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e-LiVOPOy,, a multi-electron cathode material for Li-ion batteries, suffers from structural disorder upon nano-
sizing by high-energy ball-milling, which impedes kinetics and promotes undesirable interfacial side reactions.
This work presents a feasible way to decrease the disorder in the ball-milled composite of e-LiVOPO,4/C by post-
annealing at 450 °C in an Ar atmosphere, with no reduction reaction caused by carbon and no particle growth.
The post-annealed material shows recovered voltage plateaus, enhanced kinetics of Li diffusivity, and suppressed

interfacial reactions. As a result, a high-performance solid-state synthesized e-LiVOPO, can be obtained, deli-
vering a capacity of 270 mAh g~ at C/5 with less than 4% degradation upon 100 cycles.

1. Introduction

Lithium-ion batteries (LIBs) have advanced significantly since their
introduction in the 1970s [1-3]. In the last decade, rapidly growing
electric vehicles market has placed increased demand for high energy
density LIBs [4,5]. To meet this demand, cathode materials with energy
density of at least 800 Wh kg’1 are required [5]. A multi-electron
cathode material, triclinic e-LiVOPOQ,, is considered to be one of the
most promising candidates. e-LiVOPO,4 can provide two redox transi-
tions, V>*/V** and V**/V3*, at 4V and 2.5V, respectively, resulting
in a capacity of 305 mAh g~! (1C = 153 mAh g~ ') and an energy
density over 900 Wh kg’1 [2,3].

However, the poor electronic and ionic conductivities of e-LiVOPO,4
limit its application. To overcome these challenges, a variety of
synthesis methods have been explored. Harrison et al. [6] synthesized -
LiVOPO, with particle sizes ranging from 100 nm to a few microns by
microwave-solvothermal method. Hollow &-LiVOPO,4 was synthesized
by Ren et al. [7] via a hydrothermal method and by Saravanan et al. [8]
using solvothermal approach. These materials were tested in a high-
voltage range of 3 to 4.5V and attained capacities varying from 90 to

130 mAh g_1 at moderate current densities. Zhou et al. [9] obtained e-
LiVOPO, through sol-gel method at 400 and 700 °C. The 400 °C sample
showed better electrochemical performance in the 1.6-4.5V range due
to its smaller particle size and the conducting carbon residue. Kerr et al.
[10] reported a delithiated form, &-VOPO,, with particle size of
0.6-0.75 pm formed by heating hydrothermally synthesized H,VOPO,.
The capacity over 100 mAh g~ ! was achieved for up to 100 cycles at C/
10 over 3.0-4.5V range. Our group investigated the possibility of two
Li cycling in this material [11,12] and most recently have demonstrated
a fully reversible intercalation of two Li-ions in e-VOPO,4 through con-
trol of the morphology and particle size (200 nm) of the hydrothermally
synthesized H,VOPO, [13]. The full theoretical capacity of 305 mAh
g~ ! was delivered at C/25 in 1.6 V-4.5 V range for at least 50 cycles. It
was attributed to nano-size and good crystallinity of this material,
combined with thorough carbon coating [13].

Solid-state reaction is an effective method to prepare highly crys-
talline e-LiVOPO,4 [14-17]. However, similarly to LiFePO,, to achieve
small particle size and a good electronic conductive network [18-21],
leading to capacities close to the theoretical, e-LiVOPO4 has to be high-
energy ball-milled with carbon [22]. Our earlier work pointed out that
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Fig. 1. (a) TG-MS measurements of the ball-milled LVPO/C composite in Ar atmosphere. (b) XRD pattern of the products obtained at 800 °C in the TG-MS test.

ball-milling induces disorder in e-LiVOPO, bulk, which impedes ki-
netics and promotes significant interfacial side reactions, causing po-
larization and energy loss [22,23].

In this work, we employ annealing treatment of the ball-milled e-
LiVOPO,4/C composite in order to decrease the bulk disorder. The
challenge of this approach is to keep the particle size small and to
prevent vanadium reduction by carbon upon annealing. We successfully
used thermogravimetric analysis to optimize the annealing tempera-
ture; X-ray diffraction (XRD), pair distribution function analysis (PDF),
solid-state “Li and 3'P NMR, along with scanning electron microscopies
were used to study the structural and morphological properties of the
post-annealed e-LiVOPO,4. The electrochemical results highlight the
importance of reducing disorder in e-LiVOPO, to achieve a high-per-
formance e-LiVOPO,.

2. Experimental methods

e-LiVOPO, (LVPO) was synthesized by a solid-state method (see
Supporting Information for details) [22]. As-prepared LVPO was high-
energy ball-milled (SPEX, 8000D) with graphene nanoplatelets (xGnP-
C750) for 0.8h, giving the disordered LVPO (D-LVPO). D-LVPO was
then post-annealed in argon atmosphere to produce LVPO with reduced
disorder in bulk (rD-LVPO). X-ray diffraction (XRD) tests were carried
out on Bruker D8 ADVANCE diffractometer with Cu Ka radiation. The
crystallite size and strain effects were analyzed from the peak broad-
ening using the Double-Voigt approach in TOPAS, yielding volume
weighted mean crystallite sizes (domain sizes) Ly,.;z and a mean strain
value ey [24]. The scattering data for the pair distribution function
(PDF) analysis were collected at beamline 11-ID-B at the Advanced
Photon Source, Argonne National Laboratory. High energy X-rays
(58.26 keV, A = 0.2128 A) were combined with a large amorphous si-
licon-based area detector (Perkin-Flmer) to collect data to
Qmax = 24 A1 [25-27]. The data were integrated using GSAS-II [28]
using a CeO, standard (SRM674b) as a calibrant. The large Q-range
total scattering data were corrected and Fourier transformed to get G(r),
the PDF within pdfgetX3 [29]. Structure models were refined against
the PDF data within PDFgui [30]. Thermogravimetric analysis (TGA)
and gas evolution were examined by TGA equipped with mass spec-
trometry (MS) (TG 209 F1 Iris, Netzsch). Samples were loaded in an
alumina crucible and heated up to 800 °C under Ar flow at a heating
rate of 5 °C/min. The solid-state “Li and >'P NMR spectra were acquired
on a 4.7 T (200 MHz) Bruker Avance III wide bore magnet at Larmor
frequencies of 77.775 and 81.176 MHz respectively. All the experi-
ments were carried out with a Bruker 1.3 mm MAS probe spinning at
frequency of 60 kHz. A rotor synchronized, spin-echo pulse sequence
was used for “Li, with a /2 pulse length of 1.02pus at a power of
43.5W, set on an external reference of Li,CO3 (referenced to 1.1 ppm).

A rotor synchronized, spin-echo pulse sequence was also used for 3'P
with a 5t/2 pulse length of 0.98 us at a power of 53 W, set on an external
reference of adenosine diphosphate (referenced to 1 ppm). Scanning
electron microscopy (SEM) was performed on a Zeiss Supra 55VP mi-
croscope. The ball-milled composite LVPO/graphene nanoplatelets was
mixed with poly(vinylidene difluoride) (75:15:10 wt%) to make the
slurry. The slurry was then cast on Al foil and dried at 80 °C in a vacuum
oven overnight. The loading of active material is 2-4 mgcm ™ 2. The
electrodes were assembled into 2325-type coin cells with a Li metal
chip as anode and 1 M LiPFg in EC/DMC (EC/DMC = 1:1) as electro-
lyte. Electrochemical tests were performed on VMP multichannel po-
tentiostats (Bio-Logic) in a voltage range 1.6 to 4.5V to ensure two Li
cycling. Cyclic voltammetry (CV) tests were carried out at a variety of
scanning rates from 0.02 to 0.3mV s~ '. The details of in-situ EIS are
presented in SI (Fig. S1).

3. Results and discussion

One possible drawback of annealing ¢-LiVOPO,4 (LVPO) in the pre-
sence of carbon is the possibility of a reduction reaction. To reveal the
temperature of this reduction process, a TG-MS test of LVPO ball-milled
with carbon was carried out in argon atmosphere (Fig. 1(a)). The TG-
MS data shows a weight loss associated with carbon dioxide generation
above 500 °C. The XRD pattern of the final products obtained at 800 °C
(Fig. 1(b)) reveals a mixture of Li3V,(PO4)3 and V,03. The valence state
of vanadium in both products is V*, which proves that V** was re-
duced by carbon at the elevated temperatures. Based on these results,
the following reduction reaction occurs above 500 °C:

12LiVOPO, + 3C — 4Li3V5(PO,); + 2V,0; + 3CO, 6h)

The theoretical weight loss due to CO, formation is 6.4%, which is
close to the observed of ~8% weight loss. Extra 1.6% loss may be at-
tributed to the surface water and oxygen absorbed in the sample
leading to more carbon burning out. To avoid this reduction reaction, a
temperature of 450 °C was chosen to post-anneal the ball-milled LVPO/
C composite.

The XRD patterns of disordered D-LVPO and post-annealed rD-LVPO
are presented in Fig. 2(a). Both materials are phase-pure with sharper
diffraction peaks observed for rD-LVPO. The mean crystallite sizes
(domain sizes) Ly,.p calculated by the Double-Voigt approach on
TOPAS [24] are ~30 nm for both D-LVPO and rD-LVPO, indicating that
the primary crystallite size did not change upon post-annealing. A
smaller strain ey, however, was observed in rD-LVPO, which explains
the sharpness of the XRD peaks. It is consistent with the idea that strain
can be reduced upon post-annealing, as increased diffusion at elevated
temperatures likely leads to the healing of disorder and other structural
defects. In addition, the secondary particle size of rD-LVPO is similar to
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Fig. 2. (a) XRD patterns, (b) pair distribution function (PDF) analysis, (c) SEM of D-LVPO and (d) of rD-LVPO.

that of D-LVPO, ~200 nm, as shown in the SEM images (Fig. 2(c—d)),
indicating that small particles did not coalesce upon post-annealing.

To further understand the effect of annealing on the structure of D-
LVPO, the structure coherence of D-LVPO and rD-LVPO was analyzed
from the PDF data (Fig. 2(b)) and compared to that of as-synthesized
LVPO reference. All the three samples fit well with the triclinic e-Li-
VOPO, phase (the lattice parameters are summarized in Table S1). For
D-LVPO, the structural coherence is 4.2 nm, which is smaller than the
primary crystallite size aforementioned, suggesting that the particle
ordering does not extend beyond ~7 unit cells. For rD-LVPO, structural
coherence increases to 7.3nm and V thermal parameters are sig-
nificantly reduced (Table S2). This result confirms the decrease of
structural disorder in rD-LVPO.

Solid-state “Li and 'P NMR studies were also carried out to further
understand the structure of rD-LVPO. The pristine LVPO exhibits a
single isotropic “Li NMR resonance at ~77 ppm (Fig. 3(a)) [22]. This is
consistent with hybrid DFT calculations which predict Fermi contact
shifts of 76-91 ppm and 63-75 ppm for the two Li sites, Lil and Li2,
present in the e-LiVOPO, structure. The single peak observed experi-
mentally can be assigned to an overlap of the Lil and Li2 shifts. In the
disordered structure, in addition to the 77 ppm peak (peak 1) a broad
peak at ~0 ppm (peak 2) is observed (Fig. 3(b)). In rD-LVPO, the ratio
of the intensities of the 77 ppm peak to the Oppm peak increases
compared to D-LVPO (Fig. 3(c)). Deconvolution of the 7Li NMR peaks
gives a clearer indication of the various local environments in the
samples. Deconvolution of the NMR spectrum of the D-LVPO indicates
that it contains a broad resonance at ~49 ppm (peak 3) in addition to
the peaks at ~77 ppm and ~O0 ppm, indicative of a distribution of Li
environments. Both the peaks that are not seen in the pristine sample
(~O0ppm and ~49ppm) are characteristic of local disorder in the
structure, corresponding to a disordering of the Lil and Li2 sites in the
two 1D channels along the [110] direction in the structure [22]. Our
earlier work has shown that a disordered model which corresponds to Li
sites being equivalent in the two tunnels gives rise to calculated hy-
perfine shifts of 18-22 ppm and 37-55 ppm which are close to the ex-
perimentally observed shifts of ~0 ppm and 49 ppm respectively [22].

Disappearance of the broad peak at ~49 ppm in the rD-LVPO sample
clearly indicates that the local disorder of the Li ions has decreased. The
31p NMR spectra show more pronounced indications of less disorder in
rD-LVPO. Pristine e-LiVOPO, contains two isotropic resonances at
1650 ppm (peak 1’) and 1458 ppm (peak 2) consistent with the two
crystallographically distinct P sites in the e-LiVOPO, structure
(Fig. 3(d)) [22]. Deconvolution of the 3'P spectrum of D-LVPO
(Fig. 3(e)) suggests that, similar to 7Li spectrum, in addition to two
peaks of the pristine sample there is a broad resonance centred at
2653 ppm (peak 3"), which disappears in rD-LVPO (Fig. 3(f)). Again, the
observed broad resonance is attributed to a disordering of the Li ions
[22]. This broad resonance disappears in the rD-LVPO sample, in-
dicating that the reordering of Li ions occurs, consistent with the “Li
NMR.

The electrochemical tests were conducted to examine the effect of
reduced disorder on the electrochemistry of the post-annealed LVPO.
The D-LVPO and rD-LVPO were discharged to 1.6 V first then charged
back to 4.5 V. The full charge/discharge curves at a reaction rate of C/
10 (0.038 mA cm ™~ 2) are shown in Fig. 4(a). In D-LVPO, the voltage
plateaus caused by two-phase reactions at 4 V (VOPO,4 <= LiVOPO,) and
below 3V (LIVOPO4 had L115VOPO4 had Li1'75VOPO4 had L12VOPO4)
[12,16,17] are absent, resulting in a sloping potential profile with a
capacity of 196 mAh g~'. The annealed rD-LVPO, however, shows
pronounced plateaus at all voltage windows, delivering a higher dis-
charge capacity compared to D-LVPO. Also, the voltage hysteresis is
greatly decreased in the annealed material compared to that of D-LVPO.
The sample rD-LVPO also presents an excellent cycling stability
(Fig. 4(c)). At C/5, D-LVPO has an initial capacity of 155 mAh g~ ! with
only 20 mAh g~ ! remained over 100 cycles and all the voltage plateaus
are vanished (Fig. 4(d)). On the contrary, each of the voltage plateaus of
rD-LVPO is clearly distinguishable after 100 cycles (Fig. 4(e)). rD-LVPO
delivers an initial capacity of 270 mAh g~ ! with less than 4% capacity
loss over 100cycles at C/5. In addition, compared to D-LVPO, the
growth of interfacial resistance upon extensive cycling is greatly sup-
pressed in rD-LVPO, as depicted in impedance spectra (insets of
Fig. 4(d) and (e)). Moreover, sample rD-LVPO has higher discharge
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Fig. 3. (a) “Li NMR spectra of the pristine LVPO acquired at 60 kHz spinning frequency at a field of 4.7 T; deconvolution of “Li NMR spectrum of (b) D-LVPO and (c)
rD-LVPO. The spectra are fitted with two Lorentzian (peak 1 and peak 2) and 1 Gaussian (peak 3) peaks. Only the isotropic region is shown. (d) >'P NMR spectra of
the pristine LVPO acquired at 60 KHz spinning frequency at an external field of 4.7 T; deconvolution of *'P NMR spectrum of (e) D-LVPO and (f) rD-LVPO. The
spectra are fitted with three Gaussian peaks. Spinning sidebands are marked by asterisks (*).

capacities at all the reaction rates as shown in Figs. 4(b) and S2. It is
noteworthy that the capacity of D-LVPO is restored when the rate is
reduced back to C/10, suggesting that the decrease of capacity at high
rate in the disordered structure is a result of the kinetics issue instead of
the degradation of active materials during cycling.

Cyclic voltammograms were carried out to study the kinetics in rD-
LVPO. Fig. 4(f) depicts the CV profiles of both samples at a scan rate of
0.02mVs~!. Sample rD-LVPO displays more sharp and symmetric
anodic/cathodic peaks compared to D-LVPO, indicating more pro-
nounced two-phase transitions between Li,VOPO, (x = 2, 1.75, 1.5, 1
and 0). This result is consistent with the observation of the restored
voltage plateaus in the charge/discharge profiles aforementioned. The
peak potential differences (AE, = AE,, — AE,.) in rD-LVPO presents a
smaller value than those of D-LVPO (Table S3), consistent with the
smaller hysteresis observed in the charge/discharge profiles, which
suggests an improved reversibility of the electrochemical reaction.
Fig. 4(g) compares the CV curves of D-LVPO and rD-LVPO measured at
different scan rates from 0.02 to 0.30mV s~ '. Of note the potential
peaks of D-LVPO shift farther apart and gradually merge into one broad
peak with increasing scan rate. In contrast, rD-LVPO displays distinct
anodic/cathodic peaks and narrow peak separations with increasing
scan rate, again, indicating an improved kinetics [31,32]. The apparent
chemical diffusion coefficient of Li ions in rD-LVPO determined using
the Randles-Sevcik equation (see SI and Fig. S3 for details) is
3.9 x 10" ecm?s ™!, one order of magnitude higher than that of D-
LVPO with the value of 4.0 x 10~ *?>cm?s ™. The CV results reveal the
improved kinetics of Li diffusivity in the more ordered LVPO structure,

which contributes to the superior rate capability of rD-LVPO.

We have also shown previously, that e-Li,VOPO, is likely to be
pseudo-1D ionic conductor, where the capacity in the high-voltage re-
gion is limited by Li mobility [17]. The ball-milling of LVPO introduces
disorder that impedes Li-ion kinetics, and promotes significant inter-
facial side reactions, causing polarization and energy loss [22,23]. The
significant decrease of disorder upon post-annealing, as evidenced by
the PDF and NMR data, can improve Li mobility, causing the improved
electrochemistry of rD-LVPO. In the disordered structure D-LVPO, the
voltage changes continuously in a wide range as Li ions are removed
from various disordered sites with nonequivalent site energy
[17,22,33]. In rD-LVPO, however, the ordered Li sites are re-
constructed, leading to stable voltage plateaus. Interestingly, post-an-
nealing also suppresses interfacial resistance, as demonstrated in the CV
and EIS results. Thus, rD-LVPO has a reduced polarization, giving the
superior rate capability and stable cyclability compared to D-LVPO.
Overall, the utilization of the energy in LVPO is significantly enhanced.

4. Conclusions

This work highlights the importance of removing the disorder in the
solid-state synthesized e-LiVOPO, caused by ball-milling during nano-
sizing. We have shown a facile method to reduce the disorder by post-
annealing the ball-milled composite of e-LiVOPO,/C at 450 °C in Ar
atmosphere. Under these conditions, e-LiVOPO, is not reduced by
carbon, the structural disorder is alleviated, and the small particle size
is retained. Upon post-annealing, the voltage plateaus due to the two-
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Fig. 4. (a) The charge/discharge curves at the first full cycle at C/10, (b) the rate capability, and (c) the cycling performance at C/5 of D-LVPO and rD-LVPO. The
charge/discharge profiles for every twenty cycles at C/5 with in-situ impedance spectra (inset) of (d) D-LVPO and (e) rD-LVPO. Cyclic voltammograms of D-LVPO and
rD-LVPO (f) with a scan rate of 0.02mV s~ ' and (g) with scan rate from 0.02mVs~* to 0.30mVs ™.

phase reactions are recovered, the kinetics of Li diffusivity is improved,
and the interfacial reactions are suppressed. As a result, polarization is
greatly reduced, and a high-performance e-LiVOPO, is obtained in
terms of capacity, rate capability, and cyclability. Our results show that
the post-annealed e-LiVOPO, has a capacity of 270 mAh g~ at C/5

(0.076 mA cm ~ %) with less than 4% degradation upon 100 cycles.
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Appendix A. Supplementary data

The equivalent circuit model for the impedance spectra; lattice and
thermal parameters obtained from the PDF tests of pristine LVPO, D-
LVPO, and rD-LVPO; voltage differences of cathodic peaks and anionic
peaks in CV tests for D-LVPO and rD-LVPO; cycling curves at different
rates; and the linear regression plot of i, vs. v'/2 obtained from the CV
tests. Supplementary data to this article can be found online at https://
doi.org/10.1016/j.elecom.2019.106491.
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