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ABSTRACT

Orthorhombic niobium pentoxide (T-Nb205) possesses an intercalation pseudocapacitive behavior,
which is a promising candidate of high-rate anodes for Li-ion capacitors. However, its low electric
conductivity hinders the realization of this property. In our study, niobium oxides/carbon composites
were prepared by calcinating a niobium peroxo-PAA complex (NbPAA) precursor to improve the
electric conductivity. It has been found that the calcination temperature played an important role on
the chemical compositions of obtained composites. A reduction phenomenon of niobium oxides by
carbon was observed at high temperatures. At the medium temperature of 900 °C, the sample was
composed of T-Nb,0s, monoclinic Nb205 (M-Nb,0s), amorphous carbon and niobium dioxide (NbO,).
Due to the high conductivity of carbon, semi-conductivity of NbO,, and high specific capacity of M-
Nb,Os, this sample exhibits a good specific capacity of 142 mAh g (0.25 C) and a high-rate capability
(capacity retention of 33.1%, 0.25 C to 25 C). It could be used as one of high-rate anodes for Li-ion
capacitors.

Introduction

Rechargeable batteries and supercapacitors have been widely studied for the applications such as
electronics, electrical vehicles, and stationary energy storage. Rechargeable batteries have a high
energy density but low power density. Supercapacitors are the other way around. Developing one
electrochemical energy storage system with both high energy and power densities as well as long
cycling life has drawn massive attention [1-3]. Li-ion capacitors are one of most promising candidates,
which consist of a high-capacity electrode (battery-type) and a high-rate capacitive electrode. It can
surpass the energy density of conventional supercapacitors because of the higher capacity of battery-
type electrode and overcome the power density limitation of batteries due to the presence of
capacitive electrode [4].

The energy density could be improved through two approaches: capacity improvement and voltage
expansion. Since the specific capacity of battery-type electrodes is many times higher than that of
capacitive electrodes, the capacitance of Li-ion capacitors can approximately reach to twofold of that
of symmetric supercapacitors. On the other hand, the electrolytes of Li-ion capacitors are Li-ion
conducting organic electrolytes, which have a wider working potential than aqueous electrolytes.
Moreover, in symmetric supercapacitors, the working voltage of full cell typically could not exceed its
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electrode's maximum working potential range [2,5]. Therefore, the maximum specific capacitance
stored in a full cell is only half of that of its electrode. By selecting proper battery-type electrode that
works in a separated potential range, full capacitance of the capacitive electrode could be utilized, and
the output voltage of the full-cell Li-ion capacitors can also be enlarged. It is well known as an
asymmetric configuration.

The selection of battery-type electrodes for Li-ion capacitors is the key to achieve desired
performances. Recently, many anode materials such as Ti-based oxides/compounds (TiO; and LisTisO1;,
etc.), silicon, Fes04, and intercalated carbon, and cathode materials of LiNigsMn1504, LizV2(PQOa)s, spinel-
LiMn,0g, Li>-CoPO4F, and their hybrids with various conducting carbon/polymers were investigated for
Li-ion capacitors [2]. However, the balance in power capability between the sluggish lithium
intercalation electrode and rapid capacitive electrode should be considered before choosing proper
battery-type electrodes. Among them, LisTisO12 and Nb,Os are two outstanding high-power anode
materials [6-9]. Nb,Os is worthy of notice because of its higher theoretical capacity (*200 mAh g) than
that of conventional LisTisO12 (~*170 mAh g). This property could be helpful in improving the energy
density of Li-ion capacitors. Like LisTisO12, Nb2Os-based Li-ion capacitors working in the safe voltage
range are free of the potential safety problems associated with the electrolyte decomposition, which
can result in stable cycle life. In addition, Nb,Os-based Li-ion capacitors do not require the high-priced
and inefficient prelithiation of anode materials, which is essential to achieve high energy density with
stable cycle performance in the fabrication of commercial Li-ion capacitors [10]. There are several
crystalline Nb,Os. Orthorhombic Nb,Os(T-Nb,Os) is more favorable for the reversible Li intercalation
compared with other structure of Nb,Os, resulting in a relatively better performance, especially cycle
stability [11-13]. However, further progress of Nb,Os anodes for practical applications faces challenges
due to their intrinsic poor electric conductivity (* 3 x 10-6 S cm) [14, 15].

In this study, we prepared a niobium peroxo-PAA complex (NbPAA) precursor through a modified
Pechini method. Several composites were prepared by the carbonization of NbPAA precursor at
different temperatures. PAA was used as the carbon source and stabilization agent for niobium
oxides/carbon composites. Due to the strong bonding between niobium peroxo and carboxylic groups
of PAA, the niobium oxides could be well dispersed in the carbon matrix, improving the electron
transport. The impact of calcination temperature on the chemical compositions of these composites
was studied. As a result, a reduction phenomenon of niobium oxides by carbon was observed at high
temperatures. By choosing an appropriate temperature, this phenomenon could be used to improve
electrochemical performance.

Experimental
Material preparation

Typically, 3 g of ammonium niobate(V) oxalate hydrate and 1.46 g of poly(acrylic acid) (PAA, average
Mw 1800) were placed in a glass flask equipped with a magnetic stirrer. Then, 30 ml of hydrogen
peroxide (30%) aqueous solution was added and stirred until the solids were totally dissolved and the
solution turned to be clear. This solution was then heated and refluxed at 60 °C for 3 h. The transparent
yellow solution turned to be blurry. Afterward, the solution was dried at 50 °C overnight and a yellow
solid niobium peroxo-PAA complex (NbPAA) precursor was obtained. Finally, this obtained NbPAA
precursor was ground and calcinated at various temperatures of 700 °C, 900 °C and 1100 °Cfor 2 hin
an argon atmosphere at a heating rate of 3.3 °C min™.. The obtained samples were named as NbPAA-
700, NbPAA-900 and NbPAA-1100, respectively.



Structural and chemical characterization

The thermal decomposition of prepared NbPAA precursor was studied using thermogravimetric (TG)
analysis (TA Q500, TA Instruments, USA). This measurement was carried out in a flow of N, from room
temperature to 800 °C. The carbon contents in NoPAA-700, NbPAA-900 and NbPAA-1100 were also
measured by TG analysis, by heating them from room temperature to 800 °Cin an Air flow. The TG run
was all conducted at a heating rate of 10 °C min™. The nanostructure and morphology characterization
were investigated by scanning electron microscope (SEM, Nova Nano SEM 450, FEI Company, USA) and
transmission electron microscopy (TEM, JEM 2100, JEOL, Japan). Au/Pd coating was applied before the
SEM measurement. The powder XRD patterns were recorded on a Rigaku MiniFlex 600 diffractometer
equipped with a CoK, (A = 1.7903 A) radiation in a 26 range from 5°to 90°. The chemical compositions
and binding energies of samples were studied by X-ray Photoelectron Spectroscopy (XPS, Hermo
Scientific™ K-Alpha XPS system, Thermo Fisher Scientific, USA).

Electrochemical measurement

The active materials (NbPAA-700, NbPAA-900 and NbPAA-1100) were firstly ball milled. The working
electrodes were fabricated by mixing 80 wt% of active material, 15 wt% of carbon black (Super P®) and
5 wt% of poly(acrylic acid) lithium slat (LiPAA, average Mw 450, 000), using water as the dispersing
solvent. The prepared slurries were coated on copper foils and the electrodes were dried at 100 °C in
vacuum overnight. The working electrodes were assembled in CR2032 coin cells, using Li metal chips
as the counter and reference electrode, Celgard 2500 as the separator and 1 M LiPF6 in a mixture of
ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (EC/EMC, 1:1 v/v) as the electrolyte.
Electrochemical measurements, such as cyclic voltammetry (CV) conducted at different scan rates,
galvanostatic charge-discharge cycled between 1.1 and 3.0 V voltage window vs Li*/Li and
electrochemical impedance spectroscopy (EIS), were carried out using the BCS-810 battery cycler
(BioLogic, France).

The reaction kinetic of NbPAA-900 was investigated using its CV curves at various scan rates. The peak
current (i) has a relationship with the scan rate (v) according to the following equation:

i=av’

(1)

Both a and b are adjustable parameters. In particular, b = 0.5 represents a diffusion-controlled far-
adaic intercalation process, while b = 1 indicates a capacitive behavior via a surface faradaic redox
reaction. In order to distinguish the capacitive contribution from the current response, Eq. (1) is
rewritten as

i(V) = kv + ko'/? (2)

where kiv and kov'/? can attribute to capacitive and diffusion-controlled contributions. For analytical
purposes, Eq. (2) is rewritten as follows

i(V)/0"/2 = ko' + ky (3)



By plotting v/? vs i/v'/?, ki and k; can be derived from values of the slopes and intercepts. By knowing

the values of k; and k», the ratio of capacitive contributions (kiv) and diffusion-controlled contributions
(kov'?) at different scan rate are obtained.

Results and discussion

Carboxylic groups in citric acid and oxalic acid are typically used to stabilize the Nb ion in the aqueous
solution. In this way, niobium-based nanoparticles such as Nb,Os[16], LiNbOs[17] and KosNags-
NbOs[18] have been prepared, which is well known as a modified Pechini method[19, 20]. However,
due to the low molecular weight of citric acid and oxalic acid, it is hard to form a coating of amorphous
carbon on the nanoparticles by carbonization. Here, we use PAA as the carbon source and the
stabilization agent to prepare Nb,Os nanoparticles within carbon matrix, leading to an increase in their
electric conductivities.

Figure 1 illustrates the synthetic process of niobium compounds/carbon composites. Firstly, NoPAA
precursor, where niobium peroxo are incorporated into PAA polymer network, is obtained via the
oxidation of ammonium niobate(V) oxalate by H,0; and the coordination between carboxylic groups
and niobium peroxo [18]. CO,, NHs and O, are released due to the decomposition of oxalate by H,0..
Then, during the calcination, niobium-based nanoparticles are in situ generated and well dispersed in
the carbon matrix. Different niobium compounds are formed at temperatures of 700 °C, 900 °C and
1100 °C, respectively. The compositions in these composites are listed in advance for a foresight based
on the gained results of XRD analysis, which will be discussed afterward.

NH{IND = 003 (C0,)5 =4+ Polyacrylic acid 18040

H, 0, NHT & 020,57 + Halhy
80 °C NH] + My + OOy + G

e Ar, 700 °C Ar, 900 °C Ar, 1100 °C
4]

-
Hg-’"h’g B TN, T-Nb, 0, B w0,
Il carbon - Ml 3 Bl s
B oo, Il <arban
HEA A Brm . 5
MbPAA Precurso B carbon

Figure 1 Schematic illustration of the preparation of NbPAA-700, NbPAA-900 and NbPAA-1100 composites, and their
chemical compositions.

The thermal decomposition of NbPAA precursor was studied using TG analysis. The result is presented
in Fig. 2. The overall weight loss is observed as high as 63%. The TG curve obviously shows three steps
of weight loss. About 33.2% weight loss occurs between the temperature of 25 and 290 °C. It includes
the elimination of water molecule before 150 °C, and the elimination of molecules of ammonia (NHs),
carbon dioxide (CO,) and carbon monoxide (CO) between 160 and 290 °C, resulting from the
decomposition of carboxylic groups in NbPAA precursor [16]. This elimination leads to the formation
of a mono(carboxyl)oxo-niobate complex, which shows a similar process as the one of (oxalato)oxo-
niobate complex [21].
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Figure 2 TG curve of NbPAA precursor under nitrogen atmosphere at 10 0C min-L.

After this temperature, the further decomposition of this complex occurs with a weigh loss of 18.4%
by forming CO. Meanwhile, the formation of Nb,Os starts. The breakdown of the -[CH,-CH],- occurs
between the temperature of 500 °C and 600 °C. And a slight continuous weight loss is observed above
600 °C. It could be due to the formation of amorphous carbon by removing the remain groups such as
-OH and -CH [22]. The reduction of Nb,Os by carbon is not significant below the temperature of 800
°C.

Nb,Os generally has five different phases: amorphous Nb,0s (a-Nb,0s), pseudohexagonal Nb,Os (TT-
Nb,Os), orthorhombic Nb,Os(T-Nb,Os), tetragonal Nb,Os (B-Nb,Os) and monoclinc Nb;Os (M-
Nb,Os).[23,24]. Due to their unique crystal structures, they perform different electrochemical
behaviors in the lithium intercalation/deintercalation process. In general, T-Nb,Os displays a
pseudocapacitive performance and can enhance its rate capability on the premise of maintaining
capacity [9]. TT-Nb,Os is an incompletely crystallized T-polymorph, which contained vacancies in the
crystal texture. It has the similar XRD patterns and electrochemical behaviors with T-Nb;0s. M-Nb,Os
delivers the highest capacity (* 250 mAh g?) and a favorable rate capability among them. There are
also other Nb-based compounds, such as niobium monoxide (NbQO), niobium dioxide (NbO2), which
could contribute to the electric conductivity and cycling ability of composites [25].

Therefore, XRD analysis was applied to study the crystal structures of obtained niobium species/car-
bon composites. Figure 3a, b, and c shows the XRD patterns of the NoPAA-700 NbPAA-900 and NbPAA-
1100 after the calcination at the corresponding temperatures. In all the samples, there are no
significant diffraction peaks of carbon matrix, which indicates their amorphous property. For NbPAA-
700, all the characteristic diffraction peaks could be indexed to TT-Nb,Os (PDF#28-0317), which shows
a different phase transition behavior to the samples in air, where orthorhombic phase could form at
even lower temperature of 600 °C [9]. It seems that the formation of TT-Nb,Os in NbPAA-700 could be
caused by the lack of oxygen in Ar atmosphere, which creates more vacancies, leading to a difficult
recrystallization. NbPPA-900 shows complex XRD diffraction patterns of three different phases
including T-Nb,Os (PDF#27-1003), M-Nb,Os (PDF#26-0885) and NbO, (PDF#43-1043). It indicates the
phase transition of TT-Nb,Os to T-Nb,Os and then T-Nb,0s to M-Nb,Os at the temperature of 900 °C.
Moreover, the reduction of partial Nb,Os to NbO, by carbon matrix is observed. The XRD patterns of
NbPPA-1100 are the mixture of characteristic diffraction peaks of NbO2 and niobium carbide (NbC,
PDF#38-1364), which confirms the severe reductions of Nb,Os at this very high temperature.



TG analysis was conducted to study the content ratios of each composition in three samples. Figure
3d, e and f displays their TG curves in the air at a heating rate of 10 °C min. For the one of NbPPA-
700, it shows a platform in the beginning of heating due to the removing of water, then it has a steep
drop above 370 °C, at which the carbon burning starts. However, for NoPPA-900 and NbPAA-1100,
there are mass increases before the carbon removing because of the oxidation of NbO, in NoPPA-900,
and NbOzand NbC in NbPAA-1100.
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Figure 3 XRD patterns of a NbPAA-700, b NbPAA-900 and ¢ NbPAA-1100; TG curves of d NbPAA-700, e NbPAA-900 and f
NbPAA-1100 in an air flow at 10 °C min-1; XRD patterns of g NbPAA-700-C, h NbPAA-900-C and i NbPAA-1100-C.

The samples were renamed as NbPAA-700-C, NbPAA-900-C and NbPAA-1100-C after removing the
carbon matrix, respectively. Their phases were also investigated by XRD analysis, and the results are
shown in Fig. 3g, h, and i. The phase of TT-Nb,Os in NbPAA-700 becomes T-Nb,Os due to the carbon
removing was achieved by the thermal treatment in air. NoPAA-900-C is a mixture of T-Nb205 and M-
Nb,Os. T-Nb,Os comes from both the oxidation of NbO; and the initial T-Nb,Os in NoPAA-900. M-Nb,0s
does not change during the removing of carbon since the phase transition of T-Nb,0Os to M-Nb,0s
occurs around 900 °C. NbPAA-1100-C is a pure T-Nb,Os, which is the result of oxidation of NbO, and
NbC.



Based on the data from XRD and TG analysis, the content ratios of each composition are calculated
and listed in Table 1. As you can see, the carbon content reduces from 26.4 to 14.3% when the
temperature increases due to the further decomposition of carbon precursor and the reduction of
niobium oxides by carbon. Meanwhile, the amount of NbO, increases upon the increasing
temperature. In NbPAA-900, there are four different compositions, which could play their own unique
advantage in the improvement of electrochemical performance. The optimization of content ratios of
each composition could be done by adjusting the calcination temperature and heating time.

The morphological changes of NbPAA precursor at different temperatures were monitored by SEM.
The results are shown in Fig. 4a, b and c. It is obvious to see that the prismatic structure of particles
becomes cracked after the calcination. Higher temperature applied, more smaller particles can be
observed, resulting from the decomposition of carbon precursor and the reduction reaction between
carbon and niobium species within the increasing calcination temperature. After the removing of
carbon in the air at 600 °C, the nanoparticles appear as shown in Fig. 4e, f and g. Although there are
phase transitions and chemical reactions during the carbon removing, the consistent shapes of
aggregated particles before and after the carbon removing indicates the obtained nanostructure
should be transformed from the nanoparticles in the carbon matrix.

In order to directly observe the change of nanostructure inside the composites, TEM measurement
was conducted and the results are shown in Fig. 5. As depicted in Fig. 5a, very small nanocrystals are
well dispersed in the carbon matrix, benefiting from the strong bond between niobium peroxo complex
and PAA in NbPAA precursor. Then, the size of nanoparticles becomes larger and they agglomerate as
shown in Fig. 5b, which indicates the phase transition and crystal growth in NoPAA-900. And as seen
in Fig. 5c, NbPAA-1100 has the largest particle size within agglomerates and the lowest amount of
carbon. These results show that the significant reactions take place within the increase in calcination
temperatures.

Figure 6a, b and c shows the full scan elemental survey of NbPAA-700, NbPAA-900 and NbPAA-1100,
confirming their elemental compositions with the presence of the peaks of O, C and Nb. Figure 6d, e
and f presents the C 1 s peaks of three samples. The peaks were deconvoluted into several peaks at
different binding energies. Three main peaks (sp? CC bonding at 284.3 eV, sp* C-C bonding at 284.6 eV,
C-O group at 285.9 eV) are identified. It is observed that by increasing the calcination temperature, the
intensity of the sp* and C-O peaks decreases, while the sp? peak increases.

Table 1 The summary of the properties of NoPAA-700, NbPAA-900 and NbPAA-1100

Samples Components Percentage  Specific capacity (mAh g I at Rate performance (0.05to 5 Cycling (0.2 A g ! 200
(%) 01 Ag Iy Ag by cyeles)

NbPAA- C 26.4% 87 12.3% 116%

700 TT-NbOy 72.2%
NbPAA- C 275, 129 33.1% Bl.6%

900 T-NbsOe & 22 8%

M-Nba0y
Nh(, 54.6%

NbPAA- C 14.3% 29 19.5% #20.2%

1100 Wb, T8.5%

MhC 16.8%




Figure 5 TEM images of a NbPAA-700, b NbPAA-900 and c NbPAA-1100.

The ratio of sp®carbon atoms to sp? carbon atoms is 3:2 in NbPAA-700, 3:8 in NbPAA-900 and 1:4 in
NbPAA-1100, respectively. It indicates the graphitization of carbon matrix increases with the elevated
calcination temperature. Graphitized carbon in the amorphous carbon matrix and porous graphitized
carbon shell on the metal oxides can increase the electric conductivity without hindering the ionic
transport [26-28]. Finally, the carbide peak is observed in NoPAA-1100, which comes from NbC. Figure
6g, h and i displays the Nb 3d peaks of three samples. It is clear to see the Nb 3ds;; and 3ds/, peaks are
all ascribed to Nb205 in NbPAA-700. And in NbPAA-900, they come from Nb205 and NbO2. These
obtained composition information inside the samples are corresponding to the results of XRD.
However, in NbPAA-1100, besides the peaks from NbO; and NbC, these peaks from NbO and Nb,Os
are also observed and even have much stronger intensities. According to the results of XRD, in which
the diffraction patterns of NbO and Nb,Os are not visible. It is reasonable to conclude that the oxidation
of NbO, and NbC occurs in the air but only on their surface, considering that the XPS technique is
mainly sensitive to the surface element species.
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Figure 6 Survey, C 1 s and Nb 3d XPS spectra of (a, d, g) NbPAA-700, (b, e, h) NoPAA-900 and (c, f, i) NoPAA-1100,
respectively.

CR2032 coin cells with Li chips as the counter and reference electrode were used to evaluate the
electrochemical performance of samples. Figure 7a, b and ¢ shows the first five cycles of voltammetry
of NbPAA-700, NbPAA-900 and NbPAA-1100 at a scan rate of 0.1 mV s}, respectively. After the first
cycle, the CV curves of each sample almost coincide in the next four cycles, which indicates the samples
be well immersed in the electrolyte and have a good stability. The CV curves of NbPAA-700 exhibit an
intercalation pseudocapacitive behavior, which is commonly observed in the phases of T-Nb,Os and
TT-Nb,0s.[13, 29] In Fig. 7b, the CV curves of NoPAA-900 show a cathodic (lithiation) peak at 1.6 V, and
an anodic (delithiation) peak at 1.7 V, which are related to the redox couple of Nb>*/Nb*. It is the
faradic behavior of M-Nb,Os. Moreover, it has a quite large rectangle head in the potential range
between 1.1V and 1.5 V. Its current density at this range compared to the one of cathodic or anodic
peak is considerably larger [30]. It indicates the capacity in NoPAA-900 should be a combination of
intercalation pseudo-capacitance of T-Nb205 and faradic capacity of M-Nb,Os. The CV curves of
NbPAA-1100 show a rectangle shape in the whole range of working potential with a pair of weak redox
peaks around 1.6 V. It could be integration of a double layer capacitive and a surface redox
pseudocapacitive behavior. NbO, and NbC do not significantly contribute to the capacity of this sample
due to the low theoretic specific capacity [25, 31].
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Figure 7 Electrochemical performance of NbPAA-700, NbPAA-900 and NbPAA-1100: a, b, ¢ Cyclic voltammetry curves for
the first 5 cycles; d, e, f Galvanostatic discharge/charge profiles at different current densities; g Rate performance; h Cycling
performance at a current density of 0.2 A g1 for 200 cycles, i Nyquist plots before and after cycling.

Figure 7d, e and f shows the galvanostatic discharge/charge profiles for the samples at different
current densities. Their behaviors are consistent with the one of CV curves. For instance, there is a
platform around 1.75 V in the discharge/charge profiles of NoPAA-900, which is ascribed to the redox
peaks in the CV curves. And the profiles of NbPAA-700 and NbPAA-1100 are linear due to
pseudocapacitive behaviors. The discharge specific capacity of NbPAA-900 is 142 mAh g* at 0.05 A g-
1, which is higher than that of NbPAA-700 (100 mAh g?) and NbPAA-1100 (38 mAh g?). Since the
prepared samples are used as the high-rate anode for Li-ion capacitors, higher current densities were
applied. The highest current density is 5 A g, which is 25 C based on the theoretical specific capacity
of 200 mAh g. The discharge and charge specific capacities upon various current densities are
illustrated in Fig. 7g. As can be seen, the capacity gets reversible after the first five cycles at 0.05 A g-
1. For all the samples, the specific capacity decreases when the current density increases. The retention
ratios are 12.3%, 33.1% and 19.5% for NbPAA-700, NbPAA-900 and NbPAA-1100, respectively. The
electric conductivity has a significant effect on the rate capability of electrode materials. In NoPAA-700
and NbPAA-1100, the higher graphitization of carbon matrix and the semi-conductivity of NbO,
enhance their electron transport, resulting in a better rate capability.
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Figure 8 a Cyclic voltammetry curves of NbPAA-900 at different scan rates; b Determination of corresponding b-value of
anodic peaks and c contribution ratios of the capacitive and diffusion-controlled capacity at various scan rates.

Moreover, despite the faradic reaction of the M-Nb,Os, its rate capacity is better than TT-Nb,Os and T-
Nb,Os. Therefore, NoPAA-900 exhibits the best rate capability, as well as the highest specific capacity.

Besides the specific capacity and high-rate capability, the coulombic efficiency and cycling stability are
another two key parameters for commercial applications of the anode materials. The cycling tests start
by five cycles at 0.05A g.; and then continue 200 cycles at 0.2 A g.;. The results are shown in Fig. 7h.
The initial coulombic efficiencies of the NbPAA-700, NbPAA-900 and NbPAA-1100 are 39.8%, 71.7%
and 42.9%, respectively. The coulombic efficiency of all samples increases to 99.2% after 10 cycles and
keeps at this level for the rest cycles. The capacities on the dependence of cycle times are also shown
in Fig. 7h. NbPAA-700 shows a good cycling stability after the stabilization of first 25 cycles, while the
main decline of capacity of NbPAA-1100 occurs at the first 20 cycles, then it keeps almost the same.
However, the capacity of NbPAA-900 continually deceases with a slight slope. After 200 cycles, the
retention ratio of the capacity is about 81.6%. It is due to the low cycling stability of M-Nb,Os.

EIS results before and after the cycling are presented in Fig. 7i. There is no interfacial layer resistance
at high frequency observed, which implies the solid electrolyte interphase does not form at high
potential of 1.1 V. The charge transfer resistance of three samples becomes smaller after cycling due
to the improvement of interface between electrode and electrolyte and the increased conductivity of
electrodes by the reduction at low potentials. Among them, NbPAA-900 displays the lowest charge
transfer resistance, and high ionic diffusion at low frequency ensures it provide better electrochemical
performance than other samples.

To deeply understand the high-rate capability of NoPAA-900, its CV curves at various scan rates were
used for investigating the reaction kinetic, which are shown in Fig. 8a. The shapes of each curve are
identical with peak currents gradually increasing as scan rates ascending. The obtained b-value from
anodic peaks is 0.87, as the slope of log(i) vs log(v) plot in Fig. 8b, which indicates its capacity should
include both capacitive and diffusion-controlled contributions [11, 32, 33]. And the valves of k? and k2
are 0.583 and 0.115, respectively, obtained by plotting v'/?vs i/v'/2. Based on the value of the valves of
k? and k?, the ratios of capacitive and diffusion-controlled contributions are summarized in Fig. 8c at
each scan rate. At the low scan rate of 0.1 mv s, the faradic capacity of M-Nb,Os possessed more than
half of the total capacity. When the scan rate increases from 0.1 to 1 mV s, the proportion of
capacitive capacity of NbO, and T-Nb,Os reaches up to 72.3% (Fig. 7c), which means the one of M-
Nb,Os still have about 27.7% [11]. The good retention of faradic capacity of M-Nb,Os is due to its
inherent property and high conductivity of carbon and NbO,. Therefore, M-Nb,Os in the composite of
NbPAA-900 not only increase its specific capacity but also contribute to the high-rate capability. The
issue of M-Nb,Os is the capacity decay during the charge-discharge process.



Conclusion

In summary, we have prepared three niobium species/carbon composites by calcinating NbPAA
precursor at different temperatures. It has been found that the reduction of Nb205 by carbon occurred
above the temperature of 900 °C. Chemical compositions of these composites change, following the
principle of phase transition of Nb,Os and the degree of reduction with the increasing of temperature.
Electrochemical performance demonstrated that NbPAA-900 can exhibit the highest specific capacity
of 142 mAh g1 at 0.05 A gt and best rate capacity (46.5 mAh gtat5 A gt or 25 C) among three samples.
These improved Li-storage performances come from the good conductivity of carbon matrix and NbO,,
and the large specific capacity and high-rate capability of M-Nb,0Os. However, a slight decay of specific
capacity upon the cycle times was observed due to the phase change of M-Nb,Os during the lithiation
and delithiation (81.6% after 200 cycles at 0.2 A g1).
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