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Abstract

For oxides, especially as lithium-ion battery anodes, it is important to engineer the material not
only to improve kinetics of reversible lithiation efficiency, but to avoid capacity and voltage
fading, and side reactions, from conversion modes processes that can sometimes occur in
tandem with intercalation. We report the first electrochemical evaluation of NiVO3z as an
intercalation anode material for Li-ion batteries, which offers a high capacity with negligible
fading without conversion mode side reactions. Binary metal oxide NiVOs fused oxide
nanoparticles (Ni-FONPs) are formed via thermal reduction of Ni-doped vanadium oxide
nanotubes (Ni-VONTS). The electrochemical performance of Ni-FONPs is contrasted with a
composite of Fe20O3z and V203 (Fe-FONPs) with a similar morphology, made using a similar
process form Fe-doped VONTSs. Galvanostatic cycling reveals that the binary metal oxide Ni-
FONPs exhibit superior electrochemical performance compared to the Fe-FONPs by avoiding
segregation into two oxides that ordinarily cycle as conversion mode material. The new anode
material, Ni-FONPs, demonstrates state-of-the-art specific capacity retention (78% from the
2" to the 500" cycle) and significantly long cycle life (500 cycles) when cycled using a specific
current of 200 mA/g in a conductive additive and binder-free formulation. Limiting the lower

voltage to ~ 0.2V avoid separate oxides of Ni and V, which independently, are detrimental to
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cycle life and capacity retention. Systematic analysis of differential capacity obtained from

View Article Online
. . . . . R DOI: 10.1039/C8TtA05327H
galvanostatic voltage profiles over 500 cycles offers a detailed insight into the charge storage

mechanism and electrochemical behaviour for this stable NiVVO3 anode material.
1 Introduction

In recent years there has been an increased demand for Li-ion batteries with high capacity and
long cycle due to global objectives such as the reduction of dependence on fossil fuels via the
adaptation of electric vehicles and the push towards the internet of things.}* Consequently,
there has been revitalized interest in vanadium oxide (VOx) based electrode materials for Li-
ion batteries due to their rich chemistry, crystallinity, and varied morphologies. >’ This has
also led to a renewed interest in optimising the electrochemical performance of VOx
nanostructures for use as both an anode and a cathode. '? Due to the multivalence nature of
vanadium, many of its oxides display different electrochemical properties. For example, V20s
is traditionally considered a cathode material whereas V203 is typically cycled as an anode
material. 13 * This versatility was recently demonstrated by pairing a V203 anode with a pre-

lithiated V205 cathode to prepare an all vanadium oxide full Li-ion cell. 1

Numerous vanadium oxide nanostructures have been investigated for use as electrode
materials, including nanorods, nanobelts and nanowires. ®18 Vanadium oxide nanotubes
(VONTSs) offer an opportunity to dope a VOx nanostructure with metal cations to potentially
enhance their electrochemical performance. ** VONTSs typically consist of scrolled layers of
vanadium oxide with primary amines intercalated between the layers, and it is this layered
structure that sets them apart from myriad other nanostructured morphologies of VO for cation
intercalation. 2?2 Amine molecules act as a structure maintaining template and facilitate
scrolling during the synthesis procedure. ® Previous reports have detailed cation exchange
reactions, to exchange the organic templates with metal cations such as Ca?*, Na* and Co?*. %>

24 lon exchanged VONTSs have typically been treated as cathode materials, however the
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modification has not halted the severe capacity fading issues associated with VONTS. For

View Article Online
. DQI: 10.1039/C8iA05327H
example Zhou et al. previously report on the performance of Fe-VONTSs as a cathode materia

for Li-ion batteries. 2 It was shown that the ion exchanged VONTS offered higher capacities
than the as-prepared VONTSs but the ion-exchange reaction failed to mitigate significant
capacity fading even after 50 cycles. Similarly Kim et al. reported on the electrochemical
performance of Ni-VONTSs as a cathode for Na-ion batteries and demonstrated that the capacity
of the Ni-VONTSs severely faded after 35 cycles. 2 We have previously reported on the
structural conversion from as-prepared VONTS to V203 polycrystalline nanorods via thermal
reduction in an inert atmosphere in order to address capacity fading arising from material
morphology. 2"2° A similar thermal treatment of metal cation-doped VONTS opens up the
possibility of preparing binary metal oxide nanostructures with crystal structures and
compositions to improve electrochemical performance and stability. For oxides, especially as
anodes, it is important to engineer the material not only to improve kinetics of reversible
lithiation efficiency, and to avoid capacity and voltage fading, and side reactions, from

conversion modes processes that can occur in tandem with intercalation.

Previous reports on metal vanadate anodes such as Lii+xV1-xO2, Co3V20s, NizV20s,

and MnV20s have shown that vanadium containing binary metal oxides can offer improved

Published on 28 August 2018. Downloaded by University College Cork on 9/6/2018 9:15:37 AM.

specific capacity and capacity retention compared to unary vanadium oxides.3%3* For example
Yang et al. reported a specific capacity of ~ 1100 mA/g after 100 cycles for CozV20s multi-
layered nanosheets cycled in a potential widow of 2.5 —0.01 V with an applied specific current
of 1 A g1.3 Charging to this low potential resulted in the conversion of CosV20s to an
amorphous LixV20s matrix and the formation of CoO, which further reduced to Co and alloyed

with Li.

In this report, we detail the preparation of fused oxide nanoparticles (FONPs) via
thermal reduction of ion exchanged vanadium oxide nanotubes (VONTS). Initially, ion

exchange reactions were performed with as-prepared VONTS and salts of the respective metals
3
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investigated (Ni and Fe) to form Ni-VONTSs and Fe-VONTs. FONPs were then prepared by

View Article Online
DOI: 10.|1039/C8TA05327H

annealing the ion exchanged VONTSs at 700 °C in Ho/Ar. X-ray diffraction (XRD) and electron
diffraction (ED) confirms that thermal treatment of Ni-VONTSs resulted in the formation of a
binary metal oxide in the form of NiVVO3z whereas thermal reduction of the Fe-VONTS produced
a composite of Fe,Oz and V20s3. To our knowledge, this is the first detailed report on the
structural characterisation of NiVVO3 and also the first report on the electrochemical properties
of the compound. The electrochemical performance of Ni-FONPs and Fe-FONPs evaluated via
cyclic voltammetry and long cycle life galvanostatic tests. Ni-FONPs exhibit superior
electrochemical performance compared to Fe-FONPs in terms of capacity values and capacity
retention. Ni-FONPs demonstrated a reversible capacity of 175 mAh/g after the 500" charge,
when cycled with a specific current of 200 mA/g. This corresponded to capacity retention of
78% from the 2" to the 500" cycle, indicating the exceptional capacity retention properties of
NiVOz. Through systematic analysis of differential capacity plots (DCPs) from standard
galvanostatic, we present a detailed insight into how Ni-FONPs and Fe-FONPs anodes store

charge and propose why the binary metal oxide outperforms the mixed composite.
2 Experimental Section
2.1 Preparation of lon Exchanged VONTs and FONPs

VVONTSs were synthesized by hydrothermal treatment of a mixture of vanadium oxide xerogel
and a primary amine, following previously reported procedures. 2% 2% 2° \/,05 xerogel was
mixed with nonylamine in a molar ratio of xerogel to amine of 1:2, with 3 mL of ethanol added
per gram of xerogel. The solution was mixed vigorously for 1 h and then hydrolyzed by adding
5 mL of deionized water per gram of xerogel before being mixed vigorously again for a further
2 h. The mixture was then allowed to age for 2 days. After this time the mixture turned white
and was then hydrothermally treated in a Teflon lined autoclave at 180 °C for 7 days. The

resulting dark black paste was washed with pure ethanol and dried using a Buchner funnel. lon
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exchanged VONTSs were prepared using a modified version of a previously reported method.

View Article Online
DOI: 1?.1039/CBTA05327H

19 As-synthesised VONTSs were mixed with either NiCl,-6H20 or FeCls-6H.0 in a molar ratio
of 1:4 to prepare Ni-VONTSs or Fe-VONTS, respectively. The powders were then stirred in a
solution of ethanol and water (4:1 v/v) with 0.2 ml of ethanol being added per mg of VONTSs.
The solutions were stirred for 5 h and then then dried on filter paper using a Buchner funnel.

The ion exchanged VONTS were then heated at 700 °C in Ho/Ar for 6 h to prepare FONPs.
2.2 Material Characterization

Transmission electron microscopy (TEM) analysis was conducted using a JEOL JEM-2100
TEM operating at 200 kV. Scanning electron microscopy (SEM) analysis was performed using
an FEI Quanta 650 FEG high resolution SEM at an accelerating voltage of 10 kV. Scanning
transmission electron microscopy and EDX was carried out using a FEI Helios NanoLab 600
DualBeam FIB/SEM with an Oxford X-Max 80 EDS detector. X-ray diffraction (XRD)
analysis was performed using a Phillips Xpert PW3719 diffractometer using Cu Ka radiation.
(Cu Ka, L =0.15418 nm, operation voltage 40 kV, current 40 mA). Fourier transform infrared
spectroscopy (FTIR) was conducted on Perkin Elmer Spectrum Two FT-IR Spectrometer in
the region of 4000-650 cm™. X-ray photoelectron spectroscopy (XPS) spectra were acquired
on an Oxford Applied Research Escabase XPS system equipped with a CLASS VM 100 mm
mean radius hemispherical electron energy analyzer with multichannel detectors in an analysis
chamber with a base pressure of 5.0 x 1071 mbar. Survey scans were recorded between 0 and
1400 eV with a step size of 0.7 eV, dwell time of 0.5 s, and pass energy of 100 eV. Core level
scans were acquired with a step size of 0.1 eV, dwell time of 0.5 s, and pass energy of 20 eV
averaged over 10 scans. A non-monochromated Al Ko X-ray source at 200 W power was used
for all scans. All spectra were acquired at a take-off angle of 90° with respect to the analyzer
axis and were charge corrected with respect to the C 1s photoelectric line. Data was processed
using CasaXPS software where a Shirley background correction was employed and peaks were

fitted to Voigt profiles.


http://dx.doi.org/10.1039/c8ta05327h

Published on 28 August 2018. Downloaded by University College Cork on 9/6/2018 9:15:37 AM.

Journal of Materials Chemistry A Page 6 of 30

2.3 Electrochemical Characterization

View Article Online
DOI: 10.1039/C8TA05327H

All electrochemical results presented in this report were performed using a BioLogic VSP
Potentiostat/Galvanostat. The electrochemical properties of Ni and Fe-FONP samples were
investigated in a half cell configuration against a pure Li counter electrode in a two electrode,
stainless steel split cell (a coin cell assembly that can be disassembled for post-mortem
analysis). The electrolyte used consisted of a 1 mol dm solution of LiPFg in a 1:1 (v/v) mixture
of ethylene carbonate in dimethyl carbonate with 3 wt% vinylene carbonate. The separator used
in all split cell tests was a glass fiber separator (EI-Cell ECC1-01-0012-A/L, 18 mm diameter,
0.65 mm thickness). The mass loading for all FONP samples was ~ 0.5 mg, no additional
conductive additives or binders were added. Cyclic voltammetry was performed using a scan
rate of 0.1 mV st in a potential window of 3.0 — 0.2 V (vs Li/Li*). Galvanostatic cycling was
performed using a range of specific currents (50 — 200 mA/g) in a potential window of 3.0 —

0.2 V (vs Li/Li").

3 Results and Discussion

Vanadium oxide nanotubes (VONTS) were prepared via hydrothermal treatment of a mixture
of a vanadium oxide (VOx) xerogel and nonylamine. The as-prepared VONTSs consisted of
three main regions; a tube opening at either end, a hollow core and layered walls on either side
of the hollow core, as shown in Fig. 1a and b. We have previously reported that the interlayer
spacing of the scrolled walls of the VONTSs is dependent on the length of the primary amine
chain, which is used during the synthesis procedure. 2° The resulting interlayer spacing for
VONTSs prepared with nonylamine in a molar ratio of xerogel to amine of 2:1 is ~ 2.7 nm, as
shown in Fig. S1a, which agrees with our detailed quantitative measurements and analysis of
the nanotube structure. 22! The d-spacings observed in the electron diffraction pattern for the
as-prepared VONTS are consistent with previously reported XRD patterns for VONTSs. © 3¢

6
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Metal cation doped VONTS were prepared via facile ion exchange reactions with VONTSs and
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salts of the respective metals investigated. 2 Nickel doped VONTS (Ni-VONTS) were prepared
via an aqueous ion exchange reaction with as-prepared VONTSs and NiCl2-6H20; iron doped
VONTSs (Fe-VONTS) were prepared with FeClz-6H20. TEM images of typical Ni-VONTSs are
shown in Fig. 1d and e. It is clear that even though a quantity of the positively charged amine
head group has been exchanged with Ni* ions the overall nanotube morphology has been
retained. This is in agreement with previously reported Ni-VONTS, which were prepared via
an ion exchange reaction between VONTSs prepared with octadecylamine and NiCl,. 2® There
is a significant decrease in the interlayer spacing for the Ni-VONTS (~0.9 nm) compared to the

as-prepared VONTS (~2.7 nm), as shown in Fig. S1b.
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Fig. 1. (a) and (b) TEM images and (c) electron diffraction pattern for as-prepared VONTS. (d)
and (e) TEM images and (f) electron diffraction pattern for Ni-VONTSs. (g) and (h) TEM images
and (i) electron diffraction pattern for Ni-FONPs. (j) and (k) TEM images and (l) electron
diffraction pattern for Fe-VONTSs. (m) and (n) TEM images and (0) electron diffraction pattern
for Fe-FONPs. (e indexed to V203, JCPDS No. 00-034-0187, * indexed Fe,Os, JCPDS No.
00-039-1346).

Likewise, the overall nanotube morphology is also retained for the Fe-VONTSs as shown

in Fig. 1j and k. This is in agreement with similar Fe-VONTSs which were prepared via a metal

cation exchange reaction involving VONTS prepared with dodecylamine and FeClz-6H.0.%
8
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The interlayer spacing of the Fe-VONTSs is ~ 1.4 nm (Fig. S1d), which is also smaller than

View Article Online
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observed for the as-prepared VONTS. The electron diffraction patterns for the Ni-VONTSs and
Fe-VONTSs, shown in Fig. 1f and I, respectively, are in close agreement with the pattern
observed for the as-prepared VONTS. This suggests that the ion exchange reactions do not
significantly alter the crystal structure of the layers of vanadium oxide present within the
scrolled walls of the nanotubes. Annealing Ni-VONTs and Fe-VONTSs to 700 °C in Ha/Ar
resulted in a structural conversion from nanotubes to fused oxide nanoparticles (FONPs). TEM
images of Ni-FONPs and Fe-FONPs are shown in Fig. 1 (d and e) and (m and n), respectively.
Thermal treatment to this temperature removes any amine molecules remaining after ion
exchange reactions and consequently the nanotube structure collapses to enable

recrystallization to beaded rods of fused nanoparticles.

The lattice spacing for the Ni-FONPs and Fe-FONPs were measured to be ~ 0.34 and
0.29 nm, respectively, as shown in Fig. S1c and e. Although the electron diffraction patterns
for the Ni-VONTSs and the Fe-VONTs were quite similar, the diffraction patterns for both
samples after annealing are significantly different. The d-spacings in the electron diffraction
for the Ni-FONPs are consistent with those previously reported for NiVO3z (JCPDS No. 00-
027-1308), whereas the electron diffraction for the Fe-FONPs consists of two sets of diffraction
spots, one can be indexed to V203 (JCPDS No. 00-034-0187) and the other to Fe,O3 (JCPDS
No. 00-039-1346). This implies that the Ni-FONPs are a single nickel vanadium oxide, in the
form of NiVOs, whereas the Fe-FONPs are a composite of two different compounds, V203 and
Fe>0s. The chemical composition of the FONP samples will be further probed via XRD and
XPS analysis. A schematic representation of the eventual structural conversion from as-
prepared VONTSs to FONPs is shown in Fig. 2a. The tubular morphology of the as-prepared
VONTSs is preserved after the ion exchange reactions; the hollow core of both the Ni-VONTSs

and Fe-VONTSs is wider than for the as-prepared VONTSs. Thermal reduction in Ho/Ar results
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in a significant structural conversion from nanotubes to beaded rods of fused oxide

View Article Online
. DOI: 10.1039/C8TA05327H
nanoparticles.

The XRD pattern observed for the as-prepared VONTS is in close agreement with
previously reported XRD patterns for VONTSs prepared with amines of various chain lengths.
3739 The XRD patterns for the Ni-VONTs and Fe-VONTSs are quite similar to the pattern
observed for the as-prepared VONTS, as shown in Fig. 2b and c. Within the layered walls of
the as-prepared VONTS the positively charged NH®*" amine head group is electrostatically
bound to a negatively charged O, during the ion exchange reaction the NH** head group is
exchanged with metal cations, and afterwards the metal cations are electrostatically bound to
the O". 2%2540 The jon exchange reaction does not significantly alter the crystal structure of
the host nanotube and consequently the XRD patterns for Ni-VONTs and Fe-VONTSs are a
close match with the pattern observed for the as-prepared VONTs. We have previously
reported that the XRD pattern for ion exchanged Na-VONTSs was also a close match with as-
prepared VONTS *° and a similar observation was also made for Mn-VONTSs. 4 The intensity
of some of the initially lower intensity reflections such as (110) and (200) reduced after the
initial metal ion exchange, a similar phenomenon was previously reported for Fe-VONTSs.?
This effect arises from a puckering or buckling of the typically ordered lamellar structure of
the VONTSs while accommodating intercalated cations or organic moieties?® 22, Low index
reflections stem from the crystal structure of molecularly thick layers in orthorhombic V205,
which are periodically spaced and ordered in VONTS, but become buckled after cation

intercalation, but remain crystalline.

There are significant differences in the XRD patterns observed for the heat-treated
FONPs, compared to the VONTs. XRD analysis confirmed the ion exchange and
recrystallization process from VONTSs to FONPs, resulted in a fused nanoparticle structure of
high aspect ratio, similar to a granular nanowire. The pattern for Ni-FONPs demonstrated high

intensity reflections associated with NiVOaz. There is very little information about the structural
10
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properties of NiVOg in the literature. To our knowledge, there is only one paper detailing the
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structural characteristics of this material. Chamberland presented the reference pattern for
NiVOs (JCPDS No. 00-027-1308) in 1970. *? The XRD pattern that we observe for our Ni-
FONPs is a very close match, and corroborated by detailed compositional and surface
chemistry characterization in our work. The XRD pattern observed for Ni-FONPs is also a
close match with a previously reported pattern for CoVOs, as shown in Fig. S2, which has a
similar triclinic crystal system, and CuVOs is also a related phase.** None of the other nickel
vanadates, such as NizV20s as a notable anode material, show similar diffraction patterns. The
XRD pattern for the Fe-FONPs consists of peaks associated with Fe-O3 and V203, implying
that Fe-FONPs are a composite of both materials. We have previously reported that when
VONTSs are heated to 600 °C in N2, V203 polycrystalline nanorods (poly-NRs) are formed. 2"
28,44 Indexing of the XRD patterns for heated ion exchanged VONTSs indicates that annealing
the Ni-VONTSs resulted in the formation of a binary metal oxide in the form of NiVOs.
Annealing the Fe-VONTSs did not result in the formation of an Fe-V oxide, instead a composite
of Fe,O3 and V203 was formed. Ni-VONTSs and Fe-VONTSs are metal-doped VONTS however
after thermal treatment, NI-FONPs are a binary oxide and Fe-VONTS are a composite of two
distinct oxides. The chemical composition of the ion exchanged VONTSs and FONPs will be
discussed in further detail during the EDS and XPS analysis. Structurally, the use of a starting
VONT nanotube structure allow an ion exchange and recrystallization process using different
cations to form separate single and dual phase products, while retaining the dominant fused
nanoparticle morphology for all materials. SEM images of the ion exchanged VONTSs and heat
treated FONPs are and corresponding energy-dispersive X-ray spectroscopy (EDS) spectra are
shown in Fig. S3 and spatial mapping in Fig. S4. The EDS spectra for VONT and FONP
samples contained peaks associated with V and O and the ion exchanged metal (either Ni or
Fe). We observed a similar trend for both Ni-VONTSs and Fe-VONTSs after thermal treatment

in Ho/Ar; the relative amounts of O decreased for both samples decreased and the relative

11
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amounts of Ni and Fe increased respectively. A peak associated with the presence of CI, from

View Article Online
. DOI: 10. 039/C8TtA05327H
the metal precursors, was observed in the spectra for the VONT samples but was no longer

present after thermal treatment for the FONP samples.

FTIR spectra were acquired for the VONT and FONP materials to confirm that the ion
exchange reaction between the positively charged amine head groups and metal cations was
successful. The peaks observed between 1460-1650 cm™ and 2850-2930 cm™ are attributed to
C-H bending and stretching vibrations respectively and are due to the presence of amine
molecules. 22446 The intensity of these peaks significantly decreased for both the Ni-VONTS
and Fe-VONTSs, as shown in Fig. 2d and e, confirming that the ion exchange between the amino
groups and the intercalated cations did occur. Upon heating to 700 °C in Ho/Ar, the vibration
mode intensity associated with the amine molecules were no longer present. The data suggests
that annealing to this temperature removed all measurable presence of amines between the

layers of vanadium oxide.
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Fig. 2. (a) Schematic representation of the structural conversion from as-prepared VONTS to

ion exchanged VONTs via a metal cation exchange reaction and then to fused ooei(ge‘deowe
DOI:10.1039/C8TA05327H

nanoparticles via annealing to 700 °C in Hz/Ar. XRD patterns for (b) Ni-VONTs and Ni-
FONPs and (c) Fe-VONTSs and Fe-FONPs. (v = NiVOs3, JCPDS No. 00-027-1308, ¢ = V203,
JCPDS No. 00-034-0187, » = Fe>03, JCPDS No. 00-039-1346). FTIR spectra for (d) Ni-
VONTSs and Ni-FONPs and (e) Fe-VONTSs and Fe-FONPs.

X-ray photoelectron spectroscopy (XPS) spectra were acquired for each material to
determine the surface chemical state of single phase NiVVOs and the nature of the binary Fe;Os
and V203 composite FONPs. Two main peaks can be seen in the Ni 2p spectrum for the Ni-
VONTS at ~ 855.9 and 873.9 eV, corresponding to the Ni 2ps/2 and 2pa1s levels respectively. 47
Both of these peaks contain shoulders and can be deconvoluted, indicating that they are
composed of a mixture of Ni?* and Ni®**, as shown in Fig. 3a. Core-level emission associated
with Ni%* and Ni®* are located at ~ 855.8 and 856.5 eV, respectively. 4 Two satellite peaks are
also observed at ~ 862.3 and 880.3 eV. Comparison of the integrated areas of the peaks
associated with each valence state indicates that the majority (~ 72%) of Ni present within the
Ni-VONTSs was in the Ni* valence state. However, after the structural conversion from Ni-
VONTSs to Ni-FONPs the majority of Ni is in the Ni?* valence state (~ 66%). XPS spectra
demonstrating the core level binding energies for V 2ps» and V 2p12 for Ni-VONTSs and Ni-

FONPs are shown in Fig. 3c and d, respectively. Both samples contain V in the V°* and V**

Published on 28 August 2018. Downloaded by University College Cork on 9/6/2018 9:15:37 AM.

oxidation states with no difference in the relative amounts of each after thermal treatment, as
listed in Table S2. Considering that the majority of the Ni present within the Ni-FONPs is in
the Ni?* oxidation state and the majority of the V is in the V** state, XPS analysis is in close
agreement with the XRD pattern for the Ni-FONPs which suggests that they are predominantly

composed of NiVOa.

The Fe 2p region for the Fe-VONTSs shows two main peaks at ~710.0 and 724.8 eV
corresponding to the Fe 2ps» and Fe 2p12 core levels, respectively, and two satellite peaks at
719.2 and 733.2 eV. % 30 The Fe 2p spectrum was fitted to two spin—orbit doublets

characteristic of Fe?* and Fe3*, as shown in Fig. 3e, which indicates that Fe within the Fe-
13
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VONTSs is present in both oxidation states. The Fe 2p32 and Fe 2p1» core levels for the Fe-
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FONPs are shifted to slightly higher energies that the Fe-VONTS, having peaks at ~ 711.2 and
725.0 eV, respectively. Similar to the Fe-VONTS, the Fe 2p spectrum for the Fe-FONPs could
be deconvoluted to demonstrate contributions from both Fe?* and Fe**, as shown in Fig. 3f.
The relative amounts of Fe present in both oxidation states for Fe-VONTSs and Fe-FONPs are
listed in Table S2. Comparison of the integrated areas of the peaks associated with each valence
state indicates that ~ 37% of Fe present in the Fe-VONTS was in the Fe®* valence state, after

annealing the amount of Fe3* present in the Fe-FONPs remained close to this value (~ 35%).
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Fig. 3. XPS spectra of the Ni 2p regions for (a) Ni-VONTs and (b) Ni-FONPs, V 2p regions
for (c) Ni-VONTSs and (d) Ni-FONPs, Fe 2p regions for (e) Fe-VONTSs and (f) Fe-FONPs and

the V 2p regions for (g) Fe-VONTSs and (h) Fe-FONPs.

XPS spectra showing the core level binding energies for V 2pz, and V 2p1/2 acquired
for Fe-VONTSs and Fe-FONPs are shown in Fig. 3g and h, respectively. The V 2p core-levels
for both samples can be deconvoluted to demonstrate the contributions of vanadium present in
different oxidation states. The V 2ps;> core-level for Fe-VONTSs and Fe-FONPs consisted of

two deconvoluted peaks at ~517.2 and 515.8 eV, which correspond to the presence of V°* and

14
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V#, respectively. % 52 Initially ~ 91% of the V present in the Fe-VONTSs was in the V°*

. . _ . DOI101039/CATA0S327H
oxidation state, after thermal treatment in Ar, this decreased to ~ 80%, indicating that V,

present within the Fe-VONTS, has been partially reduced. The reduction of V205 via annealing
under an inert atmosphere has been previously reported for V205 gels and nanocrystals. >3 %
XPS spectra of the O 1s regions for Ni-VONTSs, Ni-FONPs, Fe-VONTs and Fe-FONPs are

shown in Fig. S5.

Cyclic voltammetry was performed to compare the electrochemical response of the
binary metal oxide Ni-FONPs and the Fe»03/V203 composite Fe-FONPs. To our knowledge
this report represents the first electrochemical investigation of NiVOs3 as an intercalation
electrode material for Li-ion batteries, consequently the redox behaviour of NiVO3 has not yet
been established. A reduction peak was observed at ~ 1.04 V during the initial cathodic scan
which is at the same potential as the peak seen during the first scan for the Fe-FONPs, and may
be attributed to the formation of an SEI layer. 5> %6 We propose that the reduction peak at ~

0.56 V is due to the lithiation of NiVVOs as follows:
NiVOs + xLi* + xe” « LixNiVOs Eqn. 1

The potential of this peak does not significantly change over 10 CV scans, indicating that this

Published on 28 August 2018. Downloaded by University College Cork on 9/6/2018 9:15:37 AM.

intercalation process is highly reversible, however it is clear from the current values in Fig. 4a
that there is an increase in the charge stored due to this process over the initial 10 cycles. It can
be seen in Fig. 4a that the charge stored due to the intercalation process decreased after the 2"
and 5™ cycles but increased after the 10" cycle. The increased charge stored may be due to
additional intercalation sites becoming exposed as a result of the initial few cycles; this will be
discussed in greater detail during the analysis of the capacity values obtained from
galvanostatic cycling. We propose that the oxidation peak at ~ 1.15 V during the initial anodic
scan is due to the delithiation of LixNiVVOs. The charge stored due to the delithiation process

also increased after the 10" cycle.

15
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A series of reduction peaks were observed in the initial cathodic scan for the Fe-FONPs
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as shown in Fig. 4b. The peak at ~ 1.04 V is due to the formation of the SEI IayerD
not observed in subsequent cycles. The peak at 0.68 V can be attributed to the intercalation of

Li* into the V203 component of the Fe-FONPs as follows % €°:
V203 + XLi* + xe™ <> LixV203 Eqn. 2

The peak at ~ 0.22 V may be ascribed to the reduction of LixV203 and the formation of Li.O

as follows:
LixV203 + (6 — X)Li" + (6 — x)e” > 2V + 3Li20 Eqgn. 3

The relatively weak peak at ~ 0.38V is likely due to the reduction of the Fe.O3 component of

the Fe-FONPs as follows ©1:
FeoOs + 6Li" + 6€” <> 2Fe + 3Li20 Eqgn. 4

Two strong oxidation peaks were observed in the first anodic scan for the Fe-FONPs at ~ 1.20
and 2.10 V. The potentials of these peaks are in close agreement with previously reported
values for V.03 based anode materials and correspond to the multistep oxidation of V" and
V3" to higher valance states. ** %° It is clear from the first CV scan that the V.03 component of
the Fe-FONPs dominates the charge storage process, and relatively weak intensity peaks
associated with the Fe,Os component are observed. There are significant differences in the CV
response of the Ni-FONPs compared to the Fe-FONPs. One key contributing factor to this
difference is that, according to the XRD patterns acquired for both samples, the Fe-FONPs are
a composite of Fe-O3 and V203, whereas the Ni-FONPs are primarily a single phase, binary

metal oxide in the form of NiVVOs.
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Fig. 4. Cyclic voltammograms showing the 1%, 2" 5" and 10" cycles, for (a) Ni-FONPs and
(b) Fe-FONPs, cycled in a potential window from 3.0 — 0.01 V at a scan rate of 0.1 mV/s.
Charge and discharge voltage profiles for the 1, 2" 5™ 10" and 25" cycles for (c) Ni-FONPs
and (d) Fe-FONPs and for the 100", 200", 300", 400" and 500" cycles for (e) Ni-FONPs and
(f) Fe-FONPs at a specific current of 200 mA/g in a potential window of 3.0 — 0.01 V (vs
Li/Li™). (g) Comparison of the specific capacity values and coulombic efficiency obtained for
Ni-FONPs and Fe-FONPs over 500 cycles.

The electrochemical performance of the FONPs was further investigated via
galvanostatic cycling. FONP samples were charged and discharged for 500 cycles using a
specific current of 200 mA g. A selection of the resulting charge and discharge curves
obtained over 500 cycles for Ni-FONPs and Fe-FONPs are presented in Fig. 4. The voltage
profiles for the 1% charge and discharge for Ni-FONPs are shown in Fig. 4c. The initial charge

and discharge capacities were ~479 and 197 mAh/g, respectively, corresponding to an initial

17
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Coulombic efficiency (ICE) of ~ 41%. The large initial capacity may be attributed to defects

_ _ _ _ DOI. 10.10341C8TAOS 3271
induced in the crystal structure of the Ni-FONPs due to thermal annealing at 700 °C as well as

formation of an SEI layer on the surface of the material. 52 The stability of the NiVO3 material
as an anode down to a lower potential limit of 0.2 V (vide infra) is demonstrated by the
repeatable voltage profile over 500 cycles. From 2" to 500" cycle, the material in a binder and
conductive additive-free formulation exhibits a voltage fade of ~290 mV compared to ~600
mV for Fe-FONPs. Voltages were extracted at just 50 mAh g capacity so that a comparison
value can be extracted from the unstable Fe-FONPs material, and represents the regions where
the largest voltage changes occur for these materials.

Differential capacity plots (DCPs) were determined from the 1 charge and discharge
curves for Ni-FONPs and Fe-FONPs, as shown in Fig. S6. Two distinct peaks were observed
in the DCP of the 1% charge for the Ni-FONPs as shown in Fig. S6a. The peak centred at ~ 1.1
V is most likely due to the formation of an SEI layer and the peak at ~ 0.6 V may be attributed
to the lithiation of NiVOs as in Eqn. 1. The potential of both of these peaks are in close
agreement with observations from the first CV scan shown in Fig. 4a. The profiles of the charge
and discharge curves for the Ni-FONPs do not significantly change from the 2" to the 500™
cycle, demonstrating the highly reversible the lithiation/delithiation of NiVOs even in a
formulation free of any binder or conductive additive. The capacity values obtained for the Ni-
FONPs over hundreds of cycles are quite stable from the 2" cycle onwards, which again is

indicative of a highly reversible process.

The initial charge and discharge capacities for the Fe-FONPs were ~463 and 200
mANh/g, respectively, corresponding to an initial Coulombic efficiency (ICE) of ~ 43%, slightly
higher than the ICE observed for the Ni-FONPs (41%). The 1% charge curve for Fe-FONPs
consisted of three regions. The sloping region from 3.0 - 1.1 V can be attributed to the formation
of an SEI layer. °” %8 The regions from 1.1 — 0.8 V and from 0.8 — 0.2 V correspond to the

lithiation of the V.03 component of the Fe-FONPs and the reduction of the Fe2Os component

18
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of the Fe-FONPs, respectively. 63 ¢ These distinct sloping regions can be clearly identified as
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peaks in the DCP of the 1% charge curve for Fe-FONPs, shown in Fig. S6a. The specific
capacity values for the Fe-FONPs increased over the initial 50 cycles before gradually fading
over the remainder of the 500 cycles. The initial increase in capacity may be attributed to a
number of factors such as additional charge storage sites becoming available during initial
cycles as a result of the reduction of the V.03 and Fe.O3 components of the Fe-FONPs as well
as the activation process with the lithium-ion diffusion path gradually being established in the
electrode material. ®%7 For the conversion-mode contributions, Li,O formation also adds to
cumulative charge, and the reduced efficiency for coulombically balanced decomposition and
reformation per cycle becomes apparent after 50 cycles in the V203-Fe>O3 composite. Such

initial cycle instability is not found for lithiation of NiVVO3 as Ni-FONPs.

A comparison of the specific capacity values obtained for Ni-FONPs and Fe-FONPs
cycled with a specific current of 200 mA/g for 500 cycles, and their related Coulombic
efficiencies are shown in Fig. 4g. The Ni-FONPs offered superior capacity retention with much
more stable capacity retention compared to the Fe-FONPs over hundreds of cycles, at a high
rate. The charge capacity for the Ni-FONPs after the 2" cycle was 225 mAh/g, and there was
little variation in the charge capacities from the 2" cycle onwards. Ni-FONPs achieved a
reversible capacity of ~ 203 and 175 mAh/g after the 250" and 500" cycles respectively,
corresponding to capacity retention of ~ 90% and 78% from the 2" cycle. The average charge
capacity for Ni-FONPs from the 2" to the 500" cycle was 195 mAh/g. This high level of
capacity retention over hundreds of cycles at a fast rate demonstrates the efficient reversibility
of the lithiation/delithiation of NiVVOs. The excellent capacity retention of the Ni-FONPs is
also clear from the Coulombic efficiency. After the first 10 cycles the Coulombic efficiency
was > 95% for the remainder of the 500 cycles. The capacity values for the Fe-FONPs increased
significantly over the initial ~ 50 cycles before fading gradually over the remainder of the 500

cycles. This gradual fading is common with conversion mode anode materials, we have
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previously reported similar trends for Co3O4 and other mixed transition metal oxides.®®"* Fe-
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FONPs gave charge capacities of ~ 110 and 70 mAh/g after the 250" and 500" cycles
respectively, corresponding to capacity retentions of ~ 46 and 29% from the 2" cycle. The
enhanced capacity stability of the single phase Ni-FONPs compared to the composite Fe-

FONPs is evident from long cycle life testing.

Our FONP samples were cycled in a potential window of 3.0 — 0.2 V (vs. Li/Li*). Other
previously reported vanadium containing binary metal oxide anodes such as NizV.0g and
Co3V20s were typically cycled to a lower potential limit of 0.01 V (vs. Li/Li*).”> " It has been
suggested for these materials that during the first charge M3sV20g (M = Ni or Co) is reduced to
form MO and an amorphous LixV20s matrix. The unary metal oxide may also alloy with Li to
form LixM. We determined that cycling our FONP samples to the lower limit of 0.01 V had a
detrimental effect of their electrochemical performance, as shown in Fig. S7. The initial
capacities for both the Ni-FONPs and Fe-FONPs were higher when charged down to 0.01 V
(vs. Li/Li") compared to FONP samples charged to 0.2 V, however both samples suffered from
severe capacity fading after ~ 25 cycles. It is evident from Fig. S7 that FONP samples, in
particular Ni-FONPs, demonstrated enhanced capacity retention when charged to the 0.2 V

compared to samples cycled to the lower potential of 0.01 V, avoiding formation of MO phases.

We propose the superior performance of the Ni-FONPs compared to the Fe-FONPSs is
due to the Ni-FONPs being an intercalation-mode binary metal oxide in the form of NiVOs,
compared to the Fe-FONPs as a composite of Fe2Oz and V203. Fe,O3 and NiO behave as
conversion mode materials with intrinsic capacity fading issues and cycle-related side
reactions. "4 ™ NiVOs behaves as an intercalation mode material and consequently cycles with
significantly increased stability compared to the Fe»Os-based composite Fe-FONPs. To
interrogate the behaviour of the materials after cycling, we analysed SEM images of Ni and
Fe-FONP samples before and after 500 galvanostatic cycles are shown in Fig. S8. While Ni

and Fe-FONP materials crystallize to a similar morphology, but with markedly different
20
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crystalline composition as identified by XRD, both materials look significantly different after

View Article Online
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500 cycles. Ni-FONPs in the NiVOs acts as an intercalation mode material, and consequently

we observe some swelling of the beaded nanorods such that the coulombically stable long term
cycled morphology is that of larger interconnected particles. Conversely, the Fe-FONPs are a
composite of Fe>O3 and V203 and behave as a conversion mode material. As a result, the
beaded structure is completely destroyed after 500 cycles and this pulverisation may also
contribute towards the lower capacity values which were observed for the Ni-FONPs compared
to the Fe-FONPs. We also find characteristic evidence of LioO formation from conversion
mode processes on the surface of the Fe-FONPs material following Eqns 3 and 4 that incurs a
reversible charge penalty during cycling as demonstrated here, and this additional material is
completely absent in the intercalation mode Ni-FONPs. EDS spectra for Ni and Fe-FONP

samples after 500 cycles are shown in Figs S3 and discussed in the SI.
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Fig. 5. Differential capacity plots calculated from (a) the charge curves and (b) the discharge
curves for Ni-FONPs cycled at 200 mA/g and (c) and (d) the respective differential capacity
colour maps. Differential capacity plots calculated from (e) the charge curves and (f) the
discharge curves for Fe-FONPs cycled at 200 mA/g and (g) and (h) the respective differential
capacity colour maps. Differential capacity plots are shown for a range of charges/discharges
from the 2" to the 250" charge (every 25" curve shown after the first 10 charges).
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DCPs, shown in Fig. 5, were calculated for a series of charge and discharge curves from
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the 1% to the 500" cycle to investigate the potential dependent charge storage mechanism. The
DCPs of the charge curves for Ni-FONPs consistently exhibited a reduction peak at ~ 0.60 V
from the 1% to the 500" cycle. This peak is associated with the lithiation of NiVOs and its
presence in all 500 cycles confirms that the lithiation of NiVVOs is a highly reversible process.
The DCPs of the discharge curves Ni-FONPs consisted of two strong peaks centred at ~1.2 and
2.5V, corresponding to the multistep delithiation of LixNiVOs. A similar oxidation peak at
~2.5 V was reported for VO4/C nanoscroll anodes. "® The consistency of the potentials at which
these peaks occur over 500 cycles is further evidence of the highly reversible delithiation of
LixNiVOz. Notably, the material exhibits negligible voltage fade for the primary reversible
charge storage processes. The DCPs of the charge curves for the Fe-FONPs demonstrate that
the lithiation of V.03 as explained by Eqn. 2 dominates the charge storage mechanism for
approximately the first 100 cycles, as can be seen by the high intensity reduction peak at ~ 0.68
V in the colour map in Fig. 5g. However, from the DCPs in Fig. 5e and the corresponding
colour map in Fig. 5e, the intensity of this reduction peak gradually decreases from the 100"
to the 500" cycle. The gradual cessation of the reduction process occurring at this potential is
responsible for the capacity fading observed for Fe-FONPs, shown in Fig. 4g. Likewise the
oxidation peaks observed at ~ 1.2 and 2.3 V, due the multistep oxidation of V?* and V3* to

higher valance states, also fade significantly after the initial 100 cycles.

As the binary metal oxide NiVO3 FONPs demonstrated significantly higher capacities
as well as superior capacity retention compared to the mixed composite Fe203/V203 FONPs,
the galvanostatic response of the Ni-FONPs was further investigated via cycling at a slower
rate. A selection of the resulting charge and discharge curves over 100 cycles using a specific
current of 50 mA/g are shown in Fig. 7a and b. The voltage profiles are similar to those shown
in Fig. 4b and c, but the specific capacity is considerably higher. The initial charge and

discharge capacities were ~ 2255 and 885 mAh/g, respectively corresponding to an ICE of 39%
23
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which is similar to the ICE of ~ 41% observed when using a higher specific current of 200
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mA/g. The Ni-FONPs demonstrated a large reversible capacity of ~ 420 mAh?g after 1

cycles. Compared to the specific capacity obtained when cycled at 200 mA/g (Fig. 4g), the
capacity after 100 cycles increased by a factor of 2 when the applied specific current was
reduced by a factor of 4. The impressive capacity retention of the Ni-VONTS is also evident in
the Coulombic efficiency values observed, after 15 cycles the Coulombic efficiency was > 95%

and remained above this value for the remainder of the 100 cycles.
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Fig. 6. Charge and discharge voltage profiles for (a) the 1%, 2", 5" and 10" cycles, (b) the 25%
50, 75 and 100™ for Ni-FONPs at a specific current of 50 mA/g in a potential window of 3.0
—0.01 V (vs Li/Li"). (c) Comparison of the specific capacity values and coulombic efficiency
obtained for Ni-FONPs over 100 cycles.
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As discussed earlier, to our knowledge this is the first report on the electrochemical

View Article Online
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performance of NiVVOs, consequently there are no direct comparisons that can be drawn from

the literature. There are reports on the electrochemical performance of various Ni3V20s
nanostructures 3133 7778 ‘however not only are there differences in the stoichiometry of NiVO3
and NisV20s, the two compounds also have significantly different crystal structures (triclinic
and orthorhombic, respectively). Additionally, V' present in NisV2Og is predominately in the
V> oxidation state, whereas it is primarily present as V** in NiVOs, as shown in the XPS
analysis summarised in Table S2. Regardless of the differences in the crystal structure of
NiVOz and Ni3V20g, the capacity values obtained for the Ni-FONPs are comparable to
Ni3V20sg, as listed in Table S3. The capacity values we observe for the NiVO3 FONPs are also
comparable to, and in some cases greater than, previously reported values for nanostructured
V203 anodes, also shown in Table S3 and Fig. S9. Furthermore, galvanostatic cycling at 50
mA/g demonstrates that the NiVOs FONPs are capable of delivering capacities higher that the

theoretical capacity of graphite (372 mAh/g for LiCe).

4 Conclusions

Binary metal oxide NiVOs and composite Fe203/VV.0s fused oxide nanoparticles can be

Published on 28 August 2018. Downloaded by University College Cork on 9/6/2018 9:15:37 AM.

prepared directly from thermal treatment of Ni and Fe-doped vanadium oxide nanotubes. To
our knowledge this is the first detailed report on the structural properties of NiVO3z, with only
one previous report from 1970. Metal cation doped VONTS were then prepared via facile ion
exchange reactions within the spacing between the scrolled crystalline layers of the VONTS,
with salts of the respective metals. Recrystallization of transition metal cation doped VONTSs
resulted in two different materials form, but with suprisingly similar morphologies. Changes
in the oxidation state of V before and after annealing, from XPS analysis, conclusively showed

the formation of a single phase NiVOs. On the other hand, thermal reduction of Fe doped
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VONTSs did not result in the formation of a mixed Fe-V oxide, instead a composite of Fe>O3

View Article Online
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and V203 was formed.

The mixed oxide Ni-FONPs significantly out performed the composite Fe-FONPs, in
terms of both specific capacity values and capacity retention, when examined
electrochemically as a Li-ion battery anode. The mixed composite of V203 and Fe,O3 exhibited
capacity fading issues that are typical of conversion mode anode materials. Forming a single
Ni-based vanadate completely removed capacity instability in early cycles and mitigated
capacity fade during longer term cycling at fast and slow rates. This first report on the
electrochemical performance of NiVOs is important as it identifies a synthetic route to Ni-
containing high capacity anode materials directly from vanadium oxides, and avoids
conversion mode reactions that are detrimental to anode stability. This anode material
demonstrated exceptional specific capacities, achieving a reversible capacity of ~ 203 and 175
mANh/g after the 250" and 500" charges, respectively, when cycled with a specific current of
200 mA/g. The capacity retention of the Ni-FONPs from the 2" to the 500" cycle was ~ 78%,
which exemplifies their excellent capacity retention properties. Galvanostatic cycling at a
slower rate further demonstated the electrochemical performance of the Ni-FONPs, achieving
a large reversible capacity of ~ 420 mAh/g after 100 cycles, when cycled using a specific
current of 50 mA/g. The electrochemical performance of the Ni-FONPs in terms of capacity
retention, specific capacities and voltage stability over 500 cycles demonstrates that
transmition metal vanadates, and possibly other oxides in a single phase form, function as
anodes capacity-matched to most commonly used oxide cathodes and do so efficiently in
binder-free and conductive additive-free electrode formulations. Furthermore, this particular
oxide avoids conversion mode processes, significantly enhancing its stability for long cycle
life Li-ion batteries.
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