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Abstract: In this study, the LiNigop—.Co9541p0sY:O0> (x = 0, 0.025, 0.075) have been synthesized by a co-precipitation and solid-state
reaction method. The effect of the Y**-doping on the structural and electrochemical properties were investigated by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and by electrochemical and impedance spectroscopy (EILS). From the results of the XRD pat-
tern changes between before and after the doping, less cation mixing and more ordered hexagonal structure were observed for the
LiNiys75C00.05419.05Y0.02502 cathode and the cell delivered an initial discharge capacity of 195.8 mAhg’I and was 10.2 mAhg’] higher than
the pristine cell by yttrium doping effect. High rate capability studies were also performed and showed the capacity retention of 95, 81.7
and 63.8 % at 0.2, 1.0 and 5.0 C-rate, respectively during the cycling. The impedance spectra showed that the charge transfer resistance
for the pristine cathode grew significantly, while that for the Y *-doped cathode decreased during cycling. It was concluded that the capac-
ity fading for LiNiy¢9C0y.9sAlp.0s0> mainly due to the cation mixing, partially contributed by the impedance growth and by doping the pris-

tine material with Y°*, cation mixing can be efficiently suppressed, which results in the improved rate capability.

Keywords: LiNiyoCoy 9sAly 950>, Lithium ion battery; Cathode material; Co-precipitation; Yttrium; Electrochemical properties

1. INTRODUCTION

Among the various cathode materials that have been used in
lithium batteries, LiCoO, [1-6] has been mainly used for commer-
cial applications due to its superior electrochemical stability [4].
However, the LiCoO, cathode has several limitations in terms of
its high cost, toxicity, and low capacity. As an alternative, LiNiO,
has been developed for cost reduction and to circumvent the envi-
ronmental issues by replacing Co with Ni [7], however, this mate-
rial has low thermal stability, a poor cycle life in the charged state
and is difficult to synthesize. It has been known that the cationic
substitution in LiNiO, can be performed to improve electrochemi-
cal reactivity [30-33], and these materials, Co and Al co-doped
LiNiO,-based materials, LiNiCoAlO,, are attractive because they
show relatively better thermal stability and cyclability than LiNiO,
[8]. Thus, the battery performances of lithium-ion cells with a
LiNig99C0005Al0s0, cathode are better than cells with LiNiO,.
However, it has been reported that LiNiggyCogosAlgosO, still
shows capacity fading and an increase in resistance after cycling
tests [9].

*To whom correspondence should be addressed: Email: jt1234@ut.ac.kr

Ion doping is an effective means of modifying the electronic
structure and improved the electrochemical performances. So far,
elements such as Fe and Mg [10] have been reported for partial
substitution of Ni to reduce the cation mixing and improve the rate
capability of the cathode materials [11, 12]. So, substitution of Ni
in the Ni-based oxide may be a good method to modify the struc-
tural and electrochemical performance of these materials. There-
fore, Y*" was chosen as the doping element because it has a larger
jonic radius than Ni*",and because Y>* can increase the electronic
conductivity and help in the electronic charge transfer during inter-
calation/deintercalation of Li"ion [13,14].

In this paper, we described the investigation of substituting Y**
for Ni** ion in LiNig90C00.05Alg050, in targeting to improve rate
capability and reduced charge transfer resistance of the electrode
after cycling.

2. EXPERIMENTAL

LiNig.90-,C00.0sAlp.0sY Oz (x = 0, 0.025, 0.075) materials were
prepared by co-precipitation method from stoichiometric amounts
of NiSO4.6H,0, and Co0SO,.7H,O, were mixed. A spherical
Nig9sCog5(OH), precursor was prepared through a co-
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Figure 1. The XRD patterns of the LiNig.g9— C0¢.0sAl.05YxO2 (x =0, 0.025, 0.075) materials.

precipitation process in a continuously stirred tank. At first, stoichi-
ometric amount of metal solution at a concentration of 2 mol L™
was pumped into a continuously stirred tank reactor (CSTR, 4L)
under a N, atmosphere. At the same time, a NaOH solution (aq) of
2 mol L™ and the desired amount of a NH,OH solution (aq.) as a
chelating agent were also separately pumped into the reactor. The
pH of the whole reaction process was kept at 11.0. The obtained
Nig.95C0005(OH), precursor was thoroughly mixed and ball-milled
for at least 24 hrs with an appropriate amount of LiOH, Y,05 na-
nopowder (<50 nm, Aldrich) (x = 0, 0.025, 0.075 mol % ratio in
total cation) and AI(OH);.H,O calcined 750 ‘C for 18 hrs in O,
atmosphere. However, a slightly excess stoichiometry of lithium
(1.04) was used to compensate for any loss of the metal that might
have occurred during the firing at high temperature.

X-ray diffraction (XRD) patterns were obtained with an X-ray a
diffractometer in the 26 range from 10 to 70° and with monochro-
matic Cu-Ka radiation (A = 1.5406 A). Samples were investigated
with scanning electron microscopy (SEM QUANTA 300, JEOL)
analysis before and after doping.

CR2016 type coin cells were assembled in a glove box using the

above cathode film, lithium, a porous polyethylene film, and a 1M
LiPF¢ solution in ethylene carbonate (EC) / diethyl carbonate
(DEC)(1:1 vol/vol). The lithium metal foil was used as the counter
and reference electrode. Assembly was measured in an argon-filled
glove box. The charge - discharge curves were measured in the
voltage range 3.0 to 4.4 V. Impedance spectroscopy was carried out
at room temperature using frequencies ranging from 0.01 Hz to 0.1
MHz and alternating-current amplitude of 10 mV. Nyquist plots (Z’
vs —Z”’) were drawn and analyzed using Zplot and Zview software.

3. RESULTS AND DISCUSSION

3.1. Powder characterization
3.1.1. Analysis of the morphology of Y>*'-doped
LiNig.90-+C00.05Al9.0s YOz by XRD

The XRD patterns of LiNi()_gofXCO()_()sA10_05Yx02 ()C = 0, 0025,
0.075) materials are shown in Fig. 1. The lattice parameters shown
in Table 1 were calculated using XRD analysis software (TOPAS
4.1). All peaks corresponded to a layered a-NaFeO, structure of
space group R-3m. However, some low intensity bands appeared
after doping Y*" ions at a high level, which was attributed to Y,0s

Table 1. The lattice parameter, R-factor and peak ratio (003) to (104) in the LiNigg9-xC0g05Alg05 YO, (x =0, 0.025, 0.075).

Lattice parameter

Composition ah) A) Cell volume(A) (003)/(104) R-factor
x=0025 (36?()7(;‘031) (i?):(l)(g)g;) (1;)01.6517) 11235 04306
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Figure 2. Effect of yttrium on structure

phase formation [15]. Table 1 shows the lattice constants and the
intensity ratio of the (003) peak and (104) peak (I1(003) / 1(104)),
which in order to evaluate crystal structure differences after doping.
The lattice parameter ‘a’ represents metal-metal interlayer distance
while ‘c’ indicates the interlayer spacing. The ‘a’ change in lattice
parameters means that the foreign dopant has been incorporated
into the crystal structure [16, 17]. In the present study, lattice con-
stants and the 1(003)/1(104) ratio changed slightly after doping,
indicating that Y** primarily occupies location of Ni** crystal lattice
sites. Relatively little Y** was associated with Y,0;, phase for-
mation, in Y3+-doped LiNig.90Co00,05Alg050,. The lattice parameters
of LiNig99-C0005Alp05Y, O, (x = 0.025, 0.075) were larger the
compared to that of pristine sample. It indicates that the Y>*ion
entered into crystal lattice. The increase in the lattice constant ‘a’
and ‘c’ was attributed to the larger ionic diameter of Y** (radius =
0.90A versus 0.69A for Ni*") [18].

The Y*" doping suggests that the pathway for Li" to interca-
late/deintercalate had been expanded, which likely occurred be-
cause the Y-O bond energy is considerably stronger than the Ni-O
bond energy (shown in Fig. 2) [18]. Therefore, the 1(003)/1(104)
ratio has been used as an indicator of cation mixing [19], that is,
values lower than 1.3 indicate a high degree of cation mixing, due
to occupancy by other ions in the lithium layer [20]. On the other
hand, the higher this ratio is, the lower the degree of ion mixing. In
this study, the 1(003)/1(104) ratio after Y** doping was shown to
increase, which implies that Ni ions in the lithium layer were de-
pressed by Y-substitution. According to Riemers ef al. [21], the R-
factor, which is defined as the ratio of the sum of the intensities of
the hexagonal characteristic doublet peaks (0 0 6) and (0 1 2) to
that of (1 0 1) peak can be utilized to estimate hexagonal ordering
[(I(0 0 6) +1(0 1 2))/I(1 0 1)], and the lower the R-factor, the better
the hexagonal ordering. In this study, the R-factors of
LiNig90-C09.05Alp05Y, O, (x = 0.025) were low than the pristine
samples, which means that Y*" doping had a strong structural order-
ing effect. One of probable reason for this phenomenon was, some
low intensity bands appear while the amount of doping Y** ions
increase to a high level, which is attributed to the forming of Y,O;
phase (see Fig. 1), while Y-doped sample (x = 0.075) sudden in-
crease in R-factor was observed. The reason of this phenomenon is
an increase in the amount of the impurities by increasing the

Figure 3. Microscope images of the Nij 9sCog 10(OH), precursor.
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Figure 4. SEM images of the (a) Nig9sCog.10(OH), precursor and
LiNig.90-xC0.05Alg.05 YO, powders (x = 0, 0.025, 0.075).

amount of yttrium doping, which is believed to hinder the hexago-
nal ordering.

3.1.2. Microscope of Nij 95C0¢.05(OH), precursor

Fig. 3 shows the microscope images of the Nijg¢sCo0go5(OH),
precursor. Co-precipitation of NiggsCogos(OH), was carried out
continuously in a CSTR reactor and the change in morphology of
the products was monitored regularly by an optical microscope. At
the beginning of the reaction, small primary particles were formed
and which agglomerate in succession to form irregularly-shaped
and micron-sized agglomerates. The particles grew gradually and
adopted a uniform spherical morphology without further agglomer-
ation. After 46 hrs of precipitation, a steady state was reached and
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Figure 5. Initial charge-discharge curves of the LiNig 99—xC00.05Alg05YxO07 (x =0, 0.025, 0.075) cathodes in the voltage range of 3.0~4.4 V at
1.0 C (170 mAg).
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Figure 7. Rate capability curves of the LiNigg9-xC00.05Alp05YxO2 (x
0.2C, 0.5C, 1.0, 2.0, 5.0 and 0.1C.

the particle size ranged from 5 to 9 pm. Finally, the particles ob-
tained after 52 hrs of precipitation had a spherical shape.

3.1.3. SEM image studies

Fig. 4 shows SEM images of the (a) Nig¢5Cog5(OH), precursor
and LiNio,gofxCO()‘%A10‘05YX02 powders (x = 0, 0025, 0075) im-
age series (b)-(d). The Nig9sC0¢0s(OH), precursor was prepared by
the co-precipitation method. It is obvious that NiggsCogos(OH),
powders adopted a spherical morphology in secondary particles and
the estimated particle diameter was about 5-9 pm in, while the
primary particles adopted a needle-like shaped and were densely
agglomerated in secondary forms. As the result of sintering the
samples Fig. 4 (b, ¢, d), the morphology and size of the
LiNig99Co00,5Alg 050, secondary particles calcined at 750 [J for 18
hrs remained almost the same as the precursor. However, the pres-
ence of the needle-shaped primary particles of the precursor as to
be seen the SEM images clearly indicates that there was a structural
change when compared the cylindrically-shaped primary particles
of LiNig99C0¢0sAlposO, powders. The SEM images of pristine
(Fig.4(b)) and Y-doped powders (shown in Fig.4(c) and (d)). There
was little change in the morphology by Y-doping. The powders had
agglomerated, and were consisting of small particles with an aver-
age particle size of about 500 nm.

3.2. Electrochemical behavior
3.2.1. Initial charge-discharge studies

Fig. 5 shows the initial charge/discharge curves for the
LiNio_gofxC00_05A10_05YX02 (X = 0, 0025, 0075) cells in the cut-off
voltage 4.4 ~ 3.0 V at 1.0 C. The initial discharge capacity value of

=0, 0.025, 0.075) cathodes in the voltage range of 3.0~4.4 V at 0.1C,

the pristine sample was 185.6 mAhg', and the Y-doped materials
delivered an initial discharge capacity of 195.8 and 187.7 mAhg '
for x = 0.025, 0.075, respectively. The capacity retention of the Y-
doped samples (~87%) was also better than that of the pristine (~
82%). The yttrium doping expanded the pathway for Li" to interca-
late and deintercalate. So, the yttrium doping was correlated with
improved discharge capacities of the cathode and better capacity
retention during the cycling. Fig. 6 presents differential capacity
plots (DCPs) of pristine sample and the Y-doped
LiNij99Co00,05Alg 050, cells at in the cut-off voltage 4.4 ~ 3.0 V at
0.2 C. The DCPs of LiNig99C0¢0sAly 050, display features charac-
teristic of voltage plateaus during charge process at ~3.65, 3.73,
3.99, and 4.21 V, associated with complete oxidation. The main
cathodic peaks at ~3.68, 3.98, and 4.18 V during the discharge
process were meanwhile ascribed to the reduction reaction. The
major anodic/cathodic peaks at ~3.65/3.68 V correspond to the
oxidation/reduction process of Ni*"/Ni**. The anodic peak at 3.65 V
has a shoulder at ~3.73 V, which is a two-phase region correspond-
ing to the phase transition of the hexagonal (H1) to monoclinic
(M). Also the anodic/cathodic peaks at 3.99/3.98 V and 4.21/4.18
V were assigned to the phase transition of the monoclinic to hexag-
onal (H2) and hexagonal (H2) to hexagonal (H3), respectively [22,
23]. On the other hand, the DCPs of Y-doped samples were dis-
played the voltage plateaus that were almost constant excluding the
main anodic peaks at ~3.55 V, due to markedly reduced resistance
by Y-doping.

3.2.2. Rate capability studies (C-rate)
Rate capability is one of the most important electrochemical
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Figure 8. (a) Equivalent circuit and (b) impedance after 50 cycles in the pristine and Y-doped electrodes in coin type half-cells.

characteristics of lithium secondary batteries required for power
storage application. Fig. 7 shows the discharge specific capacities
of the LiNi0A907XC00A05A10A05Y)502 (x = 0, 0025, 0075) cathodes. The
cells were charged and discharged between maximally 3.0 and
4.4V with charges of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and 0.1C, respec-
tively. As shown in Fig. 7, the capacity retention difference be-
tween the pristine and Y-doped LiNijg9CogosAlg0sO, cathode be-
came larger with an increase in the C-rate. For instance, the capaci-

Table 2. Capacity retention at various C-rates of the
LiNig 99-xC0g05Alg.05 YO, powders (x= 0, 0.025, 0.075) (Units are
%).

0.1C 02C 0.5C 1C 2C 5C 0.1C
x=0 100 922 82.9 75.2 66.7  53.6 94.3
x=0.025 100 94.3 87.4 81.5 752 66 93.8
x=0.075 100 95 87.9 81.7 747 638 95.4

ty retentions of LiNiggo-Co0g5sAlp05sY,O, (x = 0.075) was 95, 81.7
and 63.8% at 0.2, 1.0 and 5.0 C-rate, respectively. Meanwhile the
pristine was capacity retentions of 92.2, 75.2 and 53.6% at 0.2, 1.0
and 5.0 C-rate, respectively (see Table 2). It is noticeable that a
much lower over potential was observed in the Y-doped samples
than in the pristine, especially for x = 0.025 at high C-rates, indicat-
ing that the yttrium doping significantly reduced the polarization of
the cathode/electrolyte interface in the cell.

Table 3. Surface-Film Resistance (Ry) and Charge-Transfer Re-
sistance (R for Pristine and Y-doped LiNij¢0Cog5Alg 050, cath-
odes.

Composition Rse1 (Q) R ()
x=0 6.59 42

x =0.025 5.87 1.99
x =0.075 6.24 2.53
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Figure 9. Graph of Z,. plotted against o’ at low frequency region for LiNig g9-xCo0g05Alp.05YxO2 (x =0, 0.025, 0.075) cathodes.

3.2.3. Electrochemical impedance spectroscopy
(EIS)
Fig. 8 shows the impedance spectra of the

LiNig.90-,C00.05Aly 05Y, O, (x = 0, 0.025, 0.075) samples before and
after 50 cycles with a charge of 1.0C (170 mA/g). An equivalent
circuit was used interpret the impedance results (Fig. 8a). R, and
Rgr are the ohmic resistance of the cell and the surface film-covered
electrode particles, respectively. R is the charge-transfer resistance
at the electrode and electrolyte [24-26]. Generally, impedance spec-
tra for lithium battery test cells containing cathode material exhibit
two semicircles and a line inclined at a constant angle to the real
axis. The semicircle occurring at a high frequency could be at-
tributed to the resistance of the surface film (Ry). The Ry of
LiNig90-.C0.05Alp05Y, O, (x = 0, 0.025, 0.075) was measured to
6.59, 5.87, and 6.24 Q, respectively and the R of Y-doped samples
had also a lower value than that of bare sample after 50 cycles, the
R value of the pristine sample was 4.2 Q after 50 cycles. On the
contrary, the R, of the Y-doped LiNigg9-,C0¢0sAlposY,Or (x =
0.025, 0.075) electrodes were 1.99, and 2.53 Q after 50 cycles
(Table 3). The resistance of the Y-doped samples is the lowest after
50 cycles, which mean that the increase of crystal parameter will
allow Li" to more easily intercalate/deintercalate. Therefore, the
improved rate capability of Y-doped samples may be due to an
extension of the pathway for Li" ion and reduction in charge trans-
fer resistance.

The EIS can be used to calculate the lithium diffusion coefficient

(Dv;) using the following equation [27, 28].

Z,.=R,+R_+ ocw™ " (1)

D, =05 (Mf—;fj )

where the meanings of R.is charge transfer resistance, Re the
electrolyte resistance, ® the angular frequency in the low frequency
region, D the diffusion coefficient, R the gas constant, 7 the abso-
lute temperature, F' the Faraday’s constant, 4 the area of the elec-
trode surface, and C the molar concentration of Li" ions (moles
cm ) [29]. The plot of the Z,, vs. the reciprocal square root of the
lower angular frequencies is illustrated in Fig. 9. The lithium diffu-
sion coefficients of Y-doped LiNigg9-,C000sAlposY 02 (x = 0,
0.025, 0.075) were calculated to be 4.74 x 1075, 1.47 x 10™"* and
467 x 10" cem® s, respectively. It can be found that
LiNig g75C00.0sAlp 05 Y 0.02502 has the highest lithium diffusion coeffi-
cient among three samples. The lowest lithium diffusion coefficient
of LiNigg5C00,0sAlp05Y007502 may be due to the much impurity
(see Fig. 1), and then hinder the migration of lithium ions, but this
was exhibit much better electrochemical performance than the pris-
tine sample at high C-rates (see Fig. 7). This is related to better
cation mixing by Y-doping than the pure LiNij¢oCo0g0sAlp.0sOa.
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4. CONCLUSIONS

In this study, we have successfully prepared layered
LiNig99Co05Alg 050, cathodes by co-precipitation, then yttrium
oxide have synthesized by solid-state method and the synthesized
material was characterized. All peaks can be identified as a hexago-
nal lattice of a-NaFeO; type. However, some low intensity bands
appear while the amount of doping Y** ions increase to a high lev-
el, which was attributed to the forming of Y,O;phase. After dop-
ing, the lattice parameter ‘c’ becomes large. It is demonstrated that
the Y** substitution for Ni*" in LiNig g9 Cog,0sAl0sY,O; electrodes
improved the Li"-diffusion. Moreover, the
LiNig g75C00,0sAlp.0s Y0.02502 has the best rate capability among all
the samples, especially when they were tested under the high cur-
rent density (at 5.0 C). From EIS measurements, it is clearly found
that Y-doping improves reversibility of the electrode reactions and
restraining the increase of charge transfer resistance of cathode
during cycling, which results in the improved rate capability.
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