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Synthesis of NiO Hollow Spheres Using Colloidal Carbon Spheres as Template

WU Yong-Jian ZHENG Ming-Tao
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Abstract: NiO hollow spheres were synthesized by a solvothermal reaction using colloidal carbon spheres (CCS)

as sacricial template and hexamethylenetetramine (HMT) as precipitating agent in ethanol, and then calcined at
500 °C for 6 h. The characteristics of these NiO hollow spheres samples were characterized by XRD, SEM, TEM,

FTIR and low temperature nitrogen adsorption-desorption isotherms. The results show that solvothermal reaction

time is crucial to the integrity of the hollow spheres. The well defined NiO hollow spheres can be synthesized

through 12 h solvothermal treatment and then calcination in air. The as-synthesized NiO hollow spheres have the

porous wall consisted of nanosized particles. Moreover, the formation mechanism of NiO hollow spheres is also

discussed.
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In recent years, nano- or microsized materials with
hollow interiors have attracted increasing attention
and promising

owing to their special structures

applications in photonic crystal, catalysis, drug
delivery, chemical sensors, chromatography, and waste
removal !4, Several efforts have been devoted to the
synthesis of hollow oxides utilizing templating method",
sonochemical method'®, hydrothermal method™ and so

on. The templates can be of different types, including
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silica ™, emulsions ¥, reverse micelles ', biological
gelatin™ polystyrene ™ beeswax ™ and even gas
bubbles . Among them, colloidal carbon spheres

prepared by a hydrothermal method using glucose as
the starting material by Li and co-workers!"” have drawn
much attention as a novel template. There are
hydrophilic and rich groups and micropores on the
surface of those colloidal carbon spheres, which can

facilitate the precipitation of metal precursors and thus

£ 4:(No.21610102) % B 1 H |
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result in the formation of hollow spheres after the
removal of carbon. They can be used to synthesize
hollow structures of a variety of materials, such as
Ti0", ZrO", Ce0,"¥, Fe,04"L

NiO has received extensive attention because of

its potential applications in various fields, such

20] [22]
o

as catalysis™, battery cathodes™! gas sensors!?,

[23] [24]

electrochromic films %! and fuel cell electrodes

Various NiO nanostructures including nanoplates 1=,

126] [28] [29]

nanoparticles®, nanorods™”, nanosheets”!, nanowires'”,
nanotubes Y, and hollow nanospheres ®, have been
synthesized by different methods. However, there are
few reports about NiO microspheres via solvothermal
method using colloidal carbon spheres as sacricial

template B

Herein, we report a facile method of
synthesizing NiO hollow spheres with colloidal carbon
spheres as template via a solvothermal route.
Hexamethylenetetramine was adopted to slowly yield
OH~ so as to obtain Ni(OH), coating surrounding the
and NiO hollow spheres

subsequently can be gained by a calcination process.

spherical carbon core,

1 Experimental

1.1 Materials

All the chemical reagents used were of analytical
grade and used as received without further purification.
Factory glucose, Ni(NOs),+6H,0 and hexamethylenetet-
ramine were purchased from Tianjin Damao Chemical
Reagent Factory.
1.2 Synthesis of colloidal carbon spheres

In a typical procedure, 5 g glucose was dissolved
in 30 mL water to form a clear solution, which was
placed in a 50 mL Teflon lined autoclave and
maintained at 180 °C for 12 h. The black or puce
products were isolated by centrifugation, washed with
water and absolute alcohol for three times, and then
oven-dried at 80 °C for 8 h.
1.3 Synthesis of NiO hollow spheres

0.5 g Ni (NO;), -6H,0 was dissolved in 40 mL
ethanol to form a clear solution under stirring. Then 0.2
g as-prepared colloidal carbon spheres were added and
well dispersed into the above solution with the

assistance of sonication for 30 min. After thorough

stirring, 0.5 ¢ HMT was added to the solution and then
transferred to a 50 mL autoclave with a Teflon seal.
After maintained at 100 °C for 2~24 h, a resulting puce
precipitate was centrifuged, and then washed with
distilled water and alcohol respectively for three times.
The composite was dried at 80 °C for 8 h, and finally
calcined in air at 500 °C for 6 h.
1.4 Characterization

The phase structures of the products were analyzed
by powder X-ray diffraction using a Bruker AXS D8
Focus X-ray diffraction (Cu target, working voltage
40 kV, working current 40 mA, A =0.154 18 nm, slit:
1.0 mm, scanning step length 0.01°, scanning speed 4°+
min~', scanning angle from 10° to 90°). Morphologies of
the products were measured by scanning electron
microscopy (SEM, Philips XL-30, at an accelerating
voltage of 20 kV) and transmission electron microscopy
(TEM, Philips Tecnai-10, at an accelerating voltage of
100 kV). The Fourier transform infrared spectroscopy
(FTIR) spectrum was measured by an EQUINOX 55
(Bruker) spectrometer with the KBr pellet technique
ranging from 400 to 4000 ¢cm . The specific surface
areas and pore size distribution of NiO hollow spheres
were measured by the Micromertics TriStar 3000

Analyzer.
2 Results and discussion

2.1 Morphology and phase structure of the as-
synthesized NiO hollow spheres

The XRD pattern of the colloidal carbon spheres is
presented in Fig.la. The broad peak, which is of low
peak intensity with 26 value of 22.3°(Fig.1a), indicates
that the colloidal carbon spheres are amorphous in
nature. Fig.1b shows the XRD pattern of C@Ni(OH),
sample synthesized in autoclave at 100 °C for 12 h. The
broad and low intensity peaks at 22.3° are produced by
the disordered carbon. The diffraction peaks at 33.5°,
38.4° and 59.8° of 26 are corresponding to the (100),
(011) and (003) planes, respectively, which can be
indexed to hexagonal Ni(OH), phase, and these results
are in agreement with the data of PDF No. 74-2075.
Fig.1c shows the XRD pattern of NiO hollow spheres

after calcination of C@Ni(OH), core-shell microspheres
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Fie.l XRD patterns (a) colloidal carbon spheres, (b)
C@Ni(OH), core-shell microspheres synthesized
in autoclave at 100 °C for 12 h, and (c) NiO
hollow spheres after calcining C@Ni(OH),
core-shell microspheres (b) at 500 C for 6 h
(synthesized in autoclave at 100 °C for 12 h ) at 500 °C
for 6 h. The diffraction peaks at 37.6°, 43.5°, 63.2°,
75.8° and 79.8° of 26 are corresponding to the (111),
(200), (220), (311) and (222) planes, respectively, which
can be indexed perfectly to cubic NiO phase. These
results are in good agreement with the data of PDF No.
78-0043. No characteristic peaks of other impurity
phases are detected suggests that the product is of high
purity.
The surface functional groups of the as-synthesized
carbon colloidal spheres, C@Ni (OH), core-shell
microspheres, and NiO hollow spheres were examined

by FTIR spectroscopy. As shown in Fig.2a, the results

Transmittance (a.u.)
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Fig.2 FTIR spectrum of (a) colloidal carbon spheres, (b)
C@Ni(OH), core-shell microspheres synthesized in
autoclave at 100 °C for 12 h, and (c) NiO hollow
spheres after calcining C@Ni(OH), core-shell
microspheres (b) at 500 °C for 6 h

indicate that the surface of the colloidal carbon
spheres is hydrophilic and functionalized with OH and
C=0 groups. A stretching band of hydrogen bonded
OH group is seen at 3432 ecm™ from the absorbed OH
1 702 and 1
622 c¢cm™ are attributed to C=0 and C=C vibrations,
respectively. The bands in the range 1 000~1
500 em™, which include the C-OH stretching and OH

bending vibrations, imply the existence of large

groups and H,O in air. The bands at

numbers of residual hydroxyl groups. These functional
groups provide a potential avenue to load other
functional groups, molecules, ions, or nanoparticles to
fabricate other core-shell or hollow structures. After
the surface reaction with Ni(OH),, the obvious change
of the peaks of the C=0

Fig.2) suggests that the nickel ions are coordinated

(shown in spectrum (b) in

with the oxygen atom from the functional groups.
Additionally, the basic character of Ni(OH), results in
the adsorption of atmospheric CO,, and therefore the
presence of carbonate anions on their surface could
not be avoided, as suggested from the small peak
(broad) at 1 385 e¢m™. Further calcination leads to the
formation of pure NiO hollow spheres with few organic
groups as seen in Fig.2 (spectrum c).

The NiO hollow spheres have the porous wall
consisted of nanosized particles. Specific surface area
measurement reveals that the surface area for porous
NiO hollow spheres was 28 m*- g™ (Fig.3). The pore size

distribution for NiO hollow spheres (inset in Fig.3)
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Fig.3 Nitrogen adsorption desorption isotherms and pore
size distribution curves (inset) of NiO hollow
spheres after calcining C@Ni(OH), core-shell
microspheres ( synthesized in autoclave at 100 C

for 12 h ) at 500 °C for 6 h
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indicates bimodal pore size distribution in the
mesoporous and macroporous region with a maximum
peak pore diameter of ca. 2.5 nm.

Representative SEM and TEM images of the
colloidal carbon spheres template are shown in Fig.4a
and b, respectively. The as-prepared colloidal carbon
spheres have an average diameter of 350 ~550 nm.
Fig.4c~f shows SEM and TEM images of C@Ni(OH),
core-shell microspheres synthesized in autoclave at
100 °C for 12 h, which exhibits a core-shell structure
clearly. After the formation of the shell, the surface of
the microspheres gradually evolves from smooth one to

rough one as the Ni(OH), forms. After the formation of

the shell, the spherical core-shell structure grows

larger than the bare colloidal carbon spheres. From
these images, we could estimate that the core-shell
microsphere diameter, the shell thickness, and the
core size are about 650 nm, 75 nm, and 500 nm,
respectively. Fig.5 shows some typical NiO hollow
spheres after the removal of carbon templates by a
calcination process. The average diameter of these
hollow spheres is 400~500 nm, roughly smaller than
the starting sphere due to the structural shrinkage
during the removal process of the template. In
addition, it is believed some shrinkage is caused by a
process of the dehydration of the more loosely cross-
linked shell structure (Ni(OH),—NiO+H,0) surroun-
ding the colloidal carbon spheres.

Fig.4 (a) SEM and (d) TEM image of colloidal carbon spheres template, (c,e) SEM and (d,f) TEM image of C@Ni(OH),

core-shell microspheres synthesized in autoclave at 100 °C for 12 h

L
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Fig.5 (a~b) SEM and (c~d)TEM image of NiO hollow spheres after calcining C@Ni(OH), core-shell microspheres
(synthesized in autoclave at 100 °C for 12 h ) at 500 °C for 6 h

2.2 Effect of solvothermal time on the NiO hollow
spheres

To investigate the influence of solvothermal time

on the morphology of the NiO hollow spheres, controlled

experiments were conducted. Fig.6 shows TEM images

of C@Ni(OH), core-shell microspheres synthesized in

autoclave at 100 °C for different solvothermal times and
their corresponding calcined samples at 500 °C for 6 h.
It can be seen that the shell thickness increases
obviously with the increase of solvothermal time. The
longer the solvothermal time is, the thicker of the C@Ni

(OH), core-shell microspheres is. After a calcination
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Fig.6 TEM images of C@Ni(OH), core-shell microspheres synthesized in autoclave at 100 “C for different solvothermal
times: (a) 2 h, (c) 6 h, and (e) 24 h; and their corresponding calcined samples at 500 °C for 6 h: (b) 2 h,

(d) 6 h, and (f) 24 h
process, the more complete of the NiO hollow spheres
is formed. When the solvothermal time is shorter than
12 h, the shell thickness of C@Ni (OH), core-shell
microspheres is very thin (Fig.6a and ¢), and they can
(Fig.6b and d).

However, when the solvothermal time is more than 12 h,

not achieve uniform hollow spheres

the shell walls and the size of NiO hollow spheres is no
longer increases (Fig.6f). It can be concluded from the
above results that the integrity of shell walls of NiO
hollow spheres could be easily controlled by tuning the
solvothermal time, which is a signicant approach for the
formation of the crystallized Ni(OH), shell.

2.3 Growth mechanism of the NiO hollow spheres

The formation of NiO hollow spheres probably
involves three steps (Scheme 1):

(1) The absorption of nickel ions from solution into
the CCS's surface layer because the surface of colloidal
carbon spheres is hydrophilic and contains a large
amount of OH and C=0 groups.

(2) During HMT

solvothermal  precipitation,

t\ﬁ\; Ni(N03)Za % HMT’

I\ : OH and C=0 groups

Scheme 1

(100 C),

which generates an alkaline environment. Therefore,

hydrolyzes gradually at a mild temperature

Ni(OH), deposits onto the surface of colloidal carbon
spheres to form a condensed Ni(OH), phase (Fig.1b,
and Fig.4c~f). From these results, the possible reaction

during the whole process is presented as follows:

CoH ;N +6H,0 — 6H,CO+4NH, 1)
NH+H,0 — NH,+OH- 2)
Ni2+20H" — Ni(OH), 3)

In addition, the presence of abundant ethanol in
the reaction system should reduce the polarity of the
solvent, which can enhance the nickel ions to deposit
on the surface of the templates and form compact
Ni(OH),".

(3) During the calcination step, the reaction
(Ni(OH), —NiO+H,0) occurs and results in the decom-
position of amorphous Ni(OH), layers while the carbon
templates are oxidized into gaseous carbon oxides and
gradually removed. The NiO primary particles grow into
larger ones, aggregation or probably the epitaxial growth

CCS

NiO
Calcination a O

Ni(OH),

o Ni**

Schematic illustration of the formation process of NiO hollow spheres
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occurs, and then leads to the interconnecting of the NiO
nanoparticles to form NiO hollow spheres (Fig.1c, and
Fig.5).

3 Conclusions

NiO hollow spheres were prepared by coating
Ni(OH), on the surface of colloidal carbon spheres via
solvothermal method, followed by the calcination of the
carbon spheres and dehydration of Ni(OH), layers. The
shell thickness of C@Ni(OH), core-shell microspheres
could be slightly tuned by changing the solvothermal
time. By increasing the solvothermal time, the shell
thickness slightly increases. To achieve uniform NiO
hollow spheres, the solvothermal time has to be 12 h
and the calcination temperature should be at 500 °C in

air.
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