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ABSTRACT

Niobium pentoxide (Nb2Os) represents an exquisite class of negative electrode materials with
unique pseudocapacitive kinetics that engender superior power and energy densities for advanced
electrical energy storage devices. Practical energy devices are expected to maintain stable
performance under real-world conditions such as temperature fluctuations. However, the
intercalation pseudocapacitive behavior of Nb2Os at elevated temperatures remains unexplored
due to the scarcity of suitable electrolytes. Thus, in this study, we investigate the effect of
temperature on the pseudocapacitive behavior of submicron-sized Nb2Os in a wide potential
window of 0.01-2.3 V. Furthermore, ex-situ X-ray diffraction and X-ray photoelectron
measurements reveal the amorphization of Nb2Os accompanied by the formation of NbO via a
conversion reaction during the initial cycle. Subsequent cycles yield enhanced performance
attributed to a series of reversible Nb" 'V/Nb'" redox reactions in the amorphous LixNb,Os phase.
Through cyclic voltammetry and symmetric cell electrochemical impedance spectroscopy,
temperature elevation is noted to increase the pseudocapacitive contribution of the Nb2Os electrode
resulting in high-rate capability of 131 mAh g at 20000 mA g* at 90 °C. The electrode further
exhibits long-term cycling over 2000 cycles and high Coulombic efficiency ascribed to the

formation of robust, [FSA]™ originated solid-electrolyte interphase during cycles.
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capabilities; ionic liquids; amorphization



INTRODUCTION

Energy storage devices have been acclaimed to be the driving force behind the global electro-
mobility revolution, exemplifying the yardstick for emergent transport technologies. At the peak
of the vibrant rechargeable battery market, lithium-ion batteries (LIBs) have become ubiquitous in
a wide swath of applications owing to their remarkable power and energy densities.! Despite this
success, the viability of secondary batteries for modern energy storage applications have been
called into question, as growing demands for higher charge-discharge rate capabilities, superior
energy and power densities, and improved safety continue to encroach on LIB theoretical limits.
Thus, the advancement of LIB technologies and pertinent components is of paramount importance
to future mobility systems and energy applications.

Against this backdrop, it is evident that current commercialized LIBs, which mostly
employ graphite-based negative electrode materials, cannot fulfil future energy needs due to their
limited ion Kinetics and resultant inferior rate capabilities.*” As a solution, silicon-based
compounds have been proposed as possible replacements on the grounds of their high Li-ion
storage capacities. However, electrodes derived from these materials have been found to undergo
large volume changes during (de)lithiation processes, causing cell degradation and safety concerns
during cycling.21° These issues have led to the exploration of the LisTisO12 (LTO) electrode as a
candidate for commercialization, for it exhibits not only minimal volume changes during the
charge-discharge processes but also displays excellent rate performance.!! Even so, the practical
utility of this insertion-type negative electrode is heavily hampered by its low capacities as well as
complications related to gas evolutions during elevated temperature operations.*?

In the search for high-performance negative electrodes, niobium pentoxide (Nb2Os) has

emerged as a providential contender on account of its structural expedience, agile Li* diffusion,



high theoretical capacity (201.7 mAh g based on Nb®/Nb*), and relatively low working
potential (1.0—1.5 V vs. Li*/Li).*> ¥* Additionally, Nb,Os exhibits a rich crystal versatility which
allows the synthesis of several polymorphs; pseudohexagonal, orthorhombic, tetragonal,
monoclinic and amorphous Nb2Os under different conditions. Previous reports on this material
have shown the crystal structure and the crystallinity of Nb.Os to have immense influence on their
emergent electrochemical behavior.®®1” In a study on the electrochemical properties of
micrometre-sized Nb2Os polymorphs by Griffith et al., tetragonal Nb.Os was found to deliver the
lowest charge-discharge performance among the polymorphs. The monoclinic Nb2Os showed the
highest reversible capacity but exhibited inferior rate capability (approximately 140 mAh gt at
2000 mA g ') compared to the pseudohexagonal Nb,Os and the orthorhombic Nb2Os crystal
structures.'® Although most polymorphs in this family display exemplary electrochemical behavior,
the orthorhombic Nb>Os has shown the most auspicious prospects as a negative electrode material,
with ultrafast Li storage and unique capabilities derived from the so-called ‘intercalation
pseudocapacitance.'® 2°

Pseudocapacitance entails reversible faradaic charge storage mechanisms involving rapid
redox reactions at the surface or near-surface regions of an electrode, resulting in high energy
densities and excellent charge-discharge rates. These mechanisms allow the pseudocapacitive
materials to transcend the capacity constraints of electrical double-layer capacitor (EDLC)
materials while exceeding the mass transfer limitations of the typical battery electrodes, delivering
high levels of charge storage within short periods of time (10 seconds—10 minutes).?! Interest in
these materials has been exacerbated by the recent progress in the cognizance of nanomaterials
that have proffered new synthetic routes for advanced pseudocapacitive materials such as RuOy,

V205, MnO2, MoS;, Nb2Os and TiO,. These materials, which embody nanostructures such as



nanoporous  structures,??* nanosheets,”® nanobelts,?® nanotubes,?” nanocrystals,?® 2° and
nanocomposites® display enhanced pseudocapacitive behavior attributed to the significantly
reduced diffusion distances and the large surface areas of their small nanosized particles. In spite
of these merits, the large surface areas in nanostructures have been found to cause increased
electrode dissolution, low packing density, enhanced electrolyte decomposition, and recurrent
synthetic complexities, indeed detrimental effects to battery performance.3! 3 Therefore; research
efforts have shifted towards the use of larger micrometre-sized particles as a strategy to achieve a
rapid pseudocapacitive response (thereby, high energy and power densities) for practical
applications.

It is worth noting that attempts to ‘future-proof' LIBs for next-generation energy demands
have galvanised research efforts into numerous aspects besides negative electrode performance.
For instance, the ability to sustain stable operations at intermediate temperatures (above room
temperatures) and tolerance to spontaneous temperature fluctuations without compromising safety
is expected to become key requisites for future battery applications.>® However, contemporary
commercialized LIBs, which generally utilise carbonate-based organic electrolytes, are known to
be unsuitable for elevated temperatures operation due to diminished performance caused by
electrolyte degradation and potential fire hazards.3** These safety concerns have generated
traction among ionic liquid (IL) electrolytes which have been deemed to have high resilience to
temperature elevations and fluctuations attributed to their non-flammability and low volatility.®®
37. 38 Furthermore, intermediate-temperature operations have been found to ameliorate the
performance of IL electrolytes, thus creating a new avenue for utilizing the ubiquitous waste heat
in daily activities.33 3% 40

It is evident that pseudocapacitive materials, particularly Nb2Os, represent an exquisite



class of energy materials that promise to revolutionise battery capabilities beyond the
contemporary scopes of battery performance. However, studies on the Nb2Os negative electrode,
which typically entail analyses on half-cell configurations in the 1.0-3.0 V cutoff voltage range,
are yet to provide a full picture into the electrochemical capabilities of this material. Thus, to shed
light on their performance in wider voltage ranges, recent inquests have revealed the Nb,Os
electrode to have excellent cycle stability and rate capability in the extended range of 0.0-3.0 V.**
44 Even so, the pertinent charge storage mechanisms in the wider voltage ranges and the effect of
external factors such as temperature, especially in LIB systems, are still not well understood.*
Therefore, in a bid to gain comprehensive insights into the effect of temperature on the
pseudocapacitive behavior and charge-discharge mechanisms of the Nb.Os pseudocapacitive
material, this study reports the influence of temperature on the electrochemical properties of a non-
modified (commercial powder) orthorhombic Nb2Os negative electrode in the cutoff voltage range
of 0.01-2.3 V vs. Li*/Li with the aid of a thermally stable Li[FSA]-[C2C1im][FSA] ([FSA] =
bis(fluorosulfonyl)amide and [C2Ciim]*" = 1-ethyl-3-methylimidazolium) IL electrolyte at 25 and
90 °C. Ex-situ XRD (X-ray diffraction) and X-ray photoelectron spectroscopic (XPS) analyses are
employed to investigate the structural evolution of the electrode during the charge-discharge
processes. The capacitive contribution to Li storage processes of the electrode is further evaluated
using cyclic voltammetry (CV) tests and symmetric cell electrochemical impedance spectroscopy

(SCEIS).

EXPERIMENTAL SECTION
Materials and Handling. All samples used in this study were handled under a dry Ar atmosphere

in a glove box (H20 < 1 ppm and Oz <1 ppm). Nb2Os (Wako Pure Chemical Industries, purity:



99.9%) was used as-purchased to prepare electrode materials. The Li[FSA] (Mitsubishi Materials
Electronic Chemicals, purity > 99%) and [C.C1im][FSA] (Kanto Chemical, purity > 99.9%; water

content < 20 ppm) salts were dried under vacuum for 24 h at 80 °C prior to use.

Cell Preparation. The Li[FSA]-[C2C1im][FSA] IL electrolyte was prepared by mixing Li[FSA]
and [C2C1im][FSA] in the 20:80 mol% (1.1 mol dm~2).4¢ Water content of the prepared Li[FSA]-
[C2oCaim][FSA] IL was kept below 20 ppm according to Karl-Fischer titration (899 Coulometer,
Metrohm). A glass microfiber filter (Whatman GF/A) immersed in the IL electrolyte was used as
a separator.

A slurry was prepared by well-mixing the commercial Nb2Os with Super C65 (Timcal Ltd.)
and PAI (Polyamide-imide) binder in the 70:20:10 wt% with NMP (N-methylpyrrolidone) using a
planetary mixer (AR-100, Thinky, Tokyo, Japan). The resulting slurry was pasted on a Cu foil and
dried under vacuum at 120 °C for 12 h. Electrode discs, 10 mm in diameter, were punched out of
the foil. The loading mass of the electrode was approximately 0.7 mg cm=2. Type-2032 coin cells
(Li/IL/Nb2Os) were assembled using the prepared IL electrolyte, Nb2Os electrode, and lithium
metal counter electrode (Sigma-Aldrich Chemistry, 99.95% purity) fixed on a stainless steel

(SUS316L) plate.

Material characterization. XRD patterns were collected under the Bragg-Brentano geometry
using a Rigaku SmartLab diffractometer with Ni-filtered Cu-Ka radiation (40 kV and 30 mA) and
asilicon strip high-speed detector (Rigaku D/teX Ultra 250). The crystal structures were visualized
using the VESTA program.*” The morphology of the active material was investigated through

scanning electron microscopy (SEM) (Hitachi SU-8020). The Brunauer-Emmett-Teller (BET)



method based on nitrogen adsorption analysis was employed to evaluate the surface area of
electrode materials using a Tristar 11 3020 equipment (Shimadzu Corp.). The oxidation state and
solid-electrolyte interphase (SEI) layer components of the Nb2Os electrodes were analysed by XPS
(JEOL, JPS-9030, Mg Ka source). All ex-situ samples for XRD and XPS after electrochemical

tests were washed with THF (tetrahydrofuran) and dried under vacuum at room temperature.

Electrochemical Measurements. The electrochemical data were controlled by an HJ-SD8 charge-
discharge system (Hokuto Denko) at 25 and 90 °C. A current density of 200 mA g was applied
to observe basic charge-discharge behavior. Discharge rate performance was performed under
discharge current rates ranging from 200 mA g* to 20000 mA g* and constant charge current rate
of 200 mA g*. CV was performed at a scan rate from 0.5 to 50 mV s controlled by a VSP
potentiostat (Bio-Logic) at 25 and 90 °C.

The SCEIS analysis was conducted on the identical electrodes from the half-cell setup after
adjusting their voltage. The cells were first fully charged to 0.01 V and discharged to 1.0 V.
Symmetric cells (Nb2Os/IL/Nb2Os) were assembled under a dry Ar atmosphere. EIS data were
obtained by a V'SP potentiostat (Bio-Logic) at 25, 70 and 90 °C in a frequency range from 0.1 Hz
to 100 kHz. All the electrochemical measurements were performed with the relevant temperature

adjustment of at least 2 h.

RESULT AND DISCUSSION
Characterization of Nb20Os electrode. Previous studies on secondary batteries utilising IL
electrolytes have shown that temperature elevation activates room-temperature inert materials,

thereby enhancing ion diffusion in both the electrolyte and the electrode and improving their



interfacial processes.*® As shown by the schematic in Figure 1a, the contribution of
pseudocapacitive mechanisms in the Li storage of Nb2Os is expected to increase at higher
temperatures, given the beneficial effects of temperature on the ionic conductivity and viscosity of
the Li[FSA]-[C2C1im][FSA] IL electrolyte. The plot showing the correlation between the IL
electrolyte temperature, ionic conductivity and viscosity in Figure 1b has been derived from a
previous study.*® Consequently, the Nb.Os electrode is posited to display highly enhanced
pseudocapacitive energy storage when used alongside the IL electrolyte at elevated temperatures.
As such, understanding the effect of temperature on the pseudocapacitive behavior of Nb.Os is
vital for its future exploitation.

In this study, submicron-sized (or non-fabricated) Nb2Os with an average diameter of
approximately 300 nm (see Figure S1) was selected. XRD analysis on the present Nb2Os indicated
the crystal lattice belongs to the orthorhombic space group Pbam as shown in Figure S2. The
surface areas of the composite electrode material, Nb2Os-Super C65 and its constituent materials:
pristine Nb2Os and Super C65, were obtained as shown in Figure S3. The non-fabricated Nb2Os
was found to have a surface area of 5.5 m?g*: one order of magnitude smaller than Nb,Os nano-
architectures such as the T-Nb,Os nanoparticle (59.0 m? g*),% the TT-Nb2Os (57.5 m? g %), *° and
the Nb2Os nanoparticle (57.5 m? g 1);% three orders of magnitude smaller than the surface area of

the conventional activated carbon (approximate 2000 m? g1).5

Investigation on the charge-discharge mechanism and amorphization. The storage mechanism
of Nb2Os electrode in the IL electrolyte at 25 and 90 °C were investigated through XPS and ex-
situ XRD measurements performed on pristine electrodes and electrodes at different SOC of the
initial cycle with different cutoff voltages, respectively, as reflected in the charge-discharge

profiles in Figure 2a,c. The XRD patterns are labelled as Patterns a-i alongside their corresponding



XPS spectra denoted as Spectra a-e, h, and i. Considering that ion-beam bombardment has been
known to cause the reduction of metal oxides (in this case Nb2Os), the lowest Ar beam intensity
was used for the present XPS analyses.>? Before the initial charge-discharge process (a—b—c) at
25 °C, the pristine electrode (Spectrum a) shows an Nb 3ds> peak at 206.9 eV ascribed to the
constituent Nbin the orthorhombic Nb2Os.5 After the initial charge to 1.0 V (lithiation), two peaks:
3ds2 and 3ds/2 are noted to appear at 205.7 and 208.5 eV, respectively (Spectrum b), signifying
that NbY was reduced to Nb'V.>* When the electrode was discharged from 1.0 to 2.3 V (delithiation),
the XPS peaks (Spectrum c) were observed to recover back to their original positions in the pristine
state—evidence that the NbV/Nb'V redox reaction is reversible. The reversibility of the charge-
discharge process in the 1.0-2.3 V cutoff voltage range is further affirmed by the ex-situ XRD
patterns (Patterns a-c). The XRD peaks in the pristine state (Pattern a) confirm orthorhombic
Nb2Os with diffraction peaks at 26 = 22.61° (001 line), 28.40° (180 line), and 36.60° (181 line).
The XRD peaks shift to lower angles upon lithiation to 1.0 V (Pattern b) and reverting to their
original positions in the pristine state after delithiation to 2.3 \V (Pattern c). These reversible peaks
shift clearly demonstrates that the crystalline framework of orthorhombic Nb2Os is preserved
during the charge-discharge in cutoff voltage range of 1.0-2.3 V.%®

Subsequently, the electrode was subjected to a charge-discharge process in the extended
cutoff voltage range of 0.01-2.3 V (a—d—e¢). When the Nb2Os electrode is charged to 0.01 V
(Spectrum d), 3ds/, peaks assigned to the Nb'"' and Nb'' oxidation states appear in the 203-205 eV
range.>® At this SOC, the pertinent XRD peaks (Pattern d) are observed to shift to lower angles,
suggesting that the orthorhombic Nb.Os is further lithiated during the extended charge.®’
Thereafter, the XPS peaks (Spectrum e) virtually return to their original positions when the

electrode is discharged from 0.01 to 2.3 V, evincing to the reversibility of the NbY/Nb'V/Nb'"!
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reaction. The mechanisms involved in this (1st) cycle are elaborated by XRD Pattern e, which
suggests the occurrence of a phase transition from the orthorhombic Nb2Os to an amorphous (a-
LixNb20s) phase. The XRD pattern obtained during this cycle further reveals that NbO was formed
via a conversion reaction during the first charge to 0.01 V (Pattern d) and was retained even after
discharge to 2.3 V (Pattern e), signifying that the NbO formed was not involved in the charge-
discharge reaction. These results are corroborated by the presence of a Nb 3ds;> XPS peak at 203.8
eV in Spectrum e, attesting to the presence of NbO in the discharged state.

Similar observations were made when the Nb2Os electrodes at the different SOCs were
subjected to XPS and XRD analyses at 90 °C, implying that the charge-discharge mechanisms
involved amorphization and the formation of NbO via a conversion reaction during the initial
charge to 0.01 V. The XRD patterns obtained at both temperatures confirm that the NbO formed
after the extended charge to 0.01 V (Patterns d and h) exists in a cubic phase with diffraction peaks
at 20 =29.99° (110 line) and 36.95° (111 line).%® Despite these similarities, the corresponding XPS
spectra revealed some distinctions in the Li storage mechanisms of the Nb2Os at the different
temperatures. Here, the intensities of the Nb'Y, Nb""' and Nb"' XPS peaks were found to be stronger
at 90 °C (Spectrum h) than at 25 °C (Spectrum d), signifying that the higher capacities (effectively
higher Li storage) obtained during the extended charge-discharge at 90 °C results from the
involvement of larger amounts of activated Nb.Os in the redox reaction which is accompanied by
higher production of NbO.

For a full picture of the mechanisms involved during the charge and discharge of the Nb2Os
electrode, a schematic summary is provided in Figure 2d. As shown in the illustration, Li storage
during operations in the 1.0-2.3 V cutoff voltage range occured through a reversible NbY/Nb'V

redox reaction in the orthorhombic Nb2Os phase. However, when charging was extended to 0.01
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V, a phase transition from the orthorhombic LixNb2Os to the a-LixNb2Os amorphous phase
occurred, which was accompanied by a partial conversion reaction to NbO and Li>O (see XRD
pattern in Figure S4). Subsequent lithiation-delithiation processes in the 0.01-2.3 V cutoff voltage
range were noted to occur exclusively in the a-LixNb2Os amorphous phase via a reversible
NbY'V/Nb'" reaction, while the diffraction peaks of the NbO phase remained unchanged in the
subsequent cycles, as shown in the XRD pattern obtained after 300 cycles (Figure S4). It is worth
noting that improvements in the electrochemical performance in other metal oxide negative
electrode materials such as amorphous V20s *° and amorphous LisTisO12,%° have previously been
accredited to the high Li-ion diffusion engendered by the enhanced diffusion pathways in their
amorphous phases. The amorphization of Nb2Os observed in the study can be expected to have a
contribution to the agile (de)lithiation processes and result in the high-rate capabilities of a-

LixNb20s within the extended cutoff voltage.

Electrochemical performance of a-LixNb20s. The electrochemical performance of the Nb2Os
electrode at (a) 25 and (b) 90 °C was examined through galvanostatic charge-discharge tests
performed on Li/IL/NbOs half cells at a current density of 200 mA g* as shown in Figure 3a,b.
The initial charge process conducted at 25 °C delivered a large irreversible capacity of 520 mAh
g1, consistent with the occurrence of electrolyte decomposition during the SEI formation (Figure
3a). Subsequent cycling thereafter achieved relatively lower capacities (210.0 mAh g at the 5th
cycle) characterised by virtually overlapping profiles, demonstrating the reversible
electrochemical behavior of the electrode at room temperature. During operations at 90 °C, the
initial charge yielded a capacity of 1220 mAh g (Figure 3b) evincing that the formation of the

SEI layer involved intensified electrolyte decomposition at elevated temperatures. A detailed
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interpretation of the SEI components is furnished later in this section. Further, the subsequent
charge-discharge profiles obtained at 90 °C exhibited higher discharge capacities (408.9 mAh g
at the 5th cycle) than those at 25 °C: affirming that temperature elevation improved the
performance of Nb.Os electrode in the IL electrolyte. For deeper insight into the improved
performance at intermediate temperatures, the rate capabilities of Li/IL/Nb2Os half cells at 25 and
90 °C were evaluated under the current densities of 200 mA g ! during charging and 20020000
mA g during discharge (Figure 3c and Table S1). Discharge curves obtained from both
temperature operations indicate the polarization increased when higher current densities were
applied (Figure S5). Notably, humps appearing around 1.5 V divide the discharge curves into two
voltage regions with distinct polarization trends. Here, polarization in the lower potential region
(0.01-1.5 V) was seen to be less than that of the higher potential region (1.5-2.3 V), suggesting
the occurrence of different electrochemical processes in the two regions. Nonetheless, the
electrode manifested high-rate capabilities across the different current densities, delivering
discharge capacities of 119.8 mAh g*at 4000 mA g 98.5 mAh g*at 10000 mA g* and 86.0
mAh gt at 20000 mA g during operations at 25 °C (Figure 3c). On the other hand, discharge
curves obtained at 90 °C not only exhibit lower polarization than their room temperature
equivalents but also display even higher rate capabilities marked by larger discharge capacities of
234.8 mAh gtat 4000 mA g1, 183.0 mAh gtat 10000 mA g* and 130.6 mAh g*at 20000 mA
gt

To determine the influence of intermediate temperatures on the long-term performance of
the Nb2Os electrode, the Li/IL/Nb2Os half cells were cycled for 2000 cycles at 25 and 90 °C at
2000 mA gL. Prior to the cycle evaluation, the cells were subjected to an ageing process involving

5 cycles at 400 mA gt and 5 cycles at 1000 mA g*. As shown in Figure 3d, the cell achieved a
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stable cycle performance during cycling at 25 °C, delivering a reversible capacity of 89.2 mAh g~
Lin the initial cycle and capacity retentions of 102.6, 94.5 and 96.1% at the 100th, 1000th, and
2000th cycles, respectively (Table S2). On the other hand, cycling at 90 °C attained a higher
reversible capacity of 279.2 mAh g after the initial cycle, whereafter a gradual capacity fade was
observed, culminating in a discharge capacity of 167.4 mAh g at the 2000th cycle (see Figure
S6 for charge-discharge profiles). Although degradation is observed in the first few cycles, the
Li/IL/Nb2Os cells showed excellent tolerance to intermediate temperatures with a minimal
capacity fade and a high average Coulombic efficiency (99.4%) over the 2000 cycles. Overall, the
Nb2Os electrode manifested enhanced performance denoted by fast and stable Li storage
capabilities within a-LixNb2Os at elevated temperatures which result from the deeper redox
reactions contributing to the effectively higher Li storage. Comparatively, attention should be also
paid to the inferiority in high-rate tolerance and instability of the performance especially at 90 °C
with narrowed cutoff voltage of 1.0-2.3 V (see Figures S7, S8, and S9 for charge-discharge
profiles, rate capability, and cycle performance, respectively). The results lead to the conclusion
that the enhanced electrochemical performance at wider cutoff voltage is benefitted from the
amorphization progress due to the first charge to 0.01 V followed by the deeper redox reaction in
a-LixNb2Os. Formation of the NbO phase with high electronic conductivity as described above
may also contribute to the stable charge-discharge behavior. For a long time, the intrinsic
pseudocapacitive behavior of Nb2Os has been thought to be highly dependent on its crystalline
structure.r® However, the current study clearly demonstrates that a-LixNb2Os can also exhibit rapid

pseudocapacitive responses, especially at elevated temperatures.

Kinetic analysis of a-LixNb20s. As earlier envisioned by the discharge curves in the rate

capability tests (Figure S5), Li storage in the Nb2Os involves two different electrochemical
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processes. Therefore, to ascertain the exact nature of the charge-discharge mechanisms at different
temperatures, Li/IL/Nb,Os half cells at 25 and 90 °C were subjected to CV at scan rates varying
from 0.5 to 50 mV s1. The charge-discharge processes in pseudocapacitive materials (in this case,
Nb2Os) typically encompasses two distinctive mechanisms, i.e., diffusion-controlled and
capacitive-controlled processes. The contribution of the capacitive process in the overall Li storage
is determined through the so-called b-value analysis, which involves investigating the correlation

between the scan rate (v) and observed current (i), in accordance with Equation 1 and 2:

i=a® (1)
log(i) = blog(v) + loga  (2)

Here, a and b are adjustable parameters. Parameter b is represented by the slope of the
log(i) vs. log(v) plot. Here, b = 0.5 corresponds to the diffusion-controlled process while b = 1.0
denotes the capacitive processes. This analysis is also used to evaluate the capacitive process and
the diffusion-controlled process in the targeted sample.! Figure 4a,c show the CV curves obtained
from the Nb2Os electrode at 25 and 90 °C under different scan rates. The CV curves are
characterized by two cathodic and anodic peaks that appear across the potential range at both
temperatures. During this Kinetic analysis, the current density was also noted to increase across all
potential regions when the measurement temperature was increased, becoming prominent at high
potentials. Further, the corresponding log(i) vs. log(v) plots were derived from the anodic and
cathodic peaks obtained during both temperature operations (Figure 4b,d) by applying Equation
2. Here, the b-values of all redox peaks obtained at 90 °C were observed to be relatively higher
than those obtained at 25 °C, suggesting that capacitive behavior was more dominant at the

elevated temperature. The b-values were also found to be higher in low potential regions
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(anodic/cathodic 1 and 3) than those in the high potential regions (anodic/cathodic 2 and 4) during
both temperature operations. These results indicate that the high potential region is more diffusion-
controlled, whereas the low potential region is more capacitive-controlled. Nevertheless, the
capacitive mechanisms appear to dominantly influence lithium storage processes across all the
potential regions at 90 °C.

To further ascertain the contribution of the capacitive mechanism(s) in the electrochemical
performance of the Nb,Os electrode at the different scan rates, Equation 3 and 4 shown below are
applied.® It is worth noting that the current derived from diffusion (igiff) varies with the square root

of v, while the capacitive current (icap) Shows a linear relationship with v.

i= icap + diff
= Ky v+ kovl2 3)
iVY2 = kY2 + kg (4)

The ki and k> are constants at each applied potential. The capacitive contribution in the charge
storage process can therefore be determined by calculating the ki and k2 values as shown in Figure
4e,f. For a clear visualisation, the CV profile for capacitive mechanism(s) derived from ki and k
values (shown by the bright orange region in the Figure 4e has been presented alongside the CV
experimentally obtained at a scan rate of 5 mV s~ for comparison. The voltammograms reveal the
capacitive contribution to be 37% at 25 °C and 71% at 90 °C. The capacitive-derived currents (=
icap / (icap + 1aifr)) Obtained under various scan rates at 25 and 90 °C are further deconvoluted and
summarized in Figure 4f. As shown in the graph, the capacitive contribution increased when the
scan rates were increased. Additionally, the capacitive contribution was significantly higher at
90 °C than at 25 °C—attesting to the dominance of capacitive response and consequently the

enhanced ion diffusion at elevated temperatures. It should be pointed out that the experimental CV
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analysis investigating the capacitive contribution was restricted to scan rates in the 0.5-10 mV s
range to avoid ohmic polarization commonly observed in profiles at high rates.5® These CV-based
analyses on the capacitive behavior well-explain the different rate-capability trends at 25 and 90 °C.
Accordingly, the contribution of the diffusion-controlled process to the overall capacity was seen
to decrease at high rates and with increasing operating temperature, in proportion to the increases

in the capacitive process.

Interfacial properties of a-LixNb20s and SEI formation. For insight into the effect of
temperature on the interfacial behavior of the Nb2Os electrode, SCEIS analysis was performed at
varying temperatures. To eliminate the influence of the metal counter electrode (in this case Li
metal) in the half-cell configuration, SCEIS is typically performed on a symmetric cell comprising
two identical electrodes (in this case Nb.Os) at the same state of charge (SOC) to discern the charge
transfer properties (impedance) of an electrode.®* % As such, SCEIS was performed on symmetric
cells (Figure 5a) at the SOC of 40% at temperatures of 25, 70 and 90 °C. The data obtained from
the SCEIS tests were rendered into the equivalent circuit displayed in Figure 5a, where Rn
represents the resistance in the high-frequency range, Rt corresponds to the charge transfer
resistance in the faradaic process(es), and Cqi shows the capacitance element for double-layer
capacitance and CPEpseudo IS @ constant phase element (CPE) for pseudocapacitance. The position
of Rct is designated based on the characteristic frequencies provided in Table S3.

Nyquist plots of the Nb2Os/IL/Nb2Os cells were obtained over the 0.1 Hz—100 kHz
frequency range, as shown in Figure 5b. To visualise the effect of temperature on the charge
transfer resistance, the R¢t values from the EIS fitting results have been plotted in Figure 5c. The
Nb2Os/IL/Nb2Os cells exhibited a dramatic decrease in the R resistance when operation

temperatures were increased. These results confirm the beneficial role of temperature elevation in
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the charge transfer mechanisms of the faradic redox reaction(s)—in agreement with the results
from the rate performance tests.

On the equivalent circuit, Rct is connected in series with the CPEpseudo because its properties
are derived from the redox process(es), whereas the Cq is connected in parallel with the charge
transfer component on the basis of its non-faradaic contribution. Therefore, it is possible to
separate the pseudocapacitive process(es) from the double-layer capacitance process(es) in the
equivalent circuit of the present EIS model.®® The impedance (Z) of the CPEpseudo Can be derived

using Equation 5 below; &8

Zepe = [B(jo)T™ (5)

Here, B and n are frequency-independent adjustable constants, where j is the imaginary unit and
is the angular frequency. The value of n =0, 0.5, and 1 corresponds to the pure resistance, Warburg
diffusion and ideal capacitance, respectively %. The values of n for CPEpseudo in the present fitting
are determined to be between 0.6 and 0.7 (See Table S3). As shown in Figure 5d,
pseudocapacitance was observed to be temperature-dependent, with a dominant contribution to the
total capacitance at 90 °C. However, the temperature variation is seen to have no significant effect
on the contribution of the double-layer capacitance in the total capacitance. These results underpin
the role of pseudocapacitive mechanism(s) in facilitating the fast kinetic behavior and the enhanced
charge storage exhibited by the amorphous LixNb2Os phase during intermediate temperature
operations: in character with the results from the CV analyses.

In general, the quality of the SEI formed on an electrode is known to be the determining
factor of battery cycle performance. As such, amorphous Nb2Os electrodes (obtained after the 2nd

charge) were subjected to further XPS analyses to understand the characteristics of the SEI layer
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formed by the IL electrolyte at 25 and 90 °C. The STEM images show morphological evidence
of existence of SEI formation after cycling with the cut-off voltage of 0.01-2.3 V (Figure S10).
Figure 6 shows the F 1s, C 1s, N 1s and S 2ps;2 XPS spectra of the Nb2Os electrodes after the 2nd
charge (see Table S4 for peak assignments of the XPS). Here, the XPS spectra reveal an abundance
of [FSA] -based SEI components (LiF: 684.5 eV and S-F: 687.6 eV in the F 1s spectrum, SOx:
166 eV in the S 2ps;2 spectrum, and N-S 400.9 eV in the N 1s spectrum) on the surface of the
Nb2Os electrode regardless of the operating temperatures. It is worth noting that the amount of S-
and N-based components are considered to be one of the key differentiators between SEI layers
formed by organic electrolytes (e.g. Li[PFs]-EC/DMC) and ionic liquid electrolytes (e.g. Li[FSA]-
[C2C1im][FSA]). In fact, previous studies on NIBs and LIBs utilizing [FSA] -based electrolytes
have identified the abundance of sulfur-based components in the SEI layer as the main factor

behind their improved electrochemical performance in ILs.”

CONCLUSIONS

Herein, the influence of temperature on the pseudocapacitive behavior of Nb2Os negative electrode
was investigated in a wide cutoff voltage range of 0.01-2.3 V at 25 and 90 °C with the aid of a
thermally stable Li[FSA]-[C.C1im][FSA] IL electrolyte. The structural evolution of the electrode
after charge-discharge in the wide potential window was examined using ex-situ XRD (X-ray
diffraction) and X-ray photoelectron spectroscopic (XPS) analyses. During the initial charge, the
orthorhombic Nb.Os undergo a transformation from the crystalline phase to an amorphous Nb2Os
accompanied by the formation of NbO via a conversion reaction. In the subsequent cycles, ultra-
fast Li-storage processes ascribed to reversible NbV''V/Nb'' redox reactions were observed in the
amorphous LixNb2Os. At 90 °C, the electrode exhibited a high-rate capability (up to 20000 mA g~

1) and long-term cycle life (over 2000 cycles at 2000 mA g2) with an average Coulombic
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efficiency of 99.4%. The auspicious role of temperature elevation in the performance of the
pseudocapacitive properties electrode is particularly highlighted by the short discharge time of
around 20 seconds (20000 mA g*) and the high-capacity retention. The pseudocapacitive effect
of the Nb2Os was also quantitatively determined through b-value analysis on data derived from
CV and SCEIS evaluations. The pseudocapacitive effect of Nb.Os was noted to have a higher
contribution to the total capacity of the electrode when the rate was increased and at higher
temperatures. The enhanced performance of the Nb2Os electrode was attributed to the formation
of an [FSA] originated SEI layer during the initial charge, earmarking the vital role of the IL
electrolyte in the exploration of advanced energy systems.

This study linked the operating temperature and pseudocapacitive behavior of Nb2Os,
consequently offering an efficient way to enhance electrochemical properties and revealing the
capacitive processes of Nb2Os and lithium storage mechanism including the phase transition. It is
also an attractive means of circumventing complex structures or surface engineering to approach

a practical application on advanced electrochemical energy storage devices.
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Figure 1. (a) Schematic illustration of the effect of temperature on the pseudocapacitive
contribution in the Li storage mechanisms of submicron-sized Nb2Os energy material. (b) The
correlation between temperature elevation and ionic conductivity and viscosity of the Li[FSA]-
[C2C1im][FSA] (20:80 in mol) IL electrolyte.*® Reprinted with permission.*® Copyright 2017

American Chemical Society.
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Figure 2. (a, b) Ex-situ XRD patterns at various SOCs of the Nb.Os in the Li[FSA]-
[C2C1im][FSA] IL at (a) 25 and (b) 90 °C. Dashed lines of the orthorhombic Nb2Os and cubic NbO
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NbO, respectively.®>%8 See Figures S2 and S4 for reference patterns of Nb2Os and NbO,
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[CoCi1im][FSA] IL at 25 and 90 °C. The % mark is used to denote the discharged sample from 1.0
to 2.3 V (charge-discharge curve point c¢) at 25 °C. (d) Schematic illustration of the charge-

discharge mechanism of the orthorhombic-Nb2Os (a-LixNb2Os after the initial cycle).
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Figure 4. Kinetic analysis of the electrochemical performance of Nb2Os electrodes in the

2 5 10

Li/IL/Nb2Os cells at 25 and 90 °C (IL = Li[FSA]-[C2Ciim][FSA] (20:80 in mol). Cyclic

voltammograms at scan rates from 0.5 to 50 mV st at (a) 25 and (c) 90 °C (3rd cycle of each scan

rate is plotted). (b, d) The log(i)-log(v) plot for b-value determination of cathodic and anodic peaks

at (b) 25 and (d) 90 °C. (e) Voltametric responses at a scan rate of 5 mV st at 90 °C. The bright

orange region represents the capacitive responses derived from ki and k2 analysis. (f) Comparison

of capacitive contribution of capacitive current at 25 and 90 °C at different scan rates.
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Figure 5. Analysis for the effect of temperature on the electrochemical behavior of the Nb2Os
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IL electrolyte. (a) Schematic illustration of the preparation of symmetric cell using two SOC-

adjusted Nb.Os electrodes and an equivalent circuit to fit the Nyquist plots. (b) Nyquist plots of

the Nb2Os/IL/Nb2Os symmetric cells at SOCs of 1.0 V at 25, 70 and 90 °C. Frequency range: 0.1

Hz—-100 kHz. The high-frequency region of (b) is shown in the inset. (c, d) Dependence of (C) Ret

and (d) capacitance upon applied temperatures for the Nb2Os electrodes at 25, 70 and 90 °C,

respectively. (See Table S3 for the EIS fitting results).
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