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Li[Ni0.8Co0.06Mn0.14]O2 positive
electrode with a dual concentration gradient for
next-generation lithium-ion batteries†

Kang-Joon Park,a Byung-Beom Lim,a Moon-Ho Choi,a Hun-Gi Jung,b

Yang-Kook Sun,*a Marta Haro,c Nuria Vicente,c Juan Bisquertcd and Germà Garcia-
Belmonte*c

To increase the reversible capacity of layered lithium nickel-cobalt-manganese oxide, a Li

[Ni0.8Co0.06Mn0.14]O2 positive electrode with a two-sloped full concentration gradient (TSFCG) was

successfully synthesized via co-precipitation. The TSFCG maximizes the Ni concentration in the particle

core and the Mn concentration on the particle surface. The TSFCG Li[Ni0.8Co0.06Mn0.14]O2 positive

electrode showed improved overall electrochemical properties (i.e., reversible capacity, cycle life, and

rate capability) and thermal stability compared to a conventional positive electrode (CC) Li

[Ni0.8Co0.06Mn0.14]O2 without a concentration gradient. Electrochemical impedance spectroscopy

showed that the high stability of the outer surface composition of Li[Ni0.64Co0.06Mn0.30]O2 is responsible

for reduction in surface resistance and charge transfer resistance by decreasing the parasitic reaction

with the electrolyte. These reduced resistances explain the superior rate capability of TSFCG positive

electrodes.
1. Introduction

Lithium-ion batteries (LIBs) have become a major power source
for portable electronic devices, electric vehicles (EVs), and effi-
cient energy storage systems (ESSs) due to their high energy
density and outstanding cycle life. However, further increase in
energy density and safety is essential for wider use of LIBs. The
electrochemical performance, including energy density, cycle
life, and safety, is strongly dependent on the two electrochem-
ically active main components, i.e., the positive electrode and
negative electrode. The deployment of new positive electrode
materials with both high capacity and good safety is essential
for next-generation LIBs because a layered Li[Ni1�x�yCoxMny]O2

(1 � x � y ¼ 1) positive electrode material usually delivers a
capacity of only 170 mA h g�1, while graphite shows a higher
capacity of 360 mA h g�1.1,2 It is well-known that an increase in
the Ni content of Li[Ni1�x�yCoxMny]O2 leads to an increase in
capacity, but the resulting capacity retention and safety slowly
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decrease.3–7 Among the layered Li[Ni1�x�yCoxMny]O2 materials,
Li[Ni0.8Co0.1Mn0.1]O2 showed a high capacity around 200 mA h
g�1, but the cycle life and thermal properties of the positive
electrode must be further improved for use in LIBs.8,9

Recently, we developed functional layered oxide materials
with a core–shell (or core with gradient shell) and full concen-
tration gradient (FCG) structure through the hybridization of
Ni-rich and Ni-poor Li[Ni1�x�yCoxMny]O2 positive electrode
materials at the particle level, placing the former in the particle
center and the latter on the particle surface.10–12 The Ni-rich core
delivers high capacity, and the Mn-rich shell provides
outstanding cycle life and thermal stability. Our recent studies
showed a new FCG positive electrode material composed of
long-rod shaped primary particles aligned toward the particle
center, which exhibited improved electrochemical performance
because of a smaller contact area with the electrolyte and faster
Li+ diffusivity resulting from a unique crystallographic
texture.11,12 The proposed approach makes possible the design
of various positive electrode materials with different particle
centers and surface compositions by changing the concentra-
tion gradient slope. Recently, we developed a Ni-rich layered Li
[Ni0.65Co0.13Mn0.22]O2 positive electrode material with a two-
sloped full concentration gradient (TSFCG) of Ni, Co, and Mn
within a particle in order to maximize the Ni concentration in
the particle core and the Mn concentration in the particle
surface layer.13 The resulting material showed outstanding
electrochemical performance in terms of capacity, cycle life,
and thermal stability.13
J. Mater. Chem. A, 2015, 3, 22183–22190 | 22183
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Here, we synthesized a promising Li[Ni0.8Co0.06Mn0.14]O2

positive electrode material targeted for EV applications with a
TSFCG of Ni, Co, and Mn throughout the particle and reported
its basic electrochemical properties. With a view toward
uncovering the origin of the superior rate capability exhibited
by TSFCG positive electrodes, the assembled half batteries were
characterized using electrochemical impedance spectroscopy in
order to discern the different steps involved in the charge–
discharge process and interpret the performance in terms of a
proposed equivalent model. This approach is known to facili-
tate the extraction of resistances involved in lithium ion storage
at the electrolyte–electrode interface as well as the insertion–
extraction process occurring during cycling of the battery.14,15

For comparison, we also synthesized and studied the electro-
chemical performance of a conventional positive electrode (CC,
composition of Li[Ni0.8Co0.06Mn0.14]O2) without a concentration
gradient. We observed that key electrochemical mechanisms at
the electrode surface largely determine the rate capability
battery performance. It is noteworthy that the EIS technique can
be used to decouple electrochemical processes at the electrode
surface from those occurring in the particle bulk.
2. Experimental
2.1. Synthesis of CC Li[Ni0.8Co0.06Mn0.14]O2

A [Ni0.8Co0.06Mn0.14](OH)2 precursor was synthesized via co-
precipitation of NiSO4$6H2O, CoSO4$7H2O, and MnSO4$5H2O
(80 : 6 : 14 in molar ratio) as starting materials. Details of the
preparation procedures are given in a previous report.11 The
obtained [Ni0.8Co0.06Mn0.14](OH)2 hydroxide precursor was
mixed with LiOH$H2O and calcined at 740 �C for 10 h in owing
oxygen.
2.2. Synthesis of TSFCG Li[Ni0.8Co0.06Mn0.14]O2

To prepare the [Ni0.8Co0.06Mn0.14](OH)2 precursor, a Ni-de-
cient aqueous solution (Ni : Co : Mn ¼ 89 : 4 : 7 in molar ratio)
of NiSO4$6H2O, CoSO4$7H2O, and MnSO4$5H2O was slowly
pumped into a Ni-rich (Ni : Mn ¼ 98 : 2 in molar ratio) stock
solution, aer which the homogeneously mixed solution was
fed into a batch reactor (40 L) which was lled with a certain
amount of deionized water, NH4OH solution (aq.), and NaOH
solution (aq.) in a replenished N2 atmosphere. Concurrently, a
4.0 mol L�1 NaOH solution (aq.) (molar ratio of sodium
hydroxide to transition metal ¼ 2.0) and the desired amount of
an aqueous NH4OH solution (molar ratio of ammonium
hydroxide to transition metal ¼ 1.0) were pumped separately
into the reactor. During the early stage of precipitation,
[Ni0.98Mn0.02](OH)2 (center composition) was co-precipitated
rst. Nickel-cobalt-manganese hydroxides with different
compositions were then slowly added to the formed [Ni0.98-
Mn0.02](OH)2 particles to provide the rst concentration
gradient of Ni, Co, and Mn toward the particle outer surface. To
construct the second concentration gradient layer onto the
TSFCG hydroxide precursor, an aqueous solution with a lower
Ni concentration (consisting of NiSO4$6H2O, CoSO4$7H2O, and
MnSO4$5H2O, molar ratio of Ni : Co : Mn ¼ 56 : 16 : 28) was
22184 | J. Mater. Chem. A, 2015, 3, 22183–22190
gradually pumped into the mixed (molar ratio of Ni : Co : Mn ¼
92 : 4 : 4) solution. The co-precipitated precursor powders were
ltered, washed with deionized water, and dried at 110 �C. The
TSFCG [Ni0.8Co0.06Mn0.14](OH)2 was mixed with LiOH$H2O, and
the mixture was calcined at 760 �C for 15 h in owing oxygen.

2.3. Material characterization

The chemical composition of the prepared powders was deter-
mined using inductively coupled plasma (ICP,
ARCOS165FHE16, SPECTRO Co.). Powder X-ray diffraction
(XRD, Rint-2000, Rigaku) using Cu Ka radiation was used to
identify the crystalline phases of the prepared powders. The
morphology of the powders was observed by scanning electron
microscopy (SEM, JSM 6400, JEOL). To obtain the localized
composition of the materials at the particle level, cross-sections
of the particles were prepared by embedding the particles in an
epoxy and grinding them at. Line scans of the polished
surfaces for the prepared TSFCG hydroxide precursors and
lithiated oxides were analyzed using an electron probe micro-
analyzer (EPMA) (JXA-8100, JEOL). For the DSC experiments, the
cells containing the positive electrode materials were charged at
a constant voltage of 4.3 V versus Li, and disassembled in an Ar-
lled dry box. A 30 mL high-pressure stainless-steel DSC vessel
with a gold-plated copper seal was used to host 3–5 mg samples,
including solids and the electrolyte. The measurements were
carried out in a Pyris 1 differential scanning calorimeter (Perkin
Elmer) using a scanning rate of 5 �C min�1.

2.4. Electrochemical test

For the fabrication of the positive electrodes, the synthesized
powders were mixed with carbon black and polyvinylidene
uoride (85 : 7.5 : 7.5) in N-methylpyrrolidinone. The obtained
slurry was coated onto an Al foil and roll-pressed. Preliminary
cell tests were performed with a 2032 coin-type cell using Li
metal as the counter electrode cycled at 2.7–4.3 V. The electro-
lyte solution was 1.2 M LiPF6 in ethylene carbonate–ethyl-
methyl carbonate (3 : 7 in volume). The cells were charged and
discharged at 30 �C and between 3.0 and 4.3 V by applying a
constant 0.5C rate (105 mA g�1). Cyclic voltammetry (CV) and
impedance spectroscopy (EIS) were performed using a PGSTAT-
30 potentiostat from Autolab equipped with an impedance
module. EIS was performed at several voltages with a 10 mV
amplitude in the frequency range from 1 MHz to 1 mHz.

3. Results and discussion
3.1. Material characterization

The total chemical composition of the as-prepared TSFCG and
CC positive active materials was found to be Li[Ni0.8Co0.06-
Mn0.14]O2 as determined by ICP. Fig. 1 shows the X-ray
diffraction (XRD) patterns of the as-prepared TSFCG and CC Li
[Ni0.8Co0.06Mn0.14]O2. The XRD conrmed that the two powders
have a well-dened layered structure based on a hexagonal a-
NaFeO2 structure with space group R�3m without any impurity
phases. However, it is observed that the peak splitting of (006)/
(102) and (108)/(110) pairs of TSFCG becomes more clear than
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Powder XRD patterns of the TSFCG and CC Li[Ni0.8Co0.06-
Mn0.14]O2.
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that of CC, indicating development of a more-ordered layered
structure.

Fig. 2 shows the compositional variations of the Ni, Co, and
Mn on the cross-section of a single particle measured by using
an EPMA with a probe diameter of 1 mm. As can be seen in
Fig. 2a, the Ni concentration decreased linearly from the
particle center to 4.5 mm toward the particle surface and then
suddenly decreased at the particle outer surface (thickness 1
mm). In contrast, the Co and Mn concentrations increased
steadily in the rst 4.5 mm, and Mn concentration abruptly
increased at the particle surface. The Ni concentration
decreased gradually from 96% to 92% in the rst 4.5 mm,
whereas the Co concentration increased from 1% to 5% and the
Mn concentration increased from 3% to 4%, leading to a center
composition of [Ni0.96Co0.01Mn0.03](OH)2. Aer the 4.5 mm
region (concentration gradient 1), the Ni concentration further
decreased to 61% from 92% (concentration gradient 2) toward
the particle surface, while Co and Mn concentrations increased
rapidly to 8% and 31%, respectively, resulting in a surface
composition of [Ni0.61Co0.08Mn0.31](OH)2. Interdiffusion of
transition metal ions throughout the particle of the lithiated
oxide had little effect on the outer surface composition during
the high-temperature calcination, as can be seen in Fig. 2b.
Though the Ni concentration in the particle center decreased
from 96% to 88%, the Mn concentration on the particle surface,
which is crucial for cycle life and safety of the battery, decreased
Fig. 2 EPMA and SEM results. EPMA line scan of the integrated atomic r
center to the surface for (a) precursor and (b) lithiated positive electrode

This journal is © The Royal Society of Chemistry 2015
by only 1 at%, resulting in a surface composition of Li[Ni0.64-
Co0.06Mn0.30]O2.
3.2. Electrochemical and thermal properties

The basic electrochemical properties of the TSFCG and CC Li
[Ni0.8Co0.06Mn0.14]O2 positive electrode materials were tested in
2032 coin-type half-cells employing Li metal as the counter
electrode, and the results are shown in Fig. 3. As shown in
Fig. 3a, the TSFCG positive electrode delivered a high discharge
capacity of 211 mA h g�1 between 2.7 and 4.3 V at 0.1C (21 mA
g�1). In contrast, the CC positive electrode exhibited a reduced
discharge capacity of 203 mA h g�1. As studied in our previous
work,11 the higher Ni2+ concentration in the outer surface layer
of the TSFCG delivered a higher capacity because of the two-
electron redox reaction of Ni2+ 4 Ni4+. Fig. 3b shows corre-
sponding capacity retentions of TSFCG and CC positive elec-
trodes cycled at 0.5C (105 mA g�1). As anticipated, the TSFCG
positive electrode showed a greatly improved Li+ intercalation
stability with a capacity retention of 94.6% aer 100 cycles. In
contrast, the CC positive electrode suffered from a poor cycle
life, showing a capacity retention of only 79.2% aer the same
cycling period. It is known that the rod-shaped primary particles
in the FCG positive electrode with a crystallographic texture
show high-rate capability characteristics due to their unique
microstructure; this structure provides a smooth Li+ diffusion
path without grain boundary resistance, as observed in the CC
positive electrode.11,12 Fig. 3c shows rate capability values of the
TSFCG and CC Li[Ni0.8Co0.06Mn0.14]O2 positive electrodes. Each
cell was charged and discharged galvanostatically at different C
rates ranging from 0.2C to 5C (42–1050 mA g�1). As expected,
the TSFCG positive electrode exhibited better rate capability
performance than the CC positive electrode, especially at higher
C rates. The capacity retention of the TSFCG positive electrode
at 5C compared to that at 0.2C was 76.8%, still delivering 160
mA h g�1, whereas the CC positive electrode showed a lower
retention of 70.7% with a capacity of 139 mA h g�1.

The morphology and microstructure of recovered TSFCG
powders from the disassembled 2032 coin-type half-cell aer
100 cycles are shown in Fig. 4. The spherical morphology of the
secondary particle and the rod-shaped primary particle
morphology (inset of Fig. 4a) are well maintained even aer
atio of transition metals as a function of the distance from the particle
material.

J. Mater. Chem. A, 2015, 3, 22183–22190 | 22185
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Fig. 3 Charge–discharge characteristics of CC and TSFCG Li[Ni0.8Co0.06Mn0.14]O2 positive electrodes at 30 �C. (a) Initial charge and discharge
curves of CC and TSFCG positive electrodes obtained from a 2032 coin-type half-cell using Li metal as the counter electrode at a constant
current of 1/10C (21 mA g�1). (b) Cycling performance of half-cells using CC and TSFCG positive electrodes cycled between 2.7 and 4.3 V at a
constant current of C/2 (105mA g�1). (c) Comparison of rate capabilities of the TSFCGwith the CC positive electrode (upper cutoff voltage of 4.3
V versus Li+/Li).
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long-term cycling (100 cycles) compared to pristine TSFCG
powders (see the inset of Fig. 2b). The compositional change
within a cycled particle was also quantitatively characterized by
using the EPMA (Fig. 4b). The cycled TSFCG particle has a two
slope concentration gradient, showing the decrease of Ni
concentration and the increase of Mn concentration from the
particle center toward the particle surface. The resulting center
and surface compositions of the particle were Li[Ni0.86Co0.05-
Mn0.09]O2 and Li[Ni0.64Co0.10Mn0.26]O2, respectively. From the
above results, we believe that long term cycling hardly affects
both the concentration gradient variation of transition metals
within a particle and morphology change of the powders.
Fig. 4 (a) SEM image of TSFCG Li[Ni0.8Co0.06Mn0.14]O2 powders after
particle in the inset and (b) EPMA line scan of the integrated atomic ratio o
to the surface for the cycled TSFCG Li[Ni0.8Co0.06Mn0.14]O2.

22186 | J. Mater. Chem. A, 2015, 3, 22183–22190
Furthermore, the specic surface area of the TSFCG powders is
0.64 m2 g�1, while that of CC is 1.49 m2 g�1. It is reported that a
lower specic surface area of the positive-electrode material
gives rise to a decreased exposed contact area with the electro-
lyte, leading to a reduction of transitionmetal dissolution by HF
attack in the electrolyte and, thus improving the capacity
retention of the cell.12 The lower specic surface area together
with maintenance of the microstructure of the TSFCG particle
improves the cycling performance.

Fig. 5 shows differential scanning calorimetry (DSC) curves
of cells with the TSFCG and CC Li1�d[Ni0.8Co0.06Mn0.14]O2

electrodes charged to 4.3 V in the presence of the electrolyte.
100 cycles in a 2032 coin-type half-cell and magnified image of the
f transition metals as a function of the distance from the particle center

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 DSC traces of the TSFCG and CC Li1�d[Ni0.8Co0.06Mn0.14]O2

electrodes.

Fig. 6 Nyquist diagrams experimentally measured at different stages
of lithiation (left column) and delithiation (right column) in TSFCG and
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The CC Li1�d[Ni0.8Co0.06Mn0.14]O2 electrode exhibited an
exothermal peak at 234 �C with a heat generation of 1145 J g�1.
In contrast, the TSFCG electrode shows enhanced thermal
properties with an exothermic reaction peak at 247 �C and a
reduced heat generation of 991 J g�1. In accordance with the
previously reported FCG positive electrodes,10–13,16 the thermal
stability of Li[NixCoyMnz]O2 gradually decreased as the Ni
content increased. Even if the TSFCG and CC positive electrodes
have the same chemical composition (Li[Ni0.8Co0.06Mn0.14]O2),
the surface Ni composition of 0.64 in the TSFCG is lower than
that of 0.8 in CC. Therefore, the improved thermal properties of
the TSFCG positive electrode resulted from the higher thermal
stability of the outer surface composition of Li[Ni0.64Co0.06-
Mn0.30]O2 in the TSFCG positive electrode.
CC positive electrodes. The experimental data are represented by
points and the fitting with solid lines.

Fig. 7 Equivalent circuit used for fitting (i) resistance and capacity
ascribed to the surface film layer, Rsf and Csf; (ii) the interfacial charge-
transfer resistance, Rct, combined with the double-layer capacitance,
Cdl, that dominates the intermediate-frequency response; and (iii)
reaction sub-circuit modeled by the chemical capacitance Cm, Li

+

capacitance, CLi
+, and the lithiation-reaction resistance, Rlr.
3.3. Impedance and capacitance response

To obtain further insight into the superior rate capability and
higher stability exhibited by TSFCG positive electrodes, the
assembled half batteries were characterized using electro-
chemical impedance spectroscopy. EIS allows discernment of
the kinetic limitations inferred from resistive processes occur-
ring during the electrode operation. Aer three CV cycles, the
EIS measurements were conducted potentiostatically at
different stages of Li+ ion insertion and extraction at a very low
rate in order to ensure a steady state. Aer impedance spec-
troscopy experiments, another three CV cycles were performed
to verify that the electrodes were not changed or damaged
during EIS measurements (Fig. SI. 1†). The resulting Nyquist
diagrams are presented in Fig. 6.

In general, the Nyquist spectra exhibit two features with
distinguishable time constants associated with specic elec-
trochemical mechanisms, i.e., those at high frequencies, related
to interfacial processes, and those at low frequencies related to
the chemical energy storage/delivery mechanism. Taking into
account the features of these plots and previous models
described in the literature,17–19 we propose an equivalent circuit,
shown in Fig. 7, which ts the experimental data properly, as
observed in the comparison between experimental data and the
tting line in Fig. 6. At high frequencies, an arc related to the
resistance, Rsf, and capacity, Csf, of the Li

+ diffusion through the
solid lm can be observed. It has been previously reported that
solid lms are formed on lithiated transition-metal oxides
This journal is © The Royal Society of Chemistry 2015
(TMOs) because of the rich surface chemistry in alkyl carbonate
electrolyte solutions and LiPF6 salts. Due to the highly basic and
nucleophilic character of the TMO oxygens, they react rapidly
with acidic species (HF, PF5, and PF3O formed from the partial
decomposition of LiPF6 and the reaction between PF5 and trace
water) to produce M-O-POxFy compounds. TMO oxygens also
react with the electrophilic alkyl carbonate molecules to initiate
polymerization reactions that form surface polycarbonate
species.20 Also, the formation of the surface lm through the
reaction of LixMO2 with CO2 has been demonstrated.21 The
J. Mater. Chem. A, 2015, 3, 22183–22190 | 22187
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Fig. 8 Chemical capacitance of the CC and TSFCG electrodes
obtained from �dQ/dV of the charge/discharge measurements at
0.1C, and the Cm calculated from the EIS data using the equivalent
circuit.
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second arc at intermediate-high frequencies shown in Fig. 6 is
related to electrical processes occurring at the particle interface
labeled as the charge-transfer resistance, Rct, and the double
layer capacitance, Cdl. At low frequencies, the Nyquist plots
indicate the capacitive behavior associated with Li+ ion storage
inside the positive electrode. The chemical capacitance, Cm, in
series with a resistance, Rlr, has been ascribed to different rate-
limiting mechanisms. Traditionally, transport limitations have
been related to solid-state diffusion of Li+ inside the host
material, particularly for intercalation compounds.22 More
recently, other mechanisms accounting for the hindrance of
resistive elements have been identied in electrochemical Li+

alloying and conversion in the oxide matrixes.17,23 The lack of
clear Warburg-like patterns in the low-frequency response
(Fig. 6) suggests a simple model comprising the series Rlr and Cm

connection. Therefore, the additional resistance at low
frequencies accounts generically for Li+ intake limitations irre-
spective of the underlying microscopic mechanism (ion diffu-
sion and/or reaction). In the voltage range of 3.7–4.2 V (the
plateau region in Fig. 3), an additional capacitive element is
observed at low frequencies. This capacitance, CLi

+, accounts for
the contribution of inserted Li+ before reaching stable sites
within the matrix.14 It is noted that CLi

+ produces a small arc at
low frequencies before obtaining the true capacitance behavior.

The previously described equivalent circuit elements are
connected as shown in Fig. 7. Each subcircuit accounts for the
electrode response of a specic frequency range: Rsf and Csf

represent model surface lm ion migration rapid mechanisms;
Rct, and Cdl stand for intermediate frequencies capturing elec-
trochemical processes at the active particle interface; and Cm,
CLi

+, and Rlr represent slow charging and reaction processes
occurring inside the particles. Our model connects the low-
frequency subcircuit in series with the interfacial charge
transfer resistance Rct while putting Cdl in parallel. This circuit
element connection agrees with the original Randles circuit
accounting for the electrochemical impedance of surfaces.

Fig. 6 provides an overview of the electrochemical limitations
in both positive electrodes. Over the whole voltage range, the
rst arc ascribed to the surface lm is independent of the
applied voltage and is higher for CC than TSFCG positive elec-
trodes. The second arc (related to the charge transfer at the
electrode interface) is dependent on the applied voltage and
decreases within the voltage range, where the redox modica-
tions occur. At low frequencies, the Nyquist plots of both elec-
trodes show similar behaviors. These observations imply that
the main differences in lithiation and delithiation processes
occur at the electrode interface rather than inside the oxide host
positive electrode.

The values of Cm are provided in Fig. 8. This chemical
capacitance is associated with the differential change in the
electrode charge upon voltage variation24 and accounts for the
ability of the oxide matrix to react with Li+ ions. Chemical
capacitance should show quasi-equilibrium (very low-frequency
limit) behavior in the cyclic voltammetry experiment and
theoretically corresponds to the derivative of the charge–
discharge curve as Cm¼�dQ/dV. This differential capacitance is
also calculated from the measurements of charge–discharge (V
22188 | J. Mater. Chem. A, 2015, 3, 22183–22190
vs. Q), as plotted in Fig. 8. The capacitances obtained from both
methods show the typical shape of this material associated with
the overall reaction Lix(Niy

2+Coz
3+Mn1�y�z

4+)O2 4 (Ni4+C-
o4+Mn4+)O2 + xLi+ + xe�.25,26 We notice that capacitance extrac-
ted from EIS measurements is always larger than that calculated
from galvanostatic experiments. This discrepancy is related to
the different experimental conditions; whereas EIS yields a very
low-frequency limit (quasi steady-state) extrapolated from the
actual measuring frequency window, the charge–discharge
derivative method cannot be regarded as a steady-state
measurement, even though a rate as slow as 0.1C is used for
these measurements. Maxima upon lithiation and delithiation
are present at the same voltage for both experimental methods.
Notably, in dynamicmeasurements, such as cyclic voltammetry,
the peak at 4.2 V is lower than that observed at 3.7 V,27–29 as it is
obtained from the charge–discharge plot (see CV plots shown in
Fig. SI. 1†). Nevertheless, the chemical capacitances obtained
from EIS are slightly higher for the peak registered at 4.2 V. This
fact suggests that the process is kinetically rather than ther-
modynamically inhibited. The kinetic origin of the chemical
capacitance reduction when extracted from the charge–
discharge curve derivative will later be related to differences in
Rlr. The peak that appears at 3.7 V has been assigned to the
change in the oxidation state of Ni upon lithiation,6,30 while the
peak at 4.2 V has been ascribed either to the Co oxidation state
change30 or to an oxide phase transition.6,27

As observed in Fig. 8, similar values of the capacitive
elements of both materials suggest that the two positive elec-
trodes have practically the same thermodynamic behavior. This
indicates that the difference in rate capability is related to
variations in charge/discharge process kinetics. The tting
resistances of the different electrochemical steps in the positive
electrode upon lithiation/delithiation processes are depicted in
Fig. 9. These were extracted to evaluate the hindrance mecha-
nism. All the resistances in the electrode are lower than 1 U g
within the voltage range where the electrochemical processes
develop (3.6–4.3 V). In all cases, the resistances in the TSFCG
material are lower than those in the CC, which explains the
superior rate capability of the TSFCG positive electrode. The
processes related to the high-frequency EIS, ascribed to the
This journal is © The Royal Society of Chemistry 2015
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Fig. 9 Parameter fitting in the charge/discharge process: Rsf (U g), Rct

(U g), and Rlr (U g). Black squares represent the values of CC ( ), and
blue circles the values of the TSFCG ( ).
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conduction processes at the electrode–electrolyte solid inter-
face, exhibit a larger difference. The main difference is in the Rsf
parameter, which suggests that a surface layer is formed to a
lesser extent on the TSFCG positive electrode. Among the three
transition metals, Ni has been reported to enhance the nucle-
ophilicity of the oxygens,31 and it is more surface reactive than
the other two species.32 In fact, LixNiO2 is more reactive with
standard electrolytes than are LixCoO2 and LixMnO2

compounds.20 In this regard, the TSFCG structure in which Ni
cations are concentrated inside the particle should account for
the lower reactivity of the TMO with the electrolyte solution
compounds. Further, this lower reactivity should reduce the
formation of the surface lm in the TSFCG structure relative to
the CC. Rct values are also slightly lower in the TSFCG compared
to CC in the delithiation process between 3.7 and 4.0 V. This
effect is probably a consequence of the special morphology of
TSFCG electrodes (micrometer-sized spherical particles
composed of nanometer-sized rod-shape structures aligned to
the center) that favors fast Li+ transfer between the electrolyte
and the nanorods of the electrode. EIS allowed us to differen-
tiate between the two interfacial electrochemical processes and
to conclude that the main advantage of the TSFCG is its special
structure. That is, the rich core of Ni provides high capacity, and
the low Ni presence on the surface of the particle diminishes the
reactivity with electrolytes, resulting in decreased surface lm
formation.
4. Conclusions

A nickel-rich lithium nickel-cobalt-manganese oxide (Li[Ni0.8-
Co0.06Mn0.14]O2) positive electrode with a two-sloped full
concentration gradient was successfully synthesized and char-
acterized. Its electrochemical performances were compared
with those of the CC Li[Ni0.8Co0.06Mn0.14]O2 positive electrode
without a concentration gradient. In half-cell testing, the TSFCG
Li[Ni0.8Co0.06Mn0.14]O2 positive electrode showed outstanding
cycle life with a capacity retention of 94.6% aer 100 cycles,
whereas the CC positive electrode suffered from a poor cycle
life, delivering a capacity retention of only 79.2%. EIS data
This journal is © The Royal Society of Chemistry 2015
enabled differentiation between the two interfacial electro-
chemical processes and showed that the low Ni concentration
on the surface of the TSFCG particle diminishes the reactivity
with the electrolytes, thus resulting in stable surface lm
formation.
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