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The Au-doped Lij 2Nig7C001Mng 20, (Au = 0%, 1%, 2%, 3%, 4%) nanofibers are successfully prepared by
electrospinning technology. The impact of Au doping on the structure, morphology and electrochemical
properties of samples is studied in detail. The X-ray diffraction patterns demonstrate that appropriate Au-

doping does not significantly change the structure of Lij,Nip;C0g1Mng,0,. Scanning electron

microscope images revealed the electrospun nanofibers have uniform particle size in the range of 300-
400 nm. The optimum doping amount of Au is 2% in Li;»2Nig7C001Mng 0, to obtain high discharge

capacity and excellent capacity retention.
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Electrochemical impedance spectroscopy test results

elucidated that the LNCMA-2% cell has excellent Li* electrical conductivity and lower charge transfer

resistance. The results show that stable structure with good particle contact of the Au-doped cathode
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1. Introduction

Lithium-ion batteries (LIBs) are extensively utilized as electro-
chemical power sources for industrial applications, particularly
in the field of electric vehicles (EVs) and hybrid electric vehicles
(HEVs) owing to their significant electrochemical behavior.
Research and development for high capacity, low price and safe
cathode materials is critical for LIBs to meet the demands of
potential applications. Due to the imperfections of LiCoO,,
such as high cost and toxicity of cobalt, LiMnO, and LiNiO,
have drawn increasing attention as natural substitutes.
However, they are hard to synthesize due to the fact that their
structure is precarious during the annealing process. In addi-
tion, phase transition easily takes place during charge-
discharge process, resulting in poor cyclic retention.* Therefore,
the layered oxide LiMO, (M = Mn, Ni, Co), which has been
explored in detail, is considered as one of the most promising
substitutions of cathode materials*** owing to its adequate
resources, lower toxicity, and low cost."*** However, the poor
capacity retention at a high operating voltage of >4.3 V or high
current density restricts its application; also, the mechanism of
capacity fading has not been systematically and comprehen-
sively understood.” Accordingly, further research to increase
both Ni content and the cutoff voltage to more than 4.5 V is
being carried out to improve the energy density of cathodes.***®
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materials can enhance electrochemical properties, which can be interpreted as an important inhibition of
phase transitions and increased charge transfer impedance during cycling.

Ni-rich LiNi,CoMn;_, ,0, electrodes display excellent
discharge capacity. The discharge capacity increases on
increasing the Ni content, but the detrimental thermal insta-
bility was attributed to the higher Ni** amount in Ni-rich
materials. The cathode could be partially transformed into an
electrochemically inactive NiO-like phase or spinel structure
because of volumetric changes®*** ascribed to the migration of
the Ni cations from the transition metal (TM) layers to the
lithium layers. In addition, the increased formation of NiO
phase leads to capacity fading. The undesired changes of
volume could be responsible for the pulverization of the active
materials, which were detached from the secondary particles,
leading to the increase in cell impedance.”*** Moreover, there
are several intrinsic problems with the Ni-rich LiNi,Co,
Mn,_,_,0, that need to be solved. The electrodes always suffer
from low discharge capacity and inferior rate performance due
to low electric and ionic conductivity and poor capacity reten-
tion arising from the dissolution of Mn during long-term
cycling.** Consequently, their application in practical LIBs has
been impeded by these defects. To compensate for the above
problems of LiNi,Co,Mn;_,_,0,, numerous studies have been
performed to optimize similar materials using new synthesis
methods, coatings and substitutes for Ni, Mn, or Co, oxides,
phosphates, carbon and fluorides have been used for surface
modification and proved to be an effective way to hinder
dissolution of transition metals and undesired reactions
between cathode and electrolyte.”®>* The coated layer could
suppress the undesired surface side reactions and enhance the
cyclic stability of layered oxides. However, the thickness of the

This journal is © The Royal Society of Chemistry 2018
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coating layer must be carefully controlled to avoid hindering the
active Li diffusion responsible for heavy coating layers. More-
over, the electrochemical properties can be enhanced by doping
ions,**?* which can prevent structure transformations and
enhance the diffusivity of electrons and lithium ions in the
cathode materials. A number of elements such as Ti,* Cr,*
Mg,37,38 K,39 Ru,4° Al,n F€,42 Zl’l,“ Si,44 Ga,“ MO’46,47 Ce,‘“‘ and F*
have been reported for partial substitution of Ni, Mn, or Co to
improve electrochemical performance of the cathode materials.
However, to the best of our knowledge, research on the elec-
trochemical performance of electrode-active materials doped by
precious metals (Pt, Au, and Ag) is seldom reported.

Herein, we focused on substituting Au for Mn, to explore
whether Au doping has any impact on this process. Au is incor-
porated into Li; ,Nig7C0y1Mn, 0, by a novel approach of elec-
trospinning technology. The effectiveness of Au substitutions on
the structure, morphology and electrochemical characterizations
of Li; ,Ni, ;C001Mny ,0, was investigated in detail.

2. Experimental

2.1. Materials

Lithium nitrate (LiNOj3, AR, 99%, Aladdin Chemistry Co. Ltd.,
China), nickel nitrate (Ni(NOj),-6H,O, AR, 99%, Aladdin
Chemistry Co. Ltd., China), cobalt nitrate (Co(NO3),-6H,0, AR,
99%, Aladdin Chemistry Co. Ltd., China), manganese nitrate
(Mn(NOs3),, AR, 50%, Aladdin Chemistry Co. Ltd., China), and
gold acid tetrahydrate (AuCls;-HCl-4H,0, AR, 99%, Aladdin
Chemistry Co. Ltd., China) were used as the starting materials.
Acetylene black, polyvinylidene fluoride (PVDF) and N-methyl-2-
pyrrolidone (NMP) were bought from Sinopharm Chemical
Reagent Co. Ltd. All chemicals were of analytical grade and used
without further purification.

2.2. Preparation of Au-doped Li, ,Nip 7C09.1Mng 0,

Li, Ni, Co and Mn nitrate salts and Au chlorate were dissolved in
dimethylformamide (DMF) and mixed with aqueous solution of
polyvinylpyrrolidone (PVP) according to the cationic ratio of
Li:Ni:Co:Mn:Au=1.2:0.7:0.1:0.2 : X (X = 0%, 1%, 2%,
3%, and 4%), which was used to prepare nanofibers. The
Li; ,Niy ;C09.1Mn, ,0, samples doped with different Au content
were marked as LNCMA-X%, where X% represented the atom
percent of AuCl;-HCl-4H,0. The precursor solution was put
into a syringe. A flat piece of aluminum foil was placed about
10-12 cm away from the needle and was used as a fiber
collector. A positive direct current (DC) voltage was applied
between the needle and the collector to form stable continuous
fibers. Then, the pristine fibers were put in a furnace and
annealed at 700 °C for 10 h with a 2 °C min™" heating and
2 °C min~* cooling rate.

2.3. Characterization methods

The crystal structure of the as-prepared materials was studied
by powder X-ray diffractometry (XRD, Dandong Tongda TD-
3000) with Cu Ka (40 kv, 30 mA) radiation (2 = 1.5406 A) over
the range of 10-90° at a scanning speed of 0.02° s~ '. The
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particle morphology and size of the as-prepared products were
characterized by a scanning electron microscope (SEM, JMS-
7610F, JEOL, Japan) and a transmission electron microscope
(TEM, FEI Tecnai G2 S-Twin, 200 kV). Element mapping images
obtained using an energy dispersive X-ray spectrometer (EDS,
Hitachi S-4800, 10 kV) were used to clarify the distribution of the
element. The surface elemental properties of the selected
products were analyzed via XPS (VGESCALAB MKII, Al Ka).

2.4. Electrochemical measurements

The electrochemical characterization of the Au-doped Li; ,-
Niy ;C00.1Mn, ,0, was carried out by assembling 2032-type coin
cells. The electrode was prepared by mixing active material
powders with 10 wt% super-P carbon black and 10 wt% poly-
vinylidene fluoride (PVDF) binder; N-methyl pyrrolidone (NMP)
was used as solvent. The obtained slurry was uniformly coated
onto Al foil and dried in a vacuum oven at 100 °C for 24 h. The
electrode was pressed and punched into round disks of 15 mm
in diameter. Electrochemical cells consisted of an active mate-
rial working electrode and a lithium foil counter electrode
separated by a Celgard 2400 microporous membrane. The
electrolyte solution was 1 mol L™ " LiPFg in a mixture of ethylene
carbonate (EC), dimethyl carbonate (DMC) and ethylene methyl
carbonate (EMC) in a 1:1: 1 volume ratio. The cell assembly
was carried out in an Ar-filled glove box with both oxygen and
moisture content below 1 ppm. Galvanostatic charge/discharge
characteristics of the samples were tested using a battery testing
system (NEWARE Co. Ltd., Shenzhen, China) with a voltage
window of 2.0-4.8 V vs. Li/Li" for setting current rates. Electro-
chemical impedance spectroscopy (EIS) measurements were
conducted on an electrochemical workstation (CHI760D,
Shanghai Chenhua Co. Ltd). The AC perturbation signal was
5 mV and the frequency range was from 100 kHz to 0.01 Hz.
Impedance data analyses were performed using the electro-
chemical impedance software Zview.

3. Results and discussion

3.1.
X%

Structure and morphology characterization of LNCMA-

Fig. 1 shows the XRD patterns of LNCMA-X%. The diffraction
peaks for non-doped material were indexed to the hexagonal a-
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Fig.1 XRD patterns of the LNCMA-X% (a) and the magnified patterns
of (104) planes (b).
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NaFeO, layered structure (R3m space group). In the doped
samples, the main patterns are consistent with the undoped
layered structure. However, the gold elemental phase (as
marked by asterisks) appears due to the heavy doping amount,
providing evidence that Au has been partially inserted into as-
prepared samples. The crystal structure does not change
distinctly with a small amount of Au-doping. Furthermore, with
an increase of Au doping level, the main peaks located at about
44° shift to the lower angle direction as shown in Fig. 1b. The
diffraction peaks of LNCMA-X% shifted to slightly lower degree
due to the larger ion radius of Au®*" (0.85 A). The relative
intensity of the diffraction peaks strengthened with the increase
of Au doping level. In addition, the lattice parameters «, ¢, ¢/
a and V calculated by using MDI Jade 6.0 software are presented
in Table 1. The lattice parameter « is related to the change in
transition metal ionic size. Since the ion radius of Ni** (0.69 A)
and atomic radius of Au®" (0.85 A) are larger than those of Ni**
(0.56 A) and Mn*" (0.53 A), the lattice parameter « increases
with an increase in Au doping level. However, the valence of Ni
could partly change from Ni>* (0.69 A) to Ni** (0.56 A).* It could
result in the slight change of the lattice parameter «. The lattice
parameter c is related to the transition metal ion radius, lattice
strain and cation mixing; it does not increase monotonically
with the increase in Au doping level. The lattice parameter «, ¢
and unit cell volumes with the degree of substitutions also in
response to the incorporation of the Au into as-prepared
samples. The increase of intensity ratio of 1(003)/1(104) indi-
cates that the amount of Ni in the Li site decreases with Au
doping level less than or equal to 2%.%"** Since the ionic size of
Ni*" (0.69 A) is similar to that of Li* (0.76 A), it is possible that Li
might occupy the transition metal site in addition to the Li site;
hence, the degree of cation mixing is increased. However,
redundant Li plays a critical role in suppressing cation mixing.
It is thought that a great portion of excess Li is contained in the
crystal. This indicates that redundant Li suppresses Ni occu-
pation of the Li site. The results appear to indicate the
suppression of phase transformation by controlling the amount
of Ni in the Li layer. Redundant Li is primarily thought to
occupy the Li site and potentially the surface of cathode. The
high c¢/a value also indicates small cation mixing and good
ordering of the transition metal ions in the transition metal
layer. It is believed that the enlargement of ¢ and cell volume
and the stable hierarchical nanostructure lead to excellent
electrochemical properties of LNCMA-2% (Table 2).

The SEM images of LNCMA-X% are illustrated in Fig. 2. It
can be observed from the low magnification image (Fig. 2a) that
the non-substituted nanofibers are rather homogeneous in

Table 1 The lattice parameters of LNCMA-X%

Samples a (A) c(A) cla V(A%
X=0% 2.88609 14.1614 4.907 102.15
X=1% 2.88456 14.17844 4.915 102.22
X=2% 2.88011 14.18542 4.925 102.85
X=3% 2.87354 14.24917 4.959 101.9
X=4% 2.88254 14.18702 4.921 102.09
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Table 2 Electrochemical impedance parameters of LNCMA-X%

Sample R.(Q) R (Q) ¢ (Qs®) D(m’s") i (mAcm?)
X=0% 7.62 152.53  80.73 3.99 x 107 1.68 x 10~
X=1% 8.79 163.05  70.48 5.24 x 1072 158 x 107
X=2% 5.5 97.73  40.39 1.59 x 107**  2.63 x 107
X=3% 7.1 140.17  50.98 1.00 x 10°**  1.83 x 10 ™
X=4% 7.28 174.47  66.32 5.92 x 107 1.47 x 107

thickness. High magnification photographs (Fig. 2b-f) show
that the nanofibers exhibited smooth surfaces with numerous
homogenous nano-sized primary particles loosely agglomerated
and arranged in the lines, which are supposed to be the nano-
fibers. Among these oxides, the particle size of LNCMA-2% is
smaller than others. Au doping effectively controls the crystal
growth. Such morphology of nanofibers is expected to accel-
erate electrolyte penetration into the electrode, inhibit the
surface reactivity between the electrode and the electrolyte,
provide a shortcut for Li* diffusion in the active materials and
decrease the dissolution of Mn. Hence, it is expected that the
electrochemical performance of LNCMA-2%, especially rate
capabilities, can be enhanced due to Au doping.

Fig. 3 shows the TEM images of the as-prepared LNCMA-2%
products. As shown in Fig. 3a, the sample retains the nanofiber

structure with a diameter of 134 nm after annealing. Moreover,
the fiber is composed of nanoparticles with higher crystalliza-
tion, which is in agreement with the SEM images. The high-
image (Fig. 3b)

resolution TEM (HRTEM) reveals the

Fig.2 SEM images of LNCMA-X¥% for (a, b) 0% Au, (c) 1% Au, (d) 2% Au,
(e) 3% Au, (f) 4% Au.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) TEM and (b) HRTEM images of the LNCMA-2% products.

crystalline features of the nanoparticles. The clear fringes with
interplanar spacing of approximately 4.78 A correspond to the
(003) lattice planes of Li; ,Niy,C0o1Mn,,0,, consistent with
the XRD result (Fig. 1a). In order to confirm the element
distribution of LNCMA-X%, the energy dispersive spectrum
(EDS) was measured. The EDS images of LNCMA-2% clearly
show the presence of O, Ni, Co, Mn, and Au in the prepared
materials as illustrated in Fig. 4a. In addition, EDS elemental
mapping (Fig. 4b-g) confirmed the homogenous and co-existent
distribution of Ni, Co, Mn, O, and Au across the entire nano-
structure. Furthermore, the chemical composition and elec-
tronic state of elements on the surface of the LNCMA-2%
sample was revealed by X-ray photoelectron spectra (XPS). As
shown in Fig. 5, the fitted Ni 2p level shows two peaks at 856.1
and 873.7 eV, which can be assigned to Ni*" 2p;,, and 2py,,™
respectively. Satellite peaks appear at 860.4 and 879.1 eV due to
shake-up processes of Ni** 2p;,, and Ni*" 2p,,, respectively.*®>*
The peaks at 780.0 and 796.4 eV are assigned to Co®" 2p;/, and
2p12, respectively.®>® The peaks at 641.0 and 653.7 eV are
assigned to Mn** 2p3, and 2py., respectively, which can be
confirmed in the oxidation of air.’”*® It can be observed from
Fig. 5e that the Au®" 4f spectrum exhibits the characteristic

Intensity (a.u.)

Fig. 4 (a) EDS spectrum, (b) SEM image, and (c—g) EDS elemental
mappings of LNCMA-2%.
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Fig. 5 XPS spectra and corresponding fitting curves of LNCMA-2%
nanofibers. (a) Survey spectrum, (b) Ni 2p, (c) Co 2p, (d) Mn 2p, (e) Au 4f,
(f) O 1s.

peaks at 4f;, (83.8 eV) and 4fs, (89.5 eV), and the binding
energy at 84.0 eV and 88.8 eV is assigned to the metallic Au
trapped in the LNCMO layer. The different Au-O species cannot
be distinguished based on XPS spectra from the Au-4f
region.**** This result indicates that Au is directly bound to O
in LNCMOA. The spectrum of the O 1s region is depicted in
Fig. 5f and has two peaks at 528.9 and 531.0 eV, which corre-
spond to Ni-O bond.®*** Clearly, the above analysis indicates
the co-existence of Co-O, Ni-O, Mn-O, and Au-O in this
product.

3.2. Electrochemical performance of LNCMA-X%

Fig. 6 shows the initial discharge profiles of LNCMA-X% cath-
odes. The cells were charged and discharged at a current density
of 0.2C. The LNCMA-0%, LNCMA-1%, LNCMA-2%, LNCMA-3%
and LNCMA-4% display discharge capacities of 183.243,
179.088, 177.441, 174.142 and 168.032 mA h g™, respectively.
The first discharge capacities of Au-doped samples are lower
than that of non-doped material. The discharge capacity of the
LNCMA-4% is the least. The decrease in discharge capacity in
Au-doped samples is attributed to the fact that Ni in the Li layer
disrupts Li diffusion. The voltage decrease is quite smooth
before the rapid drop at about 3.7 V. First, since the high
valence state is more stable than the low valance state, it may be
stable at a high charge state. Second, the ratio of Ni** to Ni**
increases with the Au substitution. Therefore, the Ni valence of
Au-doped cathode materials is lower than that of non-
substituted cathode materials, this

and improves

RSC Adv., 2018, 8, 4112-4118 | 4115
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Fig. 6 The initial discharge profiles of the LNCMA-X% at 0.2C in the
voltage of 2.0-4.8 V.

electrochemical stability. The stable structures provide a favor-
able pathway for fast lithium kinetics.*> Moreover, long plat-
forms of discharge curves are associated with electrode stability.
Furthermore, an optimized Au amount may suppress the
formation of solid electrolyte interface (SEI) film, and the
charge transfer resistance may reduce after activation at the
beginning of the cycling. This is consistent with the results
obtained in the subsequent EIS tests.

Fig. 7 shows the cycle capabilities of LNCMA-X% electrodes at
0.2C in the voltage range of 2.0-4.8 V. The capacity retentions
after 100 cycles for samples with various levels of Au-doping are
64.2%, 67.5%, 75.2%, 69.1% and 67%. The impact of the Au
substitution on the cycle capabilities of Li; ,Nij ;C0y1Mn, ,0, is
complicated. Generally, the reversible capacities of Au-doped
Li; ,Niy7C01Mn,,0, increase at X less than 2%. The excellent
cycle capability of Au-doped materials could be attributed to the
formation of stronger Au-O bonds, which increases the structure
stability of the electrode against HF attack. For samples with X =
2%, excess Au doping reduces the utilization of active material.

Fig. 8 exhibits the rate capabilities of the LNCMA-X%
cathode. The assembled cells were tested at 0.2C discharge rate
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Fig. 7 The cycle capabilities of the LNCMA-X% at 0.2C in the voltage
range of 2.0-4.8 V.
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for the first 10 cycles and then at discharge rate from 0.5 to 5C.
Again, the LNCMA-2% displays a better performance and
delivers a reversible capacity of 174 mA h g~ ' at discharge rate of
0.2C after 10 cycles. When the current densities are increased,
only a small decrease in capacity is observed. In particular, after
LNCMA-2% undergoes discharge up to 5C, the cathode still
delivers a reversible discharge capacity of 96.0 mA h ¢~ *. A high
reversible capacity of 156.4 mA h g~ at 0.2C for LNCMA-2% can
be achieved even at a high discharge rate of 5C after 50 cycles.

Both the capacity retention decrease and rate capability
property suggest that the excess Au doping severely deteriorates
the electrochemical performance, which is probably attributed
to the formation of a precarious interface structure resulting
from the nonequivalent substitution. In addition, the charge
transfer becomes slower resulting from the incorporation of
highly conductive Au in charge-discharge process, thus leading
to excellent electrochemical properties. Therefore, an optimum
amount of Au substitution of 2% in Li, ,Ni, ;C0¢1Mn,_,0, could
enhance the combination performance of cathodes and excel-
lent discharge capacity and good capacity retention can be
obtained.

In order to further explore the impact of Au-doping and
investigate the kinetic process of lithium insertion-extraction,
the assembled cells were characterized using EIS. As shown in
Fig. 9, each of the impedance spectra of LNCMA-X% electrodes
includes three regions.***” The intercept of the plot with the Z’
axis in the high frequency region is ascribed to the electrolyte
resistance (R.). The semicircle in the medium frequency region
reflects the charge transfer resistance (R.) for Li* ion migration
through the interface between the surface layer and the
electrolyte.*®

As shown in Fig. 10, the sloping line in the low frequency
area is attributed to Warburg impedance (Z,,).*® The value of R,
for LNCMA-2% is 97.73 Q; this electrode displays the lowest
charge transfer resistance. The result demonstrates that the Li"
has excellent diffusion performance. It shows that Au-doping
has an efficacious effect on restraining the increase in charge
transfer impedance of the cathode during cycling. The lower the
charge transfer resistance, the higher the electrochemical
performance. The small increment in R can be explained as
follows: on one hand, the appropriate Au-doping stabilizes the

LNCMA-0% :
LNCMA-1%
LNCMA-2%
LNCMA-3% :
LNCMA-4% :

Discharge capacity(mAh

4<*Aonm

0 0 20 30 40 50 60
Number of cycle

Fig. 8 Rate performance of as-prepared LNCMA-x% (x =0, 1, 2, 3, 4).
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Fig. 10 Fitting line of the Z' vs. w2 relationship of LNCMA-X%.

structure of the sample and suppresses dissolution of metal
ions. On the other hand, the formation of better SEI film
accelerates Li-ion diffusion from surface layer to the electro-
lyte.”” The EIS results again prove the beneficial effect of Au
modification on layered Li; ,Nig ;7C0 1Mng ,0,.

4. Conclusions

The Au-doped Li; ,Niy7C001Mng,0, (Au = 0%, 1%, 2%, 3%,
and 4%) cathode materials were successfully prepared by
a sample electro-spinning technique. The impact of Au doping
on the structure, morphology and electrochemical perfor-
mances of the resultant products was studied in detail. The
optimal amount of Au-doped content is 2% in Li; ,Niy ;C0g ;-
Mn,,0,. The small nanoparticles can flexibly adapt to the
volume expansion during the Li-ion insertion/extraction
process, which contributes to enhance the structure stability
and shorten the diffusion distance of Li-ion. The improvement
of electrochemical properties of the LNCMA-2% can be attrib-
uted to strengthening the surface structure to hinder the
dissolution of metal ions and improving the conductivity of the
samples. In addition, this improvement can be due to a higher

This journal is © The Royal Society of Chemistry 2018
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Li" diffusion coefficient and smaller charge-transfer resistance
for the LNCMA-2%.
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