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Nb,Os nanowires were synthesized by hydrothermal
method using PEI (polyethylenimine) as the soft template.
Study results indicated that, pH value greatly affected Nb,Os
nanowires. At high pH (pH=9), worm-like Nb,O;s
nanomaterials was produced on account of writhing and
coiling of chains of PEL In contrast, Nb,Os; nanowires were
formed when the pH value was lower than 7, because PEI
chains expanded due to electrostatic repulsion between
ammonium cations, With the decrease of the pH value, the
aspect ratio of Nb,Os nanowires became lower, and the BET
surface area was increased. When the pH value reached 1-2,
Nb,Os nanowires got a surface area as high as 245 m’g”. In
dehydrogenation of D-xylose to furfural, the catalysts, Nb,Os
nanowires prepared at pH=1-2 and calcined at 500°C showed
a high conversion rate and yield, 90.3% and 73.7%
respectively.

Controlling the shape of nanocrystals is a hot issue in the
last several years. The capping agents play a crucial role in
controlling the morphology of metal nanoparticles. For example,
poly(vinyl pyrrolidone)(PVP)! or Br? can be used to produce
nanocubes. But nanoplates’ can be formed by sodium citrate
(Na;CA). Morphology of copper”, gold®, platinum® and other
metal nanocrystals are controlled by the same method. Above all,
coordination interaction between coordinates (ions or organic
30 molecule) and metal atoms affect largely on morphology of the
metal nanocrystals.

The method to control the shape of metal oxides or
semiconductors is similar to the metal nanoctrystals. Nowadays,
researchers have synthesis huge number of metal oxides: zero-
35 dimensional (0D) like isotropic spheres, cubes, and polyhedrons.
1D like rods and wires, 2D discs and plates’. In the process of
preparation, one important and effective method is template
assembly. Polymers provide an excellent template for
synthesizing the metal oxides nanocrystals®, especially some
order mesoporous metal oxides’. Polymers can form different
shapes of the micelles in various solvents by interacting with the
solvent moleculars, different types of nanomaterials can be
synthesized'’.

Niobium oxide is a promising catalyst materials, and
Nb,05-nH,0 which is usually called niobic acid can be used as a
solid acid to catalysis many reactions''. Nb,OsnH,O plays a
good role in conversion of glucose into 5-(hydroxy-
methyl)furfural'2. Moreover catalyst activity of Nb,Os; nanorods
are better than Nb,Os nanospheres'®. Single-crystalline Nb,Os
so nanorods are synthesized by CVD (chemical vapor deposition)
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methods'®, monoclinic niobium pentoxide nanorods (N-Nb,Os )
were produced under a high temperature 950°C, this material
shows a good properties in humidity detection. So control the
shape of Nb,Os can improve the catalyst properties.

In recent works, different methods prepared diverse shapes
of Nb,O:s, including different niobium precursors and templates.
Using NbCls as the precursor and copolymer as the template, a
wormlike mesoporous Nb,Os nanomaterial is obtained", however,
NbCls is expensive and more active than other niobium salts.
Layered HNb;Og was prepared by exfoliated bulk Nb,Os using
tetra(n-butylammonium)  hydroxide'®.  The  hydrothermal
treatment of a niobium peroxo complex can obtain Nb,Os with
high surface but low crystallinity'’. High surface area
mesoporous niobium oxides were prepared using amphiphilic
block copolymers (Pluronic P123 and P85)'®, cubic pores and
hexagon pores'® can be formed in mesoporous Nb,Os by adding
little amount of NaCl solution and controlling the evaporation
rate of the solvent. In addition, Nb,Os nanorods can be
synthesized by applying trioctylamine as the template'.

In this work, we firstly made use of polyethylenimine(PEI)
as the template to synthesize the Nb,Os nanowires and wormlike
nanomaterials. PEI is a polymer with repeating unit composed of
an amine group and two-carbon chain. The structure of this
polymer differs from other polymers for its structure, in a
previous work, Chandan Kumar?® and collaborators calculated the
molecular skeleton by utilizing chemical software. In the
molecular dynamics study, they concluded that the PEI polymer
is highly coiled at high pH value (basic medium), while the
chains elongated at low pH value (strong acidic conditions). This
simulated result was consistent with the experimental result in the
literature®'. We firstly used this experimental phenomenon to
control the shape of niobium oxides by the structures of PEI
under different pH value.

Furfural is a widely used chemical intermediate to produce
value compounds®. Xylose is the most abundant precursor to
synthesize furfural®. In industrial process, liquid acid (e.g.,
sulfuric acid or phosphoric acid) was used as the catalyst, which
brought many problems such as high toxicity, high corrosity, and
environmental harm?*. Developing solid acid can solve these
problems. Nb,Os is a water tolerant solid acid®® suitable for this
reaction®®. In this paper, the reaction of xylose to furfural was
carried out to test the activity of the Nb,Os nanomaterials.

Synthesis process of the Nb,Os nanomaterials can be seen in
Electronic Supplementary Information. The synthesis of Nb,Os
nanowires were carried out in acid conditions. HNO; was used to
tuned pH value of the solution to 1-2(High acidity), 4-5(Medium
acidity), 6-7(Low acidity) respectively. A yellow or black gel was
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formed (see photographs in SI), after series treatment, a powder
can be obtained. Which was named as NN-180-H, NN-180-M,
NN-180-L for the sample synthesized at high acidic, medium
acidic and low acidic conditions, respectively. In order to remove
the remaining PEI in the as-prepared samples, NN-180-H, NN-
180-M and NN-180-L were treated at 500°C in air for 6h, and a
white powder obtained was denoted as NN-500-H, NN-500-M
and NN-500-L, respectively.
The synthesis of Nb,Os wormlike nanometrial is similar to
10 that of nanowires except that the pH value was tuned to 9-10 by
NH;-H,O. The white powder we got was named as NW-180.
After heat treatment at 500°C in air for 6h, the sample produced
was denoted as NW-500. Characterization details of Nb,Os
nanomaterials were seen in SI
15 Ammonium niobium oxalate was hydrothermal treatment at
180°C for 72 h, fig. 1(a) and (b) shows two types of Nb,O5 were
formed under acid and base condition. In the acid condition, PEI
chain stretch to the linear shape in fig. 1(a), Nb,Os nanowires
were formed along the linear chain. In the base condition, Nb,Os
20 nanowires were highly curved to wormlike nanomaterials in fig.
1(b) because of the curved chain of PEI as the soft template.
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Fig. 1 Morphology of Nb,Os nanomaterials, XRD data and TG
2s data of NN-180-M, NW-180

X-ray diffraction data was shown in Fig. 1(c), NN-180-M is
Nb,O5 nanowires, 20 values of planes 22.6, 28.3, 46.1, and 55.2
can be indexed as the (001), (100), (002) and (102) crystal planes

30 of Nb,Os nanowires according to the standard card (JCPDS No.
18-0911). Compared with NN-180-M, crystal plane of Nb,Os
prepared in base condition is not so obvious, but the peak shape
of NW-180 coincides with the reference'. Fig. 1(d) show that
there is little amount of PEI adhering on the Nb,Os surface about

35 8.3% in NN-180-M and 15.2% in NW-180 respectively and after

500°C little changes can be observed on TG curves showing the

PEI all removed comparing with the calcined sample.

Further research showed that the acidity influenced the
aspect ratio of Nb,Os nanowires significantly. The average aspect
ratio of the nanowires synthesized at high acidity (NN-180-H)
was about 4.11 (Fig. 2a and 2d). Lowering the acidity of solution
condition will produce longer Nb,Os nanowires. The average
aspect ratio of NN-180-M prepared at medium acidity is 8.04
(Fig. 2b and 2d), while longer nanowires (aspect ratio 22.4) were
45 obtained for NN-180-L which was synthesized at low acidity (Fig.

40

2c and 2d). It was considered that higher acidity gave rise to
rapider decomposing rate of ammonium niobium oxalate,
resulting in more Nb,Os crystal seeds, which was in favor of
forming shorter Nb,Os nanowires. HRTEM analysis the crystal
plane information of NN-180-L, in fig. 2(e) hydrothermal
treatment under 180°C get a low crystallinity, but the nanowires
is grown along the (001) crystal orientation, interplanar distance
is 0.3986 nm accordance with the d value 3.9277A from XRD
data.

55 XRD data shows these three samples in fig. 2(f). From pH
value 1-2 to 6-7, (001), (002) crystal plane give obvious peaks,
(001), (002) peaks of NN-180-L higher than NN-180-M and NN-
180-H shows longer length of the nanowires.
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Fig. 2 TEM images of (a) NN-180-H, (b) NN-180-M and (c) NN-

180-L; (d) the average length of nanowires for the three samples;

() HRTEM image of NN-180-L; (d) XRD patterns of the three
s samples.

NN-180-M and NW-180 were treated in a tube furnace
under the temperature 500°C for 6h. Morphology of NN-180-M is
changed to NN-500-M in fig. 3(a), linear shape like Nb,Os
becomes high crystallinity, crystals grow up to longer nanowires
but NW-500 is still wormlike in fig. 3(b). The crystal type of
Nb,Ojs is transformed to TT—Nb205(pseudo-hexagonal)27 (JCPDS
No0.30-0873). This can also find out from XRD data in fig. 3(d),
crystal plane(100), (111), (110) of the Nb,Os have the weak peaks
in NN-500-M, but in NW-500 (100), (111), (110) peak strength is
higher showing different shape compared to NN-500-M. Further
structural analyses of NN-500-M was shown in Fig. 3(c),
HRTEM image the crystal plane of NN-500-M, in Fig. 3(d),
crystal lines clearly indicate the (001) crystal plane, interplanar
distance is about 0.3956 nm accordance with the d value 3.9208A
from XRD data. Fast Fourier Transform (FFT) also confirm the
wire shape, which was grown along the (001) plane. The width of
the wire is about 8 nm.
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-500. (c) HR-TEM
image and FFT of NN-500-M (d) XRD patterns of NN-500-M
and NW-500

5

Fig. 3 TEM ima

Nb,Os as the promising catalysts applied in many reactions,
so expanding its area can improve its catalysis properties. We
determine the BET specific surface area of NN-180-H, NN-180-
M, NN-180-L and NW-180. Especially sample NN-180-H, we

10 can get more than 240 m’g”, table 1 show BET value of different
samples. From the table we can find out that NN-180-H owns a
high surface for its small crystal size, and when the pH value
higher, surface area decreased. Nb,Os nanowires calcined under
the temperature 500°C, surface area reduced. NW-180 owns a

is low surface area 117 m’g’, and after calcined in high
temperature, surface area reduced to 85 m’g™". Fig. 4(a) shows the
N,-gas adsorption-desorption isotherm and pore size distribution
of NN-180-H, The Brunauer-Emmett-Teller (BET) surface arca
was estimated about 245 m’g”' for NN-180-H, The Type H4 loop

0 is often associated with narrow slit-like pores28 and size
distribution in fig. 4(b) is wide, these data can also confirm wire
like shapes in Nb,Os.

Tab. 1 The BET specific surface area of different samples

25

Sample name  Sppr(m’g’) Sample name  Sppp(m’ g7)
NN-180-H 245 NW-180 117
NN-180-M 227 NW-500 85
NN-180-L 212
NN-500-H 181
NN-500-M 154
NN-500-L 130
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Fig. 4 (a) N,-gas adsorption-desorption isotherm and (b) pore size
30 distribution of NN-180-H

Tab. 2 Conversion and yield of dehydrogenation of xylose to

35 furfural by Nb,Os
Sample name Conversion/% Yield/%

NN-180-H 9.8 32
NN-180-M 8.3 24
NN-180-L 8.4 1.9
NN-500-H 90.3 73.7
NN-500-M 88.5 60.6
NN-500-L 83.6 64.4

NW-180 8.1 1.2

NW-500 30.5 20.9

Reaction condition: 20ml DMSO; catalyst 0.01 g; xylose 0.1 g;
120; 2h

40 According to the reference®, we chose DMSO as the solvent,
reaction temperature 120°C, reaction time 2 h. Tab. 2 shows the
activity of the Nb,Os. The activity of NN-180-H, NN-180-M,
NN-180-L are all very low because of absorbing a small amount
of PET on their surface (fig. 1(d)). After calcined under 500°C for

s 6h, PEI was removed and the activity was enhanced, higher
surface area Nb,Os prepared in acid condition improve the
conversion of xylose and yield of furfural. NN-500-H shows a
good conversion and yield about 90.3% and 73.7% respectively.
The activity of NW-180 prepared under base condition is the

so lowest on account of NH3'H,O and PEL but NW-500 prepared
from NW-180 under 500°C for 6h increase the acid sites like
zeolites removing NH," ions on its surface and enhanced the
activity.

The Nb,Os catalyst property results are good agreement with

ss FT-IR data, in fig. 5(a) (NN-180-M) the band located at 787cm’
'can be attribute to v(Nb—O-Nb) vibrations, and 595cm™ is
attribute to W(Nb—O) vibration®’. The band 1627cm’ is due to the
bending vibrations of H,O molecules, and 3409cm™ and 3203
cm'are due to the stretching vibration of OH group, 1403cm’™ is

e the vibration from organic compounds such as PEI which low
down the catalyst activity. The IR absorption of NW-180 is
similar with NN-180-M except C-N vibration at 1133cm™ on
account of more quantity PEI than NN-180-M, this result is good
accordance with TG data in fig. 1(d). After calcined the Nb,Os,

s IR spectrum are changed in fig. 5(c) and (d), NN-180-M transfer
to NN-500-M by disappearing 1600cm™ peak, however vibration
strength of OH group in NN-500-M is stronger than NW-500
under the same temperature treatment displaying the acidity of
the NN-500-M nanowires higher than NW-500, so the different

70 activity in dehydrogenation of D-xylose to furfural leading to the
different conversion and yield.
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Fig. 5 FT-IR spectra of (a) NN-180-M, (b) NW-180, (c) NN-500-
75 M and (d) NW-500.
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In summary, Nb,Os nanomaterial can be synthesized by
hydrothermal treatment using PEI as the soft template. The pH
value of the reaction system had a significant influence on the
aspect ratio of Nb,Os nanowires, wormlike material was obtained
under alkalinic conditions. Furthermore, the aspect ratio of the
nanowires was decreased with increasing the acidity. After
calcination, the nanowire morphology was maintained and the
crystallinity was enhanced, the specific area was reduced. As a
solid acid catalyst, the calcined Nb,Os nanowires can be used for
dehydrogenation of xylose to furfural, and the activity was
determined by the surface area and the acidity of the Nb,Os
nanowires. The high conversion (90.3%) and yield (73.7%)
demonstrated by the calcined Nb,Os nanowires indicate that it is
a promising catalyst for the dehydrogenation of xylose to furfural.
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