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An Al gradientdoped LiNp.gdC0p.1dMJo.0102 (AI(GD)-LNCMgO) cathode wagprepared viechemical
co-precipitation followed by calcinatioriThe average doping concentration of Al in the Al(GD)
LNCMgO was ~2 mol.% with ~7 mol.% on the particle surfaéGD)-LNCMgOreturned values for
initial efficiency, rate capabtly, cyclelife, thermal stability, andair-exposedstability that were
superior to those of Al and Mg aoped LiNp7¢C0y1dMgooiAloo2. (LNCMgAIO),
LiNi 0.80C0p.1dV1g0.0102 (LNCMQgO), and LiNpgiC0p1d02 (LNCO). The Mg substitution andAl-rich
surface 6 Al(GD)-LNCMgO suppressed the reactions of electrolytes with the materiahhifdted
increases in resistand@oping Mg and Al in LNCO can also acceleratadn diffusion.

Keywords: lithium ion battery, cathode materidllg doped, Al gradientdoped, electrochemical
performance..

1. INTRODUCTION

Global warming and air pollution caused by the burning of fossil fuels has become a serious
phenomenonElectric vehicles (EVs) careduce carbon emissions ahelp protect the environment.
To meet the in@asing demand for high performance battefigsuse in EVs, the energy density,
cycle life, and safety of existing stadé-the-art Li-ion cells must improveLithium nickel oxide
(LINiO ) cathode provides a high level of energy density with less toxiehich makes it suitable for
electricvehicle applications [13]. However, pureLiNiO, presents problems that include difficult
synthesis, poor thermal stability and an unstable crystal structure. In previous studies, a partial
replacement of the Ni ihiNiO;, by Co and Al has enhanced the stability of the crystal structet8][4
LiNi 0. sCap.15Al0.0502 (NCA) cathode materiahas exhibited good thermal stabilityith high capacity
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(> 180 mAh @) and has become one of the most crucial materials for thegapgtation of lithiurm

ion batteries. Nevertheless, it is well known that NCA batteries continue to suffer from the problems of
poor cycle life, particularly when used under conditions that indhigle temperature or high voltage
[11-15]. Doping Mg in LiNggCao.15Al 00502 has improved the life of NCA, because fMépns act as
pillaring ions that suppress variations in thaxts, which in turn suppresses the pulverization of NCA
particles during chargdischarge cycling [13.8].

In the present study, weombined the advantages of doping Mg and Al irriblh cathode
material viahomogeneousloping [410, 1523] and gradientioping technology [226]. Specifically,
Mg** ions werehomogeneotuyg doped in the cathode material to provide a pillaring effeciuinout
the particles.On the other handAl®** ions were more concentrated on the surfand gradually
decreased toward the core, resulting in a gradient concentration in the pantti@nproved the
surfacestability of the material Characteristicsuseh as the structure, electrochemical performance,
thermal stability, andair-exposed stabilityof Al gradientdoped LiNbgdC0y 1dVIgo.0102 (Al(GD)-
LNCMgO) were studied andompared with those of Al and Mg-cmped LiNp 7dC00.1dM7o.01Al 0.002
(LNCMQgAIO), LiNi¢.gdC00.1dVIg0.010> (LNCMgO), and LiNp.g1C0p.1d0> (LNCO).

2. EXPERIMENTAL

2.1. Synthesis

Spherical LNCO or LNCMgO powders were prepared in the following steps [19, 27Ar28].
aqueous solution of 1.0 M NiSQ CoSQ and MgSQ (molar ratio of eithemNi:Co * 81:19 or

Ni:Co:Mg * 80:19:1) was pumped into a tvliter tank reactor accompanied by continuous stirring.

Simultaneously, a 2.0 M NaOH solution and an 8.0 M,8H solution were separately fed into the
reactor. The concentration of NBIH, the pH, ad the temperature were maintained at 1.2 M, 10.5,
and 60°C, respectively. After the mixture had been vigorously stirred for 20 hours, either spherical
Nig.g1C0n.1(OH), or NiggdCn.1dMgo.01(OH), precipitations with particle diameters of approximately
10D15 em had formed. The eprecipitates were thoroughly washed usingaiezed water and then
dried at 105°C for 5 hours in an ovenThen, lithium hydroxide was added and mixed with the
precursor powders, where a molar ratio of lithium to nickel/cobalhesiumn metal was 1.02. The
mixture was sintered at 78 under an oxygen atmosphere for 16 hours to form either LNCO or
LNCMgO.

To prepare theLNCMgAIO or AI(GD)-LNCMgO powders [29, 30], the as/nthesized
Nio.gdC0n.19Mgo.01(OH), or LNCMgO powders werasuspended in a 0.3 M NBH solution, and then
an appropriate amount of A80Q,); solution was slowly added into each suspension with continuous
stirring for 2 hours by a stirrer (IKA RW20, IKA, Germany). Simultaneously, 3.0 M@®HHsolutions
were fed sepately into each solution in the reactor. In order tacontrol the relative supersaturation,
the pH and temperature values were adjusted to 8.0 an®C6@espectively.At low relative
supersaturation, eertain amount of aluminum hydroxide was uniformlateal onto the surfaces of
Nip.sdC0n.19Mgo.01(OH), or LNCMgO via chemical ceprecipitation. The resultant powders were
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washed, filtered, and driedlhen, lithium hydroxide(LiIOH-H,O) was mixed into the 2 mol.%
Al(OH)s-coated NipgdfC.1dMJo.0i(OH), to form a molar ratio of lithium to
nickel/cobalt/magnesium/aluminium metal of 1.02. The mixture was sintered a®C78@der an
oxygen atmosphere for 16 hours to obtainthkeCMgAIO. For the AI(GDILNCMgO powders, the 2
mol.% Al(OH)-coatedLNCMgO wassintered a780°C under an oxygen atmosphere for 2 hours.

2.2. Characterizatiomf physical properties

A diffractometer (PANal ytical, Xo0Pertrdy equ
diffraction (XRD) analysis. The morphology and atomic concentration of pbeders were
characterized by a scanning electron microscope (SEM) with an energy dispersive spectroscope (EDS
(S3400N, Hitachi). The content variation of Al was determined as follows. A small amount of
LNCMgAIO or AI(GD)-LNCMgO particles and an adequamount of agate balls were placed in a
mill pot that rotated at 100 rpm for 20 minutes through a planetary ball mill (FRITSCH P86,
FRITSCH, Germany). The LNCMgAIO or AI(GEDNCMgO particles collided in the pot; the
particles broken in half were examd by the SEM. The element content of Al was analyzed by an
EDS from the edge to the center of the rupture surface of the LNCMgAIO or AI(BBOMgO
particle. Elemental analysis was carried out by an inductively coupled plasma optical emission
spectroscop (ICROES) (Optima 2100 DV, Perkin Elmer). The FTIR spectrum were measured in
reflectance mode using a Perkin EImer Spectrum 100-ATR spectrophotometer.

2.3. Electrochemical measurements

Electrochemical evaluation of the cathode powders were caraethe use of CR2038pe
lithium ion coin cells. A slurry for the cathode electrode was obtained by mixing the active material,
graphite (KS6, TIMCAL co.), carbehlack (Super P, TIMCAL co.), and polyvinylidene fluoride
(PVdF #1300,KUREHA co) at a rab of 88:4:2:6 (wt. %) in the NMP solvent (MITSUBISHI
CHEMICAL co.). Then, the slurry was dispersed using a +eéfitiency mixer (TURBULA® T2F,
Willy A. Bachofen AG) The resultant slurry was cast on
em doctor's bl ade. T he clor&theud toAvaporfate ihe NMR advent r |
anditwasthenrobr essed to the thickne s?pressireafdbpunchedta n d
form a circular disk with a diameter of 12 mm (electrode area: ~1.f8 @ime electrode films with
about 17 maactive materialelectrode density: 3.34 g éthwere preserved in an argéitled dry box
(Unilab, MBrun). The coin cedl used lithium metal foil (FMC co.) as an anode and were used to test
the electrochemical performance of the cathode materials. A mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (EC:DMC = 1:2 vol.%) solvents containing 1 M ¢\W&s used athe
electrolyte (CAPCHEM co.). The polypropylene membraAsafi KASEI co.) was soaked in the
electrolyte for 24 hours prior to use. The coin cells were assembled in anfidegbdry box with
moisture and oxygen contents that were maintained at lassltippm each. The coin cells were
charged in C&CV mode ¢onstant current to constant voltage at 4.8Wd discharged in CC mode at
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various currents (1C = 3.2 mA) in a potential range between 2.8 and 4.3 V via a battery testing system
(BAT750B, Acutech Sstems Co. LTd., Taiwan). EIS experiments were performed using an
electrochemical station (614B, CH Instrument). The impedance spectra were taken at frequencies
ranging from 18to 10° Hz with thevoltage amplitude o mV after cycling between 2.8 and 4/3

and charging to 4.3 V. The parameter values of the equivalent circuits for the impedance spectra were
determined by conducting computer simulation with thBl@ electrochemical impedance software.

In the PITT measurementt) vs.t was measured asfanction of potential steps at 30 mV ranging

from 3.8 to 4.3 V.Each potential step was applied when the electrode had reached equilibrium, as
defined by a residual current of | ess than 1 ¢

2.4. Thermal evaluation

The cathode samples for the differahscanning calorimetry (DSC) analysis were prepared as
follows. Coin cells were initially charged to 4.3 V at a 0.1 C rate and then opened in affillgdon
dry box to remove the charged cathode samples. Approximately 3 mg of the cathode with 3 pL of
electrolyte was hermetically sealed in an aluminum pan. DSC scanning was carried out at a scan rate
of 5 °C mir* from 180 ~280 °C by a PerkiElmer DSC7 instrument.

3. RESULTS AND DISCUSSION

3.1. Synthesis and characterizations

XRD patterns of the prisie LNCO, LNCMgO, LNCMgAIO, and AI(GD)}LNCMgO are
shown in Fig. 1. All the powders were confirmed to have a-tellf i fNaF&Q-tibe structure
(space groupR-3m) [19, 25, 28, 29] They exhibited well defined (0 0 6)/(1 0 2) and (1 0 8)/(1 1 0)
doublets,which indicates an ordered distribution of Li and Ni/Co in the layered structure. The
hexagonal lattice parametect&a ratio, unit volume, and 1(003/104) are given in Table 1.

The unit volumes of the LNCO and LNCMgO are 100.7910 and 100.938gdpectiely.
The unit volume increased when the LNCO was doped witfi [4§, 20]. This is because the radius
of Mg?*(0.72 A) is larger than that of eitherX({0.56 A) or C3%(0.545 A). Md" ions have a strong
tendency to occupy the transition metal sites) (19-22, 31]. In the previous studies [22], it was
found that the Mg ions originally occupied the transition metal sit8s)(of the Mg doped LNCO,
then the M§" ions moved to the inteslab space and were situated at tHepoisitions (3b) during the
de-intercalation of Li ions over 4.2V. The size of Mgion is similar to that of Liions, which assists
the movement of Liions by preventing vacancy ordering.
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Figure 1. X-ray diffraction patterns of (a) LNCO, (b) LNCMgQ@) LNCMgAIO, and (d)AI(GD)-

LNCMgO powders.

Table 1.Lattice parameters of sample powders.

Lattice parameter (A) c/a 1(003/104)

Cathode material o Volume (&)
LNCO 2.8646 14.1834 100.7910 4.95 1.29
LNCMgO 2.8653 14.1948 100.9282 4.95 1.31
LNCMgAIO 2.8639 14.1938 100.8211 4.96 1.33
Al(GD)-LNCMgO 2.8629 14.1930 100.7443 4.96 1.37

The decrease in the lattice constanta ahdc and in theunit volumewith Al-substitution can
be attributed to the ionic radius of %Al(0.535 A) in the octahedral 3a site, which is slightlyaBer
than that of either Nf (0.56 A) or C3"(0.545 A) [7, 26, 32, 33]. The bonding strength of*AD is
larger than that of Ni-O. The stronger bonding induced by the incorporation of Al in the host
structure improved the structural stability [34).38/(GD)-LNCMgO had the highest 1(003/104) ratio
among all cathode materials, which indicated that the Al gradi@med material had the lowest degree
of cation mixing [3638].

SEM images of NipgiCoy1dOH),,  NiggdC.1dMgooi(OH),, and Al(OH)s-coated
Nio.sdC0n.1dMgo.01(OH), are shown in Fig. ZThese images show the synthesipedcursor particles
with spherical morphologies and an average particle size of 12~13 um. In particelaxprphology
of Al(OH)s-coated NipgdC0p1dMgooi(OH), differed from hat of the NigiCa1dOH), and
Nio.sdC0.1dMgo.01(OH), precursors, as shown the highmagnification SEM images in Fig. 2(b), 2(d)
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and 2(f). Specifically, the NkiCo1OH), and Nig gdC0.1dMgo.0i(OH), particles showed a porous
surface that was madeup of tiny, needldike crystals, whereas theAl(OH)s-coated
Nip.sdCn.1dMgo.01(OH), revealed a surface with a smeared appearance.

SEM images of the pristine LNCO, LNCMgQNCMgAIO, Al(OH)s-coated LNCMgO, and
Al(GD)-LNCMgO are shown in Fig. 3. All powdevgere spherical and had average secondary particle
sizes 0f12~13 pm The secondary particles were made up of numerous dense primary particles. In
particular, the Al(OHy-coated LNCMgOshowed acicular Al(OH)on the surface, as shown in Fig.

3(9)(h).

WD10.5mm 15.0kV x5.0k 10u

WD 7.0mm 15.0kV x5.0k  10um

@D 7.0mm 15.0kV x5.0k 1

Figure 2. SEM images: (a)(b) NC(OH)(c)(d) NCMg(OH}), and (e)(f) Al(OH}-coated NCMg(OH)
particles.
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WD 7.6mm 15.0kV x5.0k 10um

Figure 3. SEM images: (a)(b) LNCO, (c)(d) LNCMgO, (e)(f) LNCMgAIO, (g)(h) Al(Oftoated
LNCMgO,and (i)(j) AI(GD)}LNCMgO particles.
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Table 2. The elematal analysis of sample powders, as measured BWAES.

mol. % mol. %
Ni Co Mg Al/(Ni+Co+Mg)
LNCO 81.35 18.65 ---
LNCMgO 80.27 18.78 0.94
LNCMgAIO 79.48 19.58 0.94 1.97
Al(GD)-LNCMgO  79.62  19.43 0.95 1.97

The chemical composition,sadetermined via IGI®OES analysis, of the prepared cathode
material is listed in Table 2. The stoichiometry of the Ni:Co:Mg inltNEMgAIO was 79.48: 19.58:
0.94, while the Al content dENCMgAIO was 1.97 mol.%. The concentration of Al was analyzed
from the edge to the center tife rupture surfacef the LNCMgAIO particle via EDS as shown in
Fig. 4. The analysis was conducted along the blue line shown in Fig.F¢c}(d) shows how the Al
was homogeneously distributed in the particle. It is apparbat twhen Al(OH)s-coated
Nio sdC0n.19Mgo.01(OH), precursor was sintered with LIOH undan oxygen atmospherat high
temperature, the Al and Li ions were diffused into the precursor particles and uniformly distributed in
the sintered NCMgAIO.

' Electron image 1 Distance from the particle surface / um

Figure 4. (a) SEM image, (b) EDS mappings of Al on the surface, (c) @essonal SEM image, and
(d) Al concentration from the surface to the core of LNCMgAIO patrticles.
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The stoichiometry of values for the Ni:Co:Mg in AI(GRDNCMgO were 79.62: 19.43: 0.95,
while the Al content was 1.97 mol.% in AI(GIRNCMgO. EDSwas used to analyze the element
content of Al from the edge to the centertloé rupture surfacef the Al(GD)-LNCMgO patrticle as
shown in Fig. 5The analysis was conducted along the blue line showigin5(c). Fig. 5(d) shows
thatthe Al concentration in the particle decreased exponentially from ~7 mol. % at the surface to ~1
mol. % at the core. The Elwas the result of the thermal decomposition of the Al{Hat coated

the surface of the LNCMgOapticles at 780 °C and gradually diffused into the particles with a gradient
concentration distribution.

N
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10 pm - " Electron image 1 Distance from the particle surface / um

Figure 5. (a) SEM image, (b) EDS mappings of Al on the surface, (c) @essonal SEM image, and
(d) Al concentration from the surface to theecof Al(GD)}LNCMgO particles.

3.2. Electrochemical measurements

The chargealischarge (0.1C) curves of the pristine LNCO, LNCMgOyCMgAIO, and

Al(GD)-LNCMgO samplesduring thefirst cycle areshown in Fig.6. The initial discharge capacities

of pristineLNCO, LNCMgO, LNCMgAIO, and AI(GD)LNCMgO were 194, 188, 183, and 187 mAh

g* with efficiencies of 87.5, 88.1, 88.2, and 88.6%, respectively**Mgd AP* doping reduced the
initial discharge capacities due to electrochemical inactivity [34, 39, 40].h@®rmother hand, the
coulombic efficiencies were improved via substitutions with- g (Mg/Al)- due to the restraint of
cation mixing [19, 25, 35, 40, 41] via doping, as shown by the XRD results. Compared with
LNCMgAIO, the AI(GD)}LNCMgO had the higher capdy and coulombic efficiency. The higher
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efficiency could have been the result of reductions in the side reactions between electrolytes and the
Al(GD)-LNCMgO surface caused by the-Ath surface [23, 25, 26].
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Figure 6. Charge/discharge curves of (BINCO, (b) LNCMgO,(c) LNCMgAIO, and (d)AI(GD)-
LNCMgO during the first cycle.
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Figure 7. Rate capability ofa) LNCO, (b) LNCMgO(c) LNCMgAIO, and (d)AlI(GD)-LNCMgO.
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To further investigate the effect of doping on the electrochemical properties dD LN
capability tests were performed at 0.5, 1.0, 2.0, 3.0, and 4.0 C with pristine LNCO, LNCMgO,
LNCMgAIO, and AI(GD)}LNCMQgO, respectively. The results shown in Fig. 7 reveal that AI{GD)
LNCMgO had the best rate capability among all samples. Spekjfitiaé capacity retention of the
Al(GD)-LNCMgO at a 4.0 Gate was 84.6%, while that of the pristine LNCO was 63.5%. We believe
that the better rate capability was due mainly to the pillaring effect as a result of the Mg dopant and
from a reduction in theeactions between the electrolyte and theiéth surface sample.
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Figure 8.Speci yc capacity proyl e LGMgAICaand (hUAN(GMD, ( b’
LNCMgO cells at 0.2 C charge and 0.5 C discharge. (e)dyating performances of all
samples.

The cycling tests of agrepared samples were conducted at 0.2 C charge and 0.5 C discharge in
a potential range between 2.8 and 4.3 V. After 80 charge/discharge cycles, ANGMgO lost only
~ 6.4% of the initial capacity while the loss for the pristiCO was ~17.8%, as shown in Fig. 8.
The enhanced cycling stability of the Mg#aibstituted LNCO was due to the prevention of a local
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structure collapse, which aids lithium diffusion, and, therefore, capacity retentid®[153, 25, 26,
40].

3.3. EIS aalysis

The electrochemical impedance of the cycled samples at 25 °C was measured in a charged stat
of 4.3 V after the ¥, 20", and 48 cycles (Fig. 9). The Nyquist plots with frequencies ranging from
10° to 10° Hz had two semicircleand an arc lineThe first semicircle in the high frequency was
related to the resistance @fsurface layer (|g the second one in the middle frequency was the charge
transfer resistance @8 andlow-frequency dispersion of the soladlate diffusion [2426, 4245]. Eat
parameter was determined by fitting the plot to the equivalent circuit shown in the insert of Fig. 9.

Figure 9. Nyquist plots for(a) LNCO, (b) LNCMgO{(c) LNCMgAIO, and (d)AI(GD)- LNCMgO at
1%, 20" and 48 cycles.

Table 3.Resistances dhe pristine LNCO, LNCMgO,LNCMgAIO, and Al(GD}LNCMgO after £,
20" and 48 cycles

LNCO LNCMgO LNCMgAIO Al(GD)-LNCMgO
Cycles Rf Rct Rf Rct Rf Rct Rf Rct
1% 8.0 7.8 2.9 10.5 2.8 9.4 2.7 9.3
20" 14.8 477 3.0 24.8 2.9 16.5 2.8 15.7

40" 20.4 1348 3.0 43.2 2.9 23.0 2.8 20.5




