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Novel Zn-doped SnO2hierarchical architectures were synthesized by a simple hydrothermal route. The

observation of field-emission electron microscopy and transmission electron microscopy showed that

Zn-doped SnO2 hierarchical architectures were composed of one-dimensional nanocones. Interestingly,

these nanocones were almost parallel to each other and knitted by other parallel nanocones. The

morphology of the products could be controlled by varying the concentration of Zn2+. A possible

formation mechanism was proposed from the viewpoint of nucleation and the crystal growth habit.

Evidences of dopant incorporation were demonstrated in the X-ray diffraction and X-ray

photoelectron spectroscopy measurement of Zn-doped SnO2nanocones. The UV-vis absorption

spectra of samples exhibited a blue shift with a decrease of the size of nanocones. Moreover, gas sensors

based on the hierarchical Zn-doped SnO2nanocones displayed higher response to ethanol compared

with the pure urchin-like SnO2 nanostructures. Finally, based on first-principles calculations, the

enhancement in sensitivity toward ethanol could be explained by the strong coulomb binding between

ZnSn and its neighboring O vacancies.
Introduction

The properties and applications of nanostructure materials are

influenced profoundly by their morphology, size, structure,

and chemical composition.1–3Therefore, in the past decade,

many research groups have focused on controlling the

morphology of inorganic nanostructures. In this respect,

hierarchical self-assembly structures composed of nanosized

building blocks with special morphology have attracted

considerable attention. To synthesize the complex architec-

tures, various strategies have been employed successfully to

assemble building blocks into hierarchical architectures based

on different driving mechanisms. Although great progress has

been made on the synthesis approaches for hierarchical

architectures, there still remains a great challenge to develop

a facile, mild, and low cost method for the preparation of

hierarchical nanostructures.

Tin dioxide (SnO2), a well-known n-type wide bandgap

semiconductor (Eg ¼ 3.6 eV at 300 K), has been widely used in

photocatalytic degradation of organic dyes,4 photovoltaic

devices,5 rechargeable lithium batteries,6 gas sensors,7 and so

on. Extensive studies have revealed some critical factors that

influence the gas sensing properties of SnO2. Specifically, the

following factors have been proposed as the most influential
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ones: morphology, crystalline size, and surface modification.

Among these, controlling the morphology of SnO2 is quite

effective in improving its gas sensing performance. To

date, various morphological and structural SnO2 such as

nanoparticles,8 nanorods,9 nanoplates,10 nanocubes,11 flower-

like nanostructures,12 and so on, have been prepared

through diverse approaches. Among these methods,

hydrothermal technology has been widely employed as

a thriving technique for the facile synthesis of the novel hier-

archical architectures.13

Recently, it has been reported that the SnO2 morphology can

be modulated by Zn doping.14 Compared with other metal ions

dopant,15 Zn ions can be incorporated into the SnO2 lattice for

the modification of tin dioxide, because Zn2+ has an ion radius

(0.073 nm) similar to that of Sn4+ (0.071 nm). The substitution of

Zn2+ ions for Sn4+ ions may possibly result in more oxygen

vacancies for charging compensation. Accordingly, it is expected

that Zn-doped SnO2 hierarchical nanostructures will be provided

with excellent gas sensing and photocatalytic properties. Here,

we report a facile surfactant-assisted self-assembly route for the

synthesis of Zn-doped SnO2 hierarchical architectures composed

of nanocones. The effect of Zn2+ ion concentration on both

morphology and the size of products was investigated, and

a possible growth mechanism was proposed. Moreover,

combined with a theoretical first-principles study and device

performance, the excellent gas sensing properties of the as-

synthesized Zn-doped SnO2 hierarchical architectures were

demonstrated.
CrystEngComm, 2012, 14, 1701–1708 | 1701
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Experimental section

Preparation of Zn-doped SnO2 hierarchical architectures

All the reagents in the experiment were of analysis grade (Beijing

Chemicals Co., Ltd.) and used without further purification. In

a typical procedure, NaOH (0.6 g), SnCl4$5H2O (0.526 g), hex-

adecyltrimethyl ammonium bromide (CTAB, 0.6 g), and

(CH2)6N4 (HMT, 0.2 g) were dissolved in 40 mL water–ethanol

mixture (1 : 1, v/v) under magnetic stirring. Then an appropriate

amount of Zn(NO3)2$6H2O was added to the above solution.

After 30 min stirring, the mixture solution was transferred into

a Teflon-lined stainless steel autoclave and maintained at 200 �C
for 12 h. After the hydrothermal procedure, the precipitates were

collected by centrifugation, washed with deionized water and

ethanol several times, and dried in air at 80 �C. A series of

Zn-doped SnO2 hierarchical architectures with different zinc

contents were synthesized by adding 0, 0.1, 0.2, and 0. 3 mmol Zn

(NO3)2$6H2O to the fore-mentioned mixture solution. The four

samples with different Zn contents were named as sample 1,

sample 2, sample 3, and sample 4.
Characterization

The X-ray diffraction (XRD) patterns were recorded by

a Rigaku D/max-2500 diffractometer with Cu-Ka radiation

(l ¼ 1.5406 �A). Field-emission scanning electron microscopy

(FESEM) observations were carried out using a JEOL JSM-

7500F microscope with an accelerating voltage of 15 kV.

Transmission electron microscopy (TEM) and high-resolution

transmission electron microscopy (HRTEM)measurements were

conducted using a TECNAIF 20 microscope with an accelerating

voltage of 200 kV. X-ray photoelectron spectroscopy (XPS)

measurements were performed with Mg-Ka X-ray source

(1253.6 eV Specs XR50). The ultraviolet-visible (UV-vis) spectra

were recorded using a Shimadzu UV-2550 spectrophotometer.
Gas sensing measurements

Gas sensors were fabricated as follows: the as-prepared products

were mixed with water and then coated onto an alumina tube, on

which a pair of gold electrodes had been installed at each end.

The operating temperature was controlled by adjusting the

heating power, using a Ni–Cr alloy coil placed through the

alumina tube. The gas-sensing properties of the samples were

evaluated with a RQ-2 gas-sensing characterization system. The

measurement was processed by a static process: the sensor was

put into a closed chamber, and a given amount of the tested gas

was injected into the chamber by a micro-syringe. The gas

response S was defined as the ratio Ra/Rg, where Ra and Rg were

the resistance measured in air and the tested gas atmosphere,

respectively.
First-principles calculation

Our calculations were based on the density functional theory

with local density approximation (LDA),16 as implemented in the

VASP codes.17 The electron-ion interaction was described by the

frozen-core all-electron projector augmented wave (PAW)

method.18 Periodic 2 � 2 � 2 supercells of rutile SnO2 were used
1702 | CrystEngComm, 2012, 14, 1701–1708
for the defect study. An energy cutoff of 520 eV, Brillouin-zone

mesh grid of 3 � 3 � 4, and Hellman–Feynman–Force conver-

gence of 0.01 eV �A�1 were used for geometry relaxation. The

calculated lattice constants, a ¼ 4.7383 �A and c ¼ 3.1990 �A, had

less than 1% error in contrast to the ones from our XRD

experiment. To evaluate the binding energy of complex defects

more reasonably, we further employed a high enough mesh grid

of 5 � 5 � 7 for total energy calculation.

Results and discussion

Fig. 1(A) a shows the XRD pattern of the as-synthesized pure

SnO2 (sample 1) hierarchical architectures. All of the diffraction

peaks can be indexed to a tetragonal rutile structure of SnO2.

This is in good agreement with the JCPDS file of SnO2 (JCPDS

41-1445). For the as-prepared Zn-doped SnO2 hierarchical

architectures, no other crystalline phase and obvious peaks of

impurities were detected in the Fig. 1(A) b–d (samples 2–4). The

results indicated that Zn could be incorporated into the lattice of

SnO2. However, the relative intensity of the diffraction deviated

from that of the bulk, showing the anisotropic growth of the Zn-

doped SnO2 hierarchical architectures. To investigate the effect

of doping on the crystallinity of the SnO2 nanocones, the (110),

(101), and (200) diffraction peaks were monitored. Fig. 1(B)

d showed that there was a 0.22� left shift in both the (110) and

(200) diffraction peaks of Zn-doped SnO2 hierarchical architec-

tures compared with those of pure SnO2 (Fig. 1(B) a). This

proved that Zn incorporation led to lattice deformation in the

doped SnO2. However, no characteristic peaks of ZnO, ZnSnO3,

or Zn2SnO4 were observed for Zn-doped SnO2. All of these

indicated that Zn ions systematically entered into the crystal

lattice of SnO2 nanocones without deteriorating the original

crystal structure.

Here, we evaluated the lattice constants a and c of pure and

doped SnO2 according to Bragg’s law:

nl ¼ 2dsinq (1)

In eqn (1) n is the order of diffraction (usually n ¼ 1), l is the

X-ray wavelength, and d is the spacing between planes of given

Miller indices h, k, and l. In the tetragonal structure of SnO2, the

plane spacing is related to the lattice constant a, c, and Miller

indices by the following formulae:

1

d2
ðhklÞ

¼ h2 þ k2

a2
þ l2

c2
(2)

sin2
q ¼ l2

4

�
h2 þ k2

a2
þ l2

c2

�
(3)

According to the above formula, for the (110) orientation at 2q¼
26.54�, the lattice constant a was calculated by

a ¼ lffiffiffi
2

p
sinq

(4)

and for the (002) orientation at 2q ¼ 57.9�, the lattice constant c
was calculated by

c ¼ l

sinq
(5)
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 (A) XRD patterns of samples with different molar ratio of Zn2+/Sn4+: (a) Zn2+/Sn4+ ¼ 0, sample 1; (b) Zn2+/Sn4+ ¼ 1/15, sample 2; (c) Zn2+/Sn4+ ¼
2/15, sample 3; (d) Zn2+/Sn4+ ¼ 3/15, sample 4. (B) Comparison of (110), (101), and (200) peaks from XRD patterns.
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View Article Online
The lattice constants were determined as a ¼ 4.7466 �A and

c ¼ 3.1828 �A for pure SnO2. For Zn-doped SnO2 (sample 4), the

lattice parameters a and c (4.7856 and 3.1747 �A, respectively)

could be calculated.

The morphology of the obtained SnO2 hierarchical architec-

tures was characterized by FESEM. When there was no

Zn source in the hydrothermal reaction, the products (sample 1,

see Fig. 2a) were composed of uniform nanocones with diameters

of 150� 200 nm and lengths of around 1 mm. The inset of Fig. 2a
Fig. 2 Typical SEM images of as-prepared samples: (a) sample 1, (b)

sample 2, (c) sample 3, (d) sample 4. The insets show the corresponding

enlarged images with scale bar of 100 nm. (e–f) TEM and HRTEM

images of sample 4.

This journal is ª The Royal Society of Chemistry 2012
shows that the nanocone has a sharp tip. Fig. 2b displays the

typical SEM image of the Zn-doped SnO2 hierarchical archi-

tectures with a relatively low concentration (Zn2+/Sn4+ ¼ 1/15,

sample 2). It was found that the products consisted of a number

of urchin-like nanostructures with an average diameter of 1 mm,

which exhibited a hierarchical structure composed of many 1D

nanocones with a smaller diameter (80 � 100 nm) and a smaller

length (200 � 300 nm) in contrast to the case without doping.

Moreover, no other morphologies could be detected, which

reflected a high yield of such 3D hierarchical architectures. When

the Zn2+ concentration increased to Zn2+/Sn4+ ¼ 2/15 (see Fig. 2c,

sample 3), a drastic change in the nanocrystal growth charac-

teristics was observed where its nanocones no longer grew

homocentrically to form urchin-like architectures. The diameter

and length of these nanocones were in the ranges of 50 � 80 nm

and 300� 400 nm, respectively. It could be seen that some part of

the nanocones had a tendency to be parallel to each other. We

further increased the concentration of Zn2+ (Zn2+/Sn4+ ¼ 3/15,

sample 4) and a novel hierarchical architecture could be

observed, as shown in Fig. 2d. These hierarchical architectures

were also assembled by nanocones with a diameter of 10� 20 nm

and a length of 400 � 500 nm. Interestingly, unlike the nano-

structures of pure SnO2, these nanocones were almost parallel to

each other and knitted by other parallel nanocones to form novel

‘‘weave cloth’’-like architectures. More detailed structural anal-

ysis of the present nanocones was carried out using TEM and

HRTEM. Fig. 2e shows the typical TEM image of hierarchical

Zn-doped SnO2 architectures (sample 4). It could be seen that the

size and shape of the product (see Fig. 2e) were similar to those

from the SEM observations (Fig. 2d). The lattice fringes in the

HRTEM image confirmed the high crystallinity of the nanocone,

as shown in Fig.2f. The spacing between adjacent lattice planes,

parallel to the growth direction, was 0.335 nm, while the one

between adjacent lattice planes along the other direction was

0.265 nm. They corresponded to (110) and (101) crystal planes,

respectively. So, we could readily conclude that the present as-

prepared Zn-doped SnO2 nanocones actually grew along the

[1�12] direction.

Next, the elemental composition of the novel Zn-doped

architecture (sample 4) was further analyzed by X-ray photo-

electron spectroscopy (XPS). The high resolution XPS spectra of
CrystEngComm, 2012, 14, 1701–1708 | 1703
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Fig. 4 SEM images of morphology and the corresponding XRD

patterns of sample 4 with different reaction times: (a–b) 1 h; (c–d) 6 h;

(e–f) 12 h. The insets of a, c and e show the enlarged images, and the scale

is 100 nm.
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View Article Online
the Sn, O, and Zn elements are shown in Fig. 3. The spectra of

Sn-3d (Fig. 3a) showed two symmetric peaks due to spin-orbit

splitting with binding energies of 494.5 and 486.1 eV for the d3/2
and d5/2 lines using the carbon peak (C-1s) at 285 eV as the

reference. The value of Sn-3d5/2 binding energies was lower than

that of pure SnO2.
19 This shift could be attributed to oxygen

deficiency which decreased the binding energy of Sn.20 Fig. 3b

presents the O-1s spectrum. It was obvious that the region con-

sisted of an asymmetric peak which could be fitted with two

peaks with one center at 530.1 eV and the other at 531.4 eV. This

reflected two different kinds of chemical environment for the

oxygen element in the doped SnO2 sample. Perhaps, the main

peak (centered at about 530.1 eV) was attributed to the coordi-

nation of oxygen in Sn–O–Sn,21 while the binding energy

531.4 eV was higher than that of Zn–O, which might be ascribed

to the coordination of oxygen in Sn–O–Zn. The Zn-2p spectrum

(Fig. 3c) confirmed the presence of the Zn element in the prod-

ucts. No characteristic diffraction peaks corresponding to ZnO,

ZnSnO3, and Zn2SnO4 were observed in the XRD patterns of the

sample (Fig. 1(A) d). Thus, we believe that Zn was incorporated

into the SnO2 lattice to form O–Zn bonding.

To understand the formation process and growth mechanism

of the hierarchical Zn-doped SnO2nanocones, the morphology

evolution of sample 4 with different reaction times was investi-

gated at 200 �C with its fixed Zn concentration (Zn2+/Sn4+ ¼
3/15). The corresponding results are shown in Fig. 4. When the

hydrothermal reaction time was 1 h, it could be observed that the

sample was composed of a large number of polyhedra with

a coarse surface. The size of them was about 800 nm � 1 mm

(Fig. 4a). The XRD pattern indicated that all the diffraction

peaks could be indexed to the ZnSn(OH)6 phase (JCPDS file no.

74-1825). No other crystal phase was observed (Fig. 4b). As the

hydrothermal process was prolonged to 6 h, SEM images showed

that these polyhedra were transformed into the sphere-like

architecture with diameters of 1 mm, which consisted of many 2D

nanoplates with the thickness of 50 � 80 nm (Fig. 4c). Further-

more, some spinous nanocones were detected at the edge of the

plates. The XRD pattern indicated that the pure tetragonal rutile

structure of SnO2 (JCPDS file no. 41-1445) was formed at this

stage, and the diffraction peaks indexed to ZnSn(OH)6 phase

thoroughly disappeared (Fig. 4d). With the reaction time further

increased to 12 h, the sphere-like structure evolved into the

present ‘‘weave cloth’’-like architectures (Fig. 4e). The detailed

structure characteristics of them have been described previously.
Fig. 3 High-resolution XPS spectra of sample 4. (a) Scans of the Sn-3d

1704 | CrystEngComm, 2012, 14, 1701–1708
On the basis of the experimental results and the investigations,

a possible growth mechanism was proposed as follows. At the

beginning of the hydrothermal reaction, due to the high molar

ratio of OH� to Sn4+ (10 : 1), Sn(OH)2�6 ions, serving as the

precursor, were formed. When Zn2+ was added to the mixed

solution, ZnSn(OH)6 would be produced. In the subsequent

stage, because of the existence of Sn(OH)2�6 ions, ZnSn(OH)6
began to decompose and Zn-doped SnO2 nuclei were produced.

The formed nuclei would grow into appropriate morphologies

with the assistance of CTAB. The proposed reaction can be

illustrated as follows:14c,e

Sn4+ + 6OH� 4 Sn(OH)2�6

Zn2+ + Sn(OH)2�6 4 ZnSn(OH)6
region. (b) Scans of the O-1s region. (c) Scans of the Zn-2p region.

This journal is ª The Royal Society of Chemistry 2012
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2xZnSn(OH)6 + (1 � 3x)Sn(OH)2�6 4 Zn2xSn(1 � x)O2

+ (2 � 6x)OH� + 2H2O

In the synthetic process, the concentration of Zn2+ ions was

found to play an important role in determining the shape and

size of products. In the absence of Zn2+ ions, the precursor

Sn(OH)2�6 ions decomposed and produced a mass of SnO2 nuclei

which would grow into nanocones through an aggregation

mechanism22 with the help of CTAB. According to the previous

report,22awhen the concentration of Sn(OH)2�6 ions rose to above

0.03 M, only 1D SnO2 nanostructures were formed. In our

experiment, the Sn(OH)2�6 ion concentration was higher than this

value, thus the nanocones were produced. Although, for the

rutile structure of SnO2, the (001) face has the highest surface

energy, the centrosymmetric structure of low-axial ratios (c/a ¼
0.67) reduces the possibility of anisotropic growth of the crystals

along the [001] direction.23 Finally, through a self-assembled

process, these as-formed nanocones constructed urchin-like

SnO2 hierarchical architectures as shown in Fig. 2a. However,

the introduction of Zn2+ was considered to increase the polarity

of SnO2 due to the divalent zinc substitution for the tetravalent

tin in lattice of SnO2. This result led to the anisotropic growth of

Zn-doped SnO2 nanocones along the [1�12] direction. With the

increase of the concentration of Zn2+ ions, the as-synthesized

products decreased in diameter and increased in length. Thus, it

was rational to infer that Zn2+ ions would act as a structure-

directing agent in the process of growth of Zn-doped SnO2

nanostructures. The detailed mechanism for the formation of the

novel Zn-doped SnO2 structure is still under investigation by our

group. Here is a working hypothesis that agreed well with the

observation of electron microscopy.

Fig. 5 shows the UV-visible spectra of as-synthesized SnO2 and

Zn-doped SnO2 samples. It could be seen that the near band

absorption of the four samples exhibited a blue shift with the

increase of Zn concentration. Although the origin of the blue

shift is unknown, according to the previous report,24 this

systematic blue shift could be due to the size effect of the crystal.
Fig. 5 UV-visible spectra of as-synthesized samples with different molar

ratios (Zn2+/Sn4+): (a) 0; (b) 1/15; (c) 2/15; (d) 3/15. The inset shows the

corresponding plot of (ahn)2 vs photon energy.

This journal is ª The Royal Society of Chemistry 2012
As demonstrated in Fig. 2, with an increase of the molar ratio of

Zn2+/Sn4+, the diameter of the Zn-doped SnO2nanocones grad-

ually decreased from �200 nm to �20 nm. In fact, in sample 4,

the diameter of the tops of nanocones could even reach 5 nm,

which is close to the exciton Bohr radius (2.7 nm) of SnO2.
25

Therefore, the size effect of the crystal should be taken into

account for the variation in band gap energies. With regard to

the exact cause, this is still under investigation. Here is an

explanation that agrees well with the observation of electron

microscopy and UV-visible absorption spectra. The band gap of

samples could be calculated by the following equation:

(ahv)2 ¼ B � (hv � Eg) (4)

where a is the absorption coefficient, hv is the photon energy, B is

a constant, and Eg is the band gap of sample. The band gap

energy for as-synthesized samples can be determined by extrap-

olation to the zero absorption coefficient, as shown in the inset of

Fig. 5. The intercept of the tangent to the plot will give a good

approximation of the band gap energy. The band gap of the as-

prepared samples could be estimated to be 3.45, 3.48, 3.51, and

3.53 eV for samples a–d, respectively. Here, the effective mass

model26 can qualitatively describe the size dependence on band

gap energy:

Eeff
g ¼ Eg þ h2p2

2mR2
(5)

where Eeff
g is the effective band gap energy, Eg is the bulk band

gap energy, R is the particle radius, h is the Plank constant over

2p, and mis the effective reduced mass. It could be inferred that

the band gap energies of Zn-doped SnO2 products were enlarged

with the decrease of the size of nanocones from the above

analysis.

Due to their small size and possible existence of numerous

oxygen vacancies, such a unique Zn-doped SnO2 nanostructure

might bring about more excellent gas sensing properties

compared to pure SnO2. For comparison, two gas sensors were

fabricated from the as-synthesized novel Zn-doped SnO2 nano-

cones (with Zn2+/Sn4+ ¼ 3/15) and pure SnO2nanocones. Fig. 6

shows their response characteristics to various volatile organic
Fig. 6 Responses of sensors based on the Zn-doped SnO2‘‘weave cloth’’-

like nanocones and pure SnO2nanocones to various gases.

CrystEngComm, 2012, 14, 1701–1708 | 1705
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compound (VOC) test gases, such as ethanol, acetone, butanone,

etc. All of the gases were tested at an operating temperature of

250 �C (see explanation below) with a concentration of 100 ppm.

As expected, the sensor using the Zn-doped SnO2 nanocones

exhibited enhanced responses for each gas compared with that

based on pure SnO2nanocones. The highest response of the Zn-

doped sensor was about 50 to ethanol, while the responses were

less than 21 to other gases. Therefore, it was concluded that the

selectivity of the sensor to ethanol against other VOC gases was

exceeding almost by 2.4 times.

It is well known that the response of a sensor is influenced by

its operating temperature.27 In order to determine the optimum

operating temperatures, the response of sensors using SnO2

(sample 1) and Zn-doped SnO2nanocones (sample 4) to 100 ppm

ethanol were tested as a function of operating temperature, as

shown in Fig. 7a. It is obvious that the response of both sensors

varied with operating temperature. For the doped sensor, the

responses first increased with temperature up to 250 �C and then

gradually decreased. The maximum response to ethanol was 50

at 250 �C. For the un-doped sensor, the maximum response was

13 at the same temperature. Therefore, an optimal operating

temperature of 250 �C was chosen for both sensors to further

examine the other characteristics. Fig. 7b shows the relationship

between response and ethanol concentration for the two sensors

at an operating temperature of 250 �C. Although the responses

increased with increasing ethanol concentrations for both kinds

of sensors, the response to ethanol for the Zn-doped SnO2 sensor

was obviously higher than the one for the pure SnO2 device. The

result above indicates that the response of novel Zn-doped SnO2

nanostructure to ethanol has been enhanced significantly, such as

the change from 14 to 50 at 100 ppm. Moreover, when the gas

concentrations were low, the linear dependence of the response

on the ethanol concentration was observed, as shown in the inset

of Fig. 7b. These results strongly prove that the as-synthesized

novel hierarchical Zn-doped SnO2 architectures is a promising

candidate for gas sensing applications.

For SnO2-based sensors, the widely accepted gas sensing

mechanism is based on the change in resistance of the sensor

upon exposure to different gas atmospheres.28 When the sensor

was exposed to air, oxygen molecules absorbed to the surface of
Fig. 7 (a) Response versus operating temperature of sensors based on the Zn

the sensors to ethanol with increasing concentrations at 250 �C; inset focuses

1706 | CrystEngComm, 2012, 14, 1701–1708
Zn-doped SnO2nanocones, and formed chemisorbed oxygen

species (O�
2 , O�, O2�) ions by capturing electrons from the

conduction band of Zn-doped SnO2. Therefore, the sensor dis-

played a high resistance state in air. In a reducing gas (such as

ethanol), the gas would react with the oxygen species on the

surface, leading to an increase in electron concentration. This

effect eventually decreased the resistance of the sensor. From the

experiment above, Zn doping played a critical role in the sensi-

tivity enhancement for a gas sensor. In order to explore the

microscopic origin of this improvement, first-principles calcula-

tions were employed to study the Zn doping effect in SnO2. From

the XRD results, the judgment could be made that Zn replacing

Sn would lead to the lattice deformation. Yet, our calculations

pointed out that the substitution alone made the bond length of

Zn–O even a little shorter than the original one of Sn–O. In other

words, Zn doping in SnO2 possibly showed a different picture. In

fact, as a simple deduction, when Zn replaces Sn, the electronic

deficiency for Zn makes itself have more tendency of being an

acceptor. On the other hand, oxygen vacancy usually acts as

a donor in metal oxides, such as in ZnO.29 Therefore, Zn

substitution possibly interacts with O vacancies through

Coulomb attraction. Fig. 8 shows local relaxed structures for the

substituted Zn and its neighboring O vacancies. Even though the

number of O vacancies around Zn was up to four, the complex

defects were still quite stable, see Fig. 8c–f. In order to describe

the stability of defects quantitatively, average binding energy

(Ebind) for Zn and O vacancies is defined as below:

Ebind ¼ [Etot(Zn + nV) + n � Etot(bulk) � Etot(Zn)

� n � Etot(V)]/n (6)

Here, Etot(X) is the total energy of the supercell including defect

X, n is the number of O vacancies around Zn. If Ebind < 0 indi-

cates Zn and the vacancies have binding, they will get together,

otherwise they will be separated. Fig. 8g shows that the average

binding energy varies with the number of vacancies. For one O

vacancy, the binding energy was as large as �3.8 eV which

confirmed the very strong binding effect for institutional Zn and

O vacancy. In fact, the binding ability was so strong that the

average binding energy still touches �1.5 eV even with four
-doped SnO2 and pure SnO2 to 100 ppm ethanol. (b) Response curves of

on the results from 40 to 100 ppm.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 8 Binding mechanism for substitutional Zn and O vacancy in SnO2. (a) is for the rutile bulk structure and (b) is for the local structure of Zn

replacing Sn. From (c) to (f), the corresponding O vacancies from one to four are shown to bind with Zn substitution from their relaxed structures, as

shown by their good stability. (g), the average binding energy for Zn and O vacancies is varied with the number of vacancies. Here red, gray, and green

balls are O, Sn, and Zn atoms respectively. For more readily observing the binding, Zn–O bonds are highlighted with yellow color.
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vacancies. In our former study, a binding energy of 0.5 eV for Ca

and H+ complex defects in ZnO30 is enough for their identifica-

tion with IR spectrum. In other words, the binding in the present

case is very significant. Furthermore, with the volume relaxation

the Zn vacancy model in our calculations is reasonable to explain

the experimental lattice deformation other than Zn doping alone.

On the other hand, this model is also consistent with our judg-

ment of oxygen deficiency from the Sn-3d5/2 XPS of the doped

sample. Due to Zn doping, the production of O vacancies would

obviously enhance absorption of O species ions from atmo-

sphere.31 Besides oxygen vacancies, the increasing specific surface

area by Zn doping in the novel architecture (see Fig.2) further

increases the surface activity of SnO2. Therefore, response of the

present Zn-doped sensor is largely improved.
Conclusions

In summary, novel Zn-doped SnO2 hierarchical architectures

constructed by nanocones were successfully synthesized via

a hydrothermal approach. A possible growth mechanism was

discussed. It was found that Zn2+ ions played an important role

in controlling the morphology and size of Zn-doped SnO2 hier-

archical architectures and directing the crystal growth along the

[1�12] direction. With the increase of the concentration of Zn2+

ions, the morphology was transformed from an urchin-like

structure to ‘‘weave cloth’’-like architectures. The UV-vis

absorption spectra exhibited a blue shift due to the size effect of

the crystal. The gas sensing results showed that the sensor based

on novel Zn-doped SnO2 architectures displayed a high response

to ethanol in contrast to the one based on pure urchin-like SnO2
This journal is ª The Royal Society of Chemistry 2012
nanostructures. Based on the first-principle study, the strong

binding between ZnSn and its neighboring O vacancies was

demonstrated. Both the strong binding of Zn–VO and the high

specific surface area in the present Zn-doped SnO2 architectures

explains the high response to ethanol.
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