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A novel Co–Sn–O nanoring structure was synthesized via a

simple hydrothermal route; the difference in diffusion rates of

ions was considered to be the main reason for the formation of

such a ring structure.

The rapid arising of nanotechnology is deepening the synthesis

chemistry of inorganic nanomaterials. Considerable methods have

been developed for the synthesis of morphologically special

nanoparticles such as nanowires, nanorods, nanocubes, nanobelts

and nanorings so far. Meanwhile, the developments of the

preparation methods for the nanoparticles also dig out many

new fundamental chemical and physical phenomena, such as the

oriented aggregation mechanism for crystal growth,1–3 the

Kirkendall effect for hollow nanostructure formation,4–7 etc.

Nanostructured transition metal oxides have been widely

studied due to their potential applications in new materials. For

instance, SnO2 and CoO, as technologically important semicon-

ductor materials, both have important applications in gas

sensing.8,9 Meanwhile, ternary metal oxide nanostructure is

another subject of research fields, such as titanates and

ferrites,10–13 etc. However, there were few reports on ternary metal

oxide nanostructures of solid solutions, and only reports on the

bulk Co–Sn–O system.14,15 In this communication, we investigated

the Co–Sn–O system via hydrothermal routes and successfully

synthesized nanorings of ternary metal oxide solid solution, which

remained with a tetragonal SnO2 crystal nature. During the

synthesis process, we noticed that the morphologies of the final

products strongly depended on the cobalt concentration in the

system and the difference in diffusion rates of the components in

the solid solution resulted in the formation of a nanoring structure.

The Co–Sn–O nanostructures were prepared via a simple

hydrothermal method with varied Co : Sn ratios. Fig. 1 shows the

XRD patterns of all the prepared samples. When a small amount

of cobalt ions are introduced, they can access the lattice of SnO2

and the XRD patterns can be well indexed as tetragonal SnO2

(JCPDS 77-0452). When the content of cobalt reaches 50 atom%,

the samples show low crystallinity of SnO2 and a minor impurity

peak appears, which can be indexed as (420) of Co(Sn(OH)6)

(JCPDS 74-0365). A possible reason for the Co(Sn(OH)6) impurity

might be the reaction between Co(OH)2 and Sn(OH)2. When the

content of cobalt is up to 80 atom%, the sample has Co(OH)2 as

the main phase, and SnO2 and Co(Sn(OH)6) impurities since the

amount of generated SnO2 is too small to accommodate all the

Co2+ ions and excess ions exist in the form of Co(OH)2.

Fig. 2 shows the morphological properties of the prepared

samples. The high morphological yield of nanorings in Fig. 2a–d

were gained by using 70 atom% cobalt concentration via

hydrothermal treatment for 22 h. The SEM image clearly indicates

the nanoring structure of the product (Fig. 2a). The rings have

outer diameters ranging from 75 to 220 nm and inner diameters

from 35 to 150 nm. The dark ‘‘rodlike’’ morphologies in Fig. 2b

are the profiles of nanorings, which come from the projection of

the erect nanorings in the TEM grid, and we can thus determine

the average thickness of the rings, 22.63 ¡ 5.66 nm. The high

resolution TEM (HRTEM) image shows the dominant {101}

lattice fringes of SnO2 structure. The selected area electron

diffraction (SAED) pattern reveals that the nanorings are single

crystalline with the rutile SnO2 structure (Fig. 2d). When the

concentration of cobalt is reduced to 50 atom%, nanorings with

spokewise rods are observed (Fig. 2e). Interestingly, the ratio of Co

: Sn in the region of the rings is a little higher than that in the

region of the rods (EDX results, see ESI{). In a control

experiment, the concentration of cobalt was fixed at 70 atom%

and, while the other conditions remained the same, only the

reaction time was cut to 10 h and nanoplatelets were obtained. The
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Fig. 1 XRD patterns of as-prepared samples with varied cobalt

concentrations: (a) 0; (b) 5; (c) 10; (d) 20; (e) 50; (f) 70; (g) 80 atom%.
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platelets have thicker edges, on which some spherical particles can

be found (Fig. 2f).

The experiments for varied concentrations of cobalt were also

conducted and the detailed experimental results are listed in the

ESI.{ When no cobalt ions were introduced, SnO2 nanoparticles

were obtained without a tendency to form nanorings. The

morphologies of the nanostructures changed from spherical

particles to rings with the increase in the cobalt concentration in

the system. It seems that the Co : Sn ratio plays an crucial role

in the morphological evolution of the Co–Sn–O nanostructures. In

fact, the Co : Sn ratio determines whether solid solution is formed

in the reaction system. The radius of Co2+ ion is 0.72 s, which is

close to that of Sn4+ ion, 0.71 s,16 and so it is likely for Co2+ ions

to access the SnO2 crystal lattice and form solid solution. The

chemical reactions under the hydrothermal conditions can be

formulated as

Co(Ac)2 + 2NaOH A b-Co(OH)2 + 2NaAc (1)

SnCl4 + 4NaOH A SnO2 + 4NaCl + 2H2O (2)

xb-Co(OH)2 + (12x)SnO2 A Sn12xCoxO22x + xH2O (3)

A possible formation mechanism of the nanoring is proposed, as

can be seen in Scheme 1a. Due to the intrinsic lamellar structures,

most Co2+ ions existed in the form of b-Co(OH)2 platelets in the

alkaline precursor solution,17 which are used as the sacrificial

templates. It is known that the crystal planes located on the edge of

the platelet have high surface energy.18 Thus, under the

hydrothermal conditions, the heterogeneous nucleation of SnO2

mainly took place on the edges and subsequently accumulated

there. Meanwhile, an interdiffusion between Sn4+ and Co2+

occurred to form solid solution. Co2+ ions accessed the SnO2

lattice and SnO2 migrated inward. The diffusion of Co2+ was faster

than that of Sn4+, resulting in the thinness in the center of the

platelet, until a hole was formed. According to the classical

nucleation theory, in a heterogeneous nucleation process, the

bigger contact angle leads to higher free energy DGs*.19 Therefore,

SnO2 crystallites continually accumulate on the outer loop of the

platelet (Scheme 1b). The further reaction between SnO2 and

Co(OH)2 led to further changes in morphology: the hole was

enlarged and a ring structure was obtained. The formation process

of the current nanorings is similar to that of hollow nanospheres or

nanotubes through the Kirkendall effect.4–7 With a low concen-

tration of cobalt, e.g., 50 atom%, nanorings with spokewise

rods were obtained, because excess Sn4+ ions in the system tended

to orientedly grow into SnO2 nanorods under hydrothermal

conditions.20

The above growth mechanism can be verified by the control

experiment with a shortened treatment time, where nanoplatelets

with thick edges formed and small particles were found on the edge

(Fig. 2f). The EDX analysis of different regions of the platelets

reveals that the center of the platelets contains the highest cobalt

concentration, followed by the edge and the tiny particles (Fig. 2g).

This evidently supports that the formation process of the rings is

based on the interdiffusion of the two components, which is

consistent with our proposition.

The magnetic properties of the as-prepared samples were

measured. The magnetic hysteresis curve of the nanorings is

presented in Fig. 3, which illustrates the strong magnetic response

of the material to a varying magnetic field. The saturation

magnetization (MS) value of the samples increases with the

increase in cobalt concentration. When the cobalt concentration is

beyond 50 atom%, the MS value decreases, which might be due to

the relatively lower crystallinity. The maximum MS value is

15.7 emu g21, which is close to the MS value of wurtzite CoO

reported in the literature.21

In summary, a simple hydrothermal route was developed for the

synthesis of Co–Sn–O nanoring structures with tetragonal SnO2

crystal nature. The interdiffusion between CoO and SnO2 is

Fig. 2 (a) SEM image of the Co–Sn–O nanorings. (b) TEM image of the

Co–Sn–O nanorings. (c) Enlarged TEM image of single nanoring. (d)

HRTEM image of the Co–Sn–O nanorings. The insert is the SAED

pattern. (e) TEM image of the rings with spokewise rods obtained at

50 atom% of cobalt. (f) TEM image of the nanoplatelets obtained by 10 h

of hydrothermal treatment. (g) EDX spectra of the corresponding Co–Sn–

O nanoplatelets.

Scheme 1 (a) Formation mechanism of Co–Sn–O nanorings: (1)

heterogeneous nucleation process of SnO2, (2) interdiffusion process, (3)

formation of rings; (b) enlargement of the hole.
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considered to be the main reason for the formation of such a

nanoring structure. The Co–Sn–O nanorings show a strong

magnetic response to a varying magnetic field. Other properties

of the nanorings, such as gas sensing and solar cell performance

are under investigation.
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Fig. 3 The magnetic hysteresis curve of Co–Sn–O nanorings. The inset is

the saturation magnetization value vs. cobalt concentration.
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