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T-NbyOs as a promising candidate anode has attracted great interest for ultrafast lithium-ion batteries (LIBs) due
to its good ion conductivity and safety. However, the relatively inferior electric conductivity and low capacity
greatly limit its commercial application. Herein, a trace Co doping strategy is reported to enhance the electric
conductivity and redox chemistry of T-NbyOs. The original Nb sites are partially replaced by Co, which endows
Co-NbyOs with high electronic conductivity without affecting the crystalline host structure, meanwhile induces
multielectron redoxes of Nb>*/Nb*" and Nb*"/Nb3* during lithium-ion insertion process. As a LIB anode, the
resulting Co-NbyOs nanoparticles display a high discharge capacity (256.1 mAh g~! at 0.1 A g™ 1), superior rate
capability (141.7 mAh g~ at 5 A g~!) and good cycling stability (179.7 mAh g~ at 1 A g~ ! after 500 cycles). The
ultrafast lithium storage and high-capacity electrochemical performance of Co-Nb2Os owing to its high electric
conductivity and multielectron redox upon lithiation/delithiation. The selective transition metal doping strategy
provides a new direction for the development of new insertion-type oxide anodes towards fast charging and high-

capacity LIBs.

1. Introduction

To meet increasing demand for commercialization of Lithium-ion
batteries (LIBs), developing advanced batteries with excellent energy
density and power density is highly desirable [1,2]. Exploring suitable
anode materials with fast kinetics and negligible volume variation is the
key to improve rate capability and extend cycling life of LIBs [3].
Insertion-type anode materials are hopeful candidates benefiting from
their higher first-cycle coulombic efficiency and longer cycling life
[4-9]. As the commercial insertion-type anode materials, graphite
electrode are unable to facilitate fast charge under a high rate, due to
their relatively low Li* diffusion kinetics. Besides, lithium dendrite
structures are prone to form on graphite anode at a lower working po-
tential (about 0.1 V vs Li/Li"), leading to potential security hazards of
current utilisted LIBs [10]. Therefore, developing insertion-type anode
materials with high safety and fast diffusion kinetics is highly desirable

to meet the market needs.

Because of the prominent theoretical capacity (201.7 mAh g™!) and
good rate performance, insertion-type niobium pentoxide (NbyOs) is
regarded as an appealing anode material for lithium intercalation/
deintercalation [11-13]. In previous work, our group compared
different polymorphs of NbyOs, including T-NbyOs (orthorhombic),
TT-Nb2Os (pseudohexagonal, PE), and H-NbyOs (monoclinic, P2/m)
and investigated phase effects on lithium storage mechanism of three
NbyOs crystal structures, founding that T-Nb,Os anode delivers higher
rate capability and better capacity retention [14]. Dunn and co-workers
demonstrated a 40 pm thick T-NbyOs electrode with great electro-
chemical performance, which is ascribed to the two-dimensional (2D)
lithium-ion migration channel in T-NbyOs electrode [15]. However, the
electrochemical utilization and fast charging capability of T-NbyOs, an
electronic insulator, may be restricted for its poor electric conductivity
(about 3.4 x 10° S ecm™ at 27 °C) [16]. Certainly, great efforts have
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been devoted to enhance electronic conductivity of T-NbyOs anode
materials for LIBs, such as conductive materials coating and
solid-solution compounds [17-20]. For example, a 3D NbyOs/holy--
graphene composite is demonstrated by a two-step method, in order to
enhance electronic conductivity and capacity of pure T-Nb,Os electrode
[21]. Although great progress has been made based on electrode struc-
ture designs, the practical application of T-NbyOs in high-energy and
fast-charging LIBs is still limited [22-24]. Heteroatomic doping may
potentially introduce highly localized reactive sites and improve
intrinsic electronic conductivity, to achieve higher electrochemical
performance, which has been reported to be an effective strategy for the
optimization of Nb2Os anode in other types of batteries [25]. Due to the
reduction of Fe and additional space for Li" after introducing
redox-active dopants into layered oxide CeOq, the achievable capacity is
improved [26]. Such metal doping strategies for T-Nb,Os crystal struc-
ture (Ti-Nb-O, V-Nb-O, W-Nb-O, Cr-Nb-O and so on) are accompanied by
phase transformations to Wadsley-Roth shear structures, providing
different Li* transport pathways for lithiation/delithiation [27-31].
Meanwhile, the most studied T-Nb,Os electrodes perform one electron
redox per Nb during the electrochemical process, in accord with a
theoretical discharge capacity of 202 mAh g~! [32-34]. Metal doping
strategy for T-Nb2Os to undergo multi-electron redox in Nb to obtain
higher theoretical capacity—as far as we know—has not been investi-
gated in previous work.

In this work, the Co-NbyOs (T-NbyOs doped with 2% Co) nano-
particles are synthesized by a mismatched coordination reaction during
solvothermal method and thermal decomposition process. Trace Co
transition metal dopants occupy the Nb sites with low coordination,
which can improve intrinsic electronic conductivity and induce the
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formation of lower valence state Nb during the lithium intercalation
process compared with T-Nb,Os resulting in enhanced fast-charging
performance. Co-NbyOs as a LIB anode material displays higher
discharge capacity of 256.1 mAh g~* at 0.1 A g~! and better rate per-
formance (141.7 mAh g ! at 5 A g~1) than those of T-Nb,Os (206.7 mAh
g1, 110.5 mAh g~1). Remarkably, the sample Co-Nb,Os displays high
cycling stability after 500 cycles (discharge capacity retention of 90%).
In situ X-ray diffraction (XRD) testing confirms the introduction of larger
ionic radius Co dopants can increase interlayer space and then provide
more lithium storage sites during charging/discharging process. Ex situ
X-ray photoelectron spectroscopy (XPS) spectrum revealed that the high
capacity of Co-NbyOs was attributed to its reaction mechanism of Nb°*/
Nb** and Nb*/Nb%* multielectron redoxes. Results from density
functional theory (DFT) calculations indicated that Co-Nb2Os displays
low migration barriers for Li" diffusion. This work proposes an effective
heteroatomic doping approach to enhance electronic conductivity and
boost redox chemistry without changing crystalline host structure, then
enhance the fast-charging and high-capacity performance of LIBs.

2. Results and discussion

The overall synthetic route of obtained Co-Nb,Os nanoparticles is
illustrated in Fig. 1a. First, during the solvothermal process, amorphous
metal-ligand (Co-Nb-BDC) compounds as precursors were synthesized
through mismatched coordination reaction between metal ions (Co?t
Nb>") and organic ligands (1,4-dicarboxybenzene, H,BDC). Different
from crystalline metal-organic framework, the resulting metal-ligand
complexes have abundant mismatched bonding angles and metal-
based twisted polyhedrals, leading to the formation of amorphous
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Fig. 1. a) Schematic illustration of synthetic steps of Co-Nb,Os. b-d) Characterizations of the Nb-BDC and Co-Nb-BDC complex nanoparticles. b) XRD patterns of Nb-
BDC and Co-Nb-BDC. c) High-resolution C 1 s XPS spectra of Co-Nb-BDC complex and H»BDC, respectively. d) TEM image of Co-Nb-BDC. e-k) Structural charac-
terization of NbyOs and Co-NbyOs. €) The crystal structure of NbyOs and Co-NbyOs with the views along the a-axis. f) X-ray diffraction (XRD) patterns of NbyOs (in
blue) and Co-Nb,Os (in red). g, h) X-ray photoelectron spectroscopy (XPS) analysis of pure Nb,Os and Co-Nb,Os. The comparison of g) the Nb 3d spectra and h) the
Co 3p spectra for both samples. i) TEM image and HRTEM image of Nb,Os nanoparticles. j) TEM image and HRTEM image of Co-Nb,Os nanoparticles. k) HAADF-

STEM image of Co-Nb,Os. 1) EDS mappings for Nb, Co, and O elements.
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materials [35,36]. Eventually, the Co-NbyOs nanoparticles were ob-
tained by high-temperature pyrolysis of Co-Nb-BDC precursors in air
atmosphere. As a comparison, the NboOs nanoparticles were synthesized
using the same processes without Co metal ions. The X-ray diffraction
(XRD) patterns of Co-Nb-BDC and Nb-BDC showed no obvious diffrac-
tion peaks, exhibiting amorphous structures of the both complexes
(Fig. 1b). The bonding structure of Co-Nb-BDC precursors was identified
by X-ray photoelectron spectroscopy (XPS). XPS full spectra confirmed
the presence of Co characteristic peaks, suggesting the implementation
of elemental introduction (Fig. S1). High-resolution C 1 s XPS spectrum
further explored the occurrence of mismatched coordination reaction in
Co-Nb-BDC (Fig. 1c). The Field-emission scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) patterns displayed
both Co-Nb-BDC and Nb-BDC complexes are spherical nanoparticles
with an average size of 200 nm and a uniform distribution (Fig. 1d and
Fig. S2). The distribution of Nb, Co, O, and C elements was homoge-
neous, illustrated by the energy-dispersive X-ray (EDX) mapping pat-
terns (Fig. S3). The colors of the Nb-BDC and Co-Nb-BDC complex
powders are white and light blue, respectively, after calcining the pre-
cursor at a high temperature, the colors of obtained Co-Nb,Os become
light pink, indicating the different for Co-Nb-BDC compounds and
Co-NbyOs5 compared with Nb-BDC compounds and T-NbyOs (Fig. S4 and
S5).

A range of characterizations were performed to explore the struc-
tures of NbyOs and Co-NboOs nanoparticles (Fig. 1e-1). The XRD patterns
and Rietveld refinement of NbyOs and Co-NbyOs materials are displayed
in Fig. le, f and Fig. S6. Using a Rietveld refinement, the detailed crystal
structures of NbyOs and Co-NbyOs are clarified here (Fig. le and
Fig. S6). In agreement with the experimental data, Nb elements in Co-
NbyOs crystal lie in a sheet parallel to (001) and are coordinated by
oxygen to form either octahedral (NbOg) or pentagonal bipyramids
(NbO7), constituting an orthorhombic environment. The dopant oc-
cupies part of octahedral and bipyramidal sites of Nb with low coordi-
nation, lie in the denser 4 h layer of the space group Pbam that makes it
the most stable in energy. The unique “room-and-pillar” framework with
alternating layers and O-Nb polygons structure can provide a stable host
for Li* fast transport/storage. Due to a larger ion radius of Co®"
(0.725 A) than Nb°* (0.69 /DX), the introduction of the Co brings out a
faint increase in crystallite size, accompanied by a larger unit cell vol-
ume. All the observed XRD peaks of Co-NbyOs and NbyOs can be well-
indexed as an orthorhombic crystal structure with Pbam space group
(JCPDS No. 00-027-1003), no peaks related to impurity phases (such as
CoNb2Os) are observed, indicating that Co was successfully incorpo-
rated into the NbyOs lattice (Fig. 1f). Fig. S7 exhibited that the (001) p-
spacing of the Co-Nb,Os calculated by the Bragg equation is 3.96 A (20
= 22.44°), higher than that of NbyOs (3.94 A), verifying the slight
expanded interlayer spacing because of the larger ionic radius Co dop-
ants. Furthermore, T-Nb,Os nanoparticles with different doping amount
of Co (named as Co-Nby0s5-2, Co-NbyOs-3 and Co-NbyOs-4) were syn-
thesized and a series of XRD tests were performed in Fig. S8. It was found
that when the doping Co content exceeded 2%, impure CoNb,Os phase
was generated in the obtained materials. The inductively coupled
plasma (ICP) results of NbyOs Co-NbyOs, Co-NbyOs-2, Co-Nb2Os-3, and
Co-NbyOs5-4 (T-NbyOs doped with 0%, 2%, 3%, 5%, 10% Co, respec-
tively) are presented in Table S1. The measured Co: Nb ratios of all
samples are close to the nominal compositions. The 2% introduction
amount of Co is optimal for the metal doping strategy. X-ray photo-
electron spectroscopy (XPS) of Co-Nb,Os and Nb,Os was carried out to
discuss the chemical state and effects of Co-doping. The presence of Nb
and O in both samples can be observed in XPS full spectra (Fig. S9). For
Nb 3d spectra in Fig. 1g, two peaks (Nb°* 3ds/, and Nb°t 3dg/s)
appeared due to spin-orbit coupling of Nb 3d orbital. For Co-Nb,O5 and
NbyOs, XPS peaks of Nb are located at around 207.8 and 210.6 eV,
corresponding to the characteristic positions of Nb°* cations [37,38].
The valence state variation is negligible due to the trace amount of Co
doping. The Co spectra spectra for Co-NbyOs and Nb,Os are compared in
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Fig. 1h, indicating that Co is successfully doped with divalent state [39,
40]. All these results confirm that Nb is purely pentavalent in both cases,
while Co is divalent in Co-Nb,Os lattice. From the SEM and TEM images
(Fig. S10 and Fig. 1i, j), both Co-Nb2Os and NbyOs nanoparticles possess
similar morphologies with an average diameter of 100-300 nm.
High-resolution TEM (HRTEM) images exhibit that the interlayer dis-
tance of Co-Nby,0Os and Nb,Os are 3.96 Aand3.94 A, respectively, which
agrees well with the (001) plane of the layered structure. To explore the
atomic arrangement, high-angle annular dark field STEM technique
(HAADF-STEM) was used in Fig. 1k, the Co-NbyOs composes of either
NbOg or NbO; to form corner sharing along [001] and edge sharing
along the [100], which is well in agreement with the typical T-NbyOs
phase. Finally, for Co-NbyOs particles, the uniform distribution of Nb,
Co, and O elements throughout the whole particles can be observed in
the EDS mapping images (Fig. 11). In addition, the Raman spectra of
Nby0Os and Co-Nb,Os confirm the same vibration of metal-oxygen bonds
in both nanoparticles (Fig. S11). High-wavenumber band group (vg;)
(570-770 cm™) and mid-wavenumber band group  (Vmid)
(180-360 cm’l) are illustrated in two materials [41,42]. The Bru-
nauer-Emmett-Teller (BET) results suggest that the specific surface
areas of NbyOs and Co-Nb,Os were around 44.1 and 36.4 m> g’l,
respectively (Fig. S12). The pore size distribution of them was below
5nm, which was mainly attributed to the random stacking of
nanoparticles.

The electrochemical performances of Co-NbyOs and NbyOs elec-
trodes were conducted as anode for LIBs (Fig. 2). Multiple cathodic/
anodic peaks are performed by cyclic voltammetry (CV) test, which were
conducted from 1.0 to 3.0 V versus Li*/Li at a scan rate of 0.1 mV s’
(Fig. S13). Because of similar open frameworks of two materials, their
first three CV curves are similar and both display relatively reversible
peaks. The Co-NbyOs exhibits a discharge capacity of 256.1 mAh g~!
and a fabulous coulombic efficiency of 98.9% at 0.1 A g~! during the
first electrochemical cycle, which are higher than those of Nb,Os (206.7
mAh g1 and 96.2%). Co-Nb,Os delivers a discharge capacity of 269.0
mAh g! after 110 cycles, which is substantially higher than that of
NbyOs (209.7 mAh g’l) (Fig. 2a). Due to inadequate electrolyte infil-
tration in both Co-NbyOs and Nb,Os in the initial cycle, the rate of
chemical reactions lags behind charge transfer, resulting in incomplete
charge/discharge processes and the capacity decreases. From the rate
performance in Fig. 2b, the capacities of as-prepared Co-NbyOs elec-
trode are obviously higher than those of T-NbyOs nanoparticles at
various rates. In detail, the Co-Nb,Os delivers discharge capacities of
241.8, 249.4, 234.9, 216.1, 187.9 and 141.7 mAh g_l at different cur-
rent densities of 0.1, 0.2, 0.5, 1, 2 and 5Ag’1, respectively, while
average discharge capacities of NbyOs anodes are 207.9, 205.5, 195.1,
183, 168.9 and 110.5 mAh g~ '. And discharge capacity of Co-NbyOs
quickly recovers to 271.6 mAh g~! when the current density returns to
0.1 Ag™l. To demonstrate the capacity retention of Co-NbyOs and
Nb,Os with increasing current density (based on 0.1 A g~1), the capacity
retain of two electrodes under different current density is compared
(Table S2). The capacity retention of Co-NbyOs is consistently higher
than that of NbyOs, indicating the improved rate performance of Co-
Nb,Os. The discharge/charge curves of rate performance display lower
polarization and higher capacity reversibility of the Co-Nb,Os compared
with NbOs (Fig. 2c and Fig. S14a). The long-term elechemical cycling
stability and coulombic efficiency of Co-NbyOs and NbyOs at 1 A g1 is
investigated in Fig. 2d. When high current density of 1 A g~! was carried
out, Co-Nb,Os electrodes possess higher capacity of 179.8 mAh g~! and
larger capacity retention of 90.0% than those of NbyOs (145.0 mAh g,
76.7%). When areal loading is stepwise increased from 2 to 4 mg cm™2,
Co-Nb,Os exhibits an excellent capacity retention with a capacity of 189
mAh g*1 (from 0.51 to 0.76 mAh cm~2 under 2-4 mg cm’z) after 100
cycles (Fig. 2e). However, for pristine NbyOs, when the mass loading
increases to 4 mg cm ™2, the corresponding discharge capacity is only
80.2 mAh g1 after 100 cycles (Fig. S15). As shown in the capacity
versus current density plot and cycling life in Fig. 2f and Table S3, Co-
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Fig. 2. Lithium storage performances of the obtained Nb,Os and Co-Nb,Os in 1.0-3.0 V. a) Cycling performances measured at a low current density of 0.1 A g~1. b)
Rate performances tested at various current densities ranging from 0.1, 0.2, 0.5, 1, 2, and 5, back to 0.1 A g~!. ¢) The corresponding discharge/charge curves of Co-
Nb,Os at different rates. d) Cycling performances tested at a high current density of 1 A g1 e) Cycling performance of Co-Nb,Os with high areal loadings of 2, 3 and
4mgcem 2at 0.1 A g™, f) The comparison of specific capacities of Co-Nb,Os at various current densities with results of other reported niobium pentoxide materials.
g) The GITT curves of charge/discharge process for Co-Nb,Os. h) The calculated chemical diffusion coefficient for Li™ in NbyOs and Co-Nb,Os. i) Comparison of EIS

spectra of Nb,Os and Co-Nb,Os samples.

Nb,Os exhibited much higher capacities than most type of NbyOs-based
composite materials at various current densities [14,24,43-49]. Galva-
nostatic intermittent titration technique (GITT) date was collected to
estimate the theoretical capacity of Co-NbyOs and NbyOs eletrodes
(Fig. 2g and Fig. S14 b). The theoretical initial discharge specific ca-
pacities of Co-NbyOs and NbyOs are 201.8 and 245.6 mAh g’l,
respectively. The Li™ diffusion coefficients of Co-Nb,Os are calculated to
be about 2.1 x 102 cm? 5™, about one order of magnitude higher than
those of NbyOs (2.0 x 10713 ¢cm? s_l) (Fig. 2h). The electrochemical
impedance spectroscopy (EIS) plot and fitted results indicates a lower
charge-transfer resistance and faster diffusion resistance of Co-NbyOs5
anode compared with NbyOs electrode, mostly owing to the expanded
interlayer structure and enhanced electron conductivity (Fig. 2i and
Fig. S16). The Co-NbyOs electrode displays smaller Warburg coefficients
(6 = 160.0) than those of the NbyOs5 electrode (o = 236.5), and larger
Li* diffusion coefficients (8.5 x 107'2 em? s™') than NbyOs5 (2.89 x
1013 cm? s’l), which further proves better diffusion kinetics of LiT after
trace Co doping (Fig. S16). SEM, TEM and HRTEM results of Co-Nb2Os5
after 100 cycles are shown in Fig. S17. The nanoparticles maintain at an
average size of 200 nm and a uniform distribution, indicating good
structure stability of the Co-NbyOs after undergoing electrochemical

cycling. HRTEM results display that the electrode material still exhibits
good crystallinity after cycling, further indicating the cycling stability.
Co-NbyOs as an anode material for LIBs show higher reversible capacity
and better rate capability compared with NbyOs materials, which is
ascribed to the faster diffusion coefficient induced by the enlarged
interlayer spacing and improved electrical conductivity.

To better investigate lithium storage mechanism in Co-Nb,Os, in situ
XRD was used to unveil the structural evolution during charge/
discharge processes (Fig. 3) [50-54]. The high-quality and clear XRD
curves were shown during several original charge/discharge processes
(Fig. 3a and c). Major diffraction peaks of Co-Nb,Os and Nb,Os were
covered in the selected 20 region (20°—40°). Co-NbyOs displayed three
similar main peaks at 22.4°, 28.3° and 36.6°, while NbyOs showed
diffraction peaks at 22.6°, 28.4° and 36.6°, respectively corresponding
to the planes of (001), (180) and (200). Both NbyOs and Co-Nb,O5 show
one-phase solid solution reactions during lithium insertion/extraction
processes according to the reversible shift of characteristic diffraction
peaks without new peaks. When discharging from open-circuit voltage
(about 2.5 V) back to 1.0 V, the interlayer (001) plane of NbyOs grad-
ually shifts toward low angle (from 22.6° to 21.9°), which are attributed
to the constriction of the a-b plane and the expansion of the lattice
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Fig. 3. In situ XRD patterns of a) Nb,Os and ¢) Co-Nb,Os samples during galvanostatic charge and discharge at 0.1 A g~1. The horizontal axis represents the selected
26 regions from 20°— 40°, and time is plotted on the vertical axis. The corresponding voltage curves plotted to the right. The diffraction intensity is color-coded
according to the scale bar in the left. The interlayer spacing (D) evolution of (001) plane in b) NbyOs and d) Co-NbyOs samples during galvanostatic charge and
discharge at 0.1 A g~ . e) High-resolution XPS spectra of the Co-Nb,Os electrodes upon lithiation/delithiation processes. The corresponding voltage profile is shown

on the right. The potentials of the ex situ samples are marked by colored circles.

spacings after Li-insertion, accompanied with the formation of
Li,Nb2Os. In contrast, during the charging process, these three typical
diffraction peaks gradually recovered to high angles with the extraction
of Lithium. In situ XRD analysis of Co-NbyOs electrodes (Fig. 3c) revealed
generally the same trend as that of the comparison sample (Nb2Os). On
the basis of the Bragg equation, the varition of interlayer (001) plane in
Co-Nb,Os was 4.11-3.96 10\, and the increment rate was 3.79%, which
was larger than that of NbyOs (3.05%, from 3.93 to 4.05 ;\), illustrating
increased lithium storage sites and higher discharging capacity. From in
situ XRD (Fig. S18), the relative varition of interlayer (001) plane in both
Co-NbyOs and Nb,yOs are consistent with the results in Fig. 3a. To further
analyze the electrochemical kinetics during charge/discharge processes,
ex-situ EIS results were shown in Fig. S19. As the Co-NbyOs electrode
discharging from pristine status to 2.0 V, and further discharging to
1.0 V during the initial cycle, no significant changes of resistances is
observed. When the battery was gradually recharged to 3.0V, the
resistance returns closely to the initial value, indicating high stabiliza-
tion of LiT intercalation process for Co-NbyOs electrode. Furthermore,
XPS analysis was performed on cycled Co-Nb,Os and NbyOs electrodes
at fully discharged and charged states, as shown in Fig. 3e, Fig. 520, and
Fig. S21. For pristine Co-NbyOs, the oxidation of Nb is + 5. When dis-
charged to 1.0 V, new double peaks are obtained at 208.58/205.78 eV
and 208.08/205.38 eV, lower binding energies can be well fitted by the
characteristic peaks of Nb** and Nb%* respectively [55,56]. When
charged to 3.0 V, the Nb 3d peaks located at 210.98 eV and 208.29 eV

corresponding to Nb>" 3ds, and Nb>" 3d3/5. XPS results show that the
capacity of Co-Nb,Os is attributed to the Nb>"/Nb** and Nb**/Nb>*
redox couples during charge/discharge process. And the valence state of
Nb completely returns to + 5 after charging to 3.0 V. By comparison, the
pure Nb,Os displays lower theoretical capacities due to a one-electron
redox couple of Nb>*/Nb** (Fig S20) [19,57]. From high-resolution
XPS spectra of Co 2p (Fig S21), the sample presents one major peak
centered at 781.2 eV at open circuit, implying the typical Co 2p3,, of
Co304. Upon discharging to 1.0 V, the Co 2p peak was shifted to
779.5 eV, consistent with the reduction to Co?*. After charging back to
3.0V, the Co-NbyOs electrode returned to Co304. For only trace Co is
doped (5%), the capacity contribution of Co redox in Co-NbyOs elec-
trode is negligible. The in situ XRD and ex situ XPS techniques indicated
the deintercalation reaction mechanism, larger variation of interlayer
plane, and multiple redox couples of Nb>"/Nb** and Nb**/Nb>*, which
endowed the Co-NbyOs with higher lithium storage capacity and better
rate performance.

To deeply elucidate the electrical conductivity, reaction mechanism
based on experimental results and identify the roles of Co metal dopants,
I-V tests, UV-vis spectra and density functional theory (DFT) calculation
was conducted (Fig. 4). Electrical conductivity is a key factor that affects
polarization of electrodes, I-V tests are measured to investigate the
electrical transport of T-Nby,Os and Co-NboOs (Fig. 4a). The Co-NbyOsg
delivers a lower resistance than NbyOs, which correlates with higher
electron conductivity. The characteristics of both electrodes deliver
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ohmic behavior, and the calculated conductivity of T-NbyOs and Co-
NbyOs are 3.15 x 10> and 4.02 x 1072, respectively. These results
confirmed that the electron conductivity is increased by trace Co doping
strategy, and Co-Nb,Os is effectively changes from semiconductor to
metallic behavior. The UV-vis spectra are displayed to better confirm
the influence on electron conductivity after doping trace Co (Fig. 4b).
The Co-NbyOs electrode performs stronger absorption within the
wavelength range of 250 — 500 nm than NbyOs. Furthermore, the cor-
responding bandgap of Co-NbyOs is 1.79 eV, lower than that of Nby,Os
(2.18 eV) (Fig. 4c), indicating the enhancement of intrinsic electron
conductivity by trace Co doping. Partial density of states (PDOS) was
used to explore electron conductivity of Co doped NbyOs and the pris-
tine T-Nb,Os in Fig. 4d, e. The comparative sample Nb,Os displayed a
semiconducting behavior for the wide band gap between valence and
conduction bands (1.8 eV). As shown in Fig. 4d, spin-up defect states
near the Fermi levels for Co-NbyOs were introduced, which can be
attributed to the Co doping. The doped Co as the donors, resulting in the

construction of impurity bands at the Fermi level and ultimately a huge
narrowing of band gap. The semiconductor to metal transition was
therefore realized by Co doping, as evidenced by the improved electrical
conductivity of Co-NbyOs. Due to the solid solution reaction mechanism
of Co-NbyOs, the lithium ions diffusion pathways follow a quasi-2D
network during charge/discharge process, which is similar to the non-
doped compound. As relatively shorter Co-O band distance compared
with Nb-O distances in Co-NbyOs, the shift of lithium ions is preferably
away from the Co dopant sites in the structure to accommodate more Li,
the most practicable migration path for lithium ions in Co-NbyOs is
illustrated in Fig. 4g. The corresponding free energy diagram for Li
migration along an armchair trajectory can be calculated out (Fig. 4f).
The highest migration energy value of Co-NbyOs is 0.47 eV, which is
almost the same as that of T-NbyOs obtained by previous work [14]. The
Li ion diffusion channels, diffusion paths and the intrinsic ionic con-
ductivity of Co-NbyOs are similar to those of pure T-NbyOs. The intro-
duction of Co dopant can effectively improve the electronic conductivity
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while maintain the original excellent ionic conductivity, which further
promotes the transport kinetics of Li in Co-Nb2Os, which agrees well
with experimental results. Moreover, the small difference among lithium
migration energies (about 0.12 eV) displays the efficiently locations for

lithium storage, which is coincided with smooth sloping
capacity-voltage curves upon Li* intercalation/deintercalation
processes.

To validate the potential for practical applications, full batteries
were constructed using commercial LiFePO4 and prepared Co-NbyOs to
evaluate the electrochemical performance, as shown in the schematic in
Fig. 5a. The discharge/charge curves of LiFePO4 and Co-NbyOs shows
the average 1.6 V voltage difference between them and an operating
voltage of 1.0-2.5V was chosen for the full cell (Fig. 5b). In the
LiFePO4/ Co-Nb3Os full cell, the capacity of cathode was 1.1-1.2 times
that of anode, the discharge capacity was calculated according to Co-
Nb,Os anode. A reversible discharge capacity of 229.8 mAh g™ is ob-
tained in the full battery at 0.1 A g~! and it maintained 208.3 mAh g~!
after 100 cycles, indicating high capability (Fig. 5c). The rate perfor-
mances of LiFePO4/Co-NbyOs full cell are shown in Fig. 5d and e, the
specific discharge capacities 225.9, 184.3, 151.4, 126.8, 109.4, and
90.8 mA h g~! were obtained at 0.1, 0.2, 0.3, 0.5, 1, and 2A g,
respectively. The capacity reversibly recovers to 215.2 mAh g~! when
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the rate skips back to 0.1 A g~!. The results reveal that LiFePO4/Co-
NbyOs full battery displays a satisfactory rate capability for fast-
charging application. Moreover, the full cell exhibits long cycling life,
with the discharge capacity retention of 158.1 mAhg ' at 0.2 A g™?
after 1000 cycles, yielding an average capacity decay rate of 0.18% per
cycle, as shown in Fig. 5f. Furthermore, a single LiFePO4/Co-NbyOs full
battery shows a high open-circuit potential of about 2.7 V, and two
batteries connected in series can light up a LED light band in parallel,
indicating its practical application (Fig. 5g).

3. Conclusion

The introduction of trace Co dopants into insertion-type T-NboOs is
well demonstrated as a promising strategy to improve the intrinsic
electric conductivity and induce multielectron redox of Nb>*/Nb** and
Nb**/Nb3*, achieving ultrafast lithium storage and high-capacity. The
trace Co dopants partially replace original Nb sites with low coordina-
tion, which enhance the metallic character and multielectron redox of T-
NbyOs, meanwhile maintain the advantages of the crystalline host
structure. Incorporated with various experimental measurements such
as in situ XRD, ex situ XPS analysis and DFT calculations, the excellent
fast-charging and high-capacity of Co-NbyOs is due to its high electron
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Fig. 5. a) Schematic illustration of the fast charging/discharging full cell with Co-Nb,Os as the anode and LiFePO, as the cathode. b) Galvanostatic charge/discharge
(GCD) curves of the cathode and anode to show the operating voltage for the full cell. ¢) Cycling performance and the corresponding Coulombic efficiencies tested at
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conductivity and redox chemistry upon lithium insertion. Moreover, Co-
Nb,Os also exhibits outstanding rate performance, high-capacity and
long cycling life as a anode in Li-ion full batteries. Considering the ul-
trafast lithium storage and high-capacity of our Co-Nb2O5 nanoparticles,
the introduction of transition metal dopants into insertion-type mate-
rials offers a new idea for fast-charging LIBs.
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