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Abstract: Cobalt (Co) serves as a stabilizer in the lattice structure of high-capacity nickel (Ni)-rich cathode materials. However, its high
cost and toxicity still limit its development. In general, it is possible to perform transition metal substitution to reduce the Co content.
However, the traditional coprecipitation method cannot satisfy the requirements of multielement coprecipitation and uniform distribution
of elements due to the differences between element concentration and deposition rate. In this work, spray pyrolysis was used to prepare
LiNi9Co 1. W, 0, (LNCW). In this regard, the pyrolysis behavior of ammonium metatungstate was analyzed, together with the substitu-
tion of W for Co. With the possibility of spray pyrolysis, the Ni-Co—W-containing oxide precursor presents a homogeneous distribution
of metal elements, which is beneficial for the uniform substitution of W in the final materials. It was observed that with W substitution,
the size of primary particles decreased from 338.06 to 71.76 nm, and cation disordering was as low as 3.34%. As a consequence, the pre-
pared LNCW exhibited significantly improved electrochemical performance. Under optimal conditions, the lithium-ion battery assembled
with LiNip¢C0y,0925Wo.007502 (LNCW-0.75mol%) had an improved capacity retention of 82.7% after 200 cycles, which provides insight in-
to the development of Ni-rich low-Co materials. This work presents that W can compensate for the loss caused by Co deficiency to a cer-

tain extent.

Keywords: lithium-ion batteries; Ni-rich; low-cobalt; W substitution; spray pyrolysis

1. Introduction

Recently, the industry has paid increasing attention to
layered cathode materials due to their advantages of compre-
hensive performance and low cost. In terms of battery en-
ergy density and electric vehicle driving range, ternary cath-
ode materials containing nickel (Ni) have obvious advant-
ages, especially in batteries with Ni-rich materials [1-4]. The
demand for high-energy-density lithium (Li)-ion batteries has
prompted the application and continuous improvements of
high-specific-capacity Ni-rich materials [5—8]. The Ni in Ni-
rich materials mostly exists as the unstable Ni*" and Ni**. Be-
cause of the unpaired electron spins in the orbit, the Ni**/Ni*"
at the FCC octahedral position is more likely to reduce to Ni*"
[9]. However, Li' (0.076 nm) has a similar radius to Ni*"
(0.069 nm), resulting in Ni** migration from the 3a position
of the transition metal (TM) layer to the 3b position of the Li
layer. As such, Li—Ni mixing occurs, which eventuates the ir-
reversible phase transformation of Ni-rich materials from the
ideal layer structure (R3m) to the spinel structure (Fd3m)
and finally to the rock salt structure (Fm3m), significantly
decreasing the rate and cycle performance of materials [10].
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The inhibitory effect of cobalt (Co) on Li—Ni mixing real-
izes stable layer structure construction, thus improving Li-ion
conductivity and significantly enhancing the electrochemical
performance [11]. Thus, the improvement in performance of
Ni-rich cathode materials depends on the use of expensive Co
[12-13]. To overcome the challenges arising from the
scarcity, high cost, and toxicity of Co, the search for low-Co
and even Co-free layered oxides has been actively ongoing.
Ni et al. [14] developed a high-performance Co-free Ni-rich
Ca-pillared LiNigsMnyg10AlgesCag 050, (Ca-NMA) cathode
material with a layered structure coupled with fast Li* kinet-
ics by activating the pinning effect with Ca®>* doping. The as-
developed Ca-NMA cathode showed enhanced cyclability
and rate capability. Park ef al. [15] utilized a morphology en-
gineering approach to develop a Co-free LiNipoMny,0, cath-
ode with a Ni-rich core-Mn-rich shell structure to overcome
the limitations of Co-free LiNi,Mn,_,O, cathodes.

Substituting an appropriate number of atoms in the crystal
grain or changing the valence of certain elements is a com-
monly used modification technique to reduce instability
problems as well as cation translocation [16]. Although
coprecipitation is often selected in traditional synthesis, its
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stringent demand for coprecipitation pH values of all in-
cluded elements and the long preparation process still hinder
its further application [17]. In addition, because of the separ-
ate material precipitation rate, it cannot ensure the uniform
distribution of elements. Thus, it is impossible to produce a
precursor material with a uniform distribution of Ni, Co, and
Mn when preparing a Ni-rich material, which in turn influ-
ences the electrochemical performance of the material.

Spray pyrolysis is an effective method for preparing uni-
form multicomponent materials with a precise stoichiometric
element ratio and uniform element distribution [18-21]. In
this present work, W was selected as the substitution metal
due to its dual advantages. On the one hand, the incorporated
W has a high valence state to form strong metal-oxygen
bonds, which improves the stability of Ni-rich cathode ma-
terials. On the other hand, the high valence state of W®" can
compensate for the charge balance and regulate the degree of
Li-Ni mixing to control the number of Ni*" ions located in
the Li slabs [22-23]. To reduce the effect of impurities and
anions on the W source, ammonium metatungstate was
chosen as the W source. Macroscopically, Li—Ni mixing de-
gree and lattice parameters were determined by X-ray dif-
fraction (XRD) and Rietveld refinement, offering strong
evidence for the stability of the materials. Moreover, scan-
ning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), and energy dispersive X-ray spectroscopy
(EDS) illustrated the refined particles and uniform distribu-
tion generated by spray pyrolysis. The lower degree of Li—Ni
mixing and slight particles have contributed to the outstand-
ing electrochemical performance, with a excellent capacity
retention after 200 cycles and the highest reversibility. In
conclusion, this study offers a possibility for the synthesis of
Ni-rich low-Co cathode materials.

2. Experimental
2.1. Preparation of LiNi,yCo,;_ W0,

Based on a molar stoichiometric ratio of 0.9:(0.1—x):x (x =
0.0025, 0.005, 0.0075, 0.01, 0.02, and 0.05), NiCl,-6H,O
(AR, Aladdin), CoCl,6H,0 (AR, Aladdin), and
HyN¢O, Wi, (AR, Aladdin) were weighed, dissolved in a
certain amount of deionized water, and concentrated to a 0.5
mol-L™" metal salt solution to obtain the precursor solution.
Then, the solution was atomized by ultrasonic atomization at
a flow rate of 4 L-min"' of air as the current carrier gas. The
atomized small droplets were placed inside a pyrolysis fur-
nace, which was raised to the set temperature (800°C) in ad-
vance. The obtained oxide precursor NigoCoy ;- W,O, was
evenly mixed with LiOH-H,O (AR, Aladdin) in a mortar and
pestle at a stoichiometric ratio of 1.01:1 (Li : TM). Under
pure oxygen conditions, the tube furnace was heated to
500°C at 5°C-min"" for presintering for 3 h and then heated at
5°C-min" to the target sintering temperature of 810°C for
15 h, finally obtaining the LiNi;¢Coy;-W.0, (LNCW; x =
0.0025, 0.005, 0.0075, 0.01, 0.02, and 0.05) cathode materi-
als after cooling down to room temperature.

2.2. Characterization of the materials

XRD (Empyrean 2, PANalytical, Netherlands) was used
to analyze the phase structure with a Cu K, radiation source
in a sweeping step of 10°-min~" over 10°-80° at 45 kV and
40 mA. The surface morphologies of the materials were char-
acterized by field emission scanning electron microscopy
(FESEM, JEOL, JSM-7900F, Japan). The morphology and
microstructure of the material were analyzed by TEM (FEI,
Titan G260-300, USA). The elemental valence state on the
surfaces of the prepared samples was determined by X-ray
photoelectron spectroscopy (XPS, Escalab Xi+, Thermo
Fisher Scientific, UK).

2.3. Electrochemical performance tests

The electrochemical performance was investigated using a
2025 coin-type half-cell. The slurry contained 80wt% active
materials, 10wt% carbon black (as the conductive agent), and
10wt% polyvinylidene fluoride (as the binder) in N-methyl
pyrrolidone. It was coated onto Al foil and dried in a vacuum
oven at 90°C for 3 h. Afterward, it was cut into 12 mm-dia-
meter disks. Li metal with a thickness of 0.5 mm and a dia-
meter of 14 mm was utilized as counter and reference elec-
trodes. The electrolyte comprised LiPFs (1 M) in a mixed
solution of dimethyl carbonate, ethyl methyl carbonate, and
ethylene carbonate (1:1:1 in volume ratio). The coin cells
were assembled in an Ar-filled glove box. After standing for
12 h, the current density was set to 0.1C, 0.2C, 0.5C, 1C,
2C, and 5C (1C =200 mA-g "), and the charge and discharge
performance of the battery was measured in the voltage range
of 2.8-4.3 V in a Neware battery test system. Electrochemic-
al impedance spectroscopy (EIS) measurements were con-
ducted using an SP-150 electrochemical workstation at
0.01-100 kHz and 5 mV. Cyclic voltammogram (CV) tests
were carried out using a CHI660A electrochemical worksta-
tionat 0.l mV-s" and 2.8-4.3 V.

3. Results and discussion
3.1. Synthesis and characterization of the precursors

To avoid interference from residual impurities, the proper-
ties of the W source must meet the requirements of excep-
tional solubility in water and complete decomposition at the
pyrolysis temperature. Moreover, the influence of anions on
the electrochemical properties of the materials should be re-
moved to ensure that the stoichiometric ratio of each element
of the prepared materials is correct. On the basis of the above
considerations, ammonium metatungstate (HxNsO4W5)
was elaborately selected as the W source by analysis of its
pyrolysis behavior, as shown by the SEM image in Fig. 1(a),
which exhibits a regular spherical morphology under the pre-
cursor preparation conditions. To examine the phase struc-
ture, the sample was investigated by XRD. Fig. 1(b) contains
characteristic diffraction peaks that completely agree with the
standard card of WO; (PDF#83-0950) and no other impurity
peak, confirming that ammonium metatungstate can com-
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Fig. 1.
terns of oxide precursors with different W contents; (d—i) SEM images of (d) NCW-0.25mol%, (¢) NCW-0.5mol%, (f) NCW-
0.75mol%, (g) NCW-1mol%, (h) NCW-2mol%, and (i) NCW-5mol% prepared by spray pyrolysis; (j) element distribution maps of
LNCW-0.25mol%; N, isothermal adsorption/desorption curves of (k) NCW-0mol% and (I) NCW-0.75mol%.

pletely decompose into pure phase WO; without introducing
impurities from spray pyrolysis.

Based on the above results, Niy¢Cop;-W,0, (NCW) with
different W contents were prepared using ammonium meta-
tungstate as the W source. As shown in Fig. 1(c), the ob-
tained precursor phase is consistent with standard NiO
(PDF#89-7160), demonstrating that the precursor is a homo-
geneous solid solution structure with W substitution in the
crystal. From Fig. 1(d)—(i), the precursors with different W
contents all have regular spherical morphology, and the sec-
ondary spheres exhibit a porous structure with spherical
particles about 0.5-3.5 um in size. The EDS element distri-
bution analysis results (Fig. 1(j)) exhibit that Ni, Co, W, and
O in the precursor are uniformly distributed. Moreover, the
Brunner—-Emmet-Teller measurement (BET) results (Fig.
1(k) and (1)) indicate that the porosity increases with the W
substitution.

3.2. Effect of W content on the LNCW cathode material

To examine the effect of W-substitution content on the
cathode materials, a series of characterizations were applied,
and the results are shown in Fig. 2. The XRD patterns in
Fig. 2(a) show the diffraction peak intensity, which demon-
strate that the [lgo3/f10s4) ratio decreases rapidly when
the W content is greater than 1mol% [24]. Moreover,
LNCWs (x > 1mol%) show relatively serious Li—Ni mixing
with no obvious peaks in (006)/(012) and (018)/(110) pairs,
depicting that the layered structure of the materials is des-
troyed. Because the structure of LNCWs (x > 1mol%) is seri-

Relative pressure, P/P°

(a) SEM image and (b) XRD pattern of the sample obtained by spray pyrolysis of ammonium metatungstate; (c) XRD pat-

ously inconsistent with expectations, they are no longer stud-
ied. The Zgo3y//104) ratio is greater than 1.2 with a W content of
less than 1mol%, demonstrating the slight Li-Ni mixing de-
gree of the material [24]. Moreover, the obvious splitting of
the (006)/(012) and (018)/(110) peaks shows the ideal crys-
tallinity of the LNCWs (x < Imol%) [25]. To further invest-
igate the effect of W content on material lattice parameters,
GSAS software was utilized to perform Rietveld full-spec-
trum refinement on LNCWs and show the conformity of
mathematical simulation(R,). In Fig. 2(c)~(f), with a relat-
ively stable difference, the refined spectra are consistent with
the measured spectra [26]. Also, the ¢ value (Fig. 2(b)) of the
cell parameters increase with increasing W content, demon-
strating that the Li layer spacing (d) of the material increases
gradually (Fig. 2(g) and (h)). On the other hand, the a value
exhibits a trend of first decreasing and then increasing,
primarily because when there is a small amount of substitu-
tion (x < 0.5mol%), the strong bond energy of W—O causes a
shorter bond length, resulting in first decreasing of a value.
With increasing W substitution amount (x > 0.5mol%), ionic
repulsion starts to dominate, which increases the value. This
gives the perfect condition for the insertion and extraction of
Li ions. The Li-Ni mixing degree with different W contents
can be semiquantitatively determined, which are 4.53%,
4.50%, 3.34%, and 3.85%, respectively, corresponding to
LNCW-0.25mol%, LNCW-0.5mol%, LNCW-0.75mol%,
LNCW-1mol%. With an increase in W content, the Li—Ni
mixing degree first decreases and then increases, and the
mixing degree is the lowest for LNCW-0.75mol%. This trend
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can be ascribed to two reasons. On the one hand, the inherent
oxygen vacancies (Vo) produced during the synthesis result
in a charge imbalance. With the W substitution (x <
0.75mol%), the V,, content is reduced to balance the valence
state, which hinders Li-Ni mixing by blocking Ni*" migra-
tion. On the other hand, with further W substitution (x >
0.75mol%), W is incorporated in Li,W,0, (x/y > 1) phases by
taking Li from LiNiO,, which makes it Li-deficient and has
more Ni*', causing a higher degree of Li-Ni mixing [27]. A
lower degree of Li—Ni mixing contributes to the acceleration
of Li" extraction during the migration process, thereby redu-
cing capacity loss and poor rate performance resulting from
mixing [28].

Fig. 3(a)—(f) displays the SEM images of different W-sub-
stituted cathode materials. All samples with a smooth surface
are formed by aggregation of multiple primary particles with
different particle sizes. From Fig. 3(g), the particle size de-

20/ () 20/ (°)

d (LiO,)

QL DN DWW
Fig. 2. (a) XRD patterns of LNCWs with different W contents; (b)  and ¢ values of LNCWs with different W contents; Rietveld re-

finement results of LNCWs with different W contents: (c) 0.25mol%, (d) 0.5mol%, (e) 0.75mol%, and (f) 1.0mol%; schematic dia-
gram of the crystal cell (g) before and (h) after substitution.

creases with increasing W content. The smaller particle size
of the material controls the internal strain, and fewer micro-
cracks are generated inside the spheres [29-30]. On the other
hand, a smaller particle size results in a shorter diffusion dis-
tance and lower solid-phase diffusion resistance, which fur-
ther enhances the electrochemical properties of the materials
[31-32].

In addition, TEM was conducted. Fig. 4(a) shows that the
spherical morphology of the LNCW materials is damaged
and exhibits an irregular polyhedral structure after sintering.
From the high-resolution TEM images (Fig. 4(b)—~(d)), the
W-substituted materials have undergone structural evolution,
and an obvious layered structure is formed on the surface of
the cathode material [33]. Two different lattice stripes can be
observed in the cathode material. One set of lattice stripes
with a lattice spacing of 0.47 nm is assigned to the (003)
crystal plane in the layered LiNiO,, while the other set of lat-
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Fig. 4.

tice stripes with a lattice spacing of 0.35 nm is attributed to
the (111) crystal plane in the rock salt phase structure Li, WO,
[34-35]. The latter phase is formed by partial cation mixing

(a) TEM image, (b—d) HRTEM images, and (e) EDS elemental mappings of LNCW-0.75mol%.

SEM images of (a) LNCW-0.25mol%, (b) LNCW-0.5mol%, (¢) LNCW-0.75mol%, (d) LNCW-1mol%, (¢) LNCW-2mol%,

=047 A
003)

on the transition metal sites in the R3m lattice, which may
help in capacity retention and increase the resistance of the
secondary particles to microcracking under applied stress and
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during charge—discharge cycling [27,36]. The evenly distrib-
uted element shown in Fig. 4(e) confirms the successful uni-
form replacement of W.

To examine the effect of different W-substitution contents
on the electrochemical performance of LNCWs, a Li half-cell
was assembled with LNCWs as the cathode material.
Fig. 5(a) plots the initial charge and discharge curves of the
LNCW cathode materials at 0.1C. LNCW-0.25mol%,
LNCW-0.5mol%, LNCW-0.75mol%, and LNCW-1mol%
have initial charge—discharge capacities of 199.2, 195.2,
193.4, and 191.7 mAh-g ', respectively. Capacity fading is
associated with the electrochemical inertness of W. A higher
W content results in a lower content of active elements, giv-
ing rise to a decrease in capacity. On the other hand, the cycle
performance at 1C of the four samples presents similar di-
minution trends. In Fig. 5(b), LNCW-0.25mol%, LNCW-
0.5mol%, LNCW-0.75mol%, and LNCW-1mol% deliver
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discharge specific capacities of 182.7, 179.9, 179.5, and
175.7 mAh-g"' and maintain 52.2%, 62.8%, 82.7%, and
80.5% after 100 cycles, respectively. Compared with the
sharp capacity decline of LNCWs (x < 0.5mol%), LNCWs
(x > 0.5mol%) show superior stability. The results disclose
that W substitution effectively enhances the stability of Ni-
rich cathode materials, with LNCW-0.75mol% recording the
best electrochemical performance. As shown in Fig. 5(c)—(f),
when the current changes from 1C to 5C, the specific
capacity attenuation of LNCWs are 39.3,25.2, 17.4, and 47.4
mAh-g”, respectively, corresponding to LNCW-0.25mol%,
LNCW-0.5mol%, LNCW-0.75mol%, and LNCW-1mol%.
According to the XRD pattern (Fig. 2(a)), LNCW-0.75mol%
displays the lowest degree of Li—Ni mixing, helping to im-
prove the capacity, as well as stability. In addition, the smal-
ler primary particle size of LNCW-0.75mol% in Fig. 3 also
contributes to a shorter Li" transmission path, thus boosting
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(a) Initial charge and discharge curves at 0.1C for LNCWs; (b) cycling performance at 1C under 25°C; discharge curves at

different rates for (¢) LNCW-0.25mol%, (d) LNCW-0.5mol%, (¢) LNCW-0.75mol%, and (f) LNCW-1.0mol%.
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its rate performance [37].

3.3. Mechanism for the improvement of performance in
the LNCWs

To further prove the possibility and mechanism of W sub-
stitution, a series of experiments were conducted. First, XPS
was conducted, and the C 1s peak (284.80 ¢V) was used for
the normalization of all the spectra. The W 4f spectrum of
LNCW-0.75mol% displays two characteristic peaks at 35.33
and 37.48 eV (Fig. 6(a)), which are attributed to W° in
Li,WO,, demonstrating the successful W substitution in
LNCW cathode materials [38]. Fig. 6(b) shows the Ni 2p
spectra of LNCWs. In general, the characteristic peak
(855.0 €V) of the Ni 2ps,, spectrum is assigned to the coincid-
ing result of Ni*" and Ni*’, and the decrease in Ni*" content
shows as the peak movement to higher binding energy
[39-40]. With increasing W content, the shift of the peaks
demonstrates that the Ni** content first decreases and then in-
creases, which is ascribed to twofold reasons. First, when the
W content is less than 0.5mol%, part of Ni*" is reduced to
Ni*" to balance the valence state due to the high valence state
of W®, which increases Ni** content [41]. With the further
increase in W content, the LNCW particles (x > 0.5mol%)
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are obviously refined with a greater specific surface area,
which is more conducive to contact with LiOH [42]. This is
also favorable for the conversion of Ni** to Ni*" in the pre-
cursor so that the Ni** content gradually increases.
Furthermore, CV was conducted to confirm the polariza-
tion and reversibility of the LNCWs in the potential range of
2.8-4.3 V. In Fig. 6(c)—(f), the three redox peaks for low to
high potential are associated with the phase transitions of H1
to M, M to H2, and H2 to H3, respectively [43—44]. In gener-
al, the potential differences (AEp) between the redox peaks in
the CV curve can be utilized as a criterion for assessing the
polarization of materials. A smaller AE; is conducive to po-
larization reduction and reversibility construction of materi-
als [45-46]. With increasing W-substitution amount, AEp
first decreases and then increases. LNCW-0.75mol%, with
the smallest AEp, displays the highest reversibility and min-
imal polarization degree, probably due to its low Li—Ni mix-
ing degree, which speeds up the migration rate of Li". EIS
tests were performed to further explore the evolution of elec-
trochemical resistance and kinetic behavior before the initial
cycle and after 200 cycles at 1C (Fig. 6(g) and (h)) [47]. In
general, an x-axis intercept and two semicircles of fitting
curves at different charging states correspond to Ohmic res-
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istance (R.), solid electrolyte interphase film resistance (Ry)
at high frequency, and charge transfer resistance (R,) at me-
dium frequency, respectively [48—49]. Fig. 6(g) exhibits sim-
ilar impedance values of the LNCWs before the initial cycle.
In contrast, the cycled impedance values show intensive dif-
ferences. LNCW-0.75mol% has the smallest R and R, of
13.74 and 355.8 Q, respectively, indicating that an appropri-
ate amount of W substitution can decrease the charge trans-
fer impedance and improve the charge—discharge reversibil-
ity. In the equivalent circuit, CPE represents the constant
phase angle element associated with the double-layer capa-
citor, and W, represents the solid-state diffusion impedance.
However, excessive W-substitution results in slow kinetic
behavior and irreversibility during cycling. The moderate W
substitution allows a stable layered structure, which contrib-
utes to a low degree of Li-Ni mixing and fast Li" migration.’

4. Conclusion

Due to the high cost and toxicity of Co, W-substituted
cathode materials were prepared by spray pyrolysis with am-
monium metatungstate as the W source because of its good
solubility and complete decomposition at the pyrolysis tem-
perature without introducing impurity anions. It was shown
that W is successfully substituted into the oxide precursor
with uniform distribution. The prepared materials with W
substitution demonstrated refined primary particles and a re-
duced degree of Li-Ni mixing. As a consequence, the Li"
transmission path was shortened, and the cycle stability of
Ni-rich materials was enhanced. At a W-substitution amount
of 0.75mol%, the obtained LNCW-0.75mol% cathode has
the best performance and capacity retention. This work
provides a possible strategy for the synthesis of Ni-rich low-
Co materials with various substitutions.
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