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ARTICLE INFO ABSTRACT

Keywords: LigVO4 (LVO) is a promising anode material for use in Li-ion batteries (LIBs) owing to its safe discharge plateau

Li3V94 and high capacity. However, its moderate Li*-diffusion coefficient and low electrical conductivity pose chal-

ioPg‘g lenges to its widespread use in the LIB industry. In this study, hexavalent tungsten ions (W®") were introduced to
node

boost electrochemical kinetics, and W"-doped LVO microspheres were successfully prepared using a spray-
drying approach. Density functional theory (DFT) calculations reveal that the enhanced electronic conductiv-
ity and improved oxygen lattice following W®" doping is possibly due to the development of a mid-gap state
positioned above the valence band maximum. The doped LVO displayed excellent electrochemical performance,
including a superior rate capability (288.9 mAh/g at 10C) and remarkable cycling stability (capacity fading of
only 8.6 % over 200 cycles at 6C), which is ascribable to improved electrical conductivity and Li" insertion/
extraction. In addition, we also fabricated a 3.7 V full LIB with a W®*-doped LVO anode and a LiNigsMn; 504
(LNMO) cathode, and a lithium-ion capacitor (LIC) with an energy density of 131.8 Wh/kg using the modified
LVO and active carbon (AC). This study demonstrates the potential of W*-doped LVO for use in energy-storage
applications.

Lithium-ion battery
Lithium-ion capacitor

1. Introduction their comparatively sluggish kinetics. Additionally, the development of

lithium dendrites at a low operating potential of approximately 0.1 V

Energy storage has recently become a prominent issue, primarily
driven by the substantial increase in energy consumption and associated
global environmental concerns. Lithium-ion batteries (LIBs) have gained
significant attention for use in a wide range of applications, including
portable devices and electric vehicles (EVs). This popularity stems from
characteristics that include their lightweight designs, high energy den-
sities, and long cycling lifespans. The primary demands of LIBs for
practical use in large-scale energy-storage systems include high safety,
power density, energy density, and cycling stability. However, tradi-
tional graphite anodes are unable to meet these requirements owing to
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(vs. Li/Li") presents safety concerns [1]. Hence, investigating novel
anode materials with superior safety characteristics, desirable electro-
chemical properties, and tailored for a wide range of applications is
imperative.

Spinel-type lithium titanate (Li4TisO12, LTO), with its long flat
charge/discharge plateau at 1.55 V (vs. Li*/Li), prevents the formation
of lithium dendrites and exhibits a high level of safety as a consequence
[2]. In addition, zero-strain LTO demonstrates an exceptional rate
capability and a long cycling life; hence, it is a potential alternative to
graphite for use in various applications. Unfortunately, the limited
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theoretical capacity (175 mAh/g) of LTO results in a low energy density,
which restricts its use in current applications [3]. TiNbyO; (TNO) has
been explored as an alternative anode material; it has an operating po-
tential similar to that of LTO, while offering a significantly larger
theoretical capacity (387 mAh/g) [4]. The redox potential of TNO of 1.5
V (vs. Lit/Li), based on the Ti**/Ti®* and Nb°*/Nb** couples, prevents
the formation of Li dendrites and ensures safety [5]. However, this high
redox potential unavoidably results in a low full-cell voltage, which
consequently affects the overall energy density of the system. Therefore,
the use of TNO has led to insufficiently improved LIB energy densities.

LisVO4 (LVO) is attracting increasing levels of interest as a novel
anode material. LVO possesses an intercalation potential that falls be-
tween that of LTO and graphite, specifically in the 0.5-1.0 V range vs.
Li*/Li [6]. Furthermore, it delivers a high theoretical capacity of 397
mAh/g, which corresponds to double Li intercalation into the LizVOy4
structure and is competitive with that of graphite (372 mAh/g) [7]. The
volume expansion associated with the reversible phase transformation
between LisVO4 and LisVOy is only 4 % during charging/discharging
[8]; this characteristic contributes to the impressive cycling stability of
LVO, which is among the most promising candidates for meeting the
requirements of high safety, high energy density, and long lifespan
owing to the advantages presented above. However, in a similar manner
to other metal oxides, LVO also encounters the drawback of poor con-
ductivity (<107!° S/m), resulting in a poor rate capability [9]. Several
strategies have been proposed to improve the rate performance of LVO,
including the creation of nanostructures to shorten the Li'-diffusion
pathway [10,11], surface modification using carbonaceous materials
[12], preparing composites with graphene [13] or carbon nanotubes
[14], and ionic doping [15,16]. Among these approaches, ionic doping is
the only method that directly enhances electronic conductivity within
the LVO crystal, resulting in reduced polarization.

In this study, we prepared W°"-doped LVO using a spray-drying
method. The electronic structure of LVO can be altered by substituting
V>* ions for W8 to form a mid-gap state above the valence band
maximum. As a result, the doped LVO exhibits a narrower bandgap and
improved conductivity, leading to a superior rate capability. We show
that the doped LVO delivers a capacity of 288.9 mAh/g at 10C which is
10.52-times larger than that of the pristine sample. Furthermore, a full
LIB containing LVO and LiNig sMn; 504 (LNMO), and a hybrid lithium-
ion capacitor (LIC) based on LVO and active carbon (AC), were fabri-
cated to assess their practical potential.

2. Experimental section
2.1. Material synthesis

Pristine and doped LVOs were synthesized using a spray-drying
method. Initially, a composition was prepared by dispersing V205
(247.9 g) and LipCO3 (317.2 g) in deionized water (1300 mL). The
precursor solution was then processed using a circulation-type wet
grinder (JUSTNANO JBM-C020), followed by high-energy ball milling at
ambient temperature and 2000 rpm, using ZrO beads 50, 100, and 200
um in diameter. The homogenized slurry was then pumped to a pilot-
scale spray dryer (OHKAWARA KAKOHKI Co., LTD, model L-8i, No.
145874) with the spray-drying outlet temperature maintained at 130 °C.
Spray-dried precursor powders were heated in air at 600 °C for 10 h to
form orthorhombic LVO. W®*-doped LVO was prepared using H;WOy, as
the dopant. Similar procedures were used to prepare LizV; xWx04 (x =
0.025, 0.05, 0.075, and 0.10) samples by adding specified quantities of
HoWO4 to the precursor solution. LizV; W04 samples doped at levels of
0.025, 0.05, 0.075, and 0.10 (x) are referred to as: 20.5-LVO, 5-LVO,
70.5-LVO, and 10-LVO, respectively.

2.2. Material characterizations and computational details
characterization, as well as
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computational details, are provided in the Supporting Information.
3. Results and discussion

Neutrons interact with atomic nuclei with scattering lengths that are
independent of elemental atomic number, which sets them apart from X-
rays. Integrating X-ray and neutron powder diffraction techniques fa-
cilitates comprehensive and precise crystallographic elucidation. In this
study, we acquired both neutron powder diffraction (NPD) and X-ray
diffraction (XRD) data for pristine and doped LVO samples, with
respective patterns displayed in Fig. 1a and b, respectively. All samples
show very similar intensity profiles that reveal that both pristine and
doped LVO have orthorhombic structures (space group: Pmn21),
consistent with the literature [17], with very similar positions of most
reflections. The secondary-phase (vanadium carbide (VC) and Li»COs, as
shown in Fig. 1b) signals were observed to increase with increasing W-
doping concentration.

The crystallographic structures and phase compositions of the pris-
tine and doped LVO samples were obtained by further Rietveld-refining
the NPD and XRD data, with refined and fitted profiles shown in Fig. 1¢
and d. Refined structural data for each sample are listed in Tables S1-S5,
and suggest that W5* ions are located at tetrahedral V sites (2a) in the
crystal structure, with negligible lattice-parameter (a, b, and c) varia-
tions (Fig. 1e) despite V°* ions (0.355 10\, CN = 4) substituted for larger
W® ions (0.42 f\, coordination number (CN) = 4). It should be noted
that the refined W-occupation percentages are slightly lower than the
nominal W concentrations (Fig. 1f), with the weight fractions of the
secondary phases (VC and Li;COs) increasing with increasing W con-
centration. Based on the observed results, we conclude that Li and V are
partially excluded from the structure to achieve charge neutrality when
higher-valence W®™ is introduced into the orthorhombic phase. In other
words, the doped structures are defective, with endothermic defect
formation leading to solids with enhanced electrical conductivities
owing to the migration of ions into holes [18].

The surface morphologies of the pristine and doped LVO were
investigated by scanning electron microscopy (SEM). The spray-dried
samples exhibited typical spherical morphologies (Fig. 2a—e). The pris-
tine sample (Fig. 2a) has a smooth surface without any noticeable fea-
tures. In contrast, the doped LVOs samples (Fig. 2b-e) exhibit rougher
surfaces with prominent grain boundaries, with surface roughness
increasing with W% concentration. Fig. 2e shows that the 10-LVO
sample has grains that are 0.23-0.55 pm in size. The particle-size dis-
tributions of LVOs doped with various concentrations of W®" are shown
in Fig. S1. All samples exhibit multimodal distributions with very similar
mean particle sizes (~1.84 pm). Additionally, these samples have almost
identical true and tapped densities (Fig. 2f), with values of approxi-
mately 2.59 and 1.05 g/cm®, respectively. The surface areas of the
samples, as calculated from the Ny-adsorption-desorption isotherms, are
shown in Fig. 2f. The pristine LVO sample has a surface area of 1.195
m?/g, which was observed to increase with increasing W®* concentra-
tion to a value of 4.486 m%/g for 10-LVO, which is ascribable to
increasing surface roughness. A rough surface endows the doped LVO
with a high interfacial area, which is advantageous for ion transfer
during lithiation/delithiation.

Internal structure and chemical composition were monitored using
focused-ion-beam (FIB) SEM [19]. A Pt layer was applied to 5-LVO prior
to the FIB-milling process to protect its surface from ion-beam radiation
damage. The cross-sectional FIB-SEM image of 5-LVO (Fig. 2g) reveals a
uniform porous structure with grains that are well-connected with large
neckings, indicative of thermal-treatment success. The continuous in-
ternal pore structure not only offers additional space for accommodating
volume expansion, but also creates more electrode/electrolyte interfaces
for LiT-ion transfer during lithiation/delithiation. Moreover, good
necking between 5-LVO grains also facilitates charge transfer. The cor-
responding energy-dispersive X-ray spectroscopy (EDS) O, V, and W
maps (Fig. 2h-k) reveal that all the elements are uniformly distributed
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Fig. 1. Crystallographic investigation of the LVO samples. (a) NPD and (b) XRD data of LVO samples with the insets in (b) showing the reflections of VC (denoted
as *) and Li,CO3 (denoted as V) impurities; refined fitness profiles of (¢c) NPD and (d) XRD of 5-LVO (reflection bars: blue (Li,CO3), purple (LizVO,), and orange (VC));
(e) lattice parameters variation, (f) W occupancy variation at V site, and (g) the phase fractions upon W doping. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

within the 10-LVO sample, indicating the W* ions are homogeneously
doped in LVO.

Fourier-transform infrared (FTIR) and Raman spectroscopies were
used to obtain structural information for the doped-LVO samples. Fig. 3a
shows that LVO exhibits two strong FTIR peaks at 810 and 460 cm ! that
are attributable to asymmetric V — O and symmetric V. — O — V
stretching vibrations, respectively [20]. The other two peaks observed at
1430 and 1480 cm™! are associated with CO$~ stretching vibrations
[21] and are well aligned with the elevated Li;CO3 content, as evidenced
by diffraction data acquired for doped LVOs with higher W contents. The
Raman spectra (Fig. 3b) reveal characteristic peaks between 200 and
500 cm ! and 750 and 950 cm ™! that are consistent with previous re-
ports [10,13]. The Raman peaks at 817 and 789 cm ™! are ascribable to
symmetric and asymmetric VO3  stretching vibrations [20]. The
observed trend unequivocally reveals that Raman intensity decreases
with increasing W®"-doping concentration, which suggests that incor-
porating W®" induces a heightened disordered state [22], consistent
with the enhanced crystallographic structure derived through combined
NPD and XRD refinement.

Considering that the V — O bond significantly affects the electro-
chemical performance of LVO, synchrotron-based soft X-ray absorption
spectroscopy (SXR) was employed to characterize the local V and O
elemental environments in the LVO samples upon W doping. Fig. 3c
displays the V L (or 2p X-ray absorption) edge and O K edge near-edge X-
ray absorption fine structure (NEXAFS) spectra of the LVO samples. The
V L edge is located at ~ 515 eV, which implies that the O K-edge data are
found in the tail of the V Ly 3-edge, which complicates subsequent
analysis. According to the refinement results, V is located at a 2c
tetrahedral site within the Pmn21 structure and is in the + 5 oxidation
state, thereby maintaining charge neutrality. A corresponding amount of
V5T is reduced to V*" upon W®" doping. V*" has a 3d' (t3, €)) ground

state with a partly filled spin-up ta, shell, whereas V°* has a 3d° (t%; e2)
ground state; hence, unfilled tg and Eg features are observed. Overall,
the V-L spectra, which do not show any discernible changes in position,
exhibit a notable decrease in intensity upon W doping. SXR is a surface-
characterization technique that only probes the particle surface, which
contains more W and less V, as evidenced by the EDS data. Given that
V>* has four Eg states and six tg states, the effects of degeneracy and
overlap in 6* and n* are significant at the O K-edge. Notably, despite the
decrease in intensity, the ¢* and n* intensity ratios remain almost un-
changed; n* tends to exist at a slightly higher energy in the doped LVO
samples, which suggests that stronger W — O bonds contribute.

The valence states of pristine and doped LVO were investigated by X-
ray photoelectron spectroscopy (XPS). The deconvoluted V 2p spectra of
pristine LVO and 10-LVO are shown in Fig. 4a and 4b, respectively. The
fitted V 2p XPS spectrum of the pristine sample reveals two distinct
peaks at 517.0 and 524.5 eV that correspond to the V 2p3,5 and V 2p; 2
states of V°*. Two doublets that correspond to the V 2p; 5 and V 2p3 -
states of V** and V" are observed in the spectrum of the W-doped
sample, which suggests that V°* is partially reduced to V4" [23], and is
ascribable to a charge-compensation process owing to the higher
valence of the W8 dopant. The relationship between W®*-dopant con-
centration and V** percentage is shown in Fig. 4c, which reveals that the
V* percentage gradually rises with increasing dopant concentration.
The proportion of V** eventually becomes saturated at a level of
approximately 11.7 %. Fig. 4d shows W 4f spectra for all samples;
deconvolution reveals that all doped samples contain W ions in the W&
state, with W 4f; » and W 4f5,5 binding energy of 34.1 and 36.2 eV,
respectively, and peak intensities proportionally related to dopant
concentration. Conversely, these signals are absent in the spectrum of
pristine sample, providing clear evidence that W" ions had been suc-
cessfully doped into LVO. It is worth mentioning that the peak centered
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Fig. 2. W6+-doped LVO morphologies. SEM images of (a) LVO, (b) 20.5-LVO, (c) 5-LVO, (d) 70.5-LVO, and (e) 10-LVO. (f) Surface areas, true densities, and
tapping densities of the modified LVO samples. (g) FIB-SEM image of 5-LVO with associated (h) V, (i) O and (j) W EDS elemental maps. Scale bars: 1 pm.

at 41.2 eV in the XPS spectrum of each sample is attributable to the V 3p
state [24]. The UV-vis diffuse reflectance spectra of these samples were
also recorded to evaluate their bandgaps (Eg) according to the Tauc
relationship [25]. As depicted in Fig. 4e, the doped samples exhibit more
pronounced absorption in the 315-500 nm range compared to the
pristine sample. The Eg values of LVO, 20.5-LVO, 5-LVO, 70.5-LVO, and
10-LVO were determined to be 30.90, 30.85, 30.77, 30.72, and 3.71 eV,
respectively (Fig. 4f). These findings imply that doping with W°*
effectively modifies the electronic structure of LVO, resulting in bandgap
shrinkage. This reduction in the bandgap has the potential to enhance
conductivity and facilitate improved charge transfer [26].

Cyclic voltammetry (CV) was used to explore the electrochemical
characteristics of the five samples. Fig. 5a shows that 5-LVO exhibits the
largest CV loop, suggestive of the highest electrochemical activity
among the samples. The CV profile of 5-LVO shows two anodic oxidation
peaks at approximately 1.07 and 1.35 eV, while two corresponding
reduction peaks are also observed at 0.9 and 0.55 eV during the cathodic
sweep. The transition between V" and V°' during lithiation/

delithiation is responsible for the two redox couples [27], as described
by Eq. (1):

LisVO, + xLi* +xe™ < Lis, VO, (0<x<2) )}

In addition, voltage-difference polarizations of 0.53, 0.49, 0.45,
0.46, and 0.49 V between the second redox couple (O3 and Ry) were
determined for these samples as the W®*-doping concentration was
increased from O to 10 at%, respectively, which indicates that LVO
conductivity can be enhanced by incorporating W°* ions, leading to
lower polarization. However, excessive WSt doping led to a higher po-
larization; hence, the optimal WO concentration was determined to be 5
at%. Fig. 5b shows peak current-density (O3) scan plots for the pristine
and doped samples. 5-LVO exhibits the largest slope and, consequently,
the best electrochemical kinetics, which declined as the WO+ concen-
tration surpassed 5 at%. The CV profiles of pristine LVO and 5-LVO at
various scan rates are shown in Fig. 5c and d, respectively. The adverse
effects associated with excessively high doping concentrations likely
stem from the formation of impure phases (VC) and lattice distortions.



Y.-S. Hsiao et al.

Chemical Engineering Journal 489 (2024) 150973

Absorbance (a.u.)

4000 3000 2000 1000
Wavelength (nm)

b) o Y

——2.5-LVO
—§-LVO

—7.5-LV0
—10-LVO

789

Intensity (a.u.)

LvVO
—2.5-LVO

5-LVO
—T7.5-LVO

10-LVO

= g T
900 515 520

300 600
Raman shift cm™

Energy (eV)

T T - T T 1 M 1 N I}
525 530 535 530 532
Energy (eV)

Fig. 3. Modified LVO spectroscopy. (a) FTIR, (b) Raman, and (c) V L and O K edge spectra of LVO electrodes at various W-doping concentrations.

L 12}
(a) (b) o raw data —_ (c)
— F o raw data -} — sum < 10r
] —Sum = —_—V* 2D b
S —V'2pm s o s
> 8
3‘ B f = 6
£ 2 g
c ] = 4l
L] = (7]
c £ o
- EY 21
>
0
525 522 519 816 513 510 526 524 522 520 518 516 514 512 510 0 2 4 6 8 10
Binding energy (eV) Binding energy (eV) Nominal W doping (atom%)
. . 250
e f
) ()] I
3 = —LvO
: o —2.5-LVO N
< =t —51v0 s
£ S —7.5-LVO =
a 2 f —10-LVO = 100}
@ i~ =
E 3 3
= 3 L - 50}
0
200 300 400 500 600 25 3.0 3.5 4.0 45

Binding energy (eV)

Wavelength (nm)

hv(eV)

Fig. 4. Chemical states and bandgaps of as-prepared LVO samples. Deconvoluted V 2p XPS spectra of (a) LVO and (b) 5-LVO. (c) V** content as a function of
Wf’*—doping concentration. (d) W 4f XPS spectra of modified LVO samples. (e) UV-vis diffuse reflectance spectra and (f) corresponding Tauc plots of the various

LVO samples.

The current recorded by CV can be interpreted as a combination of the
current associated with a slow diffusion-controlled process and a rapid
capacitive process [28]. According to the current-separation method
developed by Wang and coworkers [29], the current response at a fixed
voltage can be expressed using Eq. (2):

i(V) = kiu+kou' 2 @

where kv and kyo'/? represent the current contributions of the
capacitive- and diffusion-controlled processes, respectively. The capac-
itive contribution of 5-LVO at a scan rate of 0.1 mV/s accounts for 63.9
% of the total capacity and arises from the diffusion-controlled contri-
bution (Fig. 5e), which suggests that the diffusion-controlled process
plays a significant role in the lithiation/delithiation reactions. The
contribution ratios of the two distinct electrochemical processes were
evaluated at various scan rates. The energy-storage mechanism of 5-LVO
was found to be highly dependent on scan rate (Fig. 5f), with the
capacitive capacity steadily increasing with increasing scan rate.

Electrochemical impedance spectroscopy (EIS) was used to further
explore the impact of W8 doping on the electrochemical characteristics
of LVO. Fig. 6a displays typical Nyquist plots of the five samples. All
Nyquist plot show dispersed semicircles and inclined lines with similar
electrolyte resistances, which are interpreted as the charge-transfer
resistance (R.t) and Warburg impedance [30,31]. The doped samples
have significantly lower R values than the pristine sample; 5-LVO ex-
hibits the smallest value (57.5 Q), suggestive of a rapid charge-transfer
process. The Li*-diffusion coefficients (Dy;) of the doped LVO samples
were also assessed from the Warburg regions of the EIS plots using Eqgs.
(3) and (4), respectively:

Ze =Ry +Ry+sw /2 3)
Dy = R°T?2A%n* F* C*s* “@

According to Eq. (3), the ¢ value is obtained from the slope of the
relationship between Zy. and /2, as shown in Fig. 6b. 5-LVO exhibited
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LVO as functions of voltage during (c) charging and (d) discharging.

the largest Dy; value of 4.54 x 1071 crnz/s, which is 8.66 times larger
than that of pristine LVO (5.24 x 1072 e¢m?/s). In addition, the Dy
values of LVO and 5-LVO were determined at different voltages using the
potentiostatic intermittent titration technique (PITT) [32], and the
voltage dependences of the Dy; values for pristine LVO and 5-LVO were
determined using Eq. (5) from the slope of the In I(t) vs. t relationship in
the linear region.

D_immn.gzgwmgz
"Trar \z s

where I(t) denotes the transient current (Fig. S2), Vy is the molar
volume of the active material (53.4 crn3/m01), ng is the number of moles

%)

(1.21 x 10~> mol), and S is the electrode surface area (1.33 cm?). Fig. 6¢
and d show how the Dy; values of LVO and 5-LVO vary during charging
and discharging, which reveal that the Dy; value of 5-LVO is always
higher than that of pristine LVO during lithiation/delithiation. 5-LVO
exhibits Dy; values that range between 1.86 x 107" and 4.78 x 107!
em?/s, and 1.76 x 107! and 4.4 x 107! em?/s, during charging and
discharging, respectively, which are close to the values obtained by EIS
and indicate that 5-LVO exhibits faster Li" migration than pristine LVO.

Electronic density of states (DOS) were calculated using density
functional theory (DFT) and used to explore the effect of W8+ doping on
the electronic conductivity of LVO. Fig. 7 compares the electronic den-
sities of states of LisgV16064 and LisgV15W10g4. The former exhibits a
wide gap (~4.0 eV) between the valence and conduction bands, and the
projected partial DOS on each atom further shows that the conduction-
band minimum of LVO is mainly composed of the d- and p-orbitals of V
and O, respectively, whereas the p-orbital of O contributes to the
valence-band maximum. A sharp peak is observed at approximately 3.0
eV above the valance band maximum when a single V in the matrix is
replaced by W. The existence of this mid-gap state provides a reasonable
explanation for the higher conductivity observed for W-doped LVO [33].
Surprisingly, the DOS projection shows that the W atom in the matrix
contributes to this mid-gap state rather than the V and O atoms. The
doping behavior was further examined based on the partial charge
density and inferior charge states of LisgV15W10g4, the results of which
are summarized in Fig. S3.

The galvanostatic charge-discharge (GCD) profiles of the pristine
LVO and 5-LVO electrodes at various C rates are presented in Fig. 8a and
b, respectively. Both the pristine and modified LVOs exhibit operating
voltages of approximately 1.05 V, which assures safety by thermody-
namically inhibiting the growth of dendritic lithium. Both electrodes are
seen to deliver a specific capacity of approximately 403 mAh/g at a
current density of 0.1C. Nevertheless, the 5-LVO electrode displays a
significantly larger capacity of 288.9 mAh/g at a high current density of
10C that surpasses that of the pristine LVO electrode by a factor of 10.52.
Furthermore, the GCD profiles show that 5-LVO is less electrochemically
polarized than the pristine sample. Fig. 8c shows polarization values for
the two electrodes as functions of C-rate. The pristine sample is more
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acquired during the first and last cycles.

polarized than 5-LVO, with the difference in polarization increasing
with increasing current density. The rate performance of all five elec-
trodes at different C-rates in the 0.1-10C range is displayed in Fig. 8d.
All doped samples exhibit better rate capabilities than the pristine LVO
electrode. Remarkably, the 5-LVO electrode displays the best rate per-
formance among the investigated samples, which is consistent with the
aforementioned results. LVO, 20.5-LVO, 5-LVO, 70.5-LVO, and 10-LVO
exhibited discharge capacities of 1890.0, 2460.6, 2880.9, 2620.4, and
216.3 mAh/g, respectively, at a high current density of 10C. The rela-
tively low degree of polarization and faster electrochemical kinetics of 5-
LVO originate from a dramatically higher electrical conductivity owing
to the presence of a mixed V valence state (v* and V°). The

electrochemical properties of 5-LVO compared with other modified
LVOs from the literature are listed in Table S6. Furthermore, the cycling
stabilities of LVO and 5-LVO at 6C are shown in Fig. 8e. The discharge
capacities of the LVO and 5-LVO electrodes decreased from 264.2 to
222.8 mAh/g and 334.5 to 305.8 mAh/g, respectively, over 200 cycles,
which correspond to capacity losses of 15.6 % and 8.6 %, respectively,
and highlights the superior cycling stability of the 5-LVO electrode. The
corresponding GCD profiles of 5-LVO during the initial and final cycles
are shown in Fig. 8f.

We finally fabricated a full LIB and a hybrid LIC based on 5-LVO to
demonstrate its practicality. The full LIB was assembled using 5-LVO as
the anode and LNMO as the cathode, with CV used to evaluate the
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working potential window of each electrode in a half-cell configuration,
the results of which are shown in Fig. 9a. LNMO exhibits two redox
couples at 40.73/4.63 V and 40.80/4.68 V that are ascribable to Ni2t/
Ni®* and Ni®*/Ni*" transitions, respectively [34], resulting in an
average working potential of 4.71 V (Li*/Li). The 5-LVO//LNMO LIB
delivered an operating voltage of 3.66 V by combining LNMO and 5-LVO
at a working potential of 1.05 V (Li*/Li). The GCD profiles of LNMO and
5-LVO acquired at 0.1C are displayed in Fig. 9b. LNMO has a discharge
capacity of 133.4 mAh/g; hence, the profiles further show that the 5-
LVO-anode/LNMO-cathode combination delivers a 3.66 V LIB. Fig. 9¢c
displays CV traces for the 5-LVO//LNMO LIB at various scan rates be-
tween 2.2 and 4.5 V. Broad redox peaks are observed at 3.4 — 3.9 V that
are ascribable to the following dominant reversible reaction [35]:

Li3VOy4 + LiNigsMn, 5Oy < Liz. VO, + Liy_ NiysMn; 504 (6)

The linear relationship between the peak current and the square root
of the scan rate (Fig. S4) indicates that the corresponding redox reaction
is diffusion-controlled. The GCD traces and rate performance of the full
LIB are shown in Fig. 9d and e, respectively. A specific capacity of 355.8
mAh/g was recorded at 0.2C based on the mass of the 5-LVO anode, with
57.8 % of the capacity (205.8 mAh/g) still retained at 8C (Fig. Ye),
highlighting its remarkable rate capability. The excellent cycling sta-
bility of the 5-LVO//LNMO LIB is also demonstrated in Fig. 9f. The LIB
still delivered a capacity of 219.1 mAh/g after 200 cycles at 5C, which is
about 79.6 % of the initial value.

In addition, a hybrid LIC was assembled using 5-LVO and AC as the
anode and cathode electrodes, and 1.0 M LiPFg EC/DMC (1:1) as the
electrolyte (Fig. 10a). The CV trace and the corresponding GCD profile of
the AC electrode are shown in Fig. 10b and c, respectively, and were
used to balance the charge between the anode and cathode. The rect-
angular CV curve and symmetrical GCD profile recorded for the AC
electrode are consistent with its electric double-layer capacitor (EDLC)
nature. The specific capacity of the AC was calculated to be 62.9 mAh/g
based on the GCD profile (Fig. 10c). Charge balance in the hybrid LIC

should follow the equation [36]:
mtCt =m C”

@)

where m and Q are the mass of the active material in each electrode

a 20 40 60
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and the specific capacity, respectively. The specific capacities of the 5-
LVO and AC used in this study are 403 and 62.9 mAh/g, respectively.
Consequently, the optimal mass ratio between the 5-LVO and AC elec-
trodes was maintained at 1:60.4. Fig. 10d shows CV traces for the 5-
LVO//AC LIC at 10 mV/s operated at various operational voltages in
the 10.7-4.5 V range to determine the best operating voltage of the LIC.
A sharp rise in current density is observed at 40.2-4.5 V when the
voltage window is extended to 4.5 V, which suggests that the system is
unstable under such conditions. Therefore, the optimal voltage window
for the LIC was determined to be 10.7-4.5 V. CV traces for the 5-LVO//
AC LIC acquired at various scan rates are displayed in Fig. 10e. All CV
traces exhibit similar shapes and are not severely distorted, which
demonstrates the excellent electrochemical properties and high rate
capability of the 5-LVO//AC LIC. Typical GCD profiles of the LIC in
various voltage windows are shown in Fig. 10f. The CV results reveal
that the discharge time significantly increases as the operating voltage
window is expanded from 1.7 — 3.0 to 1.7 — 4.2 V. Extending the
operating voltage window in such a manner dramatically boosts the
energy density from 33.6 to 135.8 Wh/kg, which corresponds to an in-
crease of over 400 % (Fig. 10g). Fig. 10h shows charge-discharge pro-
files of the LIC at various current densities in the 0.1-4 A/g range and a
voltage window of 10.7-4.2 V. The LIC exhibited specific capacitances
of 550.4, 420.2, 380.4, 350.1, 32, and 30.4F/g at current densities of
0.1, 0.5, 1, 2, 3, and 4 A/g, respectively, based on the total mass of the
positive and negative electrodes. A hybrid LIC composed of LIB-type and
EDLC-type electrodes is well known to combine the advantages of both
LIBs and SCs. Hence, the hybrid LIC displays unique performance in the
middle of the spectrum in terms of power and energy density. The
Ragone plot of the 5-LVO//AC LIC derived from its discharge curves is
displayed in Fig. 10i. A maximum energy density of 131.8 Wh/kg was
obtained at a power density of 295 W/kg; this energy density rivals
reported values, including those of LVO-based LICs: AC//LisVO4@C
(129.7 Wh/kg) [371, hp-LVO/C//CMK-3 (105 Wh/kg) [38], LVO//AC
(122.2 Wh/kg) [39], Li3VO4/CNFs//graphene (110 Wh/kg) [40], AC//
LVO/C (110 Wh/kg) [41], LisVO4//AC (136.4 Wh/kg) [42]; TNO based
LICs: TiNbOy7.x//SCCB (114 Wh/kg) [43]; TiNbyO7/rGO//AC (127 Wh/
kg) [44]; TNO/HG//AC (86.3 Wh/kg) [45], AC/TiNbyO7 (43 Wh/kg)
[46], TNO@C//CFs (110.4 Wh/kg) [47], and LTO based LICs: LTO-G-
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Fig. 10. 5-LVO//AC LIC performance. (a) Schematic representation of the 5-LVO//AC LIC. (b) CV traces of the AC acquired in various voltage windows. (¢) GCD
profile of the AC at 0.1 A/g. (d) CV traces were acquired for the 5-LVO//AC LIC in various voltage windows. (e) CV traces of the LIC were acquired at various scan
rates. (f) GCD profiles of the LIC acquired in various voltage windows. (g) LIC energy density as a function of voltage window at a fixed current density of 0.1 A/g. (h)
GCD profiles were acquired at various current densities. (i) Ragone plot of the 5-LVO//AC LIC and (j) cycling performance over 5000 cycles at 2.0 A/g (inset: digital

photograph of an LED powered by the LIC).

600//AC (44 Wh/kg) [48], AC//LTO-AC-3 (38 Wh/kg) [49], and 100-
LTO-G-600C//AC (52 Wh/kg) [50]. The cycling performance of the
LIC is shown in Fig. 10j, which demonstrates a superior capacitance
retention of 78.9 % after 5000 cycles at a current density of 2 A/g. A
single LIC drove a light-emitting diode, as shown in the inset of Fig. 10j,
which highlights its potential use in practical applications.

4. Conclusion

W®*.doped LVO anode materials were prepared using a spray-drying
method. Introduction of the W8 dopant into the LVO lattice roughened
the LVO surface morphology and led to a narrower bandgap, resulting in
enhanced conductivity and the facilitation of Li*-ion migration. The 5-
LVO microspheres exhibited a high discharge capacity of 288.9 mAh/
g at 10C and good cycling stability, with a retention of 91.4 % observed
after 200 cycles at 6C. When paired with an LNMO cathode, a full 5-
LVO//LNMO LIB delivered a specific capacity of 355.8 mAh/g at 0.2C
and 205.8 mAh/g at 8C, with a voltage of 3.7 V. Furthermore, 5-LVO//
AC LICs were assembled to evaluate their practical potential. The 5-LVO-
anode/AV-cathode combination displayed an impressive operation
voltage of 4.2 V and delivered an energy density of 135.8 Wh/kg at a
power density of 295 W/kg. These results demonstrate the significant
potential of the spray-dried 5-LVO as a high-performance material for
use in energy-storage applications.
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