University of Wollongong

Research Online

Australian Institute for Innovative Materials -

Papers Australian Institute for Innovative Materials

1-1-2019

Layer-structured niobium oxides and their analogues for advanced hybrid
capacitors

Jiaqgin Liao
Wei Ni

Caiyun Wang
University of Wollongong, caiyun@uow.edu.au

Jianmin Ma

Follow this and additional works at: https://ro.uow.edu.au/aiimpapers

6‘ Part of the Engineering Commons, and the Physical Sciences and Mathematics Commons

Recommended Citation

Liao, Jiaqin; Ni, Wei; Wang, Caiyun; and Ma, Jianmin, "Layer-structured niobium oxides and their analogues
for advanced hybrid capacitors" (2019). Australian Institute for Innovative Materials - Papers. 3975.
https://ro.uow.edu.au/aiimpapers/3975

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/aiimpapers
https://ro.uow.edu.au/aiimpapers
https://ro.uow.edu.au/aiim
https://ro.uow.edu.au/aiimpapers?utm_source=ro.uow.edu.au%2Faiimpapers%2F3975&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/217?utm_source=ro.uow.edu.au%2Faiimpapers%2F3975&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/114?utm_source=ro.uow.edu.au%2Faiimpapers%2F3975&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ro.uow.edu.au/aiimpapers/3975?utm_source=ro.uow.edu.au%2Faiimpapers%2F3975&utm_medium=PDF&utm_campaign=PDFCoverPages

Layer-structured niobium oxides and their analogues for advanced hybrid
capacitors

Abstract

© 2019 Elsevier B.V. Niobium-based oxides including niobium oxide (Nb205) and their analogues with
quasi-2D network of open and stable Wadsley-Roth shear crystal structure, have gained great interest for
advanced hybrid supercapacitors due to their outstanding rate capability derived from the intercalation
pseudocapacitive kinetics. To realize their full potential as battery-type anode electrodes for
supercapacitor, various strategies have been effectively implemented to overcome the drawbacks
especially the poor intrinsic electrical conductivity, including structure design, surface modification,
conductivity enhancement, and electrode engineering. Here, we provide a comprehensive overview of the
latest progress of Nb-based oxides for high-rate hybrid supercapacitors in the aspects of structure-
performance relationship, performance-optimizing strategies, and energy storage mechanisms. We will
also present our insights into the challenges and perspectives for future development and industrial
applications.
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Highlights:

1. The recent progress of Nb-based oxides for Li- and Na-ion hybrid capacitors is provided.
2. The aspects of structure, performance and energy storage mechanisms are summarized.
3. The challenges and perspectives for future development and applications are also presented.
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Abstract

Niobium-based oxides including niobium oxide (Nb,Os) and their analogues with quasi-2D network of
open and stable Wadsley-Roth shear crystal structure, have gained great interest for advanced hybrid
supercapacitors due to their outstanding rate capability derived from the intercalation pseudocapacitive
kinetics. To realize their full potential as battery-type anode electrodes for supercapacitor, various strategies
have been effectively implemented to overcome the drawbacks especially the poor intrinsic electrical

conductivity, including structure design, surface modification, conductivity enhancement, and electrode
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engineering. Here, we provide a comprehensive overview of the latest progress of Nb-based oxides for
high-rate hybrid supercapacitors in the aspects of structure-performance relationship, performance-
optimizing strategies, and energy storage mechanisms. We will also present our insights into the challenges

and perspectives for future development and industrial applications.

Keywords: Niobium oxides, 2D materials, nanocomposites, hybrid supercapacitors, structure-performance

relationship



1. Introduction

Hybrid supercapacitors (HSCs) that can combine the advantages of batteries and supercapacitors have
been extensively investigated recently, in order to meet the increasing demands for high energy and power
densities electrochemical energy-storage devices including electric vehicles (EVs) and hybrid electric
vehicles (HEVS) [1-11]. HSCs, especially Na-HSCs, have shown great potential for mid- to large-scale
energy storage applications due to their high energy/power densities, long cycle life, and low cost of sodium
[12-17], and are considered as one of the most promising candidates for next-generation energy storage
devices [5, 12]. In the HSCs system, the capacitive (cathode) electrode can afford very high rate capability
as the electrical charges are stored/released by ion adsorption/desorption; the alkali-ion battery electrode
(anode) stores the energy via alkali-ion intercalation that suffers from relatively sluggish alkali-ion diffusion
in the solid phase, and becomes the limiting factor of the rate performance [18]. To mitigate the rate-
imbalance issue in HSCs, much research effort has been devoted to the development of alkali-ion
intercalation materials with ultrahigh rate capability and long cycle life [2, 3, 5, 19-24]. Materials with
enhanced active sites (high capacity) and fast charge transport (high rate capability) can meet such
requirement [1, 18]. In particular, nanostructured materials with pseudocapacitive Li/Na-ion intercalation
behavior have attracted attention, including layered transition-metal dichalcogenides (TMDs) and

transition-metal oxides (TMOs) [16, 18, 25-36].

Among them, intercalation-type niobium-based oxides are considered as promising anode materials for
Li/Na-ion capacitors owing to their high theoretical/practical capacities, fast ion diffusion, excellent
chemical durability (long-term cyclability), and high safety [37-46]. Orthorhombic Nb,Os (T-Nb,Os), with
large interplanar lattice spacing (3.9 A) [47-49] and low potential plateau for anomalously fast Li*/Na*
diffusion and rapid pseudocapacitive response, have attracted a growing interest in recent years as anode
material for high-performance Li/Na HSCs, which have demonstrated high energy and high power density
even with practice-level volumetric specific capacity for thick electrodes [15, 18, 50-59]. Their analogues,

e.g., layered titanium niobium oxide (TNO) [60] with unique Wadsley-Roth shear structure possess
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multiple electron reactions and niobium tungsten oxides with crystallographic shear or bronze-like
structures, have the potential for achieving high pesudocapacitive capacitance and fast-charging/high-
power applications [39, 44, 61-65]. However, the intrinsic low electrical conductivity and sluggish solid-
state diffusion of alkali ions hinder their further practical application [15, 39, 61]. Different strategies have
been applied to improve the electrochemical performance, mainly including the incorporation with
conductive components or frameworks [25, 52, 53, 66, 67], the design of nanoarchitectured electrode [40,

43, 47, 61, 66], and enhancement of active sites [15, 39, 68].

Based on the intense research on niobium-based oxides with great advantages in promising HSCs. Here,
we provide a timely and focused overview of the latest progress of Nb-based oxides for high-rate HSCs in
the aspects of material/electrode design methods, structure-performance relationship, performance-
optimizing strategies, and energy storage mechanisms. We will also present our insights into the noteworthy

challenges and perspectives for future development and industrial applications.

2. Structure, merits and mechanism

HSCs are usually composed of high-power electrochemical capacitor (EC) cathode and high-energy LIBs
or NIBs anode, which perfectly combines the advantages of battery and capacitor energy storage
mechanism. For Li/Na HSCs, charges are adsorbed/desorbed asymmetrically by the surface of capacitive
cathode and via the reversible insertion/removal of Li*/Na* in the anode. As the potential ranges of two
electrodes are different during the charge-discharge processes, it effectively expands the working potential
window, thereby increasing the energy density of Li-HSCs. Advantages of HSCs mainly include: (1) higher
cell capacity and energy density compared to EDLCs due to the high capacity from anode, (2) higher power
density than LIBs/NIBs because of fast adsorption-desorption processes in cathode, (3) high reliability, (4)
large operating temperatures, and (5) low self-discharge. Hybrid capacitors face challenges as well. The
dynamic imbalance between the battery-type anode and capacitive-type cathode is a major disadvantage [3,

5].



The key to manufacture high-performance HSCs is to select two matchable electrode materials. Due to
its short charging-discharging time and high power capability, pseudocapacitor materials are candidates for
high-performance HSCs [3, 5]. As one of the most promising and applicable insertion-type
pseudocapacitive materials, layered Nb-based oxides demonstrate obvious pseudocapacitive characteristics
and high rate performance for Li/Na-ion storage compared with typical layered TMDs or TMOs. Herein,

we will focus on the analysis of superior T-Nb,Os and its analogues [45].

2.1 T-Nb20Os

2.1.1 Structure and merits

There are five types of Nb,Os crystals including pseudohexagonal Nb.Os (TT-Nb2Os), orthorhombic
Nb2Os (T-Nb,Os), tetragonal Nb2Os (M-Nb,Os), and monoclinic Nb,Os (H-Nb.Os); which are induced by
the heat treatment environment [69, 70]. It is well-recognized that the materials structure determines the
derived performance. Nb;Os in different crystal phase have demonstrated different electrochemical
properties [69, 71, 72]. The mostly investigated T-Nb,Os shows the highest electrochemical performance
due to the fast ion insertion-extraction mechanism and superior cycling stability, which will be the focus of

the discussion in the following Section.

T-NDb2Os is composed of rhomboidal cells. Each Nb atom is surrounded by six or seven oxygen atoms,
forming a twisted octahedron or pentagonal bipyramid. These polyhedra have edge sharing or angular
sharing on the ab-plane and angular sharing on the c-axis [73]. According to the atomic arrangement in T-
NbOs, its crystal structure has two alternating atomic layers, the high density 4h layer and the low density
4g layer. The 4g layer has more larger spaces for atomic capacity, providing the sites for storage and
transmission of alkali ions [50]. Moreover, the adjacent Nb-O bond structures in T-Nb2Os crystals endow
alkali ions with two diffusion paths (Fig. 1, taking lithium ion as an example). The merits of its diffusion
path have direct transmission channel, spacious space, small steric resistance and so on, which all promote

the transmission of lithium ions [50]. Meanwhile, T-Nb,Os has unique structural advantages: (001) empty
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octahedral positions between planes can provide stable and effective channels for lithium ion storage and
transportation. When lithium ion is inserted into T-Nb2Os, lithium ion is not constrained by its solid state
diffusion, and only minimal phase transition and volume expansion occur [73]. Owing to the structurally
and electronically exceptional merits of “room-and-pillar” layered structured of T-Nb,Os, it possesses an
intrinsic lower activation barrier for microscopic lithium diffusion (plus high ionic mobility and minimal
strain), for example, and even the bulk structure facilitates high-rate lithium intercalation into large particles
on par with the reported best nanostructured electrodes, which negates the usual requirement of short
diffusion pathways or phase transition-suppressing nanostructures for rapid charge/discharge and benefits

the practical application for advanced energy storage [71].
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Fig. 1 A combination of experimental and computational investigations unveiling the mechanism of
anomalously fast Li-ion storage in T-Nb.Os. (Reproduced with permission [50]. Copyright 2017, American
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Despite T-Nb,Os affords many merits for alkali ions storage, it suffers from the relatively high voltage
plateau (/1.5 V vs. Li/Li*) leading to low energy density, and poor electrical conductivity (=3.4 X 10°°
S cmat 300 K) resulting in slow dynamics that affects the high-rate capacity and cycling lifespan, all
limiting its practical application as an anode of Li-HSCs [51, 53]. In order to improve the rate performance,

Nb2Os can be modified with carbon materials, structure optimization and heteroatom doping. The carbon
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modification (i.e. integration with graphene, carbon coating) is an easy and effective way to improve their

electrical conductivity.

Na-HSCs and Li-HSCs share the similar electrochemical dynamics: the insertion of cations Na* or Li*
and anions from the electrolyte. However, the radius of sodium-ion (102 pm) is larger than that of lithium
ion (76 pm). The insertion of Na* into Nb,Os causes larger volume expansion, resulting in slower diffusion
rate and lower electrochemical performance. Nonetheless, the modification method of Nb.Os for Li-HSCs

can also be used to modify Nb2Os based anode for Na-HSCs.
2.1.2 Mechanism

Various in situ or ex situ experimental characterization technigques have been used to study the lithium-
ion insertion mechanism in Nb,Os, such as in situ synchrotron radiation X-ray diffraction (XRD) and X-
ray absorption fine structure (XAFS) methods [74], X-ray absorption spectroscopy (XAS) and Fourier-
transform of the extended XAFS measurements [51], XRD measurements combined with electrochemical
analysis technique [54], ex situ high-resolution transmission electron microscopy (HR-TEM) [75], in
operando Raman spectroscopy techniques [50], and nuclear magnetic resonance (NMR) techniques [71].
When Li-ions are embedded into Nb.Os, the structure changes of Nb,Os are characterized as follows: (i)
low volume change from the intercalation into the crystal lattices [74]; (ii) continuous valence variation of
Nb (5* to 4*) with a two-stage intercalation reaction process [51]; (iii) fast Li-ion transport paths from the
(001) family planes of T-Nb,Os with a bulk effect for the Li-ion insertion/extraction process [54]; (iv) (180)

and (001) planes identified as the preferential tunnels for Li-ion transport [75].

As we know, cyclic voltammetry (CV) technique is commonly used to explore the electrochemical

kinetics of Li-ion insertion/extraction process as follows [51]:
i=av (1)

log(i) = log(a) + blog(v) )
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i(V) = kpv+kovi2 (3)

where a and b are adjustable parameters, i is the current, and v is the sweep rate. The value of b can be
calculated from log(i) versus log(v) plots. The b value can reveal the nature of pseudocapacitive reaction:
when it is close to 0.5, the reaction is a diffusion-controlled process; when b approaches 1, this is a surface-
controlled process. kiv and kxv*? represent surface-controlled capacitance and diffusion-controlled
intercalation reactions, respectively. Through kiv, the current value of the capacitive contribution under
different potentials can be obtained to identify the contribution from capacitive and diffusion processes.
This method has been widely used to determine whether the lithium ion insertion process in T-Nb2Os is a
surface-controlled pseudocapacitive behavior or a diffusion control Faradaic behavior, as well as the

corresponding contribution ratio.

Intercalation-type T-Nb.Os is a promising anode material for developing Li/Na HSCs due to its fast
pseudocapacitive dynamics. Activated carbon (AC) is the widely cathode material because of its large
specific surface area and excellent electrical double-layer capacitor (EDLCs) characteristics [76]. In order
to achieve high energy and high power density, the rate performance and voltage window of each electrode
(cathode, anode) at different current densities should be considered. The key to achieve high performance
for Nb2Os is to construct a structure facilitating ions transport for higher rate performance. Nanostructuring
electrodes, enrichment of active sites, and compositing with conductive components are typical strategies
to shorten ion/electron diffusion path and enhance rate performance. In this system, specific capacitance

(C), energy density (E), and power density (P) can be calculated using the following formulas [77]:
C=I1At/mAV 4)
AV = Vmax - Vmin (5)

t
E= ftlz IVdt =0.5C( Viax + Vmin) (Vimax = Vinin) (6)

P=E/t @)



where I, At, m, and AV represent the discharge current, discharge time, total mass of active substances at
two electrodes, and voltage window of discharge curve, respectively. The Li*/Na* are quickly inserted into
the Nb2Os crystal and anions are adsorbed on the AC surface during charging, and vice visa for the

discharging.

2.2 Analogues

Regarding to the analogues, layered titanium niobium oxides (TNO) mainly include TiNb.O-,
TiNb10029, TiNbsO17, and TiNb24Os, [78-81]. Owing to the excellent lithium storage capability, TiNb,O;

has been extensively investigated for electrochemical energy storage, [45].

2.2.1 Structure and merits

TiNb,O7 owns a Wadsley-Roth shear crystal structure with high Li-ion diffusion coefficient, which
consists of m X n X o= ReOs-type blocks (m and n mean the length and width of the blocks in numbers of
octahedra, respectively) [45]). Both m and n are 3 for TiNb,Oy, thus it has a layered monoclinic structure
with a C2/m space group [82]. Ti** and Nb®* ions are in the octahedral sites that share corners and edges,
disorderly. TiNb,O- has an operating voltage of ~1.6-1.7 V vs Li*/Li matching with the lowest unoccupied
molecular orbital (LUMO) of organic liquid-carbonate electrolytes, which can avert the formation of SEI
layer and lithium dendrite [65]. TiNb,O; demonstrates good electrochemical performance when applied in
LIBs, SIBs and HSCs. Its poor electrical conductivity and pulverization effect can be improved by structural

engineering and carbon modification [83, 84].

2.2.2 Mechanism

Li* insert/extract into/from TiNb,O; can be described as TiNb,O7 + xLi* + xe~ <> LixTiNb,O7, x is the
mole fraction of the inserted Li*. When Xmax reaches 5, TiNb,O- has a maximum theoretical capacity of 388
mA h gtat 1.0-3.0V (vs Li*/Li), resulting from three redox reactions (Ti**/Ti%*, Nb>*/Nb**, and Nb**/Nb3*

[65]). The lithiation/delithiation mechanisms of TiNb,O; crystal can be investigated by using the
10



electrochemical characterization techniques and first-principles calculations [85]. The results indicate that
the average lithium storage voltage is ca. 1.64 V and the inserted lithium ions are stored in the (001) plane
of TiNb,Oy crystal with maintained layered structure. Catti et al. employed neutron diffraction technique
and first-principles calculations to study the lithium insertion properties of LixTiNb,O-. They found that the
corner sharing was superior to edge sharing for transition metal atoms in the central row of the 3x3 block

of octahedra, resulting in weaker chemical reduction of transition metal atoms [86].

3. Li-ion hybrid capacitors

Layered Nb2Os polymorph is one of the most promising candidates for replacing conventional titanate
electrodes to achieve high energy density in hybrid supercapacitor systems, due to it higher theoretical
capacity (~200 mA h gt or 728 C g 1) and outstanding high power performance [1, 55, 61, 87-89]. The
atomic arrangement of T-Nb,Os, with open channels between quasi-2D NbOy faces and multiple adsorption
sites per unit-cell [41], affords the unique Li-ion diffusion path topologies, allowing the direct Li-ion
transport between bridging sites with very low steric hindrance [50]. Even for bulk Nb,Os, it can be regarded
as nanoporous material due to the interconnectedness of NbOy sheets with sufficiently low energy barrier
and facilitated local charge transfer [41]. However, the application of Nb,Os-based anodes in HSCs has
been hindered by low electrical conductivity and difficulty in controlling the crystal structure [1]. Through
surface modifications (e.g., the integration with carbon coating/supporting including CNTs [90-92], carbon
nanofibers [93], carbon cloth [94], and grapheme [48, 63, 95-101], and the hybridization with highly
conductive MXene [25, 66, 72, 77, 102-109]), heteroatom-doping and nanostructure engineering [54, 61,
66, 88, 97, 108, 110-116], the electron mobility in Nb,Os can be substantially improved and thereof the

performance [1, 97, 117-119].

For example, Nb foil was directly anodized to prepare Nb.Os film with oriented nanochannels. Its
lithium storage kinetics for hybrid supercapacitors were affected by not only the film morphology (e.g.,

pore size, thickness) but also the electron transport through the nanochannels that appears to be a major
11



limiting factor particularly at high rate [111]. A conductive coating or phase transformation with higher
crystallinity is needed for high-rate performance. Liu et al. designed and constructed T-Nb,Os quantum
dots (QDs) embedded in MOF (ZIF-8) derived N-doped carbon (NQD-NC) with uniform rhombic
dodecahedral morphology for HSCs [77]. The use of QDs structure with high dispersion provided large
space to buffer the volume change of active materials. MOFs offered a new platform for fabricating novel
nanoporous carbon materials-high-content N-doped carbons with high surface area, large pore volume and
excellent electronic characteristics for diverse electrochemical applications. Using the QDs-containing
MOF derived NQD-NC hybrid as electrode material these Li-HSCs exhibited superior electrochemical
performance including long-term cycling stability (~82% capacity retention at 5 A g* over 3,000 cycles
over a voltage window of 0.5-4.0 V; ~85% retention over 4500 cycles at 0.5-3.0 V) and a high energy
density (76.9 W h kg™?) as well as high power density (11.25 kW kg™) [77]. Song et al. fabricated a
nanocomposite of microbe-derived porous carbon nanowebs (3D-CNWSs) decorated with abundant ultrafine
T-Nb,Os nanoparticles (Fig. 2a-d). The 3D-CNW/T-Nb,Os nanocomposite exhibited a remarkable stable
long-term cycling performance over 70,000 cycles (Fig. 2€), a high reversible capacity (125 mA h g™), and
fast Li-ion storage kinetics. The assembled Li-HSCs coupled with activated carbon nanosheets (ACNS)
cathode could deliver a high specific energy of ~80 W h kg2, a high specific power of 5.3 kW kg as well
as an extraordinary cycling performance with ~80% capacitance retention over 35,000 cycles (Fig. 2f and
29) [93]. The integration of ultrafine T-Nb,Os nanoparticles with microporous pyropolymer nanoplates (M-
PNPs, fabricated by controlled pyrolysis process of protein with the assistance of KOH) could be endowed
with even more excellent cycling stability with a 75% capacitance retention rate over 30,000 cycles due to
the merits of functionalized carbonaceous materials with a number of redox-active heteroatoms and

amorphous carbon microstructures (Fig. 3) [120].
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Fig. 2 Morphological characteristics of 3D-CNW/T-Nb,Os nanocomposites: (a) FETEM, (b) High-
resolution FE-TEM image (inset, diffraction pattern of the selected area); (c) FE-TEM and (d) high-
resolution FE-TEM image after 70,000 cycles (inset, the selected area diffraction pattern). (e) Cycling
performance of 3D-CNW/T-Nb,Os nanocomposites tested over 70,000 cycles. (f) Ragone plots of several
energy storage devices based on 3D-CNWSs/T-Nb,Os//ACN (squares), Nb,Os-CNT//AC (circles),
Nb2Os@C//AC (triangles), TiO-B//CNT (inverse triangles), and C-LisTisO12//AC (diamonds). (g) Cycling
performance and Coulombic efficiency tested over 35,000 cycles. (Reproduced with permission [93].
Copyright 2016, American Chemical Society.)

13



M-PNPs

~
)
g

<
‘.'A <
S 200 S
e s
Y %
c -
) o) 60-
=
S -200- € 40/
S : =
O 00 —5mVs' —10mVs' —20mVs" & 20
—5mVs' ——10mVs'  20mvs’ 3 .
05 10 15 20 25 30 35 40 45 50 © "0 5400 10,000 15,000 20,000 25,000 30,000
Potential (V vs. Li /Li) Cycle number

Fig. 3 (a) Schematic illustration of the preparation of M-PNP/T-Nb,Os nanocomposite. (b) FE-SEM and (c
and d) high-resolution FE-TEM images of M-PNP/T-Nb,Os nanocomposite. (e and f) Electrochemical
performances of M-PNPs and M-PNP/T-Nb,Os nanocomposite, and full cell devices (LIHSSs): (e) CVs at
sweep rates from 5 to 20 mV s, (f) Cycling performance of the LIHSs (0-3.5 V vs. Li*/Li) over 30,000
cycles. (Reproduced with permission [120]. Copyright 2017, The Korean Society of Industrial and
Engineering Chemistry. Published by Elsevier B.V.)

Lu and coworkers synthesized a pseudohexagonal Nb,Os/CNTs composite (hydrothermal at 200 °C and
annealing at 300 °C) but with low specific capacity, not sufficient for high-performance HSC system due
to the strong capacity-dependency on the crystal structure [49]. Compared with pseudohexagonal and
amorphous phases, the orthorhombic phase has shown the highest specific capacity [75, 117]. Lim et al.
synthesized Nb,Os@C core-shell nanocrystals (Nb,Os@C NCs) with controlled crystalline structure for

high-power anodes in HSCs. Via easily controlling the pH condition in the water-in-oil microemulsion
14



system, the T-Nb,Os@C NCs structures can be prepared in a facile and straightforward route (Fig.4 a-b)
[117]. They also designed and prepared a mesoporous orthorhombic Nb,Os/carbon (m-Nb2Os-C)
nanocomposite by a simple one-pot method using a block copolymer assisted self-assembly (Fig. 4c and
4d) [1]. The m-Nb,Os-C anode provided high specific capacity with outstanding rate performance and
cyclability, which mainly originated from its enhanced pseudocapacitive behavior (linear relationship
between i and v, i.e., Fig. 4e) through introduction of a carbon-coated mesostructure within a voltage range
of 3.0-1.1 V (vs. Li/Li*). The HSCs using the m-Nb,Os-C anode and commercial activated carbon (MSP-
20) cathode in organic electrolyte delivered a high power density (18510 W kgt at 15 W h kg™?), bridging

the performance gap between conventional batteries and supercapacitors (Fig. 4f) [1].
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Fig. 4 Structural schemes of (a) T-Nb2Os (green, Nb atom; red, O atom), and (b) the TEM image of T-
Nb2Os@C NCs. (¢) Schematic diagram of one-pot synthesis of m-Nb,Os-C and a hybrid supercapacitor
system comprising m-Nb,Os-C anode and MSP-20 cathode. (d) HR-TEM image of m-Nb,Os-C. () Specific
peak current of m-Nb,Os-C electrode for sweep rates ranging from 0.1 to 4.8 mV s, (f) Ragone plots of
hybrid supercapacitors based on m-Nb,Os-C and MSP-20 with different mass ratio of active materials on

anode and cathode in the voltage range of 0.5-3.5 V. (a-b) Reproduced with permission [117]. Copyright
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2015, American Chemical Society. (c-f) Reproduced with permission [1]. Copyright 2014, American
Chemical Society.

In addition to the Nb.Os nanowires synthesized by hydrothermal or microwave-assisted solution
synthesis approach [48, 108], Wang and Shen fabricated TiNb,O-@C thin wires via an electrospinning
method to achieve higher capacity (theoretical value 387.6 mA h g 1) [40] from the involved multiple redox
couples [83], owing to the fact that TiNb,Oy is a promising insertion host for hybrid capacitors or high-rate
batteries due to its high theoretical capacity (about 2 times higher than its conventional counterpart
LisTisO12), excellent reversibility, long cycle life and high safety [61]. The 1D hybrid material, as a Li-ion
intercalation pseudocapacitance electrode, demonstrated a high capacity of 280 mA gt at 0.2 A gt over
the voltage range of 1.0-3.0 V vs. Li*/Li, and a superior specific capacitance of 759 F g at 0.1 A g*
between 1.0 and 2.0 V. The carbon coating and interstitial spaces improved the electronic conductivity and
the subsequent rate capabilities. When coupled with carbon fibers cathode, the hybrid supercapacitor could
deliver an ultrahigh energy density of 110.4 W h kg* at a power density of 99.6 W kg, and an excellent
power density of 5464 W kg at an energy density of 20 W h kg2, indicating the potential application in
EVs and HEVs [83]. A similar work had been demonstrated by Aravindan et al. by using electrospun
TiNb,O7 nanowires (with an evaluated 3.45 mol reversible intercalation of lithium in half-cell configuration)

as anode and coconut shell-derived activated carbon as cathode for high-performance HSCs [84].

Hierarchical structures benefit the electron transfer and ion diffusion for rapid electrochemical kinetics
as well as maintain structural integrity of the electrode during high-rate and repeated charging-discharging.
Those mesoporous nanospheres [97], hollow spheres [107], urchin-/flower-like microspheres [118, 121,
122], porous nanotubes [61], yolk-core microspheres [123] with hierarchical structures have shown
extraordinary pseduocapacitive properties for Li-HSCs. The construction of core-shell nanostructure with
highly conductive shell is an effective strategy to achieve better electrochemical performance. The porous
carbon shell with hollow structure not only provide high surface area and rapid ion diffusion channels for
improved rate capability but also alleviate the aggregation of active core for enhanced cycling stability
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[124]. Take T-NbOs nanoparticles confined within the mesoporous hollow carbon nanospheres
(Nb20s@MC) as an example (Fig. 5), this hybrid could deliver a high initial reversible specific capacity of
410 Cg'at 1.0 Ag'and an outstanding rate capability of 173 C g* at 50 A g~*. When paired up with
mesoporous carbon hollow nanospheres cathode, the assembled HSCs achieved superior high energy and
power densities simultaneously, especially regarding to the ultrahigh power density, which is attractive for
a wide range of power delivery applications [124]. They also prepared yolk-shell Nb;Os (Y S-Nb.Os)
microspheres with outstanding intercalation pseudocapacitance via a scalable spray drying method. YS-
Nb,0Os-600//AC Li-HSCs delivered an ultrahigh energy density (173 W h kg™?), high power delivery (10.8
kW kg™, and outstanding cyclability (~98% capacity retention after 1000 cycles). This work provides

important insight into the proper design of pseudocapacitance anode materials for high-performance Li-

HSCs [123].
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Fig. 5 (a) Schematic illustrations of the synthesis of Nb,Os@MC hollow core-shell nanostructures. (b) Rate
capability of Nb,Os@MC. (c) Ragone plots of Nb,Os@C//MCHS and Nb,Os@MC//MCHS hybrid
supercapacitors. (Reproduced with permission [124]. Copyright 2018 Elsevier B.V.)
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Homogeneously distributing T-Nb.Os nanoparticles in a highly conductive matrix is a promising
approach to maximize energy and power densities [25, 102]. Gogotsi and coworkers designed a hierarchical
Nb2Os/C/MXene hybrid material with T-Nb2Os NPs uniformly anchored on the surface of conductive
MXene sheets with disordered carbon via the one-step controllable CO; (partial) oxidation of 2D niobium
carbide (Nb.CTy) (Fig. 6a-c) [25]. The MXene composition and oxidation conditions affected the crystallite
size of T-NbOs, the structure, composition, and charge storage properties of the formed hybrid material. A
50-um thick electrode of this hybrid material with a high mass loading of 2.4 mg cm2 that was comparable
to commercial devices and much higher than most of the reported Nb,Os-based materials delivered an
optimum capacitance of 330 C g™t or 660 mF cm2 within a charge/discharge time of 4 min, a 430 mF cm2
at a charge/discharge time of 1 min, and good cycling performance in an organic lithium electrolyte. The
charge storage kinetics were dominated by a surface-controlled process. The enhanced electrochemical
performance could be attributed to the synergistic effects from the intrinsic fast pseudocapacitive response
and excellent energy storage capability of T-Nb,Os along with the fast charge transfer pathway provided
by the highly conductive 2D MXene sheets and the carbide-derived disordered carbon (Fig. 6d-f) [25].
Direct pyrolysis of Nb-based coordination polymers or metal organic frameworks (MOFs) is also a facile
and effective approach for fabricating Nb.Os/C nanocomposites with well-defined T-Nb,Os nanoparticles
embedded in uniform carbon coating [101, 104]. Such T-Nb,Os/C exhibited a higher capacity and much
better rate capability compared to commercial Nb,Os. The built Li-HSCs using Nb,Os-based anode and N-
doped activated carbon cathode delivered a superior energy density (92 W h kg™*) and higher power density
(17.5 kW kg™) with a wide voltage window of 0-3.5 V, as well as outstanding long-term cycling

performance over 10,000 cycles at 2 A g™t with a capacitance retention rate of 86% [104].
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Fig. 6 (a) Schematic illustration of the preparation of hierarchical Nb,Os/carbon/Nb,CT, material and the
corresponding (b) SEM and (c) TEM images. Electrochemical properties: (d) CV curves at different scan
rates, the slightly change of peak potentials suggesting the fast charge/discharge capability; (e) a plot for b
value determination, the calculated values of 0.9 indicating the surface-controlled process; and (f) areal
capacitance of the as-prepared hybrid material compared to other Nb.Os-based electrode systems.

(Reproduced with permission [25]. Copyright 2016, American Chemical Society.)

Graphene, a 2D atom-thick material with extraordinary physicochemical properties, has been used as an
ideal highly conductive matrix for the hybridization of high-capacity components [53, 63, 95-98, 101, 118,
125-131]. For example, Jiao et al. fabricated a T-Nb,Os nanowire/reduced graphene oxide (rGO)
nanohybrid via a hydrothermal approach followed by a high-temperature phase transformation [95]. It
displayed enhanced reversible capacity and cycling stability compared to that of pristine T-Nb,Os NWs
electrode owing to the strong bonds and synergistic effects between the 2D graphene and 1D T-Nb2Os NWs.
Non-aqueous asymmetric supercapacitors (ASCs) were fabricated with a polymer ionogel separator and
formulated ionic liquid electrolyte when coupled with activated carbon (AC) cathode. The 4 V quasi-solid
state ASC could operate at high temperature (60 °C) with enhanced safety as well as superior energy and

power densities (70 W h kg™ at 1 kW kg™?). Thus, it may serve as a strong competitor for the next generation
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of hybrid supercapacitors in HEVs [95]. After the incorporation with graphene (e.g., rGO) the monoclinic
Nb2Os (H-Nb2Os) could be also improved to compete with the intensively investigated T-Nb,Os polymorph
in high-performance electrochemical energy storage due to the merits of nanocomposites (large specific
surface area, porous structure and intimate interface) and synergistic effects on the enhancement of their
electrochemical performance [132]. Other nanocomposites, including H-Nb2Os/2D g-C3Na, flower-like
MnNb,Oes/rGO and holey graphene-wrapped porous TiNb2:Og, micropsheres are also synthesized to
demonstrate the ease of implementation and universality of such strategy [62, 63, 132]. As an example,
Zhang et al. synthesized flower-like MnNb>Og anchored on rGO sheet composites to enhance the electronic
conductivity of columbite Nb-based metal oxides. The uniform distribution of MnNb,Og particles on rGO
sheets and their synergistic effects between rGO and MnNb.Os endowed the composite with superior
lithium storage capacity (460 mA h g at 50 mA g') and good cycling stability. The assembled
MnNb,Os@rGO//AC Li-HSCs demonstrated a maximum energy density of 118 W h kg™ (at 100 W kg™?)
and power density of 8 kW kg (at 68.5 W h kg™?) as well as a high capacity retention rate of 88% after

10,000 cycles, surpassing that of typical bimetallic oxide materials reported so far [62].

Free-standing or flexible electrodes with high gravimetrical/volumetric capacitance are promising
electrode for applications in the emerging flexible electronics [39, 94, 115, 133]. Long and coworkers
prepared free-standing T-Nb,Os/graphene composite papers with ultrathin Nb,Os nanoparticles
homogenously decorated on graphene as Li-intercalating pseudocapacitive electrodes for HSCs (Fig. 7a-e),
via a facile polyol-mediated solvothermal reaction followed by filtration and heat-treatment. T-
Nb.Os/graphene composite papers possessed a nanoporous layer-stacked structure with good
ionic/electronic conduction pathways, and demonstrated a superior pseudocapacitor performance, e.g., an
ultrahigh gravimetric/volumetric capacitance (620.5 F g~* and 961.8 F cm~3 at 1 mV s?) and excellent rate
capability (Fig. 7f and 7g). The assembled asymmetric supercapacitor configuration based on T-
Nb,Os/graphene composite paper coupled with AC cathode delivered a high energy density of 47 W h kg™

and power density of 18 KW kg™ (Fig. 7h and 7i) [87]. Furthermore, Nb,Os may also work as a catalytic
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material to enhance the capacitive capability of many other transition-metal oxides for flexible hybrid
supercapacitors via boosting the redox reaction [133]. Song et al. further increased the mass content of
Nb2Os up to 93.5 wt% in the binder-free graphene hybrid electrode. Such long-Nb,Os-nanowires/rGO paper
with shortened solid-state ion diffusion length and enhanced conductivity demonstrated an elevated voltage
(4.0 V) and an improved energy density being a binder-free electrode or in a flexible Li-HSCs (106 Wh
kg *at 580 W kg ™) [48]. Liu et al. designed an in-plane assembled T-Nb,Os nanorod film anode with high-
rate Li* intercalation for a flexible Li-HSCs (Fig. 8a) [18]. This binder-/additive-free hybrid film, fabricated
via the direct growth of T-Nb,Os nanorods (~100 nm in length and 20 nm in diameter, Fig. 8b-d) on flexible
carbon cloth by a facile hydrothermal process and subsequent annealing treatment, exhibited high specific
capacity (~220 mA h gt at 1 C), excellent rate capability (a ~73% retention rate when increased from 0.5
to 20 C) and good cycling stability (>2,500 cycles). Kinetic analysis revealed that the high-rate performance
was mainly attributed to the excellent in-plane assembly of interconnected single-crystalline Nb.Os
nanorods (with two sets of interplanar spacing, i.e., 0.927 and 0.393 nm, elongated along [001] direction)
on the robust porous current collector, ensuring the fast electron transport, facile Li* ion migration, and
greatly reduced ion-diffusion length. When coupled with commercial activated carbon cathode, the flexible
Li-HSCs could deliver both high gravimetric and high volumetric energy/power densities (95.6 Wh kg™ /
5351 W kg%; 6.7 mW h cm™2/ 375 mW cm™3), surpassing the previously reported typical Li-intercalation
electrode-based Li-HSCs. Due to the enhanced mechanical strength of flexible electrode, it kept good
electrochemical performance even upon serious bending deformations (30°-180°) (Fig. 8e) [18]. In addition,
for miniaturized supercapacitors or microsupercapacitors, the atomic layer deposition (ALD) method is an
effective approach to fabricate Nb,Os-based on-chip micro-devices for extended application including
Internet of Things (IoT) and wireless sensor network fields. By tuning the ALD times, the electrode

thickness and areal capacity can be well controlled [134].

21



200 nm

1000__
ooo 8
&
o 8
(180} 0.3 nrev m§
8
i §
20 20 40 %0 g
Sweep rate (mV/s) >
:‘ww diftusion *Pese. 43.8 WivKg
w @ capacitive i >
Y 404
gum é 0.25 Alg
= 4004 S 20 304
o o “ 2
am4 : 13
8 £ 2 201
. o 15 3
£ 200 > 0.25 Alg o
g o 104
1004 )
T & 38 8 M 10 0 150 300 450 600 750 900 400 800 1200 1600 2000
Sweep rate (mV/s) Test time (s) Cycle

Fig. 7 (a-c) Cross-sectional and top-view SEM images of T-Nb,Os/graphene composite papers. (d) TEM
image and (e) HR-TEM and electron diffraction pattern of T-Nb,Os/graphene. (f) Plotting of capacitance
versus sweep rate, (g) capacitive contribution of T-Nb,Os/graphene composite papers. (h) GCD curves, and
(i) cycling performance of the T-Nb,Os/graphene//AC asymmetric supercapacitor. (Reproduced with
permission [87]. Copyright 2015, American Chemical Society.)
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Fig. 8 (a) Schematic illustration of a Li-HSCs device configuration and the advantage of electrochemical
kinetics of the in-plane assembled Nb.Os nanorod film. (b-d) TEM images and SAED pattern of the
nanorods from the Nb.Os-600 film. (e) Charge/discharge curves of the hybrid Li-HSCs at different bending
angles. (Reproduced with permission [18]. Copyright 2017, WILEY-VCH.)

Introducing oxygen-deficiency may improve the electrical conductivity of stoichiometric Nb,Os from
insulator (H-Nb,Os single crystal, c =3 x 10° S cm™) to n-type semiconductor level (6 =3 x 10®* Scm™)
[135]. For example, the H, treatment can significantly improve the electronic conductivity with enhanced
rate capabilities (viz. Li storage kinetics) along with the changed bulk morphology and crystal structure
[68]. Surface nitrogenization also provides a new opportunity to boost the electronic conductivity and
performance for hybrid electrochemical capacitors [118]. The Nb,Os-based electrodes are characterized by
faradaic and capacitive profiles, viz., showing respective contributions of faradaic and EDLC charge
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storage mechanisms. The transition from the faradaic to capacitive regime is caused by Li* starvation at the
electrode/electrolyte interface (due to electrostatic repulsion) and formation of anionic electric double layer
[136]. Moreover, the higher crystallinity in Nb2Os-based material can enhance the electronic conductivity
and the transport properties for lithium intercalation. The electrode thickness can be controlled to strike a
balance for the optimum performance between maximizing lithium intercalation and minimizing potential
drop [136]. For the doping, e.g., by Ti, although the pseduocapacitive lithium storage is not affected by Ti
doping, the Ti doped T-Nb.Os exhibited better long-term cycling stability due to the reduced charge transfer
resistance and enhanced electronic conductivity during Li* insertion [112]. The related electrochemical

performance had been summarized and demonstrated in Table 1 as below.

Energy Power Cycle life
Voltage
Materials density density (capacitance Year/Ref.
V)
(Whkg")  (kWkg") retention/cycles)
T-Nb20s quantum dots/ 0.5-3.0 514 8.75 85% / 4,500
MOF derived N-doped carbon 2016/[77]
(NQD-NC//AC) 0.5-4.0 76.9 11.25 82% /3,000
Porous carbon nanowebs/T-Nb2Os
0.5-3.3 80 5.3 80% /35,000 2017/[93]
(3D-CNW/T-Nb20s//ACN)
Microporous pyropolymer
nanoplates/T-Nb2Os 0-3.5 475 10 75% /30,000 2018/[120]
(M-PNP/T-Nb20s//M-PNP)
- 0,
Mesoporous NbsOs/carbon 1.0-3.0 48 14.2 90% / 1,000
2014/[1]
(m-Nb-Os-C/AC) 1.0-3.5 74 18.5 99% /1,000
Yolk-shell Nb2Os microspheres
1.0-3.5 173 10.8 98% /1,000 2019/[123]
(YS-Nb20s//AC)
T-Nb20s/C
0-3.5 92 17.5 86% /10,000 2019/[104]
(T-Nb20s/C//CDC)
0-3.0 45.1 9.1 82% /5,000
T-Nb20s nanowires/rGO
2018/[95]
70 14.7
(T-Nb2Os/rGO//AC) 0-4.0 71.6% / 4,000
(60 °C) (60 °C)
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T-Nb20s/N,S-doped graphene

1.0-3.5 69.2 9.17 95% /3,000 2018/[100]
(T-Nb20s/NS-G//AC)
Flexible T-Nb2Os/graphene paper
0.8-3.0 47 18 93% /2,000 2015/[87]
(T-Nb20Os/graphene//AC)
Flexible long-Nb20Os nanowires/
rGO paper 1.0-4.0 106 14 100% / 1,000 2016/[48]
(L-Nb20s NWs/rGO//ACN)
T-Nb20s nanorod film 95.6 5.35
(flexible T-Nb20s//AC, carbon 1.0-3.5 (6.7mWh (375 mW 87% /1,000 2018/[18]
cloth substrate) cm3) cm?)

4. Na-ion hybrid capacitors

Sodium-ion hybrid supercapacitors (Na-HSCs) can also bridge the performance gap between batteries
and supercapacitors, which have attracted considerable attention for high-energy and high-power energy
storage systems [13-15, 137]. However, one of the major obstacles to developing Na-HSCs is the imbalance
of kinetics from different charge storage mechanisms involved: rapid non-faradaic capacitive behavior from
cathode and sluggish faradaic behavior from anode [12, 13]. Properties of anode with high capacitance but
Kinetic limitation determine the Na-HSCs performance. Thus, to develop high-power Na-HSCs anode

materials are of great importance and urgency.

Orthorhombic Nb2Os (T-Nb,Os) has been emerging as a promising anode material for Na-HSCs due to
its superior pseudocapacitive feature compared to carbonaceous materials, as it occurs not only on or near
the surface but also in the bulk, but it suffers from intrinsically low electrical conductivity [14, 15, 57].
Nanostructure engineering is an efficient way to improve surface area, electrode-electrolyte interface area
and electrochemical kinetics [138]. Li et al. designed a self-assembled structure comprised of Nb,Os
nanosheets (Fig. 9a-d) via a facile hydrothermal method with controlled reaction kinetics. When used as an
anode in hybrid sodium ion capacitor with peanut-shell-derived carbon (PSC) cathode, Nb,Os nanosheets
with favorable architecture showed exceptional sodium ion storage property (Fig. 9e and 9f). The resulting

Nb,Os nanosheets//PSC hybrid demonstrated an exceptionally high energy density (43.2 Wh kg™?) and high
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power density (5760 W kg™?), as well as a long and stable cycle life (capacity retention: ~80% at 1280 mA

gt after 3000 cycles) (Fig. 9g and h) [57].
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Fig. 9 (a and b) FESEM images and (c and d) TEM images of the self-assembled flower-like Nb2Os
structure, indicating the emanative character for the growth of Nb,Os nanosheets. (e) Voltage profiles of
as-prepared Nb,Os nanosheets in different depths of charge-discharge. (f) Electrochemical evaluation of
the NbOs nanosheets//PSC Na-HSCs via voltage range illustration. (g) Ragone plot of Nb,O
nanosheets//PSC Na-HSCs, in comparison with other reported results. (h) Long-term cycling performance
of the Nb,Os nanosheets//PSC Na-HSCs (at 1.28 A g1). The inset shows the charge-discharge curves tested

at a current density of 0.48 A g*. (Reproduced with permission [57]. Copyright 2016, American Chemical
Society.)
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Alternatively, the incorporation of carbon components into Nb,Os-based electrodes can achieve
reasonably high electrochemical performance and even in flexible Na-HSCs devices [13, 15, 62, 139,
140]. For example, Lee and coworkers synthesized a series of nanocomposites comprised of Nb,Os@C
core-shell nanoparticles (~13 nm) and rGO at various weight ratios [12]. The Nb,Os@C/rGO-50 showed
highly reversible capacity (285 mA h gt at 25 mA g?) and superior rate capability (110 mA hgtat 3
A g!) in the potential range of 0.01-3.0 V (vs. Na/Na*). The Na-HSCs using Nb,Os@C/rGO-50 as
anode and commercial activated carbon (MSP-20) as cathode could deliver high energy/power densities
(76 W h kg and 20.8 kW kg™) with a stable cycle life in the potential range of 1.0-4.3 V. It
demonstrates promising possibilities for their application as high-power anode materials for Na-HSCs.
To further enhance the performance especially high-rate capabilities, Wang et al. exploited an in-situ
encapsulation strategy to directly grow ultrathin graphene shells over T-Nb,Os nanowires (Gr-Nb,Os
composites, Fig. 10a-c) by plasma-enhanced chemical vapor deposition (PECVD), targeting a highly
conductive anode material for Na-HSCs [15]. The few-layered graphene capsulated 1D structure with
sufficient and high tunable topological defects was endowed with excellent electron conductivity and
facile electrolyte penetration/Na* ion transport, guaranteeing rapid pseudocapacitive processes at the
Nb.Os/electrolyte interface. The Gr-Nb,Os composites exhibited remarkable sodium storage property,
delivering a high reversible capacity (285 mAh g* at 0.25 C and an ultrastable high-rate capability of
~130 mAh g at 20 C, Fig. 10d). The Na-HSCs full cell comprising Gr-Nb,Os anode and activated
carbon (AC) cathode could deliver high energy/power densities (112.9 Wh kg™ / 80.1 W kgt and 62.2
Wh kgt /5330 W kg ) with a stable cycle life (over 1,500 cycles) and a high Coulombic efficiency
over 97.1% in the potential range of 1.0-4.3 V (Fig. 10e). Furthermore, the proof-of-concept flexible
Na-HSCs devices with favorable mechanical robustness have manifested favorable electrochemical
performance under different bending conditions (Fig. 10f) [15]. The sodium storage performance may
be further enhanced by doping nitrogen into graphene because of the improved electronic conductivity

and surface wettability, as well as the decreased energy barriers for Na* ion penetration, which is
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promising for a highly efficient Nb,Os-based energy storage system [14]. To achieve rapid redox
kinetics together with flexible features, Li et al. fabricated large-area hybrid networks of mesoporous T-
Nb,Os/carbon nanofiber (CNF) via electrospinning and in-situ SiO,-etching (Fig. 11a) [140]. These
mesoporous multifunctional hybrid films were mechanically flexible and structurally stable without
using any additives, binders, or current collectors, which efficiently increased the Na*-storage
performance including excellent rate capabilities (287 mA h g*at 0.5 C, and 172 mA h g* up to 150
C) and outstanding cycling stability (a 94% retention rate after 10,000 cycles at 100 C). The constructed
flexible Na-HSCs device based on free-standing m-Nb,Os/CNF anode and graphene
framework/mesoporous CNF (GF/mCNF) cathode could deliver both high energy density (124 Wh kg ™)
and impressive power densities (e.g. an ultrahigh power density of 60 kW kg™ at 55 Wh kg based on
the total weight of active materials), as well as high volumetric energy and power densities (11.2 mW h
cm3, 5.4 W cm™2) based on the full device (Fig. 11b), which holds great promise in a wide variety of

applications for flexible electronics.
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Fig. 10 (a) Schematic illustration of the as-prepared Gr-Nb,Os NWs via in-situ graphene capsulation of T-
Nb,Os nanowires, and the corresponding (b) SEM image of (¢) TEM image. (d) Long-term electrochemical
cycling of the Gr-Nb,Os electrode at 20 C rate. (e) Schematic illustration of a bendable Gr-Nb,Os//AC Na-
HSCs device. (f) Galvanostatic charge/discharge profile of the bendable Na-HSCs full cell at different
bending angles over a potential range of 1.0-4.3 V vs. Na/Na*. (Reproduced with permission [15]. Copyright
2018, WILEY-VCH.)
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Fig. 11 Schematic illustration of (a) the fabrication of flexible m-Nb,Os/CNF films and (b) the flexible
Na-ion capacitor device made from an m-Nb,Os/CNF cathode and a GF/mCNF anode. (Reproduced with
permission [140]. Copyright 2019 WILEY-VCH.)

5. Conclusion and Perspectives

Layer-structured T-Nb,Os and its analogues, e.g., layered TiNb.O- with unique properties have offered
a greatly improved performance including high-rate capability and excellent cycle performance by taking
advantage of their intrinsic structural merits. The theoretical calculations and experimental results
demonstrate that the fast Li-ion intercalation in most of Nb-based oxides is controlled by pseudocapcitive
mechanism. They all have the similar features and suffer from poor electrical conductivity, hindering their
electrochemical energy storage applications. Approaches such as nanostructurization, hybridization,
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composition and structure/architecture optimization, and electrode design have been applied to enhance
rate and cycling performances of Nb-based oxides. However, some problems still remain to be solved for
future storage applications such as LIBs, NIBs, HSCs. The use of Nb-based oxides in Na-HSCs is limited

compared with Li-HSCs, due to the limited insertion hosts for larger size Na cations than Li.

Different from the conventional redox-active materials with pseudocapacitive charge storage that are
based on faradaic charge-transfer reactions occurring at the surface or near-surface, Nb,Os shows intrinsic
intercalation pseudocapactitance with no semi-infinite diffusion limitations within specific planes in the 2D
orthorhombic structure that contributes to fast Li* storage and facilitates the high-performance electrode

design for hybrid electrochemical cell [54].

Layer-structured niobium oxides-based polymorphs with a crystalline network that offer two-
dimensional transport pathways with little structural change on the intercalation can take the advantages of
high-rate intercalation pesedocapacitance with no limitations on solid-state diffusion (viz., charge-storage
capacity mostly independent of rate). They are promising materials for high power and high energy density
electrochemical energy storage devices [51]. For hybrid supercapcitors (HSCs), extensive efforts have been
made to develop novel electrode materials. However, some other critical issues need to be effectively
addressed including the kinetic imbalance between two electrodes to be effectively addressed including the
kinetic imbalance between two electrodes to realize satisfactory energy and power densities as well as

cycling stability.

Reducing active particles to nanoscale dimensions are frequently adopted to compensate the relatively
slow solid-state ionic diffusion and to enable rapid charging and high power, but it is usually accompanied
with the detriment of volumetric packing density and cost. The incorporation of cost-effective conductive
agents such as graphene with niobium oxides is a most promising way to enhance the electrical conductivity
and structural stability as well as achieve freestanding flexibility for flexible or wearable electronic devices.

2D MXenes with bifunctionality of active material (e.g. high energy-storage capability and
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pseudocapacitance) and higher conductivity are another ideal substrate or framework for layered niobium
oxides. Generally, the synergistic effects between two intimately integrated layered structures intrinsically
enhance the overall performances of HSCs for high energy and power densities. The doped or bimetallic
niobium-based oxides such as niobium tungsten oxides, titanium niobium oxides with improved
conductivity (e.g., ion diffusion coefficient and charge transfer efficiency), high capacity and excellent
chemical durability (even in strong acidic solution) are expected to be an alternative for high-power

applications, fast-charging devices in minutes, and even all-solid-state energy storage systems.

The performance improvement of HSCs depends on not only the intrinsic properties of individual
electrode materials but also the compatibility in the full cell along with the desirable electrode design.
Overall, “flat voltage” battery-type materials that undergo volume change during cycling are frequently
lifetime limited, and thus more research on HSCs cathodes is needed; niobium oxides based materials are
amongst the very few battery-type electrodes with demonstrated cycle life of 10,000 or 100,000 plus. In
addition, simple device configuration and low fabrication cost are also major concerns for opening new

solutions for energy storage devices that are sustainable, flexible and producible on a large scale.
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