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Formation of hollow NiO single crystals and Ag/NiO flowers
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Abstract

In this work, the Ni(OH), core—shell nanostructures were fabricated by a hydrothermal method without using any templates.
After the core—shell sample was annealed, the novel hollow NiO nanostructures were obtained. The Ostwald ripening process was
proposed to elucidate the formation of the samples. Moreover, Ag/NiO flowers were prepared by impregnating hollow NiO particles
with Ag(NOs); solution. The samples were characterized by TEM, HREM, SAED, XRD, BET, SEM and EDS methods. Most
importantly, Ag/NiO flowers and hollow NiO nanostructures exhibited the excellent catalytic activities for CO oxidation.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Hollow micro- and nano-structures, as a new class of materials, have unique physicochemistry properties different
from those of their solid counterparts, including light weight, high surface area and good permeation. Therefore, they
are increasely demanded in a variety of new technological applications, such as artificial cells, catalysts, fillers,
coatings, pigments, drugs delivery and dyes [1-5]. A variety of hollow structures, including metals, ceramics and
inorganic-hetero-composites, have been fabricated [4,6,7]. Generally, the hollow structures are prepared by a template
method, including “hard templates” (e.g. polymeric beads) [1,3,4,8—12] and “‘soft templates” (e.g. emulsion dropes)
[3,13—-16]. However, the polymers or surfactants are generally used for the template methods, which have to be
removed to create the hollow interior; the template method is time-consuming [10] and expensive; and the obtained
materials are usually unstable. Therefore, the practical applications of template route are limited. Recently, the hollow
metal oxides have been prepared using Ostwald ripening, in which a direct solid evacuation has occured [17-27]. Liu
and Zeng [27] have prepared the hierarchic structures through Ostwald ripening, and the synthesized microspheres
have a high thermal stability and a high surface area. The template-free synthesis of hollow structures is an attractive
method.

Ni(OH), crystals have attracted much attention as an import electrode material in rechargeable batteries [28].
Nevertheless, its electrochemical performance is unsatisfactory for high-rate and high-temperature charge/discharge
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applications due to the inactiveness of the material in the core region [29]. Hollow Ni(OH), spheres have been
synthesized using poly(styrenemethyl acrylic acid) (PSA) particles as templates. However, the as-prepared hollow
sample is poorly crystallized and is lack of structure stability. Recently, Wang et al. [30] have prepared hollow Ni(OH),
and NiO microspheres without using any templates; and the B-Ni(OH), crystals were completely converted into the
hollow NiO crystals after being annealed at 600 °C for 2 h [31]. NiO is a very prosperous material used in various
fields, such as catalysis [32], battery cathodes [33], fuel cell electrodes [34]. To the best of our knowledge, however, the
studies on hollow NiO nanostructures with thermal stability are scarely reported [10,35-39]. It is still a big challenge
to fabricate hollow materials with a high crystallinity and stability.

In this work, a simple hydrothermal approach was exploited to fabricate the Ni(OH), core—shell particles; and the
novel hollow NiO single crystals were obtained by annealment. Further, Ag/NiO flowers were obtained by an
impregnation method. The samples were characterized by TEM, HREM, SAED, SEM, EDS, XRD and N, adsorption.
Their catalytic activities for CO oxidation were also evaluated.

2. Experimental
2.1. Sample preparation

In this experiment, all the chemicals, NiCl,-6H,O (A.R.) and KOH (A.R.), were purchased from Beijing Chemicals
Company in China and used without further purification. The hydrothermal synthesis of Ni(OH), core—shell particles
was carried out at 200 °C for 24 h. Typically, 3.8 g of NiCl,-6H,0 was dissolved in 20 ml of deionized water; then
1.6 M KOH solution was added to the above solution under ultrasonic condition. The pH value of the mixture was
adjusted to 9. After sonication for 20 min, the mixture was poured into a Teflon-autoclave (50 ml) and deionized water
was supplemented to make 80 vol.% loading. The autoclave was heated at 200 °C for 24 h. After cooling to room
temperature naturally, the solids were separated by centrifuging, washed with deionized water, and then completely
dried at 80 °C overnight in an oven. To obtain the hollow NiO particles, the core—shell sample was annealed in air. The
temperature was ramped to 200, 350-550 °C at a rate of 0.5 °C min~' and was kept at these temperatures for 3 h,
respectively. To obtain the nanoplates, the hydrothermal reaction was carried out at 80 °C for 24 h, and all other
procedures were same as the above.

To obtain the Ag/NiO flowers, 2 g of hollow NiO particles were dispersed into 20 ml solution of 0.5 M Ag(NO3)3
under ultrasonic condition. After sonication for 30 min, the sample was subjected to irradiation for 5 h under ultra-red
lamp.

2.2. Characterization

The samples were characterized by X-ray diffraction (XRD) on a Rigaku D/MAX-RB X-ray powder
diffractometer, using graphite monochromatized Cu Ko radiation (A = 0.154 nm), operating at 40 kV and 50 mA. The
patterns were scanned from 10° to 70° (26) at a scanning rate of 5° min~'. A nitrogen adsorption isotherm was
performed at 77 K on a Micromeritics ASAP2010 gas adsorption analyzer. Before the measurement, the catalyst was
degassed at 200 °C for 5 h. Surface areas of the catalysts were calculated by the BET (Brunauer—Emmett—Teller)
method. The morphology of the catalyst was characterized by transmission electron microscopy (TEM, JEOL 200CX)
with the accelerating voltage of 200 kV. High-resolution transmission electron microscopy (HRTEM, JEOL JEM-
2010) was used to determine the structure of the catalyst. The powder was dispersed in ethanol ultrasonically, and then
a drop of liquid was deposited on a thin amorphous carbon film supported by the copper grids. The morphology and
compositions of the sample were also characterized by SEM (KYKY 2800) equipped with a Link ISIS EDS analyzer.
The acceleration voltage was 15 keV and the current was 1.2 nA. In the recording of X-ray map, a current of 6.7 nA
was used.

2.3. Evaluation of activity for CO oxidation
The oxidation reaction of CO was carried out in a conventional flow system under atmospheric pressure. 0.1 g of

catalyst was loaded in a quartz reactor (inner diameter: 5 mm), with quartz beads packed at both ends of the catalyst
bed. The thermal couple was placed in the catalyst bed to monitor the reaction temperature since CO oxidation is an
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exothermic reaction. Before each run, the catalyst was flushed with air (100 ml minfl) at 500 °C for 1 h in order to
remove adsorbed species from the surface, and then cooled to 30 °C. A mixture gas of 2 vol.% CO and 98 vol.% air
was fed into the catalyst bed at a gas hourly space velocity (GHSV) of 12,000 h~'. The inlet and outlet gas
compositions were analyzed by an on-line gas chromatography with a GDX-403 GC-column (1.5 m x 4 mm, 100 °C)
and a flame ionization detector (FID).

3. Results and discussion
3.1. Morphologies and crystal structures of the samples

Fig. 1a shows the micrographs of the Ni(OH), particles synthesized at 200 °C for 24 h. The sizes of these particles
are about 100-150 nm. A clair-obscure contrast between the inner and outer regions of the particle can be observed,
indicating the formation of core—shell structure. Interestingly, the core does not locate in the center region, but in the
fringe region. In Fig. 1(c and d), the SAED patterns of both core and shell can be indexed to the hexagonal B-Ni(OH)s.
This confirms that the core and shell have the same crystal structures. In Fig. 1d, some faint diffraction spots, which
resulted from the crystals in shell, can be observed around the bright diffraction spot. This may indicate the separation
of shell and core. Fig. S1 (See supporting information) shows the TEM images containing tens of particles and
HRTEM images of an individual Ni(OH), particle. The lattice spacing could be observed clearly, which confirms the
single crystalline properties of the core—shell. The calculated interplanar spacings are 0.27 nm, which correspond to
the (0 1 0) planes. It seems that the Ni(OH), crystals preferentially grew along the (0 1 0) planes. In order to
investigate the effect of temperature on the morphology and structure of the particles, the hydrothermal synthesis was
also carried out at 80 °C for 24 h. Observed from Fig. 1b, only irregular Ni(OH), nanoplates were obtained, which had
50-100 nm in sizes. It seems that a higher hydrothermal temperature favors for the formation of the core—shell
structures, but a lower temperature does not.

A suitable anealing way was employed to control the structure of NiO samples. Fig. 2 gives the TEM micrographs
of the samples after anealment. It can be observed that after being annealed, most of the cores have “hollowed out™
and the hollow NiO nanostructures formed. The sizes of hollow NiO particles are ca. 100 nm and the sizes of hollow
interiors are 10-20 nm. It is obvious that the sizes of the hollow NiO particles are smaller than those of their precursor
(Ni(OH),), which may be due to the thermal condensation. Contrastively, the NiO nanoplates of 100 nm in size were
obtained by annealing the Ni(OH), nanoplates under the same conditions (Fig. 2b). HRTEM was performed to reveal
crystal structure of hollow NiO sample (in Fig. 3). The interplanar spacing is 0.24 nm, which corresponds to the (1 1 1)
plane of a cubic NiO crystal. This indicates that the hollow NiO crystals preferentially grew along the (1 1 1) planes.
The selected area ED patterns confirmed that the hollow NiO has a cubic structure with a lattice parameter of
a =0.41780 nm. Moreover, ED patterns on the whole area of an isolated hollow particle are shown in Fig. S2 (See
supporting information). The electron diffraction patterns also confirm the single crystalline properties of hollow NiO.
Further, the Ni(OH), core—shell and hollow NiO particles were also characterized using SEM and EDS. We can

Fig. 1. TEM images and SAED patterns of Ni(OH), samples prepared at different hydrothermal temperatures: (a) the Ni(OH), core—shell particles
prepared at 200 °C, for 24 h; (b) the Ni (OH), nanoplates prepared at 80 °C for 24 h; (c) the core of sample (a) and (d) the shell of sample (a).
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‘ (a) 100 nm

Fig. 2. TEM images of the NiO samples prepared from the annealed Ni(OH), samples at 550 °C for 3 h: (a) hollow NiO and (b) plate-like NiO.

observe that both Ni(OH), and NiO particles are uniform, as shown in Figs. S3 and S4 (See supporting information).
Fig. 4 gives the XRD patterns of the Ni(OH), and NiO samples. In Fig. 4(a and b), the as-prepared Ni(OH), samples
can be both identified as the single-phase B-Ni(OH), crystals with a hexagonal structure (a =0.3126 nm,
¢ =0.4605 nm, JCPDS file No. 14-0117). In Fig. 4(c and d), all the diffraction peaks of both NiO samples can be
indexed to a face-centered cubic structure (fcc) (a = 0.41780 nm, JCPDS file No. 71-1179); no diffraction peaks of B-
Ni(OH), are observed, indicating that B-Ni(OH), crystals have completely converted to NiO crystals. The XRD results
are well consistent with the results of SAED analysis (Figs. 1 and 3).

3.2. The proposed formation process of the particles

It has been reported that the structure of particle can be affected by several processes, including crystallization of
solids from solution, evolution of gases, intraparticle reactions and interparticle sintering [40]. The growth mechanism
of the core—shell structures could be discussed from the results of control experiments. As shown in Fig. S5 (See
supporting information), a large number of Ni(OH), nanocrystals formed at 200 °C for 3 h, and they had small sizes

Fig. 3. HRTEM images and SAED patterns of the hollow NiO sample: (a) HRTEM images; (b) Lattice images and (c) SAED patterns.
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Fig. 4. XRD patterns of Ni(OH), and NiO samples: (a) the core—shell Ni(OH), particles; (b) Ni(OH), nanoplates; (c) hollow NiO and (d) NiO
nanoplates.

(10-20 nm). XRD patterns confirmed the well crystalline nature of these nanocrystals (Fig. S6 of supporting
information). These nanocrystals have aggregated together to form solid aggregates due to their high surface energy.
When the hydrothermal treatment was prolonged to 24 h, the Ni(OH), core—shell particles formed (Fig. 1a). It could
be imagined that Ostwald ripening may have occurred in some of these aggregates. According to the above results, the
formation of the core—shell structure can be divided into several steps. First, Ni(OH), nanocrystals were formed by the
reaction of Ni?* with OH . Then, these colloidal Ni(OH), nanocrystals would aggregate together due to the high
surface energy, within which the mass distribution may differ at different regions owing to the inhomogeneous size and
size distribution of crystallites. Since these inhomogeneous crystallites were in a nonequilibrium state (i.e.,
hydrothermal conditions), and they would further differentiate and redistribute themselves through Ostwald ripening
process. In this process, the larger crystallites keep growing while the smaller ones are undergoing mass relocation
through dissolving and regrowing [26]. It is reasonable that the larger Ni(OH), crystallites, which are located in a
certain region within an aggregate, would grow bigger at the expense of smaller crystals through the ““solid-solution-
solid” process. The mass transportation of solids would start from the regions of smaller crystals. Meanwhile, the
remained crystallites in these regions would further re-crystallize and form intact shell. In the end, the pristine particle
was divided into two discrete parts, i.e., the core—shell structure formed. The formation of hollow structure after being
annealed confirmed above expectation.

It is comprehensible that while annealing at high temperatures, the particles were undergoing further mass transport
through dissolving and regrowing. Ostwald ripening may still play a role in hollowing process. The core would leave
and incorporate/grow into shell. As a result, a hollow interior space would be eventually generated within the particles.
In the end, the particles underwent densification and the hollow structures formed. Note that the hollowing process
virtually proceeded simultaneously with the phase conversion in the process of annealing. Therefore, the hollow NiO
nanoparticles were obtained. The whole crystallization steps and corresponding morphologic transformations based
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Fig. 5. The schematic diagram of core—shell and hollow particles through Ostwald ripening: (a) aggregating or growing of nanocrystals; (b)
formation of core—shell particles and (c) hollowing of particles under annealing. ““Grey and dark regions’ represent the shell and core of core—shell
particle, respectively. “Empty region’ represent hollow hole. “Arrow line” is used to represent the mass transfer from small crystals region to larger
crystals by Ostwald ripening.
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Fig. 6. TEM images and SAED patterns of hollow NiO and Ag/NiO flowers: (a) hollow NiO; (b) Ag/NiO flowers and (c) fringe part of Ag/NiO
flower, the insert of SAED patterns.

on Ostwald ripening process have been summarized in schematic diagram, as shown in Fig. 5. The similar process has
also been reported by Jia and Gao, when they prepared the Fe;0,4 core—shell particles [41]. This ““solid-solution-solid”
process has been recently applied to fabrication of various hollow oxide nanostructures [21,27,31,42,43].

Under different hydrothermal temperatures, the obtained samples have different particles structures (core—shell
and nanoplates). This can be understood as below. A higher temperature favors to generate a large number of
nuclei, which leads to the formation of smaller nanocrystals. However, the small nanocrystals are easy to aggregate
together due to the high surface energy. Ostwald ripening process could occur within the aggregate, leading to the
formation of core—shell structure. At a lower temperature, a small number of nuclei may generate. The formed
nanocrystals are dispersive, and it is not easy to form aggregates. As a result, the nanocrystals grew into the
nanoplates.

Further, the hollow NiO particles were impregnated with AgNOs. Interestingly, the Ag/NiO flowers were obtained
(Fig. 6b). XRD patterns (Fig. S7 of Supporting information) do not show the diffraction peaks of Ag indicating that
the Ag nanocrystals highly dispersed in NiO substrate. The presence of Ag nanocrystals cannot be discerned
effectively by XRD, probably due to the small sizes of Ag nanocrystals. Nevertheless, the fringe part of Ag/NiO
flower was further characterized by SAED (the insert of Fig. 6¢). The SAED patterns exhibit the typical diffraction
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Fig. 7. The oxidation curves for CO over the Ag/NiO and the NiO catalysts with different structures.
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rings indexed to (1 1 1), (200), (22 0) and (3 1 1) planes, indicating the fcc symmetry of Ag nanocrystals. The
diffraction rings demonstrated the polycrystalline properties of Ag nanocrystals. It could be assumed that a self-
assembly process may have occurred. However, the formation mechanism of Ag/NiO flowers is still not clear and
needs further research.

3.3. Catalytic activities of the catalysts

Ag/NiO and NiO are important catalyts, and their catalytic activities for CO oxidation were evaluated. As shown in
Fig. 7, the complete oxidations of CO over Ag/NiO flowers, hollow NiO nanostructures and NiO nanoplates were
achieved at 100, 180 and 220 °C, respectively. The catalytic activity of the hollow NiO catalyst is significantly higher
than that of the solid one, which may be closely related to their different BET surface areas and particle structures. The
results of N, adsorption isotherms show that the surface area (16.6 m? g~ ') of the hollow NiO hollow sample is higher
that that (13.7 m* g~ ') of the solid counterpart. When the hollow structure was used as a catalyst, a gain of about 100%
in surface area is anticipated since the hollow particles possess the outer and inner surfaces. Therefore, the hollow NiO
may provide with more active sites for CO oxidation. Moreover, the hollow structure may favor the fluent access to
catalyst surface of the reacting gases. The catalytic activity of Ag/NiO catalyst is significantly higher than that of the
hollow NiO catalyst, although it has a lower surface area (10.6 m* g~ '). The higher activity of Ag/NiO catalyst can be
ascribed to the presence of Ag, since Ag is an active catalyst for CO oxidation.

4. Conclusions

The novel core—shell Ni(OH), and hollow NiO particles can be synthesized by a hydrothermal method. Ostwald
ripening process played an important role in the formation of core—shell and hollow nanostructures. Compared with
the nanoplates, the hollow NiO catalyst exhibited a higher acitivity for CO oxidation, which was ascribed to its hollow
structure. The Ag/NiO flowers showed a high activity due to the high catalytic activity of Ag.
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