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AbstractIn order to investigate the effect of the particle morphology on the fast-charging characteristics of high-
nickel layered-cathode materials, single-crystalline and secondary-particle type cathode with different primary/second-
ary particle sizes were synthesized via careful microstructure design. The effect of crystalline and particle size on the
fast-charging performance was identified by comparing the charging characteristics at various current rates. Also, the
effect of rapid charging on the cycle-life performance of the high-nickel cathode materials was confirmed through
repeated fast-charging experiments. The size of the primary particle (crystalline size) has a greater effect on the rapid-
charging performance than the entire particle size. In addition, to suppress the performance degradation of high-nickel
cathode during fast charging, it is important to suppress the increase in the surface area through micro-crack suppres-
sion, and it is also necessary to precisely control the size of the primary particle for efficient lithium diffusion during
fast charging.
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INTRODUCTION

Currently, lithium-ion batteries (LIB) are used in a wide variety
of devices, and the LIB market is expected to grow more than five
times over the next ten years. In particular, the rapid spread of mid-
to large-sized batteries for electric vehicles (such as EV, PHEV,
HEV) and energy storage systems (ESS) will drive market growth.
In addition, with the abrupt increase in the mobile device and elec-
tric vehicle (EV) market, the fast-charging performance of batter-
ies has become an important issue for improving user convenience.
Recently, high nickel based layered oxide received a great deal of
attention as a high capacity cathode material due to their excellent
energy density and high-rate performance [1]. However, as nickel
content increases, the lattice change of layered structure caused by
lithium intercalation becomes larger, which causes microcracks at
the grain boundary between primary particles constituting the poly-
crystals, resulting in degradation of cycle-life performance, increased
gas generation, and safety hazard [2]. Also, fast charging further
accelerates crack generation and performance degradation [3]. As
an alternative to overcome these intrinsic problems of the polycrys-
tal morphology of high-nickel cathode, single-crystal type cathode
material is attracting attention because of excellent cycle-life perfor-
mance and better safety as well as reduced gas generation during
repeated cycling [4]. However, in the case of a single crystal, since
there is no grain boundary, lithium can diffuse only through the lat-
tice, the capacity and high-rate characteristics would be limited as
the size of the crystal increases [3]. Fast-charging characteristics of

cathode materials are greatly affected by lithium diffusion, crack gen-
eration, and primary/secondary particle size [5,6]. Chen’s group
studied the effect of crystal planes on lithium diffusion by compar-
ing single and secondary particles with different morphologies. How-
ever, since the crystalline size between single and secondary particle
was similar, the effect of primary- and entire particle size on the
rate performance could not be separated [3]. Janek’s group investi-
gated the effect of charging on the structural degradation of single
and secondary particles [7]. Nevertheless, the effect of the particle
morphology on the fast charging characteristics is still unclear, and
there is still no literature confirming the rapid charging character-
istics by controlling the morphology of primary/secondary particles
in the high-nickel cathode materials with similar composition. In
this study, large secondary particle with small crystalline size and
two single crystal-type particles with different crystalline size were
synthesized via precise process control. And the effect of particle
morphology on the lithium diffusion properties and structure dete-
rioration was analyzed through repeated fast-charging experiments.

EXPERIMENTAL

1. Material Synthesis
To obtain active materials of high-nickel single crystal and sec-

ondary particle type cathode, metal-hydroxide precursor powder
(Ni0.92Co0.04Mn0.04(OH)2) and lithium hydroxide (LiOH·H2O) were
thoroughly mixed by a laboratory blender. Single crystal with Li/
transition metal (TM) ratio of 1.05 was used, and secondary parti-
cles with Li/TM ratio of 1.02 were prepared. To obtain single crys-
tal-type particles with different crystalline sizes, mixed powders were
calcined at 900 oC (S1) and 940 oC (S2) for 10 h in oxygen atmo-
sphere in a tube furnace, respectively. As-synthesized single crystal-
type aggregates were pulverized through a high-energy ball mill
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(8000M Mixer/Mill, SPEX SamplePrep). Also, to restore the dam-
aged surface properties during ball milling, pulverized powders were
coated with Co through secondary thermal treatment at 750 oC.
In the case of secondary particles (L1), mixed powders were cal-
cined at relatively low temperatures of 600 oC for 2 h and 760 oC
for 10 h to suppress grain growth.
2. Characterization

To fabricate the cathode electrodes, the synthesized active mate-
rials were mixed with a conducting agent (Super P), binder (Solef
6020 polyvinylidene fluoride (PVDF), Solvay) in a weight ratio of
96 : 2 : 2 in N-methyl-2-pyrrolidone (NMP) using a Thinky mixer
(ARE310, Thinky) to form a slurry. The slurry was single side coated
on Al foil as a current collector with a mass loading of ~10 mg/
cm2. After the slurry was dried, the electrodes were roll-pressed and
punched (diameter 14 mm). Then, the punched electrodes were
dried in a vacuum oven at 100 oC overnight. The 2032 coin-type
half cells were assembled in an argon-filled glovebox, using pre-
pared electrode as cathodes, Li metal foil (700m, Honjo) as anodes,
1.0 M LiPF6 in EC/DEC 3 : 7 (v/v) with FEC 5% additive as an elec-
trolyte, and porous polyethylene as a separator. The rate capability
and cycle performance were tested at voltage between 3 V and 4.3 V
(versus Li/Li+) at room temperature (25 oC) in the range between

Fig. 1. SEM images of cathode particle with different morphology,
(a) secondary particle (L1), (b) single particle (<1m) (S1),
(c) single particle (>1m) (S2).

Fig. 2. Initial charge-discharge voltage profiles of cathode particle
with secondary particle (L1), single particle (<1m) (S1),
single particle (>1m) (S2), cycled at 0.1 C (0.1 C: 20 mA/g)
and 25 oC.

0.1C and 10C using a battery cycler system (WBCS3000, WonAT-
ech). The electrochemical impedance was measured using an im-
pedance analyzer (ZiVE MP2, WonATech).

RESULTS AND DISCUSSION

1. Morphology
The morphology of secondary and single-crystalline type parti-

cles was identified by scanning electron microscopy (SEM), as shown
in Fig. 1. In the secondary particle type cathode material (L1), small
crystals of <500 nm form 15m-sized aggregates (Fig. 1(a)). Figs.
1(b) and (c) show the SEM images of single-particle type cathode
materials composed of a single or several crystals. The single-crys-
talline type particle (S1) synthesized at a temperature of 900 oC has
a grain size of 500-1m (Fig. 1(b)) and the other single-crystalline
type particle (S2) has larger grain size of 1m to 2m (Fig. 1(c)),
as grain growth was promoted at a higher 940 oC [4].
2. Initial Capacity

An initial charge/discharge cycling test was performed to con-
firm the capacity of the secondary and single-crystalline type cath-
ode materials (Fig. 2). The initial discharge capacity (0.1 C, 20 mA)
of all three types of particles exhibits >210 mAh/g, which shows
excellent performance of high-nickel cathode materials. The charge
capacity of three types of particle is similar; however, there is slight
difference in the discharge capacity. S1 with the smallest particle
size shows the best initial capacity value (220.7 mAh/g); the dis-
charge capacity of S2 is 217.5 mAh/g; L1 shows a relatively low ini-
tial capacity of 212.8mAh/g. The difference in the discharge capacity
is considered to be due to the specific surface area of each particle.
In the case of the large secondary particle (L1), despite the small
size of the primary particle (500nm), the size of the spherical aggre-
gates (15m) is relatively much larger than that of the single crys-
tal. For this reason, the specific surface area is smaller than single-
type particle, and consequent lithium diffusion through the parti-
cle surface will be limited; as a result, a relatively low initial capacity
value of L1 is shown. Among the same single-crystal active mate-
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rials, S1 having a smaller crystal size (<1m) exhibits a larger ini-
tial capacity than that of S2.
3. Fast-Charging Performance

To find the effect of the primary/secondary particle size on the
fast-charging characteristics, an electrochemical test was performed
by increasing the charge rate from 0.2 C to 10 C for the three types
of high-nickel cathode materials, as shown in Fig. 3. In all parti-

cles, the overpotential increased and the proportion of the constant
current (CC) in the entire charge curve was reduced with raising
the current rate, as shown in Figs. 3(a)-(c). In the 5 C and 10 C
charge curves (Fig. 3(d)), of single crystal S1 with the smallest par-
ticle size displays the lowest the initial overpotential and the excel-
lent CC capacity. Secondary particle type L1 shows large initial
overpotential, Nevertheless, the capacity of the cc region is similar

Fig. 3. Charge voltage profiles of (a) secondary particle (L1), (b) single particle (<1m) (S1), (c) single particle (>1m) (S2) at 0.2 C, 0.5 C,
1 C, 2 C, 5 C, and 10 C with increasing c-rate. (d) Comparison of fast-charging performance as the charge curves of cathode particles
with different morphology (L1, S1, S2) at 5 C, 10 C rate.

Fig. 4. (a) Comparison of relative capacity (%) at cycles before and after fast-charging for secondary particle (L1), single particle (<1m) (S1),
single particle (>1m) (S2). (b) Differential capacity profiles obtained by differentiating the charge–discharge voltage profiles at cycles
before and after fast-charging for L1, S1, S2.
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to that of S1 since the voltage rises slowly during fast charging.
Conversely, in the case of single crystal S2 with the largest primary
particles (1-2m), the initial overpotential is lower than L1; how-
ever, due to the large voltage slope at continuous fast charging, result-
ing in lower CC capacity % compared to L1 and S1. The rate
capability characteristics of cathode materials are simultaneously
affected by the interfacial resistance and the lithium diffusion resis-
tance of the particles. In the case of the initial overpotential, since
there is no lithium concentration gradient at the beginning of
charging, it is more affected by the surface resistance and the num-
ber of lithium diffusion channels [7,8]. Therefore, the S1, which
has a small particle size and a large specific surface area, shows the
lowest overpotential. However, as charging continues, a concentra-
tion gradient of lithium in the cathode particle occurs and the
effect of bulk diffusion through the crystal dominates [7,9,10]. In
L1, since the primary particle size is the smallest, lithium can easily
diffuse from the inside of the crystal to the grain boundary, conse-
quently showing the lowest voltage slope during continuous charging.
In the case of S2, the lithium diffusion distance is longer than that
of other particles because the primary particles are relatively large.
As a result, lithium inside the crystal cannot easily escape to the
outside the crystal; thus, a large voltage increase is observed during

continuous fast charging.
To examine the effect of fast charging on the cathode degrada-

tion, 0.2 C discharge capacity before and after fast charging from
0.2 C to 10 C was compared. Fig. 4(a) shows relative capacity % at
cycles before and after fast-charging for each particle. The discharge
capacity of all samples decreased. Among them, S1 and S2 having
a single crystal morphology show better capacity retention com-
pared with L1 with secondary particle shape. Also, S1 and S2 exhibit
almost the same discharge curve after fast charging test. On the
other hand, in the case of L1, a change in the voltage profile is ob-
served, due to an increase in overvoltage after rapid charging, as
shown in Fig. 4(a).

The cathode capacity loss is mainly affected by structure degra-
dation caused by oxygen release from the particle surface, reactions
with the electrolyte, and internal cracks caused by crystal volume
change during charge/discharge cycling. Considering that the capac-
ity decrease was larger in L1 with a small initial specific surface area,
it can be considered that the generation of intergranular cracks
along the grain boundary of secondary particles had a significant
effect on the capacity loss after fast charging. In the case of single
crystal type S1 and S2 with no or few grain boundaries, although
the initial specific surface area is large, the subsequent increase in

Fig. 5. (a) Cycling performance of secondary particle (L1), single particle (<1m) (S1), single particle (>1m) (S2) at 1 C (Normal Cycle),
and 10 C/1 C (1cycle)+1 C/1 C (3 cycles) (Fast Cycle), and 25 oC (b) Charge-discharge curves of L1, S1, S2 at cycles before and after
cycling (1st cycle and 70th cycle), cycled at 1 C and 25 oC. (c) Differential capacity profiles obtained by differentiating the charge–dis-
charge voltage profiles at cycles before and after cycling (1st cycle and 70th cycle) for L1, S1, S2. (d) delta V (difference between the aver-
age discharge voltage) as a function of cycle number for L1, S1, S2 (Normal, Fast Cycle) measured at 25 C (between 3.0 and 4.3 V) for
70 cycles.
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the specific surface area will be small and, consequently, the struc-
tural degradation after rapid charging is not accelerated.

This can also be identified from the dq/dV graph (Fig. 4(b)). In
the case of S1 and S2 having a single crystal morphology, the posi-
tion of the H2/H3 peak near 4.15 V, which is a characteristic peak
of high-nickel layered material, hardly changed even after the fast
charging, whereas the H2/H3 peak position of L1 slightly moved.
It may be seen that this H2/H3 peak change is affected by the
acceleration of the side reaction with the electrolyte caused by the
internal crack and the consequential electrical disconnection after
fast charging.
4. Cycle-Life Performance at Fast Charging

To find the effect of repeated charge/discharge on cathode deg-
radation, capacity retention characteristics of general normal cycle
and fast cycle including 10 C charge were compared for each par-
ticle. Fig. 5(a) shows cycling performance of secondary particle
(L1) and single particles with different crystal size (S1, S2) at nor-
mal (1 C/1 C) and patterned fast cycle (10 C/1 C (1 cycle)+1 C/1 C
(3 cycles), repeatedly). Also, to suppress the capacity in the con-
stant-voltage region, the total charging time at 10 C was limited to
30 minutes. When comparing the fast and normal cycle, the dis-
charge capacity remains the same at the beginning of the cycle, but
as the cycle progresses, the capacity during fast cycling decreases
relatively quickly compared to normal cycling due to the increased
resistance caused by fast charging. Among the particles, large sin-
gle crystal type S2 shows the best cycling performance in both
normal and fast cycle because fewer cracks are generated inside
the particles and the specific surface area is relatively smaller than
that of S1, resulting in reduced side reactions at the surface. How-
ever, the difference in capacity between normal and fast cycle is
relatively small in S1, which is due to the relatively small size of the
primary particles and resulting excellent lithium diffusion proper-
ties [3,7]. In the case of L1 in the form of secondary particles, the
initial cycle-life characteristics are relatively superior to those of S1
and S2. This could be interpreted as that a relatively small side
reaction is generated at the beginning of cycle because of the small
initial specific surface area of L1 (~15m). However, as the cycle
progresses, the surface that can react with an electrolyte increases
rapidly due to the generation of internal cracks in the secondary
particles [6,11-14]. Therefore, side reactions occurring on the sur-
face and the resulting capacity decrease in L1 are accelerated as the
cycle progresses.

Fig. 5(b) shows the charge/discharge curves of each particle before
and after normal/fast cycling (1st cycle and 70th cycle). In the case
of secondary particle L1, a large overpotential occurs because of
the structural degradation mentioned above. Accordingly, a sharp
decrease in the capacity occurs in L1 after cycle test. On the other
hand, it can be seen that the capacity loss and the resistance in-
crease are relatively small in S1 and S2 with a single crystal mor-
phology. In addition, as shown in the dq/dV curves of Fig. 5(c),
H2/H3 peaks still exist after normal/fast cycle, although the peak
positions of S1 and S2 are moved due to an increase in resistance
during cycling. Moreover, even after the fast charging test, the peak
position of the H2/H3 peaks is almost similar to the case of nor-
mal cycling. Whereas in the case of L1 with secondary particle type,
H2/H3 peak shows large shift after normal cycle, and the peak disap-

pears after the fast cycle test. It can be seen that the infiltration of
the electrolyte caused by a crack accelerates the degradation of the
secondary-particle structure [15-17].

To identify the resistance increase in high-nickel cathode mate-
rial during repeated cycles, the change in the average voltage was
compared every ten cycles by checking the voltage at the half of
the discharge capacity (Fig. 5(d)). Similar to the capacity retention
results, single crystal S2 with a large primary particle size shows
the smallest change in the average voltage. In the case of S1, the
resistance increase in the initial stage is larger than other particles
due to its small particle size and large specific surface area. Never-
theless, there is no internal crack generation because of the single
crystal morphology of S1 and, therefore, the average voltage change
is suppressed as the cycle progresses. Conversely, the initial volt-
age change is relatively small in L1, having the morphology of sec-
ondary particles. However, the change in the average voltage con-
tinually increases as the cycle progresses and is further accelerated
especially during fast cycle. This also supports the acceleration of
structure degradation due to the intergranular crack in the sec-
ondary particle with the fast charging as described above.

To verify that the resistance increase gives rise to the voltage
change, electrochemical impedance before and after patterned fast
cycle (50 cycles) was measured for secondary particle (L1) and
>1m sized single particle (S2). As shown in Fig. 6, L1 and S2
exhibit similar charge-transfer resistance before cycling. However,
the semicircles of L1 increase more significantly after the rapid
charging cycle than S2. This result is consistent with the average-
voltage drop during the fast cycle (Fig. 5(d)).

Additionally, to check the degree of intergranular crack after
repeated-fast charging, SEM images of electrode before and after
patterned fast cycle were also measured (Fig. 7). In the case of sec-
ondary particle L1, some cracks already occur due to electrode
pressing even before the fast charging. However, after rapid charging

Fig. 6. Comparison of electrochemical impedance spectra of the
coin cells assembled with secondary particle (L1) and single
particle (>1m) (S2), respectively, before and after patterned
fast cycle (50th) in the 1 MHz-10 mHz frequency range at 50%
SOC and 25 oC.



Effect of particle morphology on the fast-charging properties of high-nickel cathode materials 537

Korean J. Chem. Eng.(Vol. 40, No. 3)

(50 cycles), intergranular crack in the secondary particle is gener-
ated significantly and the shape of the secondary particles cannot
be maintained due to the volume change that occurred during
charging/discharging. On the other hand, in the case of the elec-
trode composed of single crystal S2, the morphology of the elec-
trode before and after rapid charging hardly changes. This shows
that crack generation due to repeated fast charging is mainly induced
at the grain boundary, and single crystals without grain boundar-
ies are hardly affected by volume change during fast charging [3].

CONCLUSION

To find the effect of particle morphology on the fast charging
characteristics of high-nickel materials, electrochemical tests, includ-
ing various current-rate charging and repeated fast charging, were
performed on the secondary particle and two single particles with
different crystalline size. The particles with a relatively small crys-
talline size showed better initial fast charging characteristics. On
the other hand, the single crystal type particle without grain bound-
aries exhibited better structural stability after rapid charging. In
addition, repeated fast cycle further accelerates structural degrada-
tion, including intergranular cracking, which is confirmed through
the SEM image, average voltage change, impedance growth, and
the change of pick position in the dq/dV curve. It has been shown
that the lithium diffusion, side reaction at the surface, and the dete-
rioration due to cracks occurring inside the particles simultane-
ously influence the fast-charging properties of high-nickel particles.
Therefore, a systematic approach including morphology control of
primary/secondary particle is required to improve the fast-charging

performance of high-nickel cathode materials.
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