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Abstract: Hierarchical flower-like Nb,Os microspheres have been prepared via a facile
hydrothermal approach without any additives. X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and transmission electron microscopy
(TEM) were employed to clarify the structure and morphology of the Nb,Os microspheres. The
structure and morphology evolution mechanism have been proposed for the hierarchical structure
in detail. During the symmetric Ostwald ripening, the resultants formed aggregates constructions
composed of two-dimensional nanoflakes building blocks. Photocatalytic activity of the
as-prepared Nb,Os microspheres was evaluated by the photodegradation of Rhodamine B (RhB),
and over 90% of RhB was degraded within 30 min under the irradiation of UV light. The
as-prepared Nb,Os exhibits higher photocatalytic activity than commercial Degussa P25.
Moreover, Nb,Os was tested as anode materials of lithium ion batteries, which displayed high

reversibility and excellent rate stability at current density 50 mAg'l.

1. Introduction

The rational design and synthesis of inorganic nanomaterials with hierarchical structure have
attracted a great deal of attention in the past few decades.'™ To date, several excellent reviews
about hierarchical structure in natural science have been published following a summary
compilation by Waller in 1976.°® The analysis of data for existing materials reveals that
hierarchical structure materials, especially curved three-dimensional (3D) microspheres, which
possess dual or multiple morphologies and structures are greatly important for performance

12 In 2011, Fu group" and Sun

improved and further realizing widely potential application.
group'* reported different kinds of hierarchical flower-like TiO, microspheres in succession, and
they demonstrated that the materials had better photocatalytic activity and higher photoelectric
conversion efficiency than P25, respectively. In addition, our group also dedicated to the research
in design and synthesis of hierarchical structure materials, and we had prepared a series of
hierarchical microspheres materials in the past years, which exhibit interesting electrical
properties.ls’16 So far, some examples of transition metal oxides with 3D hierarchical microspheres
architectures have been obtained, such as Fe3O4,17’18 MoOz,19 Cu0” and Co3O4.21 However,

compared to those well-reported transition metal oxides, there is an unfavorable lack of

investigation on niobium oxides with hierarchical nanostructures.
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As the most thermodynamically stable phase in niobium oxides,” diniobium pentaoxide (Nb,Os)
has been considered for applications in diverse fields involving gas sensing,” catalysis,”* and as
electrochromic material.>> As we know that the valuable functions greatly depend on the size and
structure. Thus, nanostructure Nb,Os with controlled morphologies has become favorable due to
their unique properties such as larger surface area and accelerated phase transitions. Up to now, a
few studies focused on the nanostructures of Nb,Os including nanoplates,26 nanowires,zz‘27
nanorods®, nanotubes” and nanopore’™' had been reported. However, to our knowledge, there is
no report on the fabrication of Nb,Os with hierarchical nanostructures.

In this study, we have successfully developed a concise way to synthesize flower-like
hierarchical Nb,Os microspheres under hydrothermal conditions without any additives. The
possible formation mechanism is rationally proposed for the time and alkaline-dependent
experiments. To explore the functionality of this material, we have investigated the photocatalytic
activities of Nb,Os, which exhibits significantly enhanced photocatalytic activity in the
degradation of aqueous RhB. Furthermore, with stable cycling performance as anode electrode
materials, Nb,Os microspheres display potential application in LIBs.

2. Experimental details

Preparation of hierarchical Nb,Os microspheres. All reagents are of analytic grade and
were used without further purification. In a typical synthesis, a mixture of NbCls (0.2g) and
Hexamethylenetetramine (0.4g) in water was stirred for 30 min, and then sealed in a 30ml
Teflon-lined stainless steel autoclave and heated at 180°C for 24 h. After the sample was gradually
cooled to room temperature, a white precipitate was collected and then washed with distilled water
and absolute ethanol, and the sample was kept in absolute ethanol.

Material Characterization. X-ray diffraction analysis of the samples were carried out by an
X-ray diffractometer (XRD, Rigaka D/max2500) with Cu Ka radiation (A = 1.54056 A). The
morphology of the as-prepared products was characterized by scanning electron microscopy (SEM,
Hitachi-530 or JEOLJSM-6700F) and transmission electron microscopy (TEM, JEOL-2010,
operating voltage of 200 kV). The elemental composition was detected by X-ray photoelectron
spectroscopy (XPS, Kratos Axis Ultra DLD). The Brunauer—Emmett—Teller (BET) specific
surface area (SBET) of the sample was analyzed by nitrogen adsorption in a Tristar 3000 nitrogen

adsorption apparatus, UV spectra were recorded on a Cary 5000 spectrometer at room
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temperature.

Photocatalytic Reactions. The photocatalytic activities of the as-prepared Nb,Os
hierarchical structures were evaluated by the photocatalytic degradation of RhB aqueous solution
via an XPA-system Photochemical Reactor (Nanjing, China) at room temperature under ultraviolet
light irradiation. A 300 W Hg arc lamp was used as a light source to provide the UV light. In a
typical reaction, 0.1 g of as-prepared photocatalysts was dispersed into 100 mL of RhB aqueous
solution (1x10~° M). Before light irradiating, the suspension was stirred for 30 min in the dark to
reach adsorption equilibrium of RhB on the surface of photocatalysts. Then, the reaction was
stopped at 30 min intervals and 10 mL of reaction solutions were extracted to determine the
concentrations of the aqueous RhB solution by UV/vis spectroscopy. In this study, P25 was used
as control to photocatalytic RhB under the same condition as the as-prepared samples. RhB
aqueous solution without photocatalysts irradiated by UV light was used as a blank experiment
and the as-prepared photocatalysts reacting with RhB in dark were used as comparative
evaluation.

Electrochemical Measurements. In test cells, lithium metal was used as the counter and
reference electrode. The working electrodes were composed of active materials, acetylene black
(AB), and polytetrafluoroethylene (PTFE) at the weight ratio of 15:4:1. The weight of the working
electrode was 2.3 mg. The electrolyte was 1 M LiPF6 dissolved in a 1:1:1 mixture of ethylene
carbonate (EC), ethylene methyl carbonate (EMC), and dimethyl carbonate (DMC). The cells
were assembled in a glove-box filled with high-purity argon. Discharge / charge measurements of
the cells were performed at different current densities between the potentials of 0.01-3.00 V (vs
Li" / Li) under a LAND-CT2001A battery tester.

3. Results and discussion

Structure and Morphology. X-ray diffraction was used to characterize the phase structure of
the products. Figure 1 shows the powder XRD patterns of the as-prepared samples. All the peaks
in Fig. 1 can be readily indexed as pure orthorhombic Nb,Os, which is in good agreement with the
values from the standard card (JCPDS, file No. 20-804).** Compared with those of the bulky
counterpart, the peaks are relatively broadened, which reveals that the nanoflakes have very small
crystal sizes. From Figure 1, it can be observed that (1 1 3) plane is unusually stronger than the

corresponding conventional values. This observation indicates that the resultant Nb,Os products
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are mainly dominated mainly dominated by (1 1 3) plane, therefore, the (1 1 3) plane tend to be
preferentially oriented parallel to the surface of the supporting substrate in the e>(periment.32’33
Further evidence for the composition was obtained by XPS. Figure 2 shows the typical XPS
spectra taken from the niobium and oxygen regions of the products. The two peaks located at
207.9 and 210.6 eV are attributed to Nb;, and that at 531.0 eV corresponds to Oy,. The ratio of Nb
to O is approximately 1:2.58, which reveals that the sample has high purity.

/Insert Figure 1./

/Insert Figure 2./

/Insert Figure 3./

The morphologies of the resulting Nb,Os sample were first investigated by scanning electron
microscopy (SEM). Figure 3a and 3b show the representative that the products are composed of a
large quantity of flower-like structures, with an average diameter of 1.2 pm. Higher magnification
microscopy exhibits detailed front surface information of the particular architecture, which is
constructed by distorted nanoflakes with thickness of 30 nm in three directions. In addition, the
sample was characterized by TEM, (Fig. 3c and 3d) and the low-magnification TEM images
further clearly indicate that the sample is composed of aggregated nanoflakes. Especially, it is
more obvious that the edge portion of the superstructure is lighter than that of the center. The
high-resolution TEM images (Fig. 3d) show that the crystalline lattice distances in the white frame
are 3.59 A, corresponding to the (0 0 4) planes of Nb,Os which are consistent with the XRD
results. Moreover, the N, physisorption measurements isotherms for the sample is characteristic of
a typical type IV isotherm with H1 hysteresis loop based on Brunauer-Deming-Deming-Teller
(BDDT) classification (Fig. 4), which is indicated by a hysteresis loop at high relatively pressures
associated with capillary condensation of gases within mesopores in the size range of 2-50 nm.”
The BET surface area is 86.81 m’g” and the pore-size distribution curve obtained through the BJH
method suggests that most pores showed the sizes of 3.5 nm.

/Insert Figure 4./

Formation Mechanism. In order to investigate the evolution of the flower-like Nb,Os
microspheres, we first carried out the time-dependent synthesis and investigated the products at
different stages by XRD and SEM techniques. From the XRD patterns in Fig. Se, it is clearly

observed that the formation of Nb,Os is very fast, after reacting for just 2h. And the products
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collected at every time interval are almost consistent with the product obtained at 24 h. Fig. Sb—d
shows the morphological evolution from irregular shapes at the beginning to the final flower-like
aggregates. There is no product collected at the initial 8 h reaction. Prolonging reaction time to 16
h, the intermediates close to the final morphology assembled by nanoflakes appear but there exists
some nanoparticles as observed. As the reaction proceeds to 24 h, the typical flower-like
microstructure has been formed. Comprehensive series of experimental phenomna, we could
conclude that time is one of the most important controlling factor in the formation process.
/Insert Figure 5./

We also investigated the effect of alkaline on the morphology of Nb,Os microspheres. We
conducted the alkaline-dependent experiments by changing the amount of
hexamethylenetetramine while the reaction time and temperature was fixed at 24 h and 180 °C,
respectively. With the assistance of low concentration of hexamethylenetetramine (0.2g), the
products have no regular shapes (Fig. Sla). The increase of the amount of
hexamethylenetetramine could improve the yield and quality of 3D aggregates. As shown in
Figure 3, when 0.4 g of hexamethylenetetramine was used, the sample is consisted of aggregates
with regular morphologies and in uniform size. With the continue increase of alkali source,
flower-like aggregates could also be obtained, but products contains defective flower-like balls
and irregular 3D aggregates (Fig. S1). Furthermore, we tried to use other alkali source in this
system, there is no regular product collected if hexamethylenetetramine is replaced by NaOH or
Na,COj; (Fig. S2). Note that, when Na,CO; was used as the alkali source, the phase of Nb,Os
changed from orthorhombic space group C2/m to monoclinic space group Pbam. This change
could be confirmed through XRD. A series of results reveal that the source and amount of an
appropriate alkaline is indispensable in forming and keeping the characters and shapes of
precursor microspheres during the calcination process.

On the other hand, we investigated influences of temperature on the final structures of Nb,O:s.
The elaborate temperature experiments were carried out, which shows that lower reaction
temperature is not conducive to the formation of hierarchical Nb,Os microspheres. The related
XRD patterns and SEM images are shown in Fig. S3.

On the basis of the above results, we can propose a growth process of the 3D hierarchical

microspheres with Nb,Os 2D nanoflakes assembly. Firstly, the hydrolysis of the
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hexamethylenetetramine results in the formation of OH™ ions, which provide a weak basic
environment for the formation of Nb,Os crystal nucleus. Then, adjacent Nb,Os crystal nucleuses
may attach to each other and gather into colloidal irregular aggregates to reduce surface area and
surface energy. With the occurrence of anisotropic process, the irregular aggregates may further
coagulate to form ordered hierarchical 3D microspheres, which were constructed by nanoflakes.
The whole formation process of hierarchical Nb,Os microspheres is illustrated in Figure Sa.
Generally, two key stages are involved during this morphological transformation: nucleation and
Ostwald ripening. In this reaction system, the Nb,Os nanoparticles firstly grew into aggregates
with irregular shapes through nucleation following its crystal growth habit, and then evolved into
flower-like Nb,Os aggregates via Ostwald ripening.

Photocatalytic performances. The UV-vis absorption spectra of Nb,Os microspheres in
ambient temperature is shown in Fig. 6a, a strong absorption can be observed in the ultraviolet
region for the as-prepared Nb,Os The band gap energies of Nb,Os, 3.4 eV, can be reckoned from
the plot of transformed Kubelka—Munk function versus the energy of exciting light**
Photocatalytic activities of the as-prepared Nb,Os under UV light were examined by typical
photodegradation experiments of aqueous RhB, where Degussa P25 TiO, was used as a reference
photocatalyst, the results are shown in Figure 6b and 6¢. The characteristic wavelength of RhB
absorption is 553 nm, and the area of the absorption peak correlates well with the RhB
concentration. With the increase of illumination time, the main absorption peak gradually
weakened and completely disappears after about 60 min. No other absorption bands appear in
either the ultraviolet or visible region. Time course of the decrease in the dye concentration using
different catalysts is shown in Figure 6¢, where all of the reaction time was deducted the time of
adsorption equilibrium. After 30 min, 90% RhB was almost degraded by as-prepared photocatalyst,
which is much more than that of P25 (nearly 45%). After 60 min of UV light irradiation, nearly all
RhB was removed by the as-prepared Nb,Os while only 83% RhB was removed by P25. In Nb,Os
system, although the band gap is larger than that of TiO, (3.2 eV), which means less UV light can
be harvested. Obviously, the as-prepared Nb,Os exhibits better photocatalytic activity than P25.
This is mainly attributed to the large BET surface area of Nb,Os (86.81 m’g™”), much more than
that of P25 (50 ng’l), which is favorable to increasing the photocatalytic reaction sites. In

particular, mesoporous structure of the catalyst bring on light waves to penetrate deep inside the
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photocatalyst and beget high mobility of charge, which also lead to higher catalytic activity.”~’

Also, the photocatalyst stability besides the photocatalytic activity is very important in the
practical application. Thus, recycle experiments was further investigated. As shown in Fig. S4, the
hierarchical microsphere photocatalysts did not exhibit any significant loss of activity after three
recycles for the photodegradation of RhB, indicating that these photocatalysts is anti-photo
corrosion during the photocatalytic oxidation of the dye molecules.

/Insert Figure 6./

The radicals and holes trapping experiments were also designed to elucidate the photocatalytic
degradation process of Nb,Os. Herein, Isopropyl alcohol and EDTA have been selected as -OH
radicals and hole scavengers, respectively. As shown in Figure 6d, the photodegradation rate of
RhB is slightly suppressed in Nb,Os —EDTA system, whereas it is obviously inhibited in Nb,Os—
Isopropyl alcohol system. This means that the -OH radicals could be the main active oxygen
species that can oxidize the adsorbed organic pollutants. According to the literature,”®®
photocatalytic activity is governed by various factors such as crystallinity, band gap, and surface
properties. For Nb,Os catalyst, the great photocatalytic activity should be attributed to its special
structural features.” The hierarchical microsphere structure would effectively prevent overlap
between nanoflakes and thus maintain a large active surface area,40 this implies Nb,Os can harvest
more UV light to produce enough -OH radicals as one of strongest oxidant known, which could
oxidize directly the organic pollutants (reactions 1-3). In addition, large surface area of
hierarchical Nb,Os microspheres leads to both more surface reaction sites for the adsorption of
reactants molecules and more surface hydroxyl groups, these surface hydroxyl groups, which not
only could accept photogenerated holes to prevent electron-hole recombination,*' but also provide
conditions for subsequent produce -OH radicals (reaction 4).42 In one word, the higher
photodegradation rate in the Nb,Os had been primarily ascribed to the porous hierarchical
structure.

Nb,Os + ultraviolet light — h" +e (1)
h"+H,0 —OH+H" )
-OH + h" + organic pollutants — product 3)
OH +h" —-OH 4)

Compared to P25, although the as-prepared Nb,Os exhibits higher photocatalytic activity, it is
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more expensive. Therefore, we tried to reduce the amount of Nb,Os, and dosage effect
experiments were carried out. The results are shown in Figure S5. Fortunately, when reduced the
amount of Nb,Os to 1/2 of TiO, for photocatalysis, the as-prepared Nb,Os exhibits better
photocatalytic activity than P25. So we believe that the hierarchical flower-like Nb,Os
microsphere is efficient for the environmental purification of organic pollutants in aqueous
solution.

Electrochemical Performances. To investigate the lithium storage performances of the
obtained Nb,Os microspheres, working electrode was assembled in cells and tested in the voltage
range of 0.01-3.00 V at 50 mAg'l. Figure 7a shows the charge—discharge curves of the electrode
made from the hierarchical Nb,Os; microspheres. In the initial cycle, there is no obvious platform
observed and the electrochemical reactions of Nb,Os with lithium involve multi-steps for its
decomposition and formation from the curve. It’s noteworthy that the initial cycle shows high
discharging capacity of 962 mAhg"', while the capacity decreases to 391 mAhg in the second
discharge. Such result probably is due to two reasons, firstly, the faradic contributions of side
reaction with electrolyte and/or reversible formation of polymer/gel-like film through a so-called
“pseudo-capacitance-type behavior”.”** Secondly, the irreversible reactions including the
formation of the SEI film and further lithium consumption via interfacial reactions due to the

charge separation at the metal/Li,O phase boundary.*>**

Moreover, during the subsequent cycles,
the charge—discharge curves almost overlap, demonstrating excellent cycling stability.

To better understand the electrochemical behaviors of Nb,Os, cyclic voltammetry (CV)
measurements were performed between 0.01 to 3.0 V at room temperature, with a scan rate of 0.5
mV-s™ (Fig. 7b). An apparent cathodic peak at 0.55 V is observed in the initial discharge of Nb,Os
and vanishes in subsequent cycles, which corresponds to the reduction of Nb,Os and the formation
of SEI films. Initial anodic scan reveals one main peak around 1.5 V, and this peak exists in
subsequent cycles. Generally, the first two cycles are the formation cycles, during these cycles
good electrical contact between active material, binder, and conducting carbon and current

collector is established.*°

Herein, the main cathodic and anodic peaks correspond to
insertion/extraction of Li to/from the Nb,Os lattice, the Li storage mechanism in Nb,Os can be
interpreted as Nb,Os + xLi" + x¢© — Li,Nb,Os, during lithiation and delithiation, the cathodic

and anodic process follows the transition between Nb>"/Nb*", and the theoretical capacity of
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Nb,Os should be calculated as 201.6mAh/g, corresponding to x=2 in Li,Nb,0s.”! Furthermore, the
subsequent CV curves (2nd and 3rd) overlap well, and reveal good reversibility of Li storage
performances.

/Insert Figure 7./

Cyclic stability. Figure 7c displays the cycling performance of the as-prepared Nb,Os at a
current rate 50 mAg’l. A gradual loss of capacity from the early cycles is clearly observed, it is
attributed to the irreversible reactions between active materials and electrolyte and the large
volume changes occurred in the structure after the lithium inclusion, which may destroyed the SEI

. . 47,50,53
film on the iron oxide anodes.

However, the capacities degradation not further continues in
subsequent cycles, it show a very high cycle stability from 8 (217.5 mAhg™) to 200 cycles (219.5
mAhg™). From the initial ten cycles, the Coulombic efficiency rapidly increased nearly 95%,
whereas the reversible capacity remained 198 mAhg’l after 100 cycles with a negligible loss of
only 0.06 % per cycle. When the rate is increased stepwise from 50 mAg™ up t0100, 200, 400, 800
mAg”, some stable capacity of about 124, 82, 62 and 39 mAhg™ can be achieved, respectively
(Fig. 7d). Remarkably, when the current rate is again reduced to 50 mAg'l, a stable high capacity
of 180 mAhg™ can be resumed. We believe that the high reversibility and good rate stability are
due to the unique hierarchical structure with preferable stability. Recently, Ma et al. have
examined Nb,Os with particles size varying around tens of nanometers with agglomeration as an

anode material at a current density of 50 mAg™,>*

it shows observed capacity decreasing trend in
50 cycles. In contrast, hierarchical Nb,Os anodic exhibits even more remarkable cycle stability
and reversibility than that one.

EIS is an effective method for evaluation of the electron conductivity and Li" diffusion of
materials.”> The EIS data was modeled using the Zview software and presented as red line in
Figure 8a with the corresponding fitted parameters in Table S1. Fig. 8a also shows the equivalent
circuit modeled from impendence spectra of Nb,Os microspheres electrode. Herein, Rs (3.641Q)
is the resistance of the electrode, electrolyte and membrane. CPE and Rct (197.2Q) represent the
constant phase capacitance and the resistance, respectively, which produced from the reaction
between the electrolyte and the surface of the electrode. In the impendence spectra, CPE and Rct

are corresponding to the semicircle in the high-frequency range, which is attributed to Li

migration through surface films at the electrode/electrolyte interface. Moreover, Wo in the
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equivalent circuit is Warburg impedance, it represents the diffusion of Li" within the bulk
anode/electrode and corresponding to the inclined in the low-frequency range.
/Insert Figure 8./

Fig. 8b shows the Nyquist plots of the Nb,Os microspheres at different stages. Nb,Os electrodes
show only one semicircle in the high-frequency range and an inclined line in the low-frequency
range in the stages of before cycling (i), after 1 cycle (iii) and 3 cycles (iv). Previous studies
showed that the semicircle in the high-frequency region could reflect the charge transfer process at
the conductive agent interface which dominates the reduction reaction during upper voltage
plateau, while the inclined in the low-frequency range is corresponds to the Li" diffusion
process.”®*’ Notably, the interfacial resistance is observed to decrease with the continuous cycles,
it may attributed to pulverization of the Nb,Os surface and a subsequent increase in the surface
area that reduces the interfacial resistance.’® Moreover, in the stage of the Nb,Os electrodes after
first discharge (ii), the EIS profile demonstrates two semicircles, the high-frequency semicircle is

assigned to the formation of SEI film,””®!

which mainly grows in the initial discharge process. The
second semicircle is probably attributed to charge transfer kinetics.
4. Conclusions

In summary, a hierarchical flower-like Nb,Os microsphere was obtained via a facile and
template-free method. During the synthetic procedure the hydrolysis of the
hexamethylenetetramine provided OH  source was used to control the formation of 3D
microspheres. The photocatalytic performance of the Nb,Os nanostructures was evaluated by
examining the degradation of RhB under UV light irradiation. In addition, when evaluated as
anode materials for lithium-ion batteries (LIBs), Nb,Os with the special structure displayed
excellent cycle stability and reversibility. Furthermore, this material is also expected to have

potential applications as gas sensing and electrodes for other electronic devices. Related work is in

progress.
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Figure Captions

Figure 1. XRD pattern (green: PDF 20-804) and crystal structure of Nb,Os hierarchical structure.
Figure 2. XPS spectra of the Nb3d peaks (a), Ols peak (b) and Nb,Os microsphere (c).

Figure 3. Typical SEM (a and b) and TEM (c and d) images of flower-like Nb,Os nanostructures.
Figure 4. N, adsorption/desorption isotherm and Barrett-Joyner-Halenda (BJH) pore size
distribution plot (inset) of Nb,Os.

Figure 5. Schematic formation process (a) and SEM images of the samples synthesized at 180°C
for (b) 2 h, (¢)8 h, (d) 16 h, and (e) XRD patterns of the as-prepared Nb,Os products.

Figure 6. (a) Ultraviolet-visible diffusive absorption spectrum and insert is the plot of transformed
Kubelka-Munk function versus the energy of the light absorbed. (b) Absorption spectra of a
solution of RhB in the presence of Nb,Os and under exposure to UV light, (c¢) time course of the
decrease in the dye concentration using different catalysts, (d) Photodegradation of RhB by Nb,Os
catalyst under different solutions.

Figure 7. The typical charge/discharge curves (a) and CV curves (b) of Nb,Os, cycling
performance for the Nb,Os samples tested at a current density of 50 mAg™ in the potential range
0f 0.01-3.0 V (¢), and the rate capability of Nb,Os electrode (d).

Figure 8. (a) Typical electrochemical impedance spectra, presented as Nyquist plots for the Nb,Os
electrodes and the equivalent circuit used to fit the EIS, (b) Nyquist plots of the Nb,Os electrodes

at different stages.
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