage and/or capacity and (ii) the
difficulty for Li+ trapping in negative SEI film that caused by the
crystal structural changes during cycling [36].

Figure 8 shows the capacity cyclability of pristine LMNCO
and silver-coated LMNCO at 0.05 C/1 C charge–discharge
rate between 2.0 and 4.9 V at 55 °C. It is clear that the silver
coating significantly improves the initial discharge capacity of
the cathode. However, the surface modification does not

Table 2 Quantitative values of EIS
analyses as shown in Fig. 7 b, c Pristine LMNCO Silver-coated LMNCO

Rsf (Ω) Rct (Ω) DLi (cm
2 s−1) Rsf (Ω) Rct (Ω) DLi (cm

2 s−1)

1st cycle 115 ± 3 197 ± 4 (3.3 ± 0.1) × 10−15 30.4 ± 1.4 66 ± 2 (7.0 ± 0.1) × 10−15

10th cycle 144 ± 3 311 ± 5 (1.9 ± 0.2) × 10−15 33.2 ± 1.1 106 ± 3 (4.6 ± 0.2) × 10−15

50th cycle 180 ± 3 642 ± 4 (8.0 ± 0.2) × 10−16 33.0 ± 1.3 249 ± 2 (2.1 ± 0.2) × 10−15
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perform a favorable effect on the cyclability of cathode mate-
rial at an elevated temperature of 55 °C by contrast with RT.
This huge capacity fade of the silver-coated cathode may be
related with the decomposition of electrolyte and dissolution
of cathode active species in the electrolyte. The released oxy-
gen in the first charge due to the Li2MnO3 activation may lead
to the formation of H2O, which can then react with the elec-
trolyte and produce HF [37]. Because HF would etch the
electrode surface and deteriorate the electrochemical perfor-
mance, the primary concern of surface coating is to passivate
the electrode surface to avoid the direct contact with HF. Some
inorganic materials such as Al2O3, ZnO, AlPO4, and AlF3 that
are inert to HF have been investigated as the surface coating
layer of LMNCO [38–41]. Unlike the metal oxide coating
processes, the silver coating does not act as protective layers
on the cathode for the electrolyte. This result shows that the
silver coating process enhances the electronic conductivity of
cathode material. The high surface electronic conductivity
caused by the metal coating reduces cell polarization. The
results indicate that such surface treatment of cathode powders
should be an effective way to improve cycle-life with higher
current retention.

Conclusions

In summary, LMNCO material has been synthesized via a
glycine-nitrate combustion method based on the reaction be-
tween Mn, Ni, Co acetate, and nitrates and Li2CO3. Then, the
LMNCO cathode active material coated with silver, as an
electronic conductor, notably improves the electronic conduc-
tivity on the surface of the electrode. Both the cycling and rate

capabilities of the LMNCO cathode material were greatly im-
proved by the silver coating. In addition, the silver coating
also reduced the polarization of the electrode and retarded
voltage drop during cycling. Thus, silver, as a novel coating
material for lithium-rich cathode material, might also be ap-
plicable for ameliorating the electrochemical properties of oth-
er cathode or even anode materials for higher performance Li-
ion batteries.
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