batteries

Article

Facile Synthesis of Ordered Mesoporous Orthorhombic
Niobium Oxide (T-Nb;Os5) for High-Rate Li-Ion Storage with
Long Cycling Stability

Ediga Umeshbabu "?>*, Divya Velpula 3, Guruprakash Karkera 2(, Maddukuri Satyanarayana **,
Vasudevarao Pasala # and P. Justin °

check for
updates

Citation: Umeshbabu, E.; Velpula, D.;
Karkera, G.; Satyanarayana, M.;
Pasala, V.; Justin, P. Facile Synthesis
of Ordered Mesoporous
Orthorhombic Niobium Oxide
(T-Nb,Os) for High-Rate Li-Ion
Storage with Long Cycling Stability.
Batteries 2023, 9, 357. https://
doi.org/10.3390/batteries9070357

Academic Editor: Carolina

Rosero-Navarro

Received: 24 May 2023
Revised: 27 June 2023
Accepted: 30 June 2023
Published: 4 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Chemistry, Indian Institute of Technology Madras, Chennai 600036, India

Helmbholtz Institute Ulm (HIU) for Electrochemical Energy Storage, Helmholtzstrafle 11,

D-89081 Ulm, Germany; karkera.guruprakash@uni-ulm.de

Center for Nano Science and Technology, Jawaharlal Nehru Technological University Hyderabad,
Telangana 500085, India; divya.velpula905@gmail.com

Amara Raja Batteries Limited, Research and Development, Li-ion Battery Technology, New Energy Storage
Technology, Tirupati 517520, India; pvrl@amararaja.com,

Department of Chemistry, Rajiv Gandhi University of Knowledge Technologies, RK Valley,

Kadapa 516330, India; ponjustin@rgukt.in

*  Correspondence: umeshediga@gmail.com (E.U.); satyall.iitg@gmail.com (M.S.)

Abstract: Herein, we describe the synthesis and evaluation of hierarchical mesoporous orthorhombic
niobium oxide (T-Nb,Os) as an anode material for rechargeable lithium-ion batteries (LIB). The as-
synthesized material addresses key challenges such as beneficial porous structure, poor rate capability,
and cycling performance of the anode for Li-ion devices. The physicochemical characterization results
reveal hierarchical porous nanostructure morphology with agglomerated particles and a 20 to 25 nm
dimension range. Moreover, the sample has a high specific surface area (~65 m? g~ 1) and pore volume
(0.135 cm? gfl). As for the application in Li-ion devices, the T-Nb,Os delivered an initial discharging
capacity as high as 225 mAh g~! at 0.1 A g~ ! and higher rate capability as well as remarkable cycling
features (~70% capacity retention after 300 cycles at 250 mA g~!) with 98% average Coulombic
efficiency (CE). Furthermore, the scan rate-dependent charge storage mechanism of the T-Nb,Os
electrode material was described, and the findings demonstrate that the electrode shows an evident
and highly effective pseudocapacitive Li intercalation behaviour, which is crucial for understanding
the electrode process kinetics. The origin of the improved performance of T-Nb,Os results from the
high surface area and mesoporous structure of the nanoparticles.

Keywords: niobium pentoxide; nanoparticles; Rietveld refinement; crystal structure; energy storage;

Li-ion intercalation; electrochemical performance

1. Introduction

The ever-increasing worldwide population and the use of huge quantities of fossil fuel
exacerbate environmental pollution challenges, prompting a quest for alternate or renew-
able energy sources in recent decades [1,2]. Finding an excellent alternative energy system
is only part of the problem, whereas creating a suitable energy storage system is essential.
For this reason, many energy storage technologies have been researched during the past
few years [3-5]. Substantial energy density, high power characteristics, extended cycle
lifetime, and superior safety are required for energy storage devices [6,7]. Supercapacitors
deliver charges rather quickly because charge storage comprises physical adsorption and
desorption of charges on the surface of the electrode materials [8,9]. Supercapacitors, on
the other hand, have a low energy density [10,11]. In contrast, most LIBs have large energy
densities due to the ability of the bulk structure to hold Li ions and the high operating
voltage of the intercalation compounds [12]. However, the slow solid-state Li* ion diffusion
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in the bulk host structure results in poor power characteristics and significant volume
changes during repeated intercalation/extraction procedures, limiting the ability to satisfy
current needs [13]. Reducing the size of intercalation-based active materials to the nanoscale
improves the cyclability and rate performance of LIBs. The energy properties deteriorate
with this method due to the substantial amplification of undesirable side effects in the
anodic potential area [14]. Innovative electrode materials and complex designs are required
to build enhanced energy storage devices with superior energy and power densities and
long cycle lifetimes.

Carbonaceous materials, mainly graphite, have been widely used as anode materials
due to their low working voltage, abundant production, and low cost [15]. However,
their use in high-energy LIBs is severely limited by their low theoretical capacity and
poor rate capability [15,16]. Transition metal oxides (TMOy; TM = Fe, Mn, Ni, Co, Sn, Si,
Cu, and so on) with high theoretical capacities have recently attracted a lot of interest for
anode materials in the next generation of batteries because they provide high Li* storage
capacities [17,18]. Unfortunately, the Li* insertion and reinsertion process causes huge
volume expansion and severe particle aggregation, resulting in electrode pulverization and
particle contact breaking, leading to considerable capacity loss and poor cycle capability [18].
Lithium titanate (Li4TisO12) is another notable anode material that provides a high charge-
discharge voltage of 1.55 V (vs. Li/Li*) and extremely stable cycling stability owing to small
volume change that occurs during the Li* insertion and reinsertion process [19]. However,
the poor electronic conductivity, low theoretical capacity (170 mA h g~1), and high working
voltage have restricted its practical production. Recently, Nb,Os has been investigated as an
appealing anode material for LIBs due to its intercalation pseudocapacitance characteristic,
which enables insertion/extraction mechanism for Li ions with an enhanced potential
range, preventing the formation of Li dendrites [6,20-22]. The rich redox chemistry of
Nb,Os5 (Nb>* /Nb*", Nb*" /Nb%*) contributes to high specific capacity [2]. Nb,Os has
significant safety benefits because of its suitable working voltage plateau (1.0—2.0 V). Due
to its affordability, environmental friendliness, high corrosive resistance, and stability, it is
an ideal electrode material in LIBs [21-24].

Furthermore, the electrochemical properties of Nb,Os materials are largely influenced
by their crystalline structure, morphology, and porous architecture [25]. There are several
polymorphic forms of Nb,Os, such as monoclinic, pseudohexagonal, orthorhombic, and
amorphous Nb,Os forms [10]. Among polymorphs, the orthorhombic phase (T-Nb,Os)
stands out as promising because the Li+ ion intercalation reaction may occur both at the
crystal’s surface and within its interior [26]. The overall kinetics of the intercalation pro-
cess in T-Nb,O5 were unaffected by the solid-state diffusion of Li ions due to the mostly
empty octahedral sites between (001) planes [27]. As a result, the T-Nb,O5 demonstrates
pseudocapacitive behavior for fast Li* intercalation and reversible and quick electrochem-
ical kinetics [16,28,29]. According to evidence, the T-Nb,;Os had the highest capacity for
charge storage. Researchers have studied a variety of T-Nb,Os nanostructures as anodes
for LIBs, including nanorods [17], nanobelts [24,30], micro flowers [25], nanowires [26],
nanofibers [31], hollow spheres [32], urchins [21], nanobelts [27], nanofilms [28], micro-
spheres [22] and so forth. Among them, mesoporous nanostructures are more appealing
due to their vast surface area and multiple paths for lithium-ion transport [2].

Several fabrication approaches have been used to create mesoporous NbyOs [33].
Using a graphene-silica nanosheet template assisted by the vapour hydrolysis method
at 600 °C, Wang et al. synthesized mesoporous Nb,Os nanosheets with pores ranging
from 3 to 20 nm [14]. Li et al., made the mesoporous Nb,Os5 using template procedures
and annealed it in air to produce non-uniform macropores of about 200 nm [19]. Using
a sophisticated template process, Chen et al. created mesoporous Nb,Os with pore sizes
ranging from 4.3 to 7.5 nm [34]. Using three-step oxidation phases, Kong et al. created
a mesoporous Nb,Os@carbon core-shell structure with pore diameters of 2-3 nm [30].
Recently, Pligovka et al., employed highly sophisticated and advanced techniques such
as successive sputtering and sequential anodization followed by potentiodynamic re-
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anodization to fabricate niobium oxide nanocolumns with modulated diameters onto
Al/ND bilayer specimen silicon wafer [35] and skittle-, medusa-, and goblet-like niobia
embryos onto Al/NDb bilayer specimen silicon wafer [36]. Using these methods to generate
mesoporous structures are inherently time-consuming, challenging and need a specialized
template. Therefore, finding a quick and effective approach to prepare a porous T-Nb,O5
is still challenging. A sol-gel approach was chosen to prepare T-Nb,Os nanoparticles
because of its low working temperatures and the ability to make consistent particle sizes
(i.e., significant control of particle sizes) with specific morphologies, as well as the ease of
carrying out experiments compared to other synthesis methods [37,38]. It is a standard,
commercial, and economical approach to modifying the texture of substrates using the
sol-gel technique.

In this study, we report the synthesis of mesoporous T-Nb,Os nanoparticles by heating
the peroxo niobic acid sol (Nby(O;)2,03-6H,0), produced by peptizing the niobic acid
precipitate with aqueous Hy O, solution. The structural characteristics and charge-discharge
performance of Nb,Os were investigated using a combination of physicochemical and
electrochemical techniques. The synthesized Nb,Os crystallized in the orthorhombic phase
and exhibited a nanoparticle shape with enhanced specific surface area (65 m? g~!). The
T-Nb,Os displayed a high discharge capacity and improved rate capability, a remarkable
cycle life (70% capacity retention) and an average CE of 98% over 300 cycles.

2. Materials and Methods
2.1. Synthesis of Nb,O5 Nanoparticles

Niobium (V) oxide (NbyOs) nanoparticles have been produced using a previously
disclosed method [38]. Under vigorous stirring, 0.5 g of niobium pentachloride (NbCls,
99%, Alfa Aesar) powder was dissolved in 2 mL of ethanol solution (EtOH, 99.5%, Alfa
Aesar) and left until a clear NbCl; EtOH yellow solution appeared. By dropwise addition
of 20 mL aqueous ammonia solution (0.3 M), a white-coloured precipitate of niobic acid
(NbyOs5-nH0O) emerged from this solution. The residue was centrifuged and rinsed with
deionized water numerous times. The resultant solid product of Nb,Os-nH,O precursor
was then dispersed in 10 mL of 30 wt% HyO, (Merck Chemicals) and agitated for 5 min in
an ice bath, yielding a transparent yellow-sol (from now on referred to as “peroxo niobic
acid sol, (Nb»(0O,),03-6H,0)”). This sol was transferred to a 20 mL autoclave and baked at
80 °C for 48 h. The resultant product was dried and sintered at 700 °C for 3 h at a heating
rate of 5 °C/min to generate T-NbyOs nanoparticles.

2.2. Materials Characterization

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the
precursor were done in air using thermal analysis (TA) in a TGAQ500V20.10 Build 36 in-
strument from 25 to 800 °C with a heating rate of 20 °C min~!. The X-ray diffraction (XRD)
studies were performed on a Rigaku Ultima IV powder X-ray diffractometer equipped
with a Ni-filtered Cu Ko radiation source. To get the lattice parameters and structural
parameters, the resulting XRD data was refined using Rietveld analysis using the GSAS
software program. Scanning electron microscopy (FESEM; FEI, Quanta 400; SEMTech
Solutions, Inc., North Billerica, MA, USA), transmission electron microscopy (TEM, JOEL
JEM 3010; JEOL Ltd., Freising, Germany), and high-resolution TEM examinations were un-
dertaken to expose the sample shape and structure. Prior to TEM examinations, the sample
powder was diluted in ethanol using a sonicator before being drop-cast onto a Cu grid and
vacuum dried. Nitrogen adsorption-desorption measurements were studied at 77 K with a
Micromeritics ASAP 2020 physisorption tool. Before determining the isotherm, the sample
was degassed in a vacuum for 12 h at 150 °C. The BET (Brunauer-Emmett-Teller) model was
used to compute the specific surface area. The Barrett-Joyner-Halenda (BJH) approach was
used to estimate the pore-size distribution curve based on the isotherm’s desorption branch.
The maximum position in the pore-size distribution was used to calculate the pore diameter.
X-ray photoelectron spectroscopy (XPS) spectra were taken at the core-level using Omicron
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Nanotechnology equipment and a monochromatic Mg K« (hv = 1253.6 eV) radiation source.
The binding energy (BE) was calibrated using containment carbon (Cls = 284.5 eV).

2.3. Electrochemical Measurements

The electrochemical properties of mesoporous T-Nb,Os were studied using galvanos-
tatic cycling in a CR2025-type coin cell. The active component (T-Nb,Os) was blended with
acetylene black and the binder (polyvinylidene fluoride, PVDEF, soaked in N-methyl pyrro-
lidinone) in a 75:15:10 weight ratio. Using a doctor blade, the slurry was then evenly applied
to Cu-disk current collectors. After that, the electrodes were vacuum-dried overnight at
80 °C. The loading density of electroactive substances was approximately 1.5 mg cm~2.
In an argon-filled glove box (both moisture and oxygen levels were 0.3 ppm), the elec-
trodes were assembled in CR2025 coin cells. The reference and counter electrodes were
Li metal, whereas the separator was a porous polypropylene membrane (Celgard 2500;
Celgard, Charlotte, NC, USA). The Celgard 2500 separator had a porosity of 55% and an
average pore size of 28 nm. The electrolyte was a 1:1 v/v mixture of EC and DMC sol-
vents. A LAND battery test device was used to measure the galvanostatic charge-discharge
(GCD) performance of the coin cells’. Electrochemical data from cyclic voltammetry (CV;
1-3 V) and impedance spectroscopy were recorded using a Versa-STAT MC multichannel
potentiostat/galvanostat electrochemical workstation (Princeton Applied Research).

3. Results and Discussion
3.1. Structural Characterizations

Based on literature reports [39,40], we described a possible reaction process for the
synthesis of T-Nb,Os which includes the following steps: (i) precipitation of niobic acid
(Equations (1)—(4)), (ii) formation of peroxo niobic acid sol (Equation (5)), and (iii) formation
of T-Nb,Os by thermal annealing of the peroxo niobic acid sol at 700 °C (Equation (6)):

NbCls + 5CH3CH,OH — NbCls_, (CH3;CH,0), + xHCl )

NbCls_ (CH3CH,0), + yH,O — Nb(CH3CH,0, OH); + (5 — x)HCl + (y + x — 5)CH;CH,OH @)
NH,OH + HCl — NH,Cl + H,O ®)

2Nb(CH3CH,0, OH); + zH,0 — Nb,O5-nH,0 + 10CH;CH,OH + goz+(z —1n)H,0 )
Nb,Os5-nH,0 + 8H,05 — Nby (05),03-6H,0 + 30, + (n 4 2)H,0 ®)
Nb,(0,),03:6H,0 — NbyOs + 6H,O + O, 6)

TGA and DTG analysis was used to estimate the weight loss of Nby(O,),03-6H,O
precursor with temperature, as shown in Figure 1. The steady weight loss that was seen
up to 450 °C and the weight loss recorded below 100 °C were caused by the removal
of adsorbed water molecules. The weight loss seen in multiple stages between 100 and
400 °C is ascribed to the loss of crystalline water and the pyrolysis of “peroxo niobic acid
sol” due to the creation of the Nb,Os phase [22]. No discernible weight loss between 400
and 700 °C indicates that Nb,Os nanoparticles crystallize at these temperatures. Thus, a
sintering temperature of 700 °C was chosen to synthesize T-Nb,Os nanoparticles. The Nb
ions in the T-Nb,Os crystal structure coordinate with six or seven oxygen ions, generating
highly deformed octahedral (NbOg) and pentagonal bipyramid (NbOy) frameworks. These
polyhedra were linked together via edge- or corner-sharing in the ab-plane and corner-
sharing along the c-axis, resulting in a framework similar to the “room and pillar [41,42].
The distinctive “room-and-pillar” NbOg /NbO; framework structure can offer a stable host
as well as simple diffusion pathways for Li intercalation [43].
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Figure 1. TGA and DTA of the as-synthesized peroxo niobic acid sol precursor.

The XRD pattern of uncalcined peroxo niobic acid precursor powder reveals wide
diffraction peaks (Figure 2B), showing that the substance is amorphous in nature. The
material clearly shows crystalline diffraction peaks after annealing the precursor powder
at 700 °C, which is indexed to orthorhombic NbyOs (T-Nb,Os, space group: Pbam). It is
worth noting that the absence of additional diffraction peaks implies that the produced
orthorhombic Nb,Os is of excellent purity. The Rietveld refinement approach was then used
to investigate the crystalline phase development and lattice properties of T-NbyOs. The
experimental results and the X-ray Rietveld refinement based on the orthorhombic phase
are shown in Figure 2C. The structure refinement parameters are Rp =5.0%, pr =6.5%,
and x? = 6.9, respectively. The lowered x? indicates that The X-ray Rietveld refinement
exercise fits the experimental data well. The refined lattice constants are a = 6.142, b =29.119,
¢ =3.908 and V = 707.29 A3; these values agree with the literature [42]. SEM and TEM
examinations were used to study the surface shape and structure of the sample (Figure 3).
Figure 3A,B show that all the particles in the T-Nb,O5 sample were agglomerated and
have an interlocking porous structure. The TEM image (Figure 3C) reveals a uniform
distribution of nanoparticles with dimensions ranging from 20 to 25 nm, and the particles
are agglomerated. The lattice fringe spacing in the high-resolution TEM (Figure 3D) is
0.386 nm, corresponding to the (001) plane of T-Nb,Os.

The surface textural characteristics of the as-prepared T-Nb,O5 were determined by
implementing nitrogen sorption isotherms at 77 K using nitrogen adsorbent. As seen
from Figure 4A, the T-Nb,Os isotherm exhibits a typical type IV with a clear H3-type
hysteresis loop (based on IUPAC classification) [44] with a broad capillary condensation
range starting at high relative pressures (P/P0) of 0.4 and extending to 0.8, demonstrating
that the mesoporous characteristic of the sample gives rise to a relatively high specific
surface area of 65 m? g~! and pore volume of 0.135 cm® g~!. The BJH approach was
used to analyze the pore-size distribution (Figure 4B). The sample’s pore-size-distribution
curve shows a bimodal pore-size distribution, with most pores constituted of micropores
and mesopores less than 3.5 nm and an average pore width of 2.20 nm, representing
mesoporous characteristics. It is worth mentioning that the computed BET-specific surface
area of our T-NbyOs nanoparticles is much greater than that of previously reported Li-
ion battery anodes [22,23,27,31] and Li-selective adsorbates [45-48]. The high specific
surface area, large pore volume, and critical micro- and mesopores of T-Nb,Os would be
advantageous because they provide many electro-active sites for the uptake and release of
Li* ions from the electrolyte during repeated charge-discharge cycling. As a result, T-Nb,O5
nanoparticles greatly improved battery performance, including high specific capacity and
high cycle stability.
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Figure 2. (A) Crystallographic structures of T—Nb,Os (orthorhombic, S.G. Pbam); (B) Comparison of
XRD patterns of Nby(O;),03-6H,0 precursor and T—Nb;,Os. (C) Rietveld refined XRD pattern of
the T—Nb205.

Figure 3. Different magnified SEM (A,B) and TEM (C,D) images of orthorhombic T—Nb,Os.
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Figure 4. (A) Nitrogen adsorption-desorption isotherm at 77 K and (B) BJH pore size distribution
analysis of T—Nb,Os. High-resolution XPS spectra of (C) Nb 3d and (D) O 1s for the T-Nb,Os.

XPS was used to evaluate the surface elemental compositions and chemical states of
metal ions in T-Nb,Os. XPS is a popular non-destructive technology for identifying the
chemical states of metal and nonmetal ions that are commonly utilized in investigating
Li-ion battery electrode materials. Due to the strong spin-orbit splitting, the high-resolution
XPS spectra of Nb 3d (Figure 4C) exhibit two unique peaks centered at BE of 207.5 eV for
Nb 3ds5,, and 210.2 eV for Nb 3ds,, [23]. The BE values agreed with the literature and
verified that the bulk of the Nb element in the synthesized material is mostly Nb>* with
minimal Nb**, owing to surface reduction at high temperatures [33,39]. Figure 4D shows
the deconvolution of the O 1s XPS spectra into two peaks. The strong peak at BE of 529.8 eV
corresponds to O-Nb, while the peak at 532.1 eV belongs to adsorbed oxygen [39,41].

3.2. Electrochemical Studies

To evaluate the electrochemical performance of Li* ion intercalation into or deintercala-
tion from mesoporous T-Nb,Os, coin cell-based batteries were assembled with mesoporous
T-Nb,Os as the working electrode and Li foil as the counter and reference electrodes.
Figure 5A represents the initial three sequential CV curves of the T-Nb,Os electrode col-
lected at a sweep rate of 5 mV s~! within the applied potential window of 1.0-3.0 V (vs.
Li*/Li). Three CV curves overlap nicely and reveal excellent reversibility of Li-storage
characteristics. Furthermore, the shape of the CV curves reveals a prominent redox re-
sponse with a couple of broad redox peaks within the applied potential range due to Li*
insertion/extraction and the redox of niobium ions i.e., Nb®*<>Nb** and Nb**+Nb3*,
according to the eqn. NbyOs + xLit + xe~ — Li,Nb,Os (x < 2) [6,49-51].
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Figure 5. Electrochemical characteristics of the T—NbyOs: (A) CV profiles of the first three cycles;
(B) CV profiles at different sweep rates ranging from 0.5 to 30 mV s~!, and (C) corresponding
logarithmic relationships between the scan rates and peak currents.

To further evaluate the electrochemical kinetic characteristics of the mesoporous
T-Nb,Os electrode, CV curves were generated at various sweep rates ranging from 0.5 to
30 mV s~! (Figure 5B). Peak currents (both anodic and cathodic) vary drastically as the
scan rate increases, owing to diffusion-controlled ohmic contributions [39,50]. The kinetic
information of the Li* intercalation can be obtained by the relationship between the peak
current (i) vs. sweep rate (v, mV/s) [6,52-54]:

i=av

where a denotes the variable parameter and b is the parameter linked with the charge
storage mechanism, which may be obtained by calculating the slope of the log (i) vs. log (v)
plot. Usually, the b = ~0.5 indicates the electrochemical process is a diffusion-controlled and
battery-type reaction, and the b = ~1 represents a surface-controlled pseudocapacitive. The
b-values (Figure 5C) were calculated to be ~0.74 and ~0.72, respectively. For both anodic
and cathodic peaks, this suggests a contribution from both the diffusion and capacitive
processes.

The discharging-charging performance of the mesoporous T-Nb,Os electrode was
assessed via GCD measurements between 1.0 and 3.0 V (Figure 6). Figure 6A depicts
typical GCD patterns for the first ten cycles of the T-NbyOs electrode at 100 mA g~ 1.
Similar to some other reports [22,39,48], all of the GCD curves exhibit a smooth sloping
profile, attributable to the change of NbyOs <+ LixNb,Os, a characteristic of insertion-type
electrochemical reactions. At the beginning of discharging, it exhibits a discharging capacity
as high as 225 mAh g~!. With an initial charging capacity of 180 mAh g~!, the T-Nb,Os
electrode had 80% initial CE, however, it lost some of its capacity. The subsequent (from
the second to the tenth) cycle discharge capacities were 190, 183, 180, 178, 177, 177.6, 178,
178, and 179 mAh g1, respectively. The high discharge capacity and low CE of the first
cycle may be caused by the formation of SEI film on the electrode surface [29].
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Figure 6. (A) Typical charging-discharging profiles at 100 mA g~! for the first ten cycles, (B) the
charging and discharging curves at different current rates, (C) the rate performance, and (D) the cycle
performance at 250 mA g~ for the T-Nb,Os electrode.

The as-prepared T-NbyOs GCD profiles of the electrode at different current densities
ranging from 100 to 5000 mA g~! are shown in Figure 6B. It is evident that as the current
density increases, the discharge curves drop and the charge curves rise, indicating an
increase in polarization. It is evident that as current density increases the discharge curves
drop and the charge curves rise, indicating that the polarization is increased. Surprisingly,
the mesoporous T-Nb;Os nanoparticles electrode can operate smoothly even at a high
applied current density of 5 A g~1; nevertheless, there is some noticeable capacity loss at
high current densities. The gradual evolution of charging-discharging voltage profiles sug-
gests that T-Nb,Os remains in a stable structure even after repeated discharging-charging
cycling. Figure 6C depicts the discharge capacity of the T-Nb,Os electrode as a function of
current density. The graph clearly shows how the electrode’s capacity rapidly degrades as
the applied current density increases. At high current densities, this is usually caused by
the sluggish diffusion of Li* into the T-Nb,O5 interior [16,55,56]. The discharge capacity
could be restored to its initial condition after a series of rate tests when the current density
was reversed back to 100 mA g~!, demonstrating that the T-Nb,Os electrode possessed
significant reversibility.

For the development of Li-ion batteries to be used in practical applications, the elec-
troactive materials must exhibit long-term cycle stability. To study the long-cycle retention
properties in more detail, the T-Nb,Os electrode was exposed to a GCD test at 0.25 A g~!
in a potential window of 1.0 to 3.0 V (Li/Li*) for up to 300 cycles (Figure 6D). The electrode
gradually lost capacity with increasing cycle number and maintained a discharge capacity
of 142 mAh g~! (70%) even at the end of 300 cycles. Meanwhile, the cell continued a high
average CE of 98% over 300 cycles. It is worth noting that the performance of T-Nb,O5
in terms of its specific capacity, cyclability, and rate capability is comparable and even
superior to that reported for other T-Nb,Os nanostructures [22,24,25,41]. The enormous
specific surface area, mesoporous structure, and nanoparticle shape of T-Nb,;Os improve
performance because they can offer a large number of electroactive sites for the uptake and
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release of Li* ions from the electrolyte and also shorten the diffusion distance for both the
ions and electrons.

To further examine the electrochemical kinetics of the Li intercalation/deintercalation
process within the T-Nb,Os electrode, an AC impedance measurement was performed
at OCV in the frequency range of 0.01 Hz-1M Hz. As seen in Figure 7, the Nyquist
plot (imaginary part, Z” vs. real part, Z') of the electrode consists of a high-frequency
semicircle followed by a low-frequency spike. Using the RelaxIS program, the resultant
impedance data was suitably matched to an equivalent circuit illustrated in the inset of
Figure 7. In the equivalent circuit, Rs (~2.45 (}) indicates the electrolyte solution resistance,
which can be calculated from the x-intercept of the beginning curve in the high-frequency
region, and CPE (~35 uF) represents the constant phase element corresponding to the
double-layer capacitance [48,56]. A semicircle in the middle-frequency region shows the
interfacial charge transfer resistance (Rt = 181.79 (2). In contrast, the Warburg resistance
(Zw = 0.36 Q) s71/2) quantifies the diffusion of Li ions and is represented by an inclined
low-frequency line [57]. A spike in the low-frequency describes the Li* intercalation or
deintercalation behavior of the electrode.
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Figure 7. EIS Nyquist plots of the T—Nb,Os electrode.

4. Conclusions

In conclusion, we detailed the synthesis of hierarchical mesoporous T-Nb,Os nanopar-
ticles by heating the peroxo niobic acid sol formed by peptizing the niobic acid precipitate
with an aqueous HyO, solution. The as-prepared electrode containing T-Nb,Os nanopar-
ticles had a high BET-specific surface area (65 m? g~!) and good Li intercalation charac-
teristics. The T-Nb,Os electrode had a high specific capacity of 68 mAh g~ at5 A g1,
remarkable cycling stability over 300 cycles (with 70% capacity retention), and potential
high-rate performance. Furthermore, kinetic analysis reveals that a pseudocapacitive mech-
anism dominates energy storage at a high rate. Because of their unique structure and shape,
mesoporous T-Nb,Os nanoparticles exhibit outstanding electrochemical properties. They
have a short Li ion transport channel and a wide contact area between the active material
and electrolyte. Consequently, T-Nb,Os nanoparticles are a suitable material for Li-ion
interaction electrodes.
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