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Ultrathin y-Al,03 nanofibers with large specific surface area and
their enhanced thermal stability by Si-doping

Fang Hu,? Xiang Wu,* Yamin Wang? and Xiaoyong Lai*®

A series of ultrathin boehmite nanofibers with large specific surface area (302~385 m?-g!) were synthesized via a parallel
flow co-precipitation method by using cheap NaAlO: and Alx(SOa)s as reactive agents and then transformed into y-Al.Osz by
calcination at 500 °C. The resultant y-Al,O3 possess similar nanofibrous morphology with a length of over 100 nm anc -
transverse size of ~2nm, large specific surface area of up to 419 m?-g~* and relatively high thermal stability, which still kee~
a specific surface area of 132, 104 and 70 m?g™ after being calcined at 1000, 1100 and 1200 °C, respectively. Moreover,
the thermal stability could be further improved by doping Si for inhibiting the phase transformation and the specific

surface area  of  Si-doped

Introduction

Gamma alumina (y-Al>03) and its related transition forms (such
as 6-Al;03, 6-Al,03), as a group of important industrial
materials, are widely used in catalysis, adsorption and
separation technology and automobile industries because of
their desirable textural properties and surface acid—base
properties.1”7 For some specific applications, such as catalytic
conversion of automotive emission gas,® diesel catalytic
oxidation,® catalytic decomposition of propellants for space
propulsion,1© the ability of y-Al,03 to maintain large specific
surface area and abundant catalytically active surface sites at
1100~1200 °C or even higher is of vital
importance, which will allow for well-dispersion of active
precious metal
catalytic activity. However, y-Al,03 is metastable phase and
likely to sinter and convert irreversibly into the
thermodynamically stable a-Al,Os via 6-Al,0; and 6-Al,03
These
transformations are accompanied by a catastrophic decrease

temperature

catalytic components and the enhanced

intermediate phases at elevated temperature.1-13

of specific surface area and a change in surface chemistry,
which severely their practical
applications.!* Therefore, it has been attracting great interest

affects usefulness in

to develop a variety of y-Al,O3 with large specific surface area
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y-Al,03

nanofibers could be up to 113 m%g?! at 1200°C
and improve their thermal stability.

Since the discovery of MCM-type mesoporous silica, many.
efforts have been devoted to synthesize mesoporous y-Al,O3
materials as their large specific surface areas could provide
much more active sites and regular porosity would be
the diffusion and transport of reactive
molecules.’>23 For examples, Yuan et al. have successfully
synthesized an ordered mesoporous y-Al,03; with large specific
surface area of 400 m2.g~! via the modified organic-template
method, which could maintain its ordered mesostructure with
a specific surface area of 116 m2-g~1 at 1000 °C and suffer from
structural collapse above 1100 °C.?* Jiang et al. have alsc
reported the synthesis of mesoporous La-doped y-Al,O3 with
enhanced thermal stability, which maintain a specific surface
area of 101 m2.g~1 at 1200 °C.%> Besides mesoporous y-Al,Os,
nanofibrous y-Al,03 which could be usually produced from the
thermal transformation of boehmite nanofibers, also attracts
considerable attention, whose distinctive one-dimensional
geometry characteristics and randomly stacking way allow for
large specific surface area and large pore volume.26-28 Zhu et al
reported the synthesis of boehmite nanofibers with a specific
surface area of 376 m2:.g! under the assistant of nonionic
polyethylene oxide (PEO) surfactant?®30 and the derived y-
Al,03 nanofiber still remains a specific surface area of 68
m2-g~1, even after being heated at 1200 °C. Peng et al. ha' -
synthesized well-crystallized boehmite nanofibers with a
specific surface area of 218 m2g! without use of any
surfactant and the derived y-Al,03; nanofiber after calcined . -
500 °C exhibits a specific surface area of 209 m2.g-1, but
decreased to 41 m2.g ! after being calcined at 1200 °C.3!
Alphonse et al. have also obtained La-doped nanofibrous /-
Al,0;3 from boehmite hydrosols containing a triblock
copolymer (P123) and lanthanum nitrate, which could keep a
specific surface area of about 71 m2.g~1 at 1200°C.32 Howeve.
there still is a great demand for developing y-Al,O3 with bo’ .

favorable for
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larger specific surface area and higher thermal stability via a
simple and low-cost method.

Herein, we have successfully synthesized a series of
ultrathin boehmite nanofibers with large specific surface area
(302~385 m2-g1) via a parallel flow co-precipitation method by
using cheap NaAlO; and Al;(SO4)s3 as reactive agents and then
transformed them into y-Al,O3 by calcination at 500 °C. The
resultant y-Al,03 possess similar nanofibrous morphology,
large specific surface area of up to 419 m2.g-! and relatively
high thermal stability, which still keep a specific surface area of
132, 104 and 70 m2-g-1 after being calcined at 1000, 1100 and
1200 °C, respectively. Moreover, the thermal stability could be
further improved by doping Si and the specific surface area of
Si-doped y-Al,03 could be up to 113 m2-g-1 after being calcined
at 1200°C, which is significantly superior over those previously
reported in the literatures.

Experimental section

Synthesis of boehmite precursors:

First, NaAlO; solution (80 g-L1, ax=1.42) was prepared by
adding Al(OH)szinto 300 mL NaOH solution (62 g-L™1) at 100 °C.
And then, the resultant NaAlO, solution and Al,(SO4)3 solution
(342 g-L 1) were together dropped into distilled water at 60°C
slowly under vigorous magnetic stirring. The white
precipitation formed at the required pH value (6~11) and aged
for 2h at 90 °C under strong stirring. The solid product was
collected by filter and washed by hot water (90 °C) for several
times, following dried at 110°C, which are marked as B-x (x=
the corresponding pH value). For comparison, two products
were synthesized at the pH value of 9 and washed by using
cool water (20 °C) instead of hot water or additionally using
ethanol besides hot water before dried.

Synthesis of y-Al,0s3:

The as-synthesized boehmite precursors were heated to
500 °C with a constant heating rate of 2 °C-min~1 and kept at
500 °C for 4h to decompose boehmite into y-Al,03, which was
marked as A-500.

Synthesis of Si-doped y-Al,Os:

In order to synthesize Si-doped y-Al,03, a given amount of
tetraethyl orthosilicate (TEOS) was added into the as-obtained
v-Al,03 and followed drying for 24h and calcination at 500°C.
Five Si-doped y-Al,03 products with different Si-dopant
contents (2 wt%, 4wt%, 6 wt%, 8 wt% and 10 wt%, where the
weight content of the Si-dopant was calculated in the form of
SiO;) are synthesized, which were marked as SA-2%, SA-4%,
SA-6%, SA-8%, SA-10%, respectively.

Thermal stability investigation:

The above-mentioned y-Al,O3 was heated in air from 500
to 1000, 1100 or 1200 °C at the ramping rate of 10 °C-mint
and kept the temperature for 3h and the resultant products
were marked as A-1000, A-1100, A-1200, respectively.
Characterization

X-ray diffraction (XRD) was carried out for phase analysis
and crystal structure of calcined powder using XRD-7000 with
Cu Ka radiation. A continuous mode was used to collect 20

2 | RSC Adv., 2015, 00, 1-3

date from 10° to 70° with a sampling pitch of 0.02 °-s71. FTIR
spectrum was collected on a Bruker IF S66V FTIR spectrometc
in a frequency range of 4000-400cm™! at the frequency step
size of 4 cm™l. Transmission electron microscopy (TEM)
experiments were conducted on a JEOL-3010 TEM microsco| e
operated at an accelerating voltage of 300kV to investigate the
morphology of the material. The nitrogen adsorption-
desorption isotherms at the temperature of liquid nitrogen (77
K) were measured on V-Sorb 4800P Surface Area and Pore
Porosimetry Analyzer (Gold Spectrum Technology Co., Ltd.,
China) with prior degassing under vacuum for 4 h at 200 °C.
Total pore volumes were determined using the adsorbed
volume at a relative pressure of 0.99. The multi-point
Brunauer-Emmet-Teller (BET) surface area was estimated from
the relative pressure range from 0.05 to 0.2. The pore size
distribution of all the materials was analyzed from the
desortpiton isotherm using the Barrett-Joyner-Halenda (BJ. .;
method. Energy dispersive X-ray (EDX) pattern was recorde :
on a scanning electron microscopy (SEM) (Model S-3400N,
Hitachi, Japan) attached with an EDX analyzer

Results and discussion

A series of boehmite precursors are firstly synthesized by .
parallel flow co-precipitation method and the effect of the pH
values was investigated. Fig. 1 presents the XRD patterns of
the products prepared at different pH values from 6 to 11. The
diffraction peaks of all the products could be readily indexed
to a pure boehmite phase (y-AIOOH, JCPDS, No. 21-1307).
With increasing pH values, the reflection peaks become sharp
gradually, which indicates the growth of crystalline boehmite
vy-AlIOOH. The nitrogen adsorption-desorption isotherms and
pore size distribution curves of all the boehmite precursors a

shown in Fig. 2. Each the precursor exhibits a type IV isotherms
with H2 hysteresis loop, representing the existence of slit-like
mesopores. With increasing the pH value from 6 to 9, the
specific surface area of y-AIOOH increased from 329 to 361
m2-g~1 and the total pore volume also increased from 0.60 to
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Fig. 1 XRD patterns of boehmite precursors obtained in the different reaction | 4
values: (a) 6, (b) 7, (c) 8, (d) 9, (e) 10 and (f) 11.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Textural properties of boehmite precursors obtained in the different reaction

pH values

Product pH value Sger(m?g1)?  Vi(cm3-g?)? Dp(nm)©
B-6 6 329 0.60 4.4
B-7 7 338 0.61 4.2
B-8 8 347 0.64 4.5
B-9 9 361 0.66 4.8
B-10 10 337 0.59 4.8
B-11 11 325 0.41 3.8

9Multi-point Brunauer-Emmet-Teller (BET) specific surface area was estimated
from the relative pressure range of 0.05 ~ 0.2. ‘Total pore volume was
determined using the adsorbed volume at a relative pressure of 0.99.The pore
size distribution was calculated from the adsorption branches of the N:
physisorption isotherms using the Barrett-Joyner-Halenda (BJH) algorithm

0.64 cm3-g~1. Further increasing the pH value to 10 or 11, both
the specific surface area and the total pore volume of the
resultant boehmite precursors gradually decreased (see Table
1). Therefore, the optimum pH value for getting large specific
surface area boehmite precursors should be 9. Moreover, the
washing way have also affected on the textural properties of
the resultant boehmite precursors (Fig. S1). When the cool
water (20 °C) was used to washing boehmite precursors
instead of hot water, the resultant boehmite precursor would
exhibit a lower specific surface area and total pore volume
(302 m m2g?! and 0.47 cm3.g1, respectively). If ethanol
besides hot water (90 °C) was additionally used, a product with
higher specific surface area and total pore volume (385 m2-g1
and 1.18 cm3-g1, respectively) could be obtained and the pore
size also increased from 9.6 to 20.6 nm. Typical TEM images
for the boehmite product obtained at the pH value of 9 and
washed by hot water (90 °C) and ethanol are shown in Fig. 3.
The lower magnified image (Fig. 3a) clearly exhibits that the as-
synthesized boehmite product consist of some continuous
nanofibers with a length of over 100 nm and there exist some
large textural mesopores among these disordered stacking
nanofibers, in agreement with its pore size distribution data.
The higher magnified image (Fig. 3b) reveals that these
nanofibers possess a very thin transverse size of ~2 nm, which

ARTICLE

Fig. 3 TEM images of the boehmite product obtained at the pH value of 9 and washed
by hot water (90 °C) and ethanol: (a) lower magnification, (b) higher magnification ot
the area indicated by white frame in (a).
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Fig. 2 (A) Nitrogen adsorption-desorption isotherms and (B) the corresponding
pore size distribution curves of boehmite precursors obtained in the different

reaction pH value: (a) 6, (b) 7, (c) 8, (d) 9, (e) 10 and (f) 11.

This journal is © The Royal Society of Chemistry 20xx

thus endow them large specific surface area.

By calcination at 500 °C, the above-mentioned boehmite
nanofibers could be easily transformed into the correspondii.
alumina, whose XRD pattern is shown in Fig. 4a. Three
reflection peaks at 26=37.1, 46.0 and 66.6° could be clearlv
observed, which could correspond to the reflections of tli.c
(311), (400) and (440) planes of y-Al,03 (JCPDS, No. 10-0425),
respectively. TEM image (Fig. 5a and Fig. S2) reveals th~
obtained y-Al,03 product consist of some disordered stacki. g
nanofibers with a length of over 100 nm and a transverse size
of ~2 nm, which is very similar with their boehmite precursc s
(Fig. 3). Porosity measurement was performed using nitroge:.
physisorption at 77 K and the y-Al,O3 nanofibers exhibits a

RSC Adv., 2015, 00,1-3 | 3
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Fig. 4 XRD patterns of alumina obtained at different calcined temperatures: (a)
500 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C
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Table 2 Textural properties of y-Al,03; nanofibers and Si-doped y-Al,0; nanofibers after
calcined at different temperatures.

large specific surface area of 419 m2.g~! and total pore volume
of 1.6 cm3-g1 as well as narrow pore size distribution centered
at 9.5 nm (Fig. 6 and Table 2). The investigation on the thermal
stability of the y-Al,03 nanofibers was also carried out by
calcination at high temperature (1000~1200 °C) and a sequent
phase transformation from y-Al,Osto 6-Al,03, 6-Al;03 and a-
Al,03 could be observed at their XRD patterns with increasing
calcination temperature (Fig. 4). Companied with phase
transformation, the nanofiber gradually became shorter in
length and larger in transverse size (Fig. 5b-d). As a result, the
specific surface area decreased to 132, 104 and 70 m2-.g™! at
1000, 1100 and 1200 °C respectively (Fig. 6 and Table 2) and
the total pore volume also decreased to 0.91, 0.55 and 0.51
cm3-g 1 respectively. These results confirmed our products
possess a better thermal stability than those fibrous alumina
reported in the literatures3°-3! and are also comparable with its

Product Calcined Sger(m2g1)?  Vi(cm3-g?)® Dp(nm)¢
temperature
(°Q)
A-500 500 419 1.60 9.6
A-1000 1000 132 0.91 17.9
A-1100 1100 104 0.55 19.5
A-1200 1200 70 0.51 20.6
SA-2% 1200 87 0.43 14.9
SA-4% 1200 101 0.56 17.5
SA-6% 1200 113 0.69 17.0
SA-8% 1200 102 0.59 14.6
SA-10% 1200 92 0.56 16.6

aMulti-point Brunauer-Emmet-Teller (BET) specific surface area was estimated
from the relative pressure range of 0.05 ~ 0.2. ’Total pore volume was
determined using the adsorbed volume at a relative pressure of 0.99.The pc=~
size distribution was calculated from the adsorption branches of the N2
physisorption isotherms using the Barrett-Joyner-Halenda (BJH) algorithm

Fig. 5 TEM images of alumina obtained at different calcined temperatures: (a)
500 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C.

4 | RSC Adv., 2015, 00, 1-3

La-doped counterpart32, see Table S1.

In addition, the Si dopant was introduced into the y-Al,O:
nanofibers in order to further enhance their thermal stability
by using TEOS as Si sources and the effect of the Si dopant
content was investigated. The XRD patterns of all the Si-dope~
y-Al,O3 nanofibers after calcination at 1200°C for 3h in air were
shown in Fig. 7. Compared with the reflection peaks
corresponding to 6-Al,03, those corresponding to o-Al,O3
gradually became weaker with increasing the Si dopant
content, suggesting a reduction of a-Al,Oz content in the
resultant products. When the Si dopant content is over 6 wt%,
no any reflection peaks corresponding to a-Al,03 could be
observed from the corresponding XRD patterns, suggesting the
absence of the considerable amount of a-Al,0s. Similar resu'*
are also observed at their FTIR spectra shown in Fig. 8. Two
important bands at 567 and 830 cm resulting from the
stretching modes of octahedral alumina (AlOg) and tetrahedral
aluminum (AlO4) could be obvious at all the FTIR spectra,
whereas another two bands at 444 and 582 cm™! assigned to
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Fig. 6 (A) Nitrogen adsorption-desorption isotherms and (B) the correspond g
pore size distribution curves of alumina obtained at different calcine.
temperatures: (a) 500 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C
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Fig. 7 XRD patterns of the Si-doped y-Al203 nanofibers with different Si-dopant
contents after being calcined at 1200°C: (a) 2 wt%, (b) 4 wt%, (c) 6 wt%, (d) 8 wt% and

(e) 10 wt%.

60 70

the stretching of Al-O bands of a-Al,03could be only observed
at the FTIR spectra of the Si-doped y-Al,03 nanofibers with Si-
dopant content of 2 wt% and 4 wt%. Combined with XRD and
FTIR data, we could conclude that the introduction of Si

dopant effectively inhibits the phase transformation to a-Al,0s.

As a result, the thermal stability of the Si-doped y-Al,O3
nanofibers are significantly improved, which could maintain
larger specific surface area at 1200°C (Fig. 9 and Table 2),
compared with the pure y-Al,03; nanofibers. When the Si
dopant content is 6 wt%, the Si-doped y-Al,Os; nanofibers
exhibit a highest specific surface area of 113 m2-g-1, which is
larger than that of mesoporous La-doped y-Al,O3 [25], see
Table S1. The EDX result shows that the weight content of Si-
dopant in the resultant material is about 5.6 wt%, which is
consistent with the given value (Fig. S3). Further increasing the
Si dopant content, the specific surface area of the resultant
products gradually decrease, possibly due to the pore block
derive from excess Si dopant products or the generation of
large Si dopant products.

Intensity(a.u.)

800 600 400

1000
Wavenumbercm™)

1200

Fig. 8 FTIR spectra of the Si-doped y-Al,03 nanofibers with different Si-dopant
contents after being calcined at 1200°C: (a) 2 wt%, (b) 4 wt%, (c) 6 wt%, (d) 8
wt% and (e) 10 wt%.
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Fig. 9 (A) Nitrogen adsorption-desorption isotherms and (B) the corresponding pore
size distribution curves of the Si-doped y-Al,03 nanofibers with different Si-dopi -
contents after being calcined at 1200°C: (a) 2 wt%, (b) 4 wt%, (c) 6 wt%, (d) 8 wt% and
(e) 10 wt%.

Conclusions

In summary, we have successfully synthesized a series of
boehmite with large specific surface area via a simple parall-'
flow co-precipitation method by using cheap NaAlO, and
Al;(SO4)s as reactive agents and then transformed them into y-
Al,03 by calcination. The resultant y-Al,O3 possess unique
nanofibrous morphology, large specific surface area of up to
419 m2-g! and relatively high thermal stability. The thermal
stability was further enhanced by introducing Si-dopant and
the as-obtained Si-doped y-Al,O3 nanofibers could maintain z
large specific surface area of up to 113 m2-g~1 at 1200 °C. Such
a unique nanofibrous material with both large specific surfa-
area and high thermal stability will find application as a high-
temperature catalyst or catalyst support in the automotive and
petroleum industries.
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