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W-doped LiWNigs5Mn;5_x04 (x=0.00-0.10) are synthesized via a sol-gel method, and their electro-
chemical properties are investigated. During synthesis, W** is converted to W®*, the amount of which
significantly affects the charge-discharge behaviors of LiWyNigsMn;5_x04. When limited to x < 0.005,
W-doping enhances the electrochemical activity of cathodes, leading to a greater discharge capacity
and less capacity fading than LiNip5Mn; 504 at high C-rates. This is interesting since lowering the average
valence state of Mn ions by incorporating W6* can introduce structural instability, extending a4 V plateau

Is(gi’r‘l":l’rds" (Mn3*/4*). The reasons for such behavior associated with W-doping are examined by electron microscopy,
Cathode X-ray photoelectron spectroscopy, X-ray diffraction, and impedance spectroscopy. It is disclosed that the
Doping simultaneous increase in Li—O bond length and decrease in transition metal-oxide bond length, while the
Tungsten unit cell volume is maintained almost invariant, provides LiWy go5Nig.5Mny 49504 with optimal high rate

performance. When W-doping exceeds x=0.01, 3 factors (intrinsically low electronic conductivity of W*,
the presence of tungsten oxide impurities, and an increase in the inter-metallic distance) aggravates elec-
trochemical performance of LiWyNipsMnj5_4O4. The last factor also induces structural instability during

Lithium ion batteries

repeated cycling because of the expansion of a unit cell volume.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Among the numerous transition metal oxides applied to the
cathode in lithium ion batteries (LIBs), spinel LiNig5Mn; 504 is
considered a promising high-energy material due to its capabil-
ity to reversibly intercalate lithium ions in a high voltage range
(ca. 4.7 V) [1]. The reversible redox process between NiZ* and Ni#*,
while the oxidation state of Mn remains unchanged in a 4+ state,
results in a high operating voltage, which is possible because the
binding energy of the Ni 3deg electrons is at least 0.5eV higher
than that of the Mn 3deg electrons. Despite this unique advantage,
however, LiNip sMn; 504 remains far from the implementation in
commercial LIBs. The main reason is fast-capacity fading particu-
larly at high temperatures, which is also the case with LiMn,04 due
to electrolyte decomposition and metal ion dissolution [2]. In addi-
tion, LiNig5sMn; 504 can have 2 cubic spinel structures depending
on the distribution of Ni and Mn ions (i.e., the Fd3m space group
with disordered cations or the P4332 space group with 1:3 ordered
cations) [3]. The ordered spinel with a P4332 space group expe-
riences a structural transformation during Li extraction, which is
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another cause for deteriorating capacity during extended cycling
[4].

Various strategies have been employed to tackle this point and
2 methods are most frequently employed. The first involves tailor-
ing the particle size into a nanoscale regime to reduce the diffusion
length for lithium ions and increase the area of contact with the
electrolyte [5-7]. This strategy, however, does not improve the
internal electronic conductivity in the crystal and also activates
some side reactions on the nanosized material with an organic-
based electrolyte, leading to an increase of the polarization effect
[8]. The second involves a modification of the intrinsic proper-
ties via a partial substitution (doping) of Mn with other metal
ions in the crystal structure (or surface coating). Doping can have
a direct impact on the structure and stability of LiNig5Mnq 504
during lithium intercalation/deintercalation. Some transition and
non-transition metal elements (Co, Ti, Ru, Fe, Cr, Cu, Mg, Al) have
been substituted to stabilize the spinel structure and/or provide
facile charge transport [8-12]. In most cases, structural stabiliza-
tion, minimized polarization, and improved electrical conductivity
were obtained via a substitution in low-doping levels. A high con-
centration of dopants led to detrimental effects in a majority of the
cases.

Here, we show that optimized incorporation of W into stoichio-
metric spinel LiNig5Mn; 504 can alter the microstructure of the
spinel. W-doping at an optimized level increases Li—O bond length
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and simultaneously decreases Ni—O and Mn—O distances without
a substantial change in the unit cell volume. This facilitates Li ion
diffusion, leading to greater capacity and better capacity retention
than pristine LiNig5Mnq 504, in particular at a high C-rate. To the
best of our knowledge, little attention has been paid to W-doping in
spinel cathode materials mainly due to the belief that W with a rel-
atively higher oxidation state might induce the reduction of the Mn
valence state (Mn** to Mn3*). Earlier work on W-doping in spinel
LiMn;,04 via solid-state synthesis, however, has shown that with
trace level doping the problem with the reduction of Mn valence
was insignificant [13]. Moreover, the decrease in the valence state
of Mn is not a significant factor in LiNig sMn7 504, since a majority
of the electrochemical reaction is governed by Ni.

2. Experimental
2.1. Synthesis of LiWxNigsMn;5_404
Pristine LiNip5Mn;504 and W-doped LiWNigsMnjs5_xO4

(x=0.005, 0.01, 0.025, 0.05, 0.075, 0.10) were synthesized via a cit-
ric acid-assisted sol-gel method. Stoichiometric mixtures of WCly,
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Fig. 1. TGA of LiWg 25Nig5sMny 47504 precursor at 10°Cmin~! in air. Weight losses
at each step are due to (a) surface-bound water loss, (b) chemically bonded water
loss, and (c) acetate or citrate decomposition.
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Fig. 2. FESEM images of LiW,NigsMn; 5_xO4 spinels with various W contents; (A) x=0.0, (B) x=0.005, (C) x=0.01, (D) x=0.025, (E) x=0.05, and (F) x=0.1. (D) image was

obtained by JEOL 5310.
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Table 1
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Summary of structural refinement of LiNig5Mn; 504 and LiWg g5 Nig5Mn1 49504 by a Rietveld method.

Atom Site ~ LiNig5Mn; 504
Fd3m, a=8.17169(4) A, volume =545.679(4) A3, R, =21.4,
Rwp=9.39, x2=2.30

B . LiWo,005Nio.sMn1.49504
Fd3m, a=8.17313(2) A, volume = 545.965(3) A%, R, = 18.8,
Rwp=7.71, x>=1.97

X y z Occupancy B X y z Occupancy B

Li 8a 0.1250 0.1250 0.1250 0.0417 0.10(9) 0.1250 0.1250 0.1250 0.0417 0.31(8)
Ni 16d 0.5000 0.5000 0.5000 0.0208 0.05(1) 0.5000 0.5000 0.5000 0.0208 0.402(5)
Mn 16d 0.5000 0.5000 0.5000 0.0625 0.05(1) 0.5000 0.5000 0.5000 0.0623 0.403(9)
W 16d - - - 0.5000 0.5000 0.5000 0.0002 0.402(9)
0 32e 0.25822(5) 0.25822(5) 0.25822(5) 0.1667 0.61(1) 0.26122(4) 0.26122(4) 0.26122(4) 0.1667 0.85(1)
Atom Atom Inter-atomic distance (A) Inter-atomic distance (A)

for LiNig_5MH1_5O4 for LiWo_ggsNio_5Mn]_49504
Li [0} 1.8856(5) 1.9284(4)
Ni [0} 1.9780(5) 1.9559(4)
Mn [0} 1.9780(5) 1.9559(4)

Mn(CH3C00),-4H,0, Ni(CH3C00),-4H,0, and Li(CH3CO0)-2H,0
(all from Aldrich) were dissolved in triply distilled water in order
to obtain clear solutions. Dissolving WCl, first and following
the sequence mentioned above were important, as any changes
resulted in a cloudy sol. Next, the solution was added dropwise
to a vigorously stirred aqueous solution of citric acid. The pH of
the mixed solution was adjusted to 6.5 by adding an ammonium
hydroxide solution. The solution was stirred at 50 °C for 4 hand then
heated at 75-80 °C until a transparent gel was obtained. The gel was
dried at 80°C for 12 h in a convection oven, followed by drying in
vacuum at 100°C for 4 h. The resultant gel precursors were ground
to a fine powder and decomposed at 450 °C for 2 h in air (a cooling
rate of 4°Cmin~1). The calcined powder was ground to a fine pow-
der and sintered at 800°C for 16h (a cooling rate of 4°Cmin—1).
Since the presence of W in gels can change the decomposition
behavior of the precursor during pre-calcination, thermogravimet-
ricanalysis (TGA)was carried out for the LiW( g5Nig5sMn 47504 gel
precursor. Fig. 1 shows the weight loss that occurred in the 3 main
steps, which agreed well with previous reports on other manganese
oxide spinels [14]. It is evident from the curve that the presence of
W did not affect the thermal behavior of gel precursors. There was
no change in the TGA profiles as the W content was varied from
0.005 to 0.10.

2.2. Structural characterization and surface analysis

The synthesized oxides were characterized by X-ray diffrac-
tion (XRD) using a Rigaku ULTIMA 4 equipped with a Cu Kq
radiation at a scan rate of 2°min~!. Morphological and parti-
cle size characterizations were carried out using a Hitachi S3500
field emission scanning electron microscope (FESEM) equipped
with energy-dispersive X-ray spectroscopy (EDX). The transmis-
sion electron microscope (TEM) investigations were performed
on a TEM JEOL 2100 instrument with an accelerating voltage of
200KkV. The specimens were prepared by grinding and dispersing
a powder in ethanol by ultrasonic treatment for 5 min. The sus-
pensions were dropped on standard holey carbon/Cu grids. The
measurements of lattice fringe spacing recorded in high resolu-
tion TEM (HRTEM) micrographs were made using a digital image
analysis of the reciprocal space parameters. The analysis was con-
ducted using Digital Micrograph software. X-ray photoelectron
spectroscopy (XPS) was carried out using a Thermo Fisher (K-
Alpha)electron spectrometer with an Al K, X-ray source (excitation
energy = 1486.6 eV). The collected high resolution XPS spectra were
analyzed using an XPS peak fitting software program. The energy

scale was adjusted with respect to the carbon peak (C1s) spectra at
284.5eV.

2.3. Electrochemical characterization

The electrochemical properties of all cathode electrodes were
measured using 2032 coin cells consisting of metallic lithium as an
anode and an electrolyte comprised of 1M LiPFg in a 1:1 volume
fraction of ethylene carbonate (EC)/dimethyl carbonate (DMC).
The separator was a Celgard 2400 microporous polypropylene
membrane wetted in the electrolyte. The positive electrode, sup-
ported onto an aluminum foil, was a mixture containing 90 wt.%
of the active LiWxNigsMnq5_,04, 5wt.% Super P (MTI, USA), and
5 wt.% polyvinylidene fluoride. The cells were assembled in a glove
box under an Ar atmosphere (O,, H,O<1ppm). A galvanostatic
charge-discharge cycle test was performed using an automatic
WBCS 3000 battery cycler (WonATech) in a potential range of
3.5-4.9Vvs. Li/Li*. The cyclic voltammetry was conducted at a scan
rate of 0.2mVs~!, Electrochemical impedance spectroscopy (EIS)
was carried out by applying a 10mV AC signal over a frequency
range of 10~! to 105 Hz (PARSTAT 2273).

3. Results and discussion
3.1. SEM studies

The SEM images of the synthesized materials are presented in
Fig. 2. Morphological change with W-doping was noticeable. While
the pristine LiNig5Mn 504 (Fig. 2A) showed rather round-shaped
particles and a large proportion of small particles (200-300 nm),
the W-doped ones exhibited distinct crystal facets and a decreased
ratio of small particles. Note that there were no particles of
less than 500 nm in LiWg1Nigs5Mnq 404 (Fig. 2E). This seems to
imply that the presence of small amounts of W heteroatoms
might favor crystal growth by releasing microstrains caused by
lattice defects. The increased particle size and crystallinity can
affect the electrochemical performance of LiWxNigsMnj5_,04 in
an opposite direction, which suggests that the fine control of
the amounts of W is important. At this point, it is worth men-
tioning that the EDX analysis showed no residual chloride ions
in the samples, which was indicative of no remaining chloride
(from the precursor WCly) after the sintering process at elevated
temperatures.
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Fig. 3. High resolution X-ray photoelectron spectra of the LiWg 005 Nig5Mn1.49504.

3.2. XPS studies

The oxidation state of the transition metal ions were investi-
gated by XPS. Fig. 3 shows the XPS spectra of Mn2p, Ni2p and
WA4f of LiWg gg5Nig 5 Mnj 49504. The photoelectron peak of C1s was
used as a reference (284.5 eV). The characteristic peaks of Mn2p,
and Mn2ps, appeared at 655.2 eV and 643.5 eV, respectively. The
Mn2p;, peak was in the vicinity of the value reported for Mn**
[15], which means that the majority of Mn LiWg gg5Nig.5sMnq 49504
existed in the Mn?** state. The XPS peaks for Ni were located at
binding energies of 873.0eV (Ni2py;) and 855.5 eV (Ni2p3p;) with
satellite peaks, supporting the valence state of Ni in 2+ [16]. The
observed satellite peak can be ascribed to the multiple splitting of
the nickel oxide energy levels by other researchers [17].

The XPS spectra for W4f peaks appeared at binding energy of
37.7eV (W2f5p,) and 35.7 eV (W2f7),). The 2 peaks were well sepa-
rated with no substantial shoulders, indicating that all the W atoms
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Fig. 4. XRD patterns of (a) LiNigsMn;504, (b) LiWpgosNigsMnj49504, (C)
LiWg 01 Nig5Mny.4904, (d) LiWg025Nig5Mn 47504, (€) LiWq osNigsMnj.4504, and (f)
LiWg1Nigp5Mn; 404. The dotted squares denote tungsten oxide impurities. Inset
shows the most intensive diffraction peak due to the NiO impurity.

were in the same oxidation state. These values were greater than
the binding energy reported for W4* [18], but in good agreement
with the reported values of W6* [19]. The oxidation of W4 to W6*
during synthesis is explicable, since W is vulnerable to oxidation
at very high temperature under air. In the solid-state synthesis of
W-doped LiMn;04, the metallic W powder was completely oxi-
dized, making no significant difference from WO3 [13].

3.3. Structure characterization

The XRD patterns of pristine LiNig5Mn;504 were compared
with those of the W-doped LiWxNigsMn;5_,04 (x=0.005, 0.01,
0.025, 0.05, and 0.1). Fig. 4 shows that all XRD patterns could be
indexed in the Fd3m space group, corresponding to a cubic spinel.
In this phase, while the Ni2* and the Mn** ions randomly occupy
the octahedral 16d sites, the Li* ions occupy the tetrahedral 8a sites.
Although not obvious, all samples showed weak Bragg peaks cor-
responding to an impurity of NiO, which is common for spinels
sintered at high temperatures [20]. The XRD data also revealed the
presence of a trace level of another impurity when x > 0.01 (dotted
squares in Fig. 4d-f). This can be ascribed to the diffraction from
various crystal forms of tungsten oxide.

For a better understanding of the effect of W-doping on cell
parameters and atomic arrangements, Rietveld refinement was
performed using a Fullprof package [21]. In the refinements, a
pseudo-Voigt function and a linear interpolation between the set
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Fig. 5. Observed (dot), calculated (red line), and difference (blue line) profiles
obtained after full pattern Rietveld refinements using powder X-ray diffraction data
in the 20 range of 10° to 120° for (A) LiNigsMn; 504 and (B) LiWg 095 Nip 5Mny 49504,
using cubic structure in a Fd3m space group. The tick marks above the difference
plot show the position of the Bragg peaks. A small fraction of NiO (impurity phase)
was fitted using cubic structure in the Fm3m space group. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

background points with refinable heights were used to define the
profile shape and the background, respectively. Except for the occu-
pancy parameters of the ions, which were fixed at the nominal
composition, all other parameters such as scale factor, zero correc-
tion, background, half-width parameters, the mixing parameters,
lattice parameters, positional coordinates, and thermal parameters
were varied in the course of refinement. Fig. 5 depicts the Rietveld
fit for the pristine LiNig 5sMn; 504 and LiWg go5Nig 5 Mn1 49504 using

a cubic spinel in the Fd3m space group. The refined parameters are
summarized in Table 1. Since a small amount of NiO was detected as
an impurity phase, the Rietveld refinement was carried out includ-
ing the NiO phase with a cubic structure in the Fm3m space group.

Itis evident from Fig. 5 that a very good fit between the observed
and calculated data were obtained with reasonably good agree-
ment factors. The value of the agreement factors for the pristine
LiNig5Mny 504 and LiWg 0p5Nig 5Mnq 49504 was Rp =21.44and 18.8,
Rwp=9.39 and 7.71, Re=6.19 and 5.48, and X2=2.3O and 1.97,
respectively. It is worth mentioning here that we observed no
superlattice reflection in the XRD patterns, implying that the cation
ordering giving a space group of P4332 was not the case here. This
was further confirmed using HRTEM studies, as discussed below. A
refinement result also indicated that the change in unit cell dimen-
sions was negligible for W-doping of x=0.005. Note that the unit
cell volume was increased from 545.679(4)A3 to 545.965(3)A3.
A rather surprising difference came from the variation in Li—O
inter-atomic distance. While the Li—O distance was significantly
increased upon W-doping (1.8856(5)A vs. 1.9284(5)A), the vol-
ume of NiOg and MnOg octahedrons shrank to compensate for the
unit cell expansion. The increase in volume of the LiO4 tetrahedron
was interesting because it suggested the possible effectiveness of
W-doping with respect to fast electrochemical kinetics. However,
this behavior was not observed for LiWg g1 NigsMnj 49 as the unit
cell volume suddenly increased to 553.950(3) A3, suggesting that
the optimal concentration of W in LiWxNigs5Mn; 5_,O4 by sol-gel
synthesis would be x=0.005. Therefore, we concentrated more on
LiWg go5Nig.sMnq 49504 for further investigations. Note that, due to
the presence of tungsten oxide impurities in the samples doped
with W higher than x=0.01, more detailed discussion from the
Rietveld refinement result of LiWxNigsMnj 5_,O4 (x>0.01) would
be pointless.

The crystalline structure of the LiW(gg5NigsMnj 49504 sam-
ple was further examined by HRTEM. As shown in Fig. 6,
LiWg go5NigsMnq 49504 consisted of a well-crystallized hexago-
nal packing pattern. Fig. 6 also shows (111) and (002) lattice
fringes with interplanar spacing of ca. 0.48 nm and 0.41 nm, respec-
tively. These values were in good agreement with those obtained
from the XRD analysis. For example, the (11 1) interplanar spacing
obtained from XRD was 0.47 nm for both pristine LiNig5Mn 504
and LiWg gg5Nig5Mnj 49504 samples. Due to the similar scatter-
ing factors for Ni and Mn, the standard XRD technique could not
suitably distinguish between the 2 cubic modifications (Fd3m and
P4332 space groups) of LiNig sMn 504. However, the selected area

Fig. 6. HRTEM images showing a single LiW o5 Nig5Mn 49504 particle (left). Magnified view of a dotted square in the image at right. The inset shows a selected area electron

diffraction pattern taken along the [100] orientation.
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Fig. 7. CVs of (a) LiNio_sMn1l504, (b) LiW0.005Ni0.5Mn144g504, and (C)
LiWog,01Nig5Mnj 4904 measured at a scan rate of 0.2mVs-1.

electron diffraction (SAED) pattern taken at the [100] zone axis
showed the absence of the superlattice spots, clearly indicating a
cation disordering in LiWg ggs5Nig 5Mnq 49504 and a space group of
Fd3m [22]. All diffraction spots could be indexed using the Fd3m
space group.

3.4. Electrochemical characterization and performance

Based on the structure characterizations mentioned above, a
cyclic voltammogram (CV) of LiWggg5Nig5Mnj 49504 was com-
pared with cyclic voltammogram (CVs) of pristine LiNig5Mn; 504
and LiWg g1 NigsMny 4904 (Fig. 7). The CVs in general show one
small redox pair at ca. 4.0V corresponding to a Mn3*/4* couple
(Mn3* resulting from the non-stoichiometry) and the other 2 dom-
inant pairs at ca. 4.7 V resulting from a redox process of NiZ*/4*. The
latter may be due to the progressive electron transfer between Ni2*
and Ni%* through Ni3* [23]. The LiWq go5NigsMnj 49504 had a very
similar peak shape when compared to pristine LiNig s Mn; 504, but
with slightly sharper peaks and a narrower peak separation (AEp).
On the contrary, LiWg g1 Nig5sMnj 4904 demonstrated considerably
broad redox peaks. In addition, the AE, value became larger with
a substantial shift of the cathodic peak to negative potentials. On
the other hand, the peaks at the 4V region seemed unaffected in
the samples analyzed, meaning that the non-stoichiometry was not
severely influenced by the W substitution within x < 0.01.

The initial discharge curves of the pristine LiNig5Mn; 504 and
LiWxNig5Mny 5_x04 (x=0.005, 0.01, 0.025, 0.05, and 0.1) at 0.1C
were also compared in Fig. 8. The initial discharge capacities of pris-
tine LiNig5Mn; 504 and LiWxNigsMn;5_404 were 130.1 mAhg!
and 124.9 (x=0.005), 92.1 (x=0.01), 83.8 (x=0.025), 77.6 (x=0.05),
and 51.5 (x=0.1) mAhg~!'. While a slight decrease in capacity
(52 mAh g_l ) for LiWg 0p5Nig 5Mnq 49504 was observed, initial dis-
charge capacities of LiWxNigsMn 5_xO4 (x > 0.01) were decreased
drastically with an increase in the content of W. The plateau poten-
tials were also affected by the W content. For LiWg g5 Nig5Mnq 4504
and LiWg 1 Nig 5Mny 404 (Fig. 8e and f), the polarization led to a low-
ering of the discharge potential by ca. 0.1V when compared with
LiNi(].5MIl1.504 and LiW0.0osNi0,5M[11.49504.

Fig. 8 also shows that the small plateau occurring at 4.0V was
decreased by W-doping. This was unexpected since the increased
replacement of tetravalent Mn by hexavalent W should result in an
increase of the 4.0 V-active Mn3* amounts (even though a fraction
of Mn content is reduced by substitution). However, the reverse
behavior was observed showing a diminution of the 4.0V plateau.
This was a clear indication that, when the W content is high, a sub-
stantial fraction of W8* exists as oxide impurities rather than being
involved in the crystalline structure.
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Fig. 8. Discharge curves for the first cycle at 0.1C; (a) LiNigsMn;s504, (b)
LiWo,005Nio5sMn1.49504, () LiWo01NigsMny.4904, (d) LiWo025NiosMny4750a4, (e)
LiWo,05NiosMn; 4504, and (f) LiWg 1 NigsMn 404.

The effect of C-rates on the discharge capacity with variation
of the W content was investigated. Fig. 9 shows that the capac-
ity decreased gradually with an increase as high as 1.0C in the
current density for all samples. As expected from Fig. 8, the capaci-
ties of W-doped samples were less than that of LiNig sMn; 504 and
decreased with W in these C-rate regimes. When the C-rate was fur-
ther increased to 3.0 C, this trend no longer held. While the capacity
dropped drastically for all samples, only LiWq gg5Nig5Mn 49504
exhibited a slight decrease in capacity, resulting in the greatest
capacity among the samples examined.

The best performance of LiWg gg5Nig 5 Mnj 49504 at high C-rates
and the negative effect of W-doping for x > 0.10 can be explained
as follows. First, SEM studies (Fig. 2) revealed that the particle size
and crystallinity were increased with W-doping. These 2 parame-
ters affect the Li ion diffusion in an opposite direction. The effect of
higher crystallinity can be offset by the increase in diffusion length
with W-doping. Therefore, the influence of these parameters on
electrochemical performance is likely minimal at best. Second, rel-
atively heavy-doped LiWxNip5Mn; 5_xO4 (x > 0.01) can experience
the retardation of electron transfer. The flux of Li ions in the crys-
tal lattice is followed by an electron exchange at the redox active
sites (Ni2*/4*) and by final transfer of the electron via a hopping
mechanism [24]. This means that the electron transfer pathway
should involve Ni—O—W-—O0, since the first coordination shell of
Ni is oxygen, followed by Mn or W. For this kind of an electron
transfer to proceed, the dopant W ions should be able to accept
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Fig. 9. Change of discharge capacity with C-rates; (a) LiNipsMn;504, (b)
LiWo,005Nio.5Mn1.49504, (€) LiWg,01Nig5Mn1.4904, (d) LiWgosNig5Mny4504, and (e)
LiWo.1NigsMny 404.
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Fig. 10. Evolution of discharge capacities of (a) LiNipsMn;s504, (b)
Lin‘ogsNig‘SMn1_4g504, and (C) LiWo,o] Nio(sMﬂ]AQOz; at 3.0C for 98 cycles.
Change of specific capacities (top) and normalized capacity retention (bottom).

a local variation of the valence. However, W6* exhibiting a full
shell configuration (4f4) was unable to accept a local variation
of the valence, thereby impeding the electron transfer. In addi-
tion, the formation of tungsten oxide impurities for samples with
x>0.01 also developed a highly resistive insulating surface layer
[1,25]. Finally, although W-doping aggravated the electrochemical
performance, that was not the case for LiWg gg5Nig 5 Mn 49504. An
increase in the Li—O inter-atomic distance without expanding the
cell volume (Rietveld refinement in Fig. 5 and Table 1) expedited
the Li intercalation/deintercalation and exhibited a relatively weak
C-rate dependence of discharge capacity.

Since the change in inter-atomic distances for
LiWg,005Nig5Mnq 49504 (Fig. 5 and Table 1) can affect the struc-
tural integrity during repeated Li intercalation/deintercalation,
the capacity retention was examined and compared with
LiNio_SMn1_5O4 and LiWO_(]] Nio.sMn1_4904. Fig. 10 shows
the capacity changes in (a) pristine LiNig5Mn;504, (b)
LiW0'005NiQ'5Mn1,49504, and (C) LiWQ'O] NiO.SMl’l1'4904 for 98
cycles at 3.0C. While the initial capacity of LiNigsMnj504
and LiWggg5Nig5Mnj 49504 were similar to one another,
LiWg1Nigs5Mny 4904 showed a slightly lower initial capacity,
which corresponded to the results shown in Fig. 9. (In Fig. 9,
the capacity of LiNigsMn;504 at 3.0C was lower than that of
LiWg go5Nig.sMnq 49504 because of cycling history.) The capacity of
LiNigsMn; 504, however, faded quickly and retained only 51.4% of
the initial capacity after 98 cycles. LiWg g1 Nig.5Mnq 4904 also exhib-
ited similar capacity fading behaviors, reaching the final capacity
of 52.3mAh g~ (63.0% capacity retention). However, the decrease
in the capacity for LiWgggsNig5Mnj 49504 was substantially
alleviated, which resulted in a capacity retention of 89.4%. (The
initial capacity of 95.1 mAhg-! decreased to 85.0mAhg-! after
98 cycles.) This outstanding stability of LiWggg5Nig5Mnq 49504
appears to result from the increase in the Mn—0O and Ni—O bond
energy, while the expansion of the LiO4 tetrahedron contributes
to the fast Li ion diffusion.

EIS measurements were carried out after storing the cells at
room temperature for 1h. The Nyquist plots were recorded from
1 MHz to 0.1 Hz for (a) LiNi0.5Ml‘11_504, (b) LiWO.005NiO.5M1‘11.49504,
and (c) LiWgg1Nig5Mnq 4904 before (Fig. 11) and after (Fig. 11,
inset) a single charge-discharge cycle at 0.1 C. All Nyquist plots
consisted of one semicircle and a Warburg impedance correspond-
ing to the charge transfer at the electrolyte/electrode interface
(Ret and Cy;) and the Li diffusion in the crystal lattice, respectively
[26,27]. The electrolyte resistance (Rs) remained almost constant,
which was expected since the variation of an electrolyte concen-
tration was not so large as to affect the electrolyte conductivity.
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Fig. 11. Electrochemical impedance spectra of (a) LiNipsMn;504, (b)
LiWg005Nip5Mnj.49504, and (c) LiWggo1Nip5sMnj4904. The inset shows the
change of impedance spectra after a single charge-discharge cycle at 0.1 C.

The resistance and capacitance due to a solid-electrolyte interface
(SEI) layer were not discernible and appeared to merge into the
semi-circle from a charge transfer. Fig. 11 shows that although
the semicircle was the smallest for the pristine LiNig5Mnq 504
(Rct=29-1 Q), LiW0.0osNiO,SMD1.49504 also showed a compara-
ble charge transfer resistance (Rt =31.9 €2). LiWg g1 Nig5Mn 4904,
however, exhibited ca. twice the resistance of LiNig5Mn 504 and
LiWg 0o5Nig.sMnq 49504 (Ret =52.9 2). This difference in EIS spec-
tra agreed well with the aforementioned analysis. The unit cell
expansion (i.e., increase in bond distance between transition metal
ions) along with the presence of oxide impurities and excessive
incorporation of W6* beyond a critical W-doping led to a sig-
nificant increase in R¢ for LiWgg1NigsMnq4904. After a single
charge-discharge cycle at 0.1C, the Rt of LiWgg1NigsMnq 4904
was further increased to 70.0 €2, which was indicative of a struc-
tural instability and SEI layer formation. The R¢; of LiNig5Mnq 504
was also slightly increased to 34.5 2 due to a surface SEI film,
but LiWg ggsNig5Mnq 49504 showed a lowered R (26.9 €2) after a
charge-discharge cycle. The reason for the R.; decrease in the lat-
ter is not clear at this point, but is likely related to the enhanced
structural integrity.

4. Conclusion

W-doped LiWxNig5Mn5_404 (x=0.000-0.1) synthesized by a
sol-gel method are investigated. With the exception of lightly
doped LiWg gg5Nig 5Mnj 49504, the incorporation of Wé*, evidenced
by XPS, lowers specific capacities and aggravated capacity reten-
tion. LiWg gg5Nig5Mnq 49504 shows an initial capacity value that
is slightly higher than LiNig5Mn;504 at 3.0C, but a remarkably
greater capacity retention after ca. 100 charge-discharge cycles.
While the capacity is reduced to ca. a half for LiNig5Mn 504, ca.
90% of initial capacity is retained in LiW,005Nig 5Mnq 49504.

Although the incorporation of W6* increases the crystallinity,
it also produces large-sized particles, meaning that the influence
of these two effects on Li ion diffusion might be canceled. The
best performance of LiW gg5Nig 5Mny 49504 at high C-rates results
from the change of inter-atomic distances. The increase in Li—O
length makes Li intercalation/deintercalation easier, minimizing
the capacity decrease at high C-rates. A structural stability as
well as a facile electron transfer was provided by the shrink-
age of transition metal-oxide octahedrons. When the amount
of W is further increased (x>0.01 in LiWxNig5Mn5_404), the
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intrinsically low conductivity of W8 and the presence of impuri-
ties hampers electron transfer and decreases discharge capacities.
The structural stability is also aggravated in these cases (severe
capacity fading), because W-doping abruptly increases the unit
cell volume.
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