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Abstract

Tin oxide (SnOy) nanoparticles with size range of 19 to 100 nm were successfully
synthesized using wet chemical process (i.e. chemical precipitation and sol-gel
processes). The results showed that variation of citric acid concentration directly
influences the particle size and the BET specific surface area. The XRD analysis
revealed that nanoparticles were phase pure and that all materials exhibited a
tetragonal rutile structure of SnO,. Characterisation of the materials was carried out
using techniques such as scanning electron microscopy, X-ray diffraction, Fourier
Transform Infrared spectroscopy, Thermogravimetric and BET analyses.

1. Introduction

Nano-sized tin oxide (SnO,) is an interesting semiconducting material with a wide
band gap (Eg = 3.6 eV, at 25°C)."? Recently, SnO, has attracted much attention due to
transparency and sensitivity to reducing gases. Nanoparticles of tin oxide have found
a wide range of applications in gas sensors, lithium batteries, optoelectronic devices,
transparent electrodes and photocatalysts.®*® As such the effects of experimental
conditions on the chemical and microstructural properties are crucial. For this reason
sol-gel and chemical precipitation methods were used in the preparation of SnO;
nanoparticles. It is general knowledge that by changing the synthesis method it is
possible to change the properties of metal oxide particles.'

One of the most commonly used methods to modify the properties of SnO, is
variation of surfactant and concentration thereof. This could lead to improved surface
area as a result of the formation of small particles of SnO.. ™ *? It is generally known
that increasing the surface/bulk ratio and reducing grain size for rutile SnO;

nanoparticles has direct benefit in gas sensing.® '* However, the challenges



associated with sol-gel and chemical precipitation methods are that the products have
to be thermally treated at high temperatures to obtain crystalline materials.”® In the
process the surface area decreases whilst the particle size increases due to the particle
growth and sintering.™ In our study citric acid was used in various concentrations to
prepare SnO, particles with fairly narrow size distribution.

Chemical precipitation and sol-gel methods have been widely used to prepare SnO;
nanoparticles.*® ** 17 18 Recently, citric acid assisted sol-gel synthesis and nitrate-
citrate gel combustion have been used for the formation of nanoscaled SnO,
materials.* ** ¥ However, little or no information is available in the literature on the
use of citric acid in sol-gel synthesis to control the particle size of SnO,
nanomaterials.?* 2

Recent studies have shown that nanocrystalline particles with a high surface-to-
volume ratio have unique and improved properties. ??* Furthermore, synthesis of
nanomaterials with well controlled size, morphology and chemical composition holds
promise in exploring new and enhanced physical properties.?>” In our current study
the microstructure of SnO, could be controlled by method of preparation and variation
of citric acid concentration.

2. Experimental

2.1 Preparation of SnO, nanopowders

All reagents were used as received. Tin (IV) chloride pentahydrate (SnCl;.5H,0) and
citric acid (C¢HgO7) were of A.C.S. reagent grade and were both obtained from
Aldrich South Africa. Two different methods were used for the synthesis of SnO,
nanopowders:

2.1.1. Sol-gel procedure®



Appropriate amount of SnCl,.5H,0 was dissolved in distilled water to prepare a clear
0.1 M solution. To this solution 50 ml of different concentrations of citric acid was
slowly added with constant stirring and ensuring a total dissolution of citric acid. The
concentration of citric acid was varied between 0.01 and 0.5 M. Ammonia solution
(32%) was added drop-wise to maintain pH 8-9. The mixture was stirred continuously
at room temperature until a sol formed. The sol was evaporated on a water bath that
was kept at 80 °C and then dried at 100 °C for 24 hours in an oven to form a xerogel.
The xerogel was transferred into a porcelain crucible and pre-annealed at 180 °C for 2
hours to decompose the organic matter completely. Organic-free xerogel was then
annealed at 650 °C for 6 hours to form crystalline SnO».

2.1.2. Chemical precipitation®

A 0.1 M solution of tin (IV) chloride was prepared by dissolving appropriate amount
of SnCl,.5H,0 in distilled water forming a transparent solution. Ammonia solution
(NH3.H,0) was added, drop-wise, to the mixture with constant stirring. This was
continued until pH 8-9 was attained. The precipitate was formed and washed with
distilled water. Then the precipitate was separated from the mixture by centrifugation
at the stirring rate of 4500 rpm for 30 minutes at 4 °C. The solid product was dried in
air (at room temperature) for overnight and subsequently dried in oven at 100 °C for
24 hours. The product was ground into a fine powder and then annealed at 650 °C for
6 hours.

2.1.3. Sample characterisation

Analysis of the crystallinity of SnO, samples was carried out using a PAnalytical
XPERT-PRO diffractometer. The instrument utilizes Fe filtered Co Ko radiation
(1.789 A). The diffraction patterns were collected with an X-ray gun operated at 35

kV and 50 mA. Raman measurements were carried out using Jobin-Yvon Horiba



T64000 Raman Spectrometer equipped with an Olympus BX-40 microscope. Raman
spectrometer configured in triple subtractive mode. The excitation wavelength was
the 514.5 nm line from a Coherent Innova 308 argon ion laser. The laser beam
diameter at the sample was ~ 1.5 um whereas the power at the sample was below 1
mW. The specific surface area of the samples was determined by the physical
adsorption of a monolayer of nitrogen gas at -195 °C from Brunauer-Emmet-Teller
(BET) adsorption measurements using a Micrometritics TRISTAR 3000 analyser.
Prior to nitrogen adsorption measurements samples were degassed under vacuum for
a few hours. The morphological studies were carried out using Field Emission-
Scanning Electron Microscopy (FE-SEM) on a JEOL 7500F SEM. Thermal analysis
studies were carried out using a Perkin Elmer thermogravimetric analyser (TGA).
Samples were purged with either nitrogen or oxygen and heated from room
temperature to 800 °C at a heating rate of 10 °C/ min.

3. Results and discussion

The Physico-chemical properties of SnO, samples prepared by both Sol-gel and
chemical precipitation procedures are reported in Table 1. The specific BET surface
area of sample prepared by chemical precipitation process (CP) was found to be the
largest (29 m?/g). The addition of citric acid (SG1, SG2, SG3, SG4 and SG5) resulted
in a decrease in specific BET surface area (from 29 to 0.2 m?/g) and an increase in
average pore diameter. The decrease in surface area is more noticeable as the
concentration of citric acid is increased (0.01 to 0.5M). This is mainly thought to be
due to possible penetration of the dispersed citrate into the pores of SnO,. This could
also mean that citric acid promotes agglomeration of SnO, particles leading to a
decrease in BET specific surface area. At the calcination temperature (650 °C for 6

hours) the amount of citrate retained on the surface of SnO; is decreased for all citric



acid-treated samples. The decrease is attributed to the decomposition of citrate
moieties from the surface of SnO,. This suggests that the surface groups could come
together and condense to form a densely packed SnO; lattice. This could lead to a
decrease in surface area and the effect is more pronounced for higher concentrations
of citric acid.

The pore volume of citric acid-treated samples decreased with a decrease in specific
BET surface area which clearly suggests that the decrease in BET surface area is
directly influenced by the pore volume (porosity).

Nitrogen adsorption-desorption isotherms of citric acid-treated SG1 is shown in Fig.
1. Isotherms of other citric acid-treated samples (i.e. SG2, SG3, SG4 and SG5) were
also found to be similar (not shown). The isotherms could be classified as type 1V
with straight H3 hysteresis loop above P/Po = 0.6 which is characteristic of slit-
shaped pores.!® This suggests that that the textural properties are influenced by
external surface area. The flat and slightly concave curve in the low relative-pressure
domain, P/Po < 0.2, is due the presence of very small microporosity. This type of
adsorption-desorption isotherm is typical of clay minerals wherein nitrogen
physisorption occurs between the aggregates of platelet particles.'

The pore size distribution plot calculated using the Barrett—Joyner—Halenda (BJH)
equation from the adsorption branch of the isotherm is shown in Fig. 1 (inset). The
material showed a relatively narrow pore size distribution (centred at 38 nm)
suggesting good homogeneity of the pores.

CP showed a hysteresis loop different from the citric acid-treated samples (SG1-SG5).
For this sample (CP) the hysteresis loop is changed from H3 to H1 type and this is
supported by the pore size distribution which is found to be narrower (centred at 8

nm) than those of samples SG1-SG5.



Table 1: Physico-chemical properties of SnO, materials prepared by sol-gel and

chemical precipitation processes.

Sample Designation SgeT (m2/g) Pore size (A) Pore volume

(cm°/g)

CP CP 29.25 10.29 0.077
SG-0.01M SG1 21.50 14.22 0.188
SG-0.05M SG2 15.11 15.70 0.098
SG-0.1M SG3 8.69 18.86 0.041
SG-0.2M SG4 4.27 24.77 0.027
SG-0.5M SG5 0.24 25.77 0.002

SG = Sol-gel; CP = Chemical precipitation; Sger = BET Surface area
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Fig. 1. Nitrogen adsorption—desorption isotherms and corresponding pore size

distributions (insets) of CP (a) and SG1 (b).

The surface morphology of the sample prepared by chemical precipitation procedure
(prepared in the absence of citric acid) was studied under the electron microscope and
the typical SEM image is shown in Fig. 2. The SEM image shows that CP is mainly
composed of clusters of small agglomerated particles with somewhat uniform and
spherical morphology. SEM images in Fig. 3 show the effect of concentration of citric
acid on the microstructure evolution of Sol-gel synthesized materials (SG1-SG5). It
was found that lower citric acid concentration (SG1) gave spherical shape
morphology with uniform particle size. However, increasing the concentration of
citric acid resulted in particle growth and the formation of somewhat spherical but
irregular morphology (SG5). The SEM images suggest that the acid treatment step
(citric acid) promotes particle aggregation and subsequently the deformation of
particle morphology (Fig. 3e). The decrease in the number of spherical particles at
higher citric acid concentration is attributed to particle aggregation induced by the
citrate. This is particularly in agreement with the BET results that showed a sharp
decrease in surface area with the increase in citric acid concentration. It is noteworthy
that all citric acid-treated samples revealed a relatively smaller surface area and larger
particle size compared to CP. This suggests that the presence of citrate moiety
promotes aggregation possibly by inducing charge accumulation on the surface
leading to particles sticking together to form bigger particles. Zhijie Li et al. reported
on the effects of citric acid on hydrothermally-prepared SnO,. In their study the
presence of citric acid led to the formation of materials with larger surface area.'

However, in our study the presence of citric acid in different concentration led to a



sharp decrease in surface area. This clearly shows that the effects of citric acid are
dependent on the method of preparation.

Not only does the variation of concentrations of citric acid lead to grain growth but
morphological transformation too. SnO; particles transformed from regular sphere to
irregular sphere and subsequently to polyhedron shape with an increase in citric acid
concentration (i.e. 0.01 to 0.5M). The formation of polyhedron shape is thought to be
due to self assembly of smaller particles. Self assembly growth is mediated by
thermodynamics of the system and it is also time dependent. The presence of a
chelating agent in the solution slows down the reaction and allows more time for
growth after the nucleation process. The bigger grains have an overall reduced surface
energy which is thermodynamically favourable. This clearly shows that citric acid

influences the nucleation process and subsequently grain growth.

— 100nm JEOL 6/4/2008
X 100,000 3.0kV SEI SEM WD 4mm 11:20:51

Fig. 2. SEM micrograph of CP



Fig. 3. SEM micrographs of (a) SG1, (b) SG2, (c) SG3, (d) SG4 and (e) SG5



The energy dispersive X-ray (EDX) spectrum of sample SG1 is shown in Fig. 4. All
samples gave similar EDX spectra (not shown). EDX spectrum revealed that the
material is only composed of Sn and O atoms. This shows that the citrate moiety was

completely removed during the washing step.
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Figure 4: EDX spectrum of SG1.

The relationship between the concentration of citric acid and particle size as
determined by SEM is shown in Fig. 5. It can be seen that average particle size of
SnO; increases with an increase in citric acid concentration. The average particle size
ranges from 19 nm (for 0 M citric acid, CP) to about 100 nm (for 0.5 M citric acid,
SG5). It is noteworthy that in the case of citric acid treated samples when citric acid
concentration was increased 50 times (0.01 to 0.5 M) the particle size became 5 times
larger (22 to 100 nm). This clearly shows citric acid plays a role in the growing

mechanism of SnO, particles.
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Fig. 5. Effects of concentration of citric acid on the particle size

XRD

The XRD patterns of chemical precipitation synthesized (CP) and sol-gel prepared
samples (SG1-SG5) are shown in Fig. 6. CP showed similar diffraction peak position
to that of citric acid treated samples (SG1-SG5). These peaks could all be indexed to a
tetragonal rutile phase of SnO, (JCPDS card No. 41-1445).° This shows that all
materials prepared are phase pure and that treatment with citric acid does not
influence the crystal structure of SnO,. However, CP showed broader peaks than citric
acid treated samples. Peak broadening became more pronounced as the concentration
of citric acid decreased. Thus, crystallinity of SnO, increases with increasing
concentration of citric acid as shown by increasing peak intensity. This phenomenon
is attributed to grain growth. This is in agreement with BET results and particle size
calculated from SEM. The absence of citric acid resulted in smaller grain size whereas

larger concentration of citric acid resulted in larger particles and smaller surface area.
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The average crystal size of the nanoparticles was confirmed using the Scherrer
equation:

KA
SCosO’

where d is the mean crystalline size, K is a grain shape dependent constant (0.9), A is
the wavelength of the incident beam, 0 is the Bragg reflection angle and B is the full
width half maximum. The crystalline size estimated form the XRD spectra using the
Scherrer was in the range of 16 nm to 33 nm as the concentration of citric acid was
increased. The data from both techniques suggest an increase in both crystalline and

particle size as the concentration of citric acid was increased.
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Fig. 6. XRD patterns of CP, SG1, SG2, SG3, SG4 and SG5.

Raman

Structural comparison between CP and SG series samples is revealed by the Raman
results (Fig. 7). The CP profile revealed the presence of two main bands at 633 and
774 cm™ which are assigned to a tetragonal rutile structure of SnO, material.*® The
broader and relatively weaker bands are due to the poor crystallinity of the CP
sample. These peaks might have shifted due to the size effect. More peaks were
observed for citric acid treated samples. This was more pronounced for higher
concentrations of citric acid. The characteristic rutile bands are observed for the acid
treated samples at 244, 475, 633 and 774 cm™. The more intense bands observed for
SG5 are indicative of the crystalline nature of the sample and this is due to larger
crystal size. This shows that citric acid did not have influence on the crystal structure
but crystal size. The increase in intensity with increasing concentration suggests that
citric acid does not interact strongly with SnO, and that this interaction enhances
crystallization. Both the XRD and Raman results show that all materials are phase

pure.
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Fig. 7. Raman spectra of CP and citric acid treated samples (SG1-SG5)

FTIR

FTIR spectra of CP and SG series (SG1-SG5) samples are shown in Fig. 8. All
samples showed similar spectra. The small absorption peak observed at 3400 cm™ is
attributed to hydroxyl groups.®* This is mainly due to the adsorbed water retained by
Sn0O,. The spectra were not recorded in situ and so the absorption of water or CO,
from the ambience might have occurred.®? ** Furthermore, peaks observed at 1095
and 605 cm™ are assigned to the fundamental vibrations of Sn-O. These bands

correspond to the antisymmetric Sn-O-Sn stretching mode. The molecular vibrations



of chemical bonds observed are all associated with SnO; and this shows the purity of

the materials.
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Fig. 8. FTIR spectra of CP and SG series samples

TGA

In order to monitor the structural changes in the samples as a result of temperature
elevation, thermogravimetric analysis (TGA) was carried out in the temperature range
of 20 to 800 °C (Fig. 9). The TGA profiles of the samples were collected under

oxygen and nitrogen ambiences. However, the profiles of CP and those of SG series

500



samples were found to be similar under both ambiences. As such only CP and SG1
profiles collected under nitrogen atmosphere are shown in Fig. 9.

The first observed weight losses beginning at ~ 20 °C and ending at ~ 100 °C (~ 0.5
%) for both CP and SG1 are attributed to the loss of physically adsorbed water. The
second weight losses observed between ~250 and ~ 650 °C are due to the
dehydroxylation of the particle surface and boundaries occurring at the same time.**
The total weight loss of about 1 % for both CP and SG series samples was observed
and is indicative of the absence of residual organic compounds. This shows that

sample washing and calcination (650 °C) steps effectively removed the citrate and

chloride moieties. This finding is in accordance with the EDX and FTIR results.
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4. Conclusions

SnO, samples were prepared using chemical precipitation and sol-gel methods. With

both methods it was possible to obtain SnO, nanoparticles with narrow size

distribution. However, chemical precipitation produced particles relatively smaller

than those of sol-gel process. Furthermore, the surface area was found to be larger for

particles synthesized by chemical precipitation. There is evidence of particle

aggregation during heat treatment. Treatment with citric acid resulted in grain growth

and reduced surface area which implies reduced surface energy. This phenomenon is

thermodynamically favoured. Both methods produced materials free from chemical

contamination. All samples were found to correspond to tetragonal rutile phase of

Sn0,. This clearly shows that annealing samples at 650 °C could effectively remove

the chloride and nitrate ions.
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