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Developing advanced architectures using a cost-effective synthesis strategy is still a challenge for wide-spread
commercial application of NbyOs in high-power rechargeable lithium-ion batteries (LIBs). Here we report a
new two-dimensional (2D) architecture composed of oxygen-vacancy-rich T-Nb2Os on reduced graphene oxide
nanosheet and carbon (2D Nb,0s-C-rGO), which is synthesized via a one-pot hydrolysis route followed by a heat-
treatment. As an anode for LIBs, the 2D NbyOs-C-rGO architecture shows excellent rate capability (achieving a
capacity of 114 mAh g~! at 100 C or 20 A g~1) and cycling stability (maintaining a capacity of 147 mAh g ! at 5
C for 1,500 cycles and 107 mAh g~! at 50 C for 5,000 cycles). Experimental investigations and density functional
theory (DFT)-based calculations reveal that the outstanding Li* storage performance of the 2D NbyOs-C-rGO
electrode is attributed to the enhanced electronic conductivity facilitated by the C-rGO electronic network and
fast Li" migration within small Nb,Os grains enhanced by in-situ formed lattice oxygen vacancies, which alter
the Nb d band structure and Li* interaction. This work results in an anode with advanced architecture for fast Li*
storage and provides more insight into the energy storage mechanism in the NbyOs-based carbonaceous com-

posite electrodes.

1. Introduction

Due to the huge market prospects and rapid evolutions on the
hybrid/plug-in/pure electric vehicles, the fast-rechargeable LIBs are in
the accelerated development now [1,2]. As an indispensable reversible
electrochemical energy storage device, LIBs face many scientific and
technical challenges for the emerging applications. For example, one of
the most severe bottlenecks to the technology is to design a suitable
anode material with high-rate capability, long-term stability, and
high-safety [3,4]. Starting with graphite at the earliest, hundreds of
materials have been developed as the anodes for LIBs to date, which
could be classified into three main groups, including
intercalation/de-intercalation materials (such as graphite [5,6], TiOs
[7], Li4Ti5012 [8], Nb205 [9], LiNbOg [10], Tisz2x04+5x [11] and
Nb1gWs093 [12]), alloy/de-alloy materials (such as Si, Ge and P)
[13-15], and conversion materials (such as Co304, WSy and MoSe5)
[16-18]. Among those materials, niobium pentoxides (Nb,Os) are
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considered a very promising intercalation-type anode candidate because
of its desirable working potential (above 1.0 V vs. Li/Li") for high safety
(minimal reaction with most liquid electrolytes and avoiding lithium
dendrite growth and solid-electrolyte-interphase formation), consider-
able theoretical capacity (from 200 to ~400 mAh g~1), and fast cycling
rates enabled by the open framework with small volume change (less
than 5%) during cycling [9,19-24]. These unique properties make
Nb,Os more attractive for high power batteries than graphite (theoret-
ical capacity: 372 mAh g~!; working potential: <0.2 V vs Li*/Li) and
Li4TisO12 (175 mAh g’l; working potential: >1 V vs. Lit/Li) [22,24,25].
Under carefully controlled conditions, NbyOs can crystalize in different
structures, including the T-phase (orthorhombic), TT-phase (disordered
T-phase), H-phase (monoclinic) and M-phase (tetragonal) [9,19,21,23,
26]. Although recent studies suggest that the H- and M-phase can deliver
arelatively high capacity at low cycling rates [23,26], the T-phase is still
the mostly studied one so far because the layered crystal structure allows
fast Li* diffusion and high rate-capability. However, its reversible Li*
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storage capacity and rate-performance are still inadequate for many
emerging applications, due largely to insufficient electronic and ionic
conductivities [25,27,28].

To address these issues, which also exist in other oxide materials
systems, the most commonly strategies is to design nanostructures with
integrating carbonaceous materials and active materials. These strate-
gies can reduce the diffusion distances of Li*/electrons and enhance the
electronic conductivity of the active materials simultaneously. To date, a
lot of progress have been achieved on improving the Li" storage per-
formance of T-Nb,Os, such as designing a 3D holey-graphene/Nb,Os
composite [28] and a carbon-encapsulated NbyOs nanocrystal [29].
Although such achievements of those techniques leveraged a hydro-
thermal or solvothermal processes followed by a annealing in inert at-
mospheres are very impressive, they are notoriously difficult to scale up
because of the precise parameter controls. Moreover, the lattice oxygen
vacancy could be created when the active materials obtained via a
heat-treatment in an inert or reducing environment [7,30-32]. A certain
amount of oxygen vacancy would affect the bulk electronic and ionic
conductivities of an electrode material [7,30-32]. Therefore, the oxygen
vacancy could also make a non-negligible contribution to those reported
Nb,Os/carbonaceous composites even though the contribution was not
considered [25,28,29].

Based on the above considerations, we have designed and synthe-
sized a new 2D NbyOs-C-rGO architecture using a facile and scalable
hydrolysis route followed by a heat-treatment in Ar. The obtained 2D
Nby0s5-C-rGO architecture displayed outstanding rate capability and
cycling stability as an anode material for fast-rechargeable LIBs due
largely to the efficient C-rGO conductive network, the in-situ formed
lattice oxygen vacancies, and the restricted NbyOs grain size, as
confirmed by experimental measurements and theoretical calculations.

2. Results and discussion

Fig. 1 schematically illustrates the two critical steps in the synthesis
of the 2D NbyOs-C-rGO architecture. Firstly, Nb>* ions in the precursor

Nb’*, DA, GO

a b

NH,eH,0

I

sssssssssssssssnEnnuns)p
Nb5* hydrolysis and
DA polymerization

’

JRg
-

Fig. 1.

2D Nb(OH);-PDA-GO

-~"" Nb(OH)-PDA

v

Nano Energy 89 (2021) 106398

solution (Fig. 1a) were hydrolyzed into Nb(OH)s and DA monomers
were self-polymerized into PDA with assistance of NH4-H20. Mean-
while, a Nb(OH)s5-PDA composite was formed around the GO nanosheets
with tens of micrometers in size (Fig. S1), as shown in Fig. 1b. Regarding
the as-formed Nb(OH)s nucleus, some were spontaneously inserted into
the PDA matrix while others were anchored on the near-surface of the
PDA matrix. Secondly, the composite precursor was freeze-dried and
annealed in Ar at 800 C for 2 h to form the 2D Nb,Os-C-rGO architecture
(Fig. 1c). The as-formed carbon, derived from PDA, in the composite
electrode could potentially enhance the electron transport between the
Nb,Os and rGO, denoted as “bridge-C”.

The microscopic features of the 2D NbyOs-C-rGO architecture were
characterized by using field-emission scanning electron microscopy (FE-
SEM) and aberration-corrected scanning transmission electron micro-
scopy (STEM). As shown in Figs. 2a and S2a, curved sheet structures are
observed with abundant nanoparticles tightly and individually anchored
on the surface of the sheet. The average size of the nanoparticles is
~34 nm (Fig. S2e). For a direct comparison, the SEM images of the
controlled samples, including Nby,Os5-rGO composite, NbyOs-C compos-
ite, and pure NbyOs, are also presented in the same fashion (Fig. S2b—d).
The NbyO5-rGO composite (Fig. S2b and inset) also has a 2D sheet-like
morphology, similar to that of the NbyOs-C-rGO architecture.
Although those nanoparticles are still relatively dispersed, their sizes are
much larger (with an average of 87 nm) than that of the 2D Nby0s-C-
rGO architecture. The morphology of the NbyOs in the NbyOs-C com-
posite is nanoparticle with average size of 57 nm (Fig. S2c). Without the
assistance of bridge-C and rGO, the pure NbyOs (Fig. S2d) has much
larger particle size (average: 146 nm) (Fig. S2f).

Fig. 2b-d shows the STEM images of the 2D NbyO5-C-rGO architec-
ture, in which the components of NbyOs particles, bridge-C, and rGO can
be distinguished. The bridge-C appears to be amorphous and the rGO has
a typical multi-layer nanosheet morphology. In terms of the NbyOs
nanoparticles marked as “1” and “2” in Fig. 2¢, some are inserted into
the C matrix while some marked as “2” appear to be coated with the thin
C layer and anchored on the surface of the C matrix. Through

2D Nb,0,-C-rGO
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Schematic illustration of synthesis procedure of the 2D Nb,Os-C-rGO architecture.
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Fig. 2. (a) FE-SEM image, (b—e) STEM images of the as-prepared 2D Nb,Os-C-rGO architectures. The mark “1” and “2” in (c) indicates some of Nb,Os nanoparticles
are inserted into the carbon matrix while some anchored on the near-surface of the carbon matrix. (f) Part of schematic crystal structure of T-Nb,Os, in which green

balls are Nb atoms and red balls are O atoms.

comparison with the pure NbyOs nanoparticles and 2D NbyO5-rGO ar-
chitecture, it is clear that the bridge-C played a critical role in ensuring
good dispersion and suppressing the size of the Nb,Os nanoparticles in
the 2D Nb,0s5-C-rGO architecture. Moreover, the bridge-C is expected to
result in improved electron transfer between Nb,Os nanoparticles and
rGO. Fig. 2e shows that the Nb,Os particles in 2D Nby05-C-rGO archi-
tecture are highly crystallized with an orthorhombic structure (T-
phase). Fig. 2f displays the crystal structure of T-Nb,Os, which is
alternately composed by 4 h layers of closely packed Nb/O polyhedrons
(NbOg octahedral and NbO; pentagonal bipyramids) and 4 g layers of
loosely packed O atoms along z-axis, respectively [19]. Based on the
operando Raman spectroscopy and theoretically computational ana-
lyses, our previous work proposed that the Li" are likely located at the
loosely packed 4 g layers and prefer to form bridge coordination with
the O atoms in the densely packed 4 h layers [19]. As a result, the Li ions
can directly transfer between the bridging sites with very low steric
hindrance [19,33].

The crystallographic phase structures of 2D NbyOs-C-rGO architec-
ture, 2D Nb,Os5-rGO architecture, Nb,Os-C NPs, and Nb,Os NPs were
further analyzed using X-ray diffraction (XRD). As presented in Fig. 3a,
the XRD patterns of the four samples appear to be similar, which could
be assigned to a standard T-NbyOs (JCPDF: 00-027-1313) without any
extra peaks belonging to impurities. The gradually widened full-width at
half maximum of peaks from NbyOs NPs to 2D NbyOs-C-rGO architec-
ture indicates that the Nb,Os grains are getting smaller and smaller. This
result is consistent with the results of SEM observation, which can
further support that the growth of NbyOs grains in 2D NbyOs5-C-rGO
architecture were restricted during the synthesis. Fig. 3b shows the
Raman spectra of the four materials. All of them present a couple of
peaks with similar Raman shifts. The three vibration peaks centered at
694 cm™, 314 cm™! and 211 em™! can be assigned to Nb-O-Nb bonds of
Nb/O polyhedrons in T-Nb2Os [19,27,34]. Compared with the NbyOs
NPs, however, the intensities of these peaks become weaker. Two peaks

centered at around 1328 cm ™! and 1602 cm ™! are the D and G-bands of
the carbonaceous components for all materials, respectively. It is known
that the D-band corresponds to the defect/disordered sp*-hybridized
carbon atoms in a two-dimensional hexagonal lattice and the G-band is
related to the stretching of C-C bond in graphitic mode of carbon ma-
terials [35,36]. The carbon in the NbyOs NPs might be derived from the
oxalate ions ((COO)ZZ’) in the Nb raw materials. The thermogravimetric
analysis (TGA) curves displayed in Fig. S3, indicate that the amount of
rGO in 2D Nb,Os5-rGO architecture is 4.11 wt%, the amount of C in
Nb,0s-C NPs is about 9.62 wt%, the total amount of bridge-C and rGO in
the 2D NbyOs5-C-rGO architecture is 13.85 wt%. The survey X-ray
photoelectron spectroscopy (XPS) spectra of the 2D Nb,Os5-rGO and 2D
NbyOs-rGO architectures and NbyOs NPs suggests all of them are
composited by the targeted Nb, O and C elements (Fig. S4). To learn the
detailed chemical states of the Nb and O elements in the surfaces of the
three materials, their core-level XPS spectra of Nb3d and Ols are
analyzed. The three samples have similar Nb3d XPS spectra (Fig. 3c-e)
containing two characteristic peaks of 3d;,; (207.1 eV) and 3ds2
(209.9 eV) due to the strong spin-orbit splitting [20,34]. The fitting
results showed that these Nb elements in the those materials are mainly
Nb%* with minor Nb**. It could be attributed to the presence of lattice
oxygen vacancies in the Nby,Os as we expected. Compared with 2D
Nb,O5-rGO architecture, as shown in Table S1, twice as much Nb*" is
detected in the 2D Nb,Os-C-rGO architecture and there are about 2.5 of
Nb** in each chemical formula of Nb;gO40, which corresponds to a unit
cell of NbyOs. In other words, at least one oxygen vacancy is produced in
each unit cell of Nb,Os. The O1s XPS spectrum shown in Fig. 3f for the
pure NbyOs nanoparticles can also be divided into three peaks. The
strongest peak centered at lower binding energy of 530.1 eV can be
assigned to the lattice oxygen and the peak centered at the highest
binding energy of 533 eV can be attributed to the absorbed hydroxyls or
C=O0 [20]. These peaks are also observed at same positions in the O1s
spectra of the 2D NbyOs5-rGO (Fig. 3g) and 2D NbyOs5-C-rGO
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Fig. 3. (a) XRD patterns, (b) Raman spectra, (c—e) Ni 3d and (f-h) O 1s core-level XPS spectra of the NbyOs NPs, NbyOs-C NPs, 2D NbyOs5-rGO and NbyOs-C-rGO

architectures.

architectures (Fig. 3h). A weak and broad peak in each spectrum at the
binding energy of about 531.7 eV is observed. From literatures, this
peak can be assigned to the defect sites with abundant low oxygen co-
ordination, e.g. oxygen vacancy |[37,38]. Therefore, the oxygen
vacancy-rich 2D NbyOs-C-rGO architecture has been successfully pre-
pared in our case.

The Li* storage capabilities and behaviors of all materials were
investigated in coin-cells with metallic Li as the counter electrode.
Fig. 4a show the initial cyclic voltammetry (CV) curves recorded at the
scan rate of 0.1 mV s~ ! in the potential window of 1.0-3.0 V (vs Li*/Li)
for the Nby,Os NPs, Nb,Os-C NPs, 2D Nb,Os-rGO and 2D Nby,Os-C-rGO

electrode. All the CV curves exhibit a rectangular-like shape in the po-
tential range of 1.0 V ~ 2.25 V with two pairs of redox peaks, consistent
with other reported works [20,33], an indication that all anodes present
a pseudocapacitive electrochemical behavior. Two pairs of redox peaks
were observed for each anode even though there are small differences in
the peak positions, as summarized in Table S2. Taking the 2D
NbyOs5-C-rGO anode as an example, the two reduction peaks were
centered at 1.58 V and 1.87 V during discharge, respectively, and the
corresponding two oxidation peaks were centered at 1.83 V (broad and
strong) and 1.97 V (weak) during charge. These two pairs of peaks are
assigned to the Li* intercalation/de-intercalation in the crystal structure
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Fig. 4. (a) Initial CV curves, (b) initial discharge-charge profiles, (c) rate capabilities and (d) cycling stabilities at 5 C of pure Nb,Os NPs, Nb,Os-C NPs, 2D Nb,Os-
rGO and 2D Nb,0s-C-rGO architectures in the potential range of 1.0-3.0 V. (e) Long-term cycling stability of the 2D Nb,0Os-C-rGO architectures at 50 C and 100 C in
the potential range of 1.1-3.0 V. (f) Rate capability comparison between the 2D Nb;05-C-rGO architecture and other reported Nb,Os-based active materials.

of NbyOs associated with the redox reaction of NbyOs + xLi™ + xe™ <
LixNb2Os, in which x equals 2 for T-NbyOs, corresponding to the
Nb>*/Nb** and Nb*'/Nb3* couples [29,39,40]. Moreover, the 2D
Nb,0s5-C-rGO anode shows the smallest voltage separations (0.26 V and
0.10 V) between the reduction and oxidation peaks, indicating the
smallest polarization during the Li* storage process. The initial galva-
nostatic discharge-charge curves at 0.5 C are shown in Fig. 4b. All four
anodes present a smooth potential change with the capacity, suggesting
that the Li" storage in the T-Nb,Os is mainly based on the solid-solution
reaction without phase transition, which have been proposed and
certified by previous works [9,33]. In the discharge curves, two short
sloping plateaus marked as P1 and P2 can be observed at average po-
tentials of about 1.56 V and 1.86 V, respectively, which can well coin-
cide with the two reduction peaks in the discharge portion of the CV
curves. Among the four anodes, the Nby;Os NPs delivered the lowest
capacity of 188 mAh g~ with a low coulombic efficiency of 79.2%. All
the other three anodes present an enhanced capacity and increased

reversibility. The 2D NbyOs-C-rGO anode delivered the highest
discharge specific capacity of 238 mAh g~! and corresponding charge
capacity of 206 mAh g™, which is very close to the theoretical capacity
of 200 mAh g1, The capacity loss in the initial charge-discharge process
is due possibly to the irreversible lithium ion reaction with functional
groups in the C-rGO framework (Fig. S5), irreversible lithium ion
insertion into the distorted sites in the nanosized NbyOs, and/or irre-
versible formation of solid electrolyte interface (SEI) [23,24]. These
irreversible processes contribute to the initial capacity, resulting in
higher capacity than the theoretical value (200 mAh g~ in the first few
cycles, which is known as the initial activation process. After the acti-
vation process, the capacity contribution from carbon itself was very
small (Fig. S5) since the cutoff potential (vs Li/Li1) is above 1.0 V. After
the 1st cycle, the CV curves and the discharge-charge curves of the
subsequent 2nd and 3rd cycles for each anode are almost overlapped
(Fig. S6), indicating that all four anodes annealed in N, have a good
stability at the initial stage.
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To understand the contribution of oxygen vacancy to the electro-
chemical performance, the NbyOs NPs were also prepared by calcination
in air for comparison. The specific capacity decreased significantly
(Fig. S7b and S7c) in the initial several cycles. The NbyOs NPs calcined
in air exhibited a much worse performance with poor rate capability
(73.1 mAh g~ at 10 C) compared to that of the Nb,Os NPs prepared in
N5 (85.5 mAh g’l at 10 C). The Nyquist plots (Fig. S7d) indicate that the
Nb,Os NPs has a lower resistance by annealing in inert atmosphere (N5),
which is attributed mainly to the presence of a small amount of carbon
derived from the Nb°* salts (Fig. 3b) and oxygen vacancies (Fig. 3c and
f). Nevertheless, the enhanced Lit storage performance of the Nb,Os
NPs (Ny) is still poor compared to that of the NbyOs-C NPs, 2D NbyOs-
rGO architecture and 2D NbyOs-C-rGO. Fig. 4c shows the rate perfor-
mance of each anode and Fig. S8 shows their first discharge-charge
curves at different rate. As the rate was increased from 0.5C
(100 mA g’l) to 100 C, the Nb,Os NPs (N5) anode showed the worst rate
performance. In contrast, the Nb,Os-C NPs anode (with 9.62 wt% C and
average particle size of 57 nm) delivered a higher specific capacity than
the 2D Nb;Os5-rGO anode (with 4% rGO and average particle size of
87 nm) at low rates from 0.5 C to 30 C. As the rate is increased to 30 C
and higher, the capacity degradation of the Nb,Os-C NPs anode is more
serious than that of the 2D NbyOs5-rGO anode. Because of the small
particle size (33.8 nm) and the efficient 2D C-rGO electronic framework
(Fig. S9), the 2D Nby0s5-C-rGO anode achieved the highest rate capa-
bility among the 4 types of samples. A specific capacity of 114 mA h g~!
was achieved at 100 C. As the rate was reduced back to 0.5 C, a specific
capacity of 200 mA h g~! with 100% of the Coulombic efficiency can
still be retained. The rate performance achieved by the 2D NbyO5-C-rGO
anode is even much higher than that of Nb,Os NPs anode with 20% extra
C (Fig. S10), which further confirms the importance of the unique ar-
chitecture of the 2D NbyOs5-C-rGO anode. The rate performance of the
2D Nb50Os5-C-rGO anode in the potential range of 1.1-3.0 V was also
evaluated (Fig. S11). Although the specific capacities delivered at each
rates were lower than that delivered in the potential range of 1.0-3.0 V,
the capacity difference becomes smaller with increasing the rate. The
capacity difference is only 6 mAhg™! at 50 C. The electrochemical
stability of T-NbyOs could be significantly affected by the potential
range. As shown in Fig. 4d, the 2D NbyOs-C-rGO architecture demon-
strated a specific capacity of 147 mA h g~ ! after a long-term testing at
5C (1 Ag™) for 1500 cycles in the potential range of 1.0-3.0 V. The
specific capacity after long-term testing is much higher than that of
Nb,O5 NPs (43 mAh g 1), NbyOs-C NPs (129.9 mAh g~!) and 2D Nb,Os-
rGO composite architecture (97.4 mAh g~1). Although the correspond-
ing coloumbic efficiencies of the four anodes are above 95%, as pre-
sented in Fig. S12, the capacity retentions of 2D NbyOs5-C-rGO
architecture and NbyOs-C NPs anodes are both about 78%, but that of
the NbyOs NPs and 2D Nb,O5-rGO architecture anodes are only 41% and
60%. To further evaluate the long-term cycling stability of the 2D
Nb,Os5-C-rGO architecture, we tested the anode at higher rate of 50 C in
the potential ranges of 1.0-3.0 V and 1.1-3.0 V. As shown in Fig. 4e, the
anode delivered a stable electrochemical performance (see charge-
discharges curves at different cycles in Fig. S13) with a capacity of
about 107 mAh g~ and a retention of 80.12% after 5000 cycles at 50 C
in the potential range of 1.1-3.0 V, which is more stable than that ob-
tained at same rate but at lower cut-off potential of 1.0 V (capacity
retention: 61.3%) (Fig. S14). Thus, such an excellent Li* storage shows a
great potential of the 2D NbyOs-C-rGO architecture for ultrafast lithium-
ion battery application. As shown in Fig. 4f and Table S3, such a rate
capability and cycling stability achieved by the 2D NbyOs-C-rGO ar-
chitecture is among the state-of-art Nb,Os-based electrodes [20,21,23,
25-29,41-46]. Moreover, the synthesis procedure of the 2D
NbyOs5-C-rGO architecture is more facile and economical. Besides, the
rate capability of the 2D Nb2O5-C-rGO architecture depends sensitively
on the amount of bridge-C (Fig. S15), which can be controlled by
adjusting the amount of DA during the synthesis. Insufficient amount of
C may results in poor electronic conductivity while too much may
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impede the transport of Li" ions to or from Nb,Os nanoparticles, espe-
cially at high rates. Both of the cases can result in a decreased
performance.

T-NbyOs is a well-known intercalation pseudocapacitive anode ma-
terial. In order to gain insights into the Li" storage mechanism of the 2D
NbyOs-C-rGO architecture, we acquired a series of CV measurements at
different scan rates. As shown in Fig. 5a, all curves have similar shapes
with well-defined redox peaks and with gradually increased enclosed
area as the scan rate was varied from 0.1 to 3 mV s™1. According to the
relationship of I, = ai® between the redox peak current (I: mA) and the
scan rate (v: mV s’l) of these CV curves, the value of the exponent b
usually varies from 0.5 for a diffusion-controlled behavior to 1.0 for a
capacitive-controlled behavior, which can be determined from linear
fitting of the Log (I) vs. Log (v) profiles based on the power-law of logl, =
loga + blogv  [27,29,34,47]. As displayed in Fig. 5b, the b values of the
2D Nby0s5-C-rGO architecture in anodic and cathodic peaks are calcu-
lated to be 0.957 and 0.929, respectively. Therefore, both
diffusion-controlled and capacitive-controlled reactions contribute to
the Li* storage in the 2D Nby0s5-C-rGO architecture. In order to quantify
each of their contributions to the total capacity [27,29,34,47], the linear
plots of I(V)/v'/2 vs. v!/2 at different potentials are acquired based on
the equation of I(V) = kyv +k;v'/? (Fig. S16). The derived normalized
contribution ratios at different scan rates (Fig. 5¢) showed that the Li*
storage of the 2D NbyO5-C-rGO architecture at high-rates is dominated
mainly by the capacitive-controlled reaction, which increases with
increasing scan rate. Moreover, the electrochemical impedance spec-
troscopy (EIS) and galvanostatic intermittent titration technique (GITT)
were used to further characterize the four anodes [47]. Fig. 5d displays
the Nyquist plots recorded under the open-circuit voltage; the imped-
ance spectra composed of an inclined line in the low frequency region
and a depressed semicircle in the middle-high frequency region, which is
generally associated with the charge transfer resistance of the active
material [47,48]. The 2D Nb,Os-C-rGO architecture exhibits the small-
est radius of the semicircle, meaning the lowest charge transfer resis-
tance of the electrode. The fast charge transfer ability can be attributed
to its unique microstructure with a well-connected transport network for
the electrons (Fig. S9). The GITT data was collected with 5 min current
pulse of 0.1 A g~ in the voltage window of 1.0-3 V followed by 0.5 h
relaxation during the Li* insertion and extraction processes of the four

anode materials (Fig. S17). Based on the equation of Dy =

2 2
4 (";j—;’g“) (ﬁ—gt) (DL, Vm, Mg, S, AEs and AE, represents the Li"

diffusion coefficient, molar volume, molar mass, surface area, steady
potential difference in the plateau region, voltage drop between during
the relaxation of the electrode, respectively, limited time period, mg
represents the quality of active cathode material) [25,33,47] for the
GITT curves of potential-time, there is a linear relationship between the

2
Dy; and (ﬁ—gf) . Since the nanoparticles of the each anode materials are

irregular, it is difficult to obtain a precise diffusion depth (L = %) for
each anode. To make a qualitative comparison, the relationships of Dy;*L
vs potential for the above four anodes based on their GITT curves can be
extracted. As shown in Fig. 5e and f, the 2D Nby05-C-rGO anode showed
the highest Li" diffusion coefficient among the four anodes. Especially,
when the potential changed to about 1.85V and 1.57 V during the
discharge (intercalation) process, the LiT diffusion coefficient of 2D
Nby0s5-C-rGO architecture are nearly 14 and 3.16 times higher than that
of the Nby,Os NPs, respectively. During the charge (deintercalation)
process, the Li" diffusion coefficient of the NbyOs NPs dropped very
quickly, but that of the 2D Nby05-C-rGO architecture was more stable.
The enhancement of the Li" diffusion of the 2D NbyO5-C-rGO could be
attributed to the presence of oxygen vacancies.

In our case, the 2D Nb,Os-Carbon-rGO architecture have three
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Fig. 5. (a) CV curves, (b) normalized cathodic and anodic peak currents, (c) contribution ratios of capacitive capacities to the total capacities of the 2D Nb;05-C-rGO
architecture at various scan rates from 0.1 mV s~* to 3 mV s~'. (d) Nyquist plots and extracted relative diffusion coefficients of Li* during discharge and charge
processes from the GITT curves for the pure Nb,Os NPs, Nb,Os-C NPs, 2D Nb,Os-rGO and 2D Nb,Os-C-rGO architectures.

superiorities including the electronic network of C-rGO, the small grain
size of NbyOs, and the considerable numbers of lattice oxygen vacancies,
It is believed that the oxygen vacancy also plays a significant role in
tuning the electronic and ionic conductivities of the 2D NbyO5-C-rGO
architecture. To gain some insight into the effect of oxygen vacancy, we
resorted to DFT calculations to examine the electronic and Lit ionic
conductivity or diffusion behaviors in the Nb,Os with and without ox-
ygen vacancy. In the crystal structure of pure T-Nb,Os (Fig. S18), Li* can
be compactly and stably adsorbed in the 4 g layer of loosely packed O
atoms with a density of 3Li/NbyOs and adsorption energy of —2.38 eV.
Accordingly, Li* can easily move in the 4 g layer. Previous studies show
that Li" preferentially transports along the a-axis [19,33] Thus, the
electronic structures and Li* transport mechanism along the a-axis in the
4 g layer of defect NbyOs we systematically examined. The referenced
Li* transport pathway for T-Nb,Os in our calculation is proposed by
another group [19]. There is at least one oxygen vacancy in a unite cell
including 16 Nb and 40 O atoms based on XPS results. Fig. 6a shows the
density of state (DOS) of Nb,Os with oxygen vacancy at O1 (VO1 in cyan
lines), O2 (VO2 in green lines) and O3 (VO3 in yellow lines) sites along
a-axis, respectively, comparing with that of Nb,Os with no oxygen va-
cancy. The corresponded positions are shown in the top view from the c
axis below the DOS plots. The results showed that both the valance Nb
d bands (solid lines) and O p bands (dashed lines) shift to higher energy
due mainly to the electron deficiency induced from the oxygen vacancy
formation. Additionally, Nb d bands can form small spikes slightly above
the Fermi level for those defect Nb,Os, contributing mainly from those
Nb neighboring to the vacancy. Therefore, oxygen vacancy induces
higher energetic shift of O p bands and the additional distribution
around the Fermi level of Nb d bands, and then narrows the band-gap
and enhances the electronic conductivity. Moreover, it is notice that
the bridge-C adsorbed on the surface of NbyOs particle in the 3D ar-
chitecture can also reduce the band-gap and improve electronic con-
ductivity of NbyOs (Fig. S19). In details, the surface bridge-carbon of
Nb,Os particles can induce the extra distribution of Nb d band in the
Fermi level, although it shifts valance Nb d band and oxygen p band to

lower energy (opposite to the oxygen vacancy). Then, the DOS analysis
shows that the enhanced electronic conductivity obtained on 2D
Nb,05-C-rGO can still be attributed to the altered Nb d band structure
with a small distribution around the Fermi level, induced by both the
oxygen vacancy and bridge-carbon thin layer on the surface of NbyOs.
Besides the altered electronic structure, oxygen vacancy can also change
the adsorption behavior of Li* on defect NbyOs. Fig. 6b compares the
adsorption energies of Li* (E,gs) on 01-03 sites of Nb,Os without (Og in
red bars) and with oxygen vacancies of Vp; (cyan bars), Vo, (green bars)
and Vo3 (yellow bars). The detailed adsorption structures on perfect
Nb,Os, for example, are shown in the top views below. The comparison
result finds that the Li™ has weaker E,4s on defect NbyOs because of the
repulsion between positively charged vacancy site and Li*. Among the
three sites of the defect Nb,Os, Li"™ has the weakest E,qs when adsorbing
on 02 site with oxygen vacancy (Vo2). As shown in Fig. 6¢, the oxygen
vacancy induced weaker E,qs alters the energy profile for Li* transport
along the a-axis. The overall barrier difference between the highest and
lowest energies along the whole profile for Lit diffusion is reduced on
the defect NbyOs (0.57-0.62 eV) from the prefect NbyOs (0.74 eV). As a
result, oxygen vacancy induced weaker E,qs can effectively reduce the
diffusion barrier and enhance Li* ionic conductivity for the better
electrochemical performance. Additionally, the weaker E,qs or repulsion
between oxygen vacancy and Li" can be further utilized to improve the
diffusion kinetics by directing Li* diffusion pathway with aligned the
vacancy.

3. Conclusion

In summary, a 2D T-NbyOs5-C-rGO architecture was successfully
designed to achieve enhanced Li* storage performance for fast-
rechargeable LIBs. When tested as an anode in an LIB, the 2D NbyOs-
C-rGO architecture shows attractive rate performance with a specific
capacity of 114 mAh g~! at 100 C and stable long-term cycling perfor-
mance with a capacity of 147 mAh g~! delivered at 5 C after 1,150 cy-
cles and 107 mAh g~! obtained at 50 C after 5,000 cycles. As confirmed



P. Jing et al.

d

Dos

Nano Energy 89 (2021) 106398

C
0.6- 0.57
s
L
?.>.° 0.3+
V]
o
w
e —
A%
0.62
0.62
-0.3 g
o1 02 03 01

Li position

Fig. 6. (a) DOS analysis of defect Nb,Os with oxygen vacancy at O1 (Vo in cyan lines), 02 (Vo in green lines) and O3 (Vo3 in yellow lines), comparing with that for
perfect NbyOs (O in red lines). Corresponded positions are shown in the top view from the c axis in the below. Valance Nb d bands and O p bands are represented in
solid and dashed lines, respectively. (b) Bar chart for the E,q4s of Li ion at O1, O2 and O3 sites on prefect (O, red bars) and defect Nb,Os of Vo1, Vo2 and Vog in cyan,
green and yellow bars, respectively. Corresponded structures for the adsorptions on perfect Nb,Os, for example, are shown below. (c¢) Energy profile of Li diffusion
along the a-axis (01 « 02 « 03 < 0O1). Corresponded structure for the diffusion is shown in the right.

by detailed experimental and computational investigations, the excel-
lent Li* storage performance of the 2D Nb,Os-C-rGO architecture is
attributed to the enhanced electronic conductivity of the electrode
(resulted from the in-situ formed bridge-C to optimize the electronic
network of rGO and lower the band-gap) and to fast Li" diffusion in the
bulk phase of NbyOs (resulted from the in-situ formed lattice oxygen
vacancy to alter the Nb d band structure and lower the diffusion barrier
of LiM).
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