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Monodispersed 2.4 nm-sized SnO2 and 2.6 nm-sized CeO2 nanoparticles have been reproducibly

formed through a non-hydrolytic solvothermal reaction with 2-ethylhexanoate complexes, without

the addition of extra surfactants. During the synthesis, the dissociated 2-ethylhexanoates from the

central metals work as a capping agent, and this induces size control of the nanoparticles and the

suppression of interparticular aggregation. The as-prepared nanoparticles are soluble in a non-

polar solvents, and by converting the capping group to a citrate, they also form transparent

suspensions in an aqueous solution. The as-synthesized SnO2 nanoparticles are of the pure

cassiterite structure, while those of the CeO2 are of the calcium fluoride structure. X-Ray

photoelectron spectroscopy (XPS) analysis indicates that the oxidation state of the Sn and Ce are

close to +4. The band gaps of SnO2 and CeO2 nanoparticles are 4.14 and 3.68 eV, respectively,

which are relatively large values because of the quantum size effect.

Introduction

Recently, the reverse micelle process has been widely applied

in the syntheses of nanoparticles for various metals1–4 and

semiconductors.5–7 Carboxylic acids or amines with long

hydrocarbon chains form a stable reverse micelle array in

non-polar ethers, and the cavities inside these arrays can be

used as nanoreactors for the formation of quantum-sized

nanoparticles.8,9 In particular, for the preparation of metal

oxide nanoparticles, the carboxylic acids with long chain alkyl

groups are expected to act as suitable surfactants, considering

their strong binding affinity towards metal oxides.10,11

In this work we report a synthetic method for preparing

SnO2 and CeO2 nanoparticles from 2-ethylhexanoate com-

plexes without adding surfactant or stabilizer. When the metal

carboxylates with long hydrocarbon chains, dissolved in a

non-polar solvent, are heated at an elevated temperature, the

carboxylate ligands will become dissociated from the central

metal. Then, the released ligands can surround it like a

surfactant, and the growth of nuclei to large particles or

aggregations between the particles will be suppressed auto-

matically. This synthetic route is a kind of the non-hydrolytic

decomposition reaction initially suggested by M. Niederberger

et al.12,13 Previously, 2-ethylhexanoate complexes were used in

the formation of CdS nanoparticles14 and in the sonochemical

synthesis of BaFe12O19,
15 but in these cases, the role of 2-

ethylhexanoate in controlling particle size was not clear, since

the synthesized nanoparticles were not the simple binary metal

oxide. Recently, M. Epifani et al. reported the preparation of

SnO2 and ZnO nanoparticles from 2-ethylhexanoate com-

plexes.16 However, in their reactions, several alkylamines were

added as capping agents, and they reported that the size of the

prepared nanoparticles was dependent on the length of the

alkyl chain of the amines.

In metal 2-ethylhexanoates, the ratios of metal-to-ligand are

generally 1 : 2–1 : 6. In conventional reverse micelle processes,

the typical molar ratio of the metal precursor to the surfactant

is in the range 1 : 1–1 : 10.17 This suggests that the molarity of

the organic fragments dissociated from the metal precursor is

comparable to that of the surfactants. Therefore, the addition

of surfactant may not be necessary if the dissociated ligands

can act as a capping agent, and the reaction is expected to be

more reproducible by the elimination of one reaction variable.

On the other hand, a weak point of this synthetic method is

that the ratio of metal-to-carboxylate ligand is fixed and

cannot be adjusted. In the present work we examine this

possibility, and find that the extra surfactant is not necessary

in this non-hydrolytic synthesis.

SnO2 is commonly used in transparent conductive electro-

des,18 gas sensors,19 electrochromic devices,20 anode materials

for batteries,21 etc. Similarly, CeO2 has a variety of applica-

tions, particularly in catalysts,22 fuel cells,23 solid electro-

lytes,24 etc. So far, various strategies have been applied to

tailoring the shape and size of SnO2
25–30 and CeO2,

31–34

nanoparticles, and the findings here will provide a meaningful

contribution in these fields.

Results and discussion

The XRD patterns of the SnO2 and CeO2 nanoparticles

synthesized by the two-step solvothermal reaction at 290 1C

are shown in Fig. 1. The prepared SnO2 and CeO2 nanopar-

ticles were of cassiterite and calcium fluoride (CaF2) structure,

respectively. The crystallite size of the SnO2 nanoparticle,
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calculated from the XRD 110 peak (2y= 26.6111) by applying

the Scherrer equation, was 2.3 nm, while that of the CeO2

nanoparticle, determined from the 111 peak (2y = 28.5491),

was 2.8 nm.

Fig. 2 shows TEM images of the SnO2 nanoparticles

obtained through the two-step solvothermal reaction at

290 1C. As shown in Fig. 2(a) and 2(b), most of the SnO2

nanoparticles were spherical in shape, without mutual aggre-

gation. The nanoparticles were monodispersed, and the aver-

age particle size was 2.4 nm, which corresponds to the

crystallite size calculated from the XRD patterns. The ring

patterns of the selective area electron diffraction (SAED) in

Fig. 2(c) are assigned to the (110), (101), (211) and (112) planes

of the cassiterite phase. Fig. 2(d) shows a high resolution TEM

image of a SnO2 nanoparticle. Uniform fringes, with an

interval of 0.34 nm, corresponding to the (110) lattice spacing

of the cassiterite phase, were observed over the entire region of

the SnO2 nanoparticle.

Fig. 3 shows TEM images of the CeO2 nanoparticles

synthesized at 290 1C. As shown in Fig. 3(a) and 3(b), the

CeO2 nanoparticles are mostly spherical in shape, without any

aggregation. The average particle size was 2.6 nm, which is

consistent with the crystallite size of 2.8 nm calculated from

the XRD patterns. The SAED ring patterns in Fig. 3(c) are

identified as (111), (200), (220) and (311) planes of a CeO2

cubic phase (CaF2 structure). Fig. 3(d) shows a high resolution

TEM image of a CeO2 nanoparticle. Uniform fringes, with an

interval of 2.70 Å, corresponding to the (200) lattice spacing,

were observed over the entire region of the SnO2 nanoparticle.

During the solvothermal reaction, a preliminary reaction at

the flash point of the metal carboxylate is crucial for achieving

monodispersed nanoparticles. In this preliminary reaction at

113 1C for 3 h, the tin(II) 2-ethylhexanoate or cerium(III)

2-ethylhexanoate complexes thermally decompose, and the

2-ethylhexanoate ligands dissociate into the solution. Then,

the released 2-ethylhexanoate ligands in n-butylether solution

serve as capping agents to the metal oxide nuclei. By a

subsequent solvothermal reaction at 290 1C, the nanoparticles

are gradually grown from the nuclei initially formed at the

flash point. When the precursor solution was directly heated

up to 290 1C, without first keeping it at 113 1C, the individual

nanoparticles merged to form a rod-like structure, as shown in

the TEM image in Fig. 4. Moreover, the obtained SnO2

nanoparticles were less uniform in size and shape. Under this

one-step process at 290 1C, the decomposition reaction of the

precursor and grain growth will take place simultaneously. As

a result of these competing reactions, the size and shape of the

nanoparticles will not be uniform. This observation clearly

indicates that precursor decomposition and nanoparticle

growth reactions should be separated to obtain monodis-

persed nanoparticles.34,35

We also varied the reaction temperature in the preparation

of SnO2 nanoparticles. After the preliminary reaction at the

Fig. 1 XRD patterns of the SnO2 and CeO2 nanoparticles synthe-

sized by the two-step solvothermal reaction at 290 1C.

Fig. 2 TEM images of SnO2 nanoparticles synthesized by the two-

step solvothermal reaction at 290 1C. (a/b): Images of SnO2 nanopar-

ticles spread on a holey carbon grid; (c): SAED patterns; (d): High

resolution image.

Fig. 3 TEM images of CeO2 nanoparticles synthesized by the two-

step solvothermal reaction at 290 1C. (a/b): Images of CeO2 nanopar-

ticles spread on a holey carbon grid; (c): SAED patterns; (d): High

resolution image.
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flash point, the main reaction temperatures were adjusted to

250 and 270 1C, respectively. Compared to the nanoparticles

prepared at 290 1C, the SnO2 nanoparticles obtained at these

temperatures were considerably more aggregated, but their

size was not appreciably different. Also, the XRD patterns

were the same as those obtained at 290 1C. In addition, we

changed the reaction time from 1 to 8 h, but no significant

difference in particle size was observed.

There is a possibility that the amount of dissociated

2-ethylhexanoate from the decomposition of tin(II) 2-ethyl-

hexanoate may not be optimum for effective capping of the

SnO2 nanoparticles. When two equivalents of 2-ethylhexanoic

acid relative to tin(II) 2-ethylhexanoate were added, the shape

of the derived SnO2 nanoparticles was not appreciably chan-

ged, as shown in Fig. 5(a). With the addition of four equiva-

lents of 2-ethylhexanoic acid, the obtained SnO2 end-product

(Fig. 5(b)) was relatively less uniform in size and shape. This

clearly indicates that the quantity of 2-ethylhexanoate ligands

released from the tin(II) 2-ethylhexanoate precursor is already

sufficient for the effective capping of the SnO2 nanoparticles.

Thus, extra surfactants are not necessary at all for the deriva-

tion of SnO2 nanoparticles.

XPS measurements were performed to elucidate the oxida-

tion state of Sn and Ce in the SnO2 and CeO2 nanoparticles,

respectively. The relative peak shifts were corrected by fixing

the peak position of contaminant carbon in the XPS instru-

ment at 284.60 eV. Fig. 6(a) shows the high resolution XPS

spectrum of Sn 3d in a SnO2 nanoparticle prepared by the two-

step solvothermal reaction at 290 1C. The peak positions of Sn

3d5/2 and 3d3/2 were determined as 486.6 and 495.0 eV,

respectively. This indicates that the oxidation state of the

SnO2 nanoparticles is close to +4, based on reports that the

peak positions of Sn 3d5/2 and 3d3/2 are 486.7 and 495.1 eV,

respectively, for SnO2 nanoparticles.27,36,37 The Ce 3d XPS

spectrum for a CeO2 nanoparticle is shown in Fig. 6(b). The

main peak positions of Ce 3d5/2 and 3d3/2 are 883.0 and 899.7

eV, respectively. These were assigned to Ce(IV) peaks.38,39 The

oxygen 1s spectrum of CeO2 nanoparticles is also illustrated in

Fig. 6(c). The peak centered at 529.6 eV corresponds to the 1s

of O2�. Thus, the binding energies of Ce 3d and O 1s are in

agreement with those typical of CeO2. Overall, the XPS

measurement indicates that oxygen is not appreciably deficient

in the SnO2 and CeO2 nanoparticles, even though they were

synthesized under non-hydrolytic conditions.

In Fig. 7, the (ahn)2 vs. photon energy curve, where a is the

colloid absorption, h is Planck’s constant and n is the fre-

quency of the light, is plotted for the 2.4 nm-sized SnO2 and

2.6 nm-sized CeO2 nanoparticles. The band gap energies for

SnO2 and CeO2 were determined by extrapolating the tangent

of each curve to the x-axis.40 The band gaps of the SnO2 and

CeO2 nanoparticles were determined to be 4.14 and 3.68 eV,

Fig. 4 TEM image of the SnO2 nanoparticles synthesized by direct

heating at 290 1C, without the preliminary reaction at 113 1C.

Fig. 5 TEM images of SnO2 nanoparticles synthesized by the addi-

tion of extra 2-ethylhexanoic acid. (a): 2 equivalents of 2-ethyl-

hexanoic acid relative to tin(II) 2-ehtylhexanoate; (b): 4 equivalents

of 2-ethylhexanoic acid.

Fig. 6 High resolution XPS spectra of (a) Sn 3d for the SnO2

nanoparticles, and (b) Ce 3d and (c) O 1s for the CeO2 nanoparticles

synthesized by the two-step solvothermal reaction at 290 1C.
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respectively, which are considerably larger than those of bulk

SnO2 (3.62 eV) and CeO2 (3.19 eV). Also, the obtained values

for these nanoparticles are comparatively large among those

already reported,32,41,42 and this is ascribed to the quantum

size effect caused by electron-hole confinement.

The synthesized SnO2 and CeO2 nanoparticles capped with

2-ethylhexanoate fragments were stably-suspended in a non-

polar solvent. That is, suspensions containing 45 mg SnO2 or

10 mg CeO2 per 1 ml of n-butylether were optically transpar-

ent. However, they were instantly precipitated in a polar

solvent such as water or ethanol. To convert them to water

soluble nanoparticles, 80 ml of ethanol and 4.0 mmol of citric

acid were added to 1.0 mmol of dried SnO2 or CeO2 nano-

particles, and were then stirred at 80 1C for 3 h. The capped 2-

ethylhexanoate groups on the surface of the nanoparticle were

gradually exchanged for citrate groups, and citrate-capped

nanoparticles were slowly precipitated. The precipitated SnO2

or CeO2 nanoparticles were collected by centrifugation, and

were washed several times with hexane and then ethanol/water

(50/50 volume ratio). The collected precipitate was suspended

in water and the pH of the solution adjusted to 11–13 by

adding trimethylammonium hydroxide (TMAH). Then, the

SnO2 or CeO2 nanoparticles were stably-suspended in an

aqueous solution. Fig. 8 shows the transmittance spectra of

the SnO2 and CeO2 nanoparticles suspended in the aqueous

solution (2.0 mg ml�1). The transmittance of the SnO2 aqu-

eous suspension was more than 98% in the visible range, and

that of CeO2 was about 95%. Both are optically transparent,

as shown in the inset of Fig. 8. It was also found that the

aqueous suspensions kept their optical transparency up to a

concentration of B4 mg ml�1.

As observed, this synthetic method is very simple, provides

high reproducibility and enables large scale synthesis at low

expense. We expect that this preparation strategy can be

extended to the preparation of quantum-sized nanoparticles

of various metal oxides.

Conclusions

By means of a two-step solvothermal reaction with 2-ethyl-

hexanoate complexes, highly monodispersed 2.4 nm-sized

SnO2 and 2.6 nm-sized CeO2 nanoparticles were reproducibly

formed. During formation of the nanoparticles, the disso-

ciated 2-ethylhexanoate behaved as a capping agent, and the

quantity of 2-ethylhexanoate ligands released from the tin(II)

2-ethylhexanoate precursor was sufficient for effective capping

of the SnO2 nanoparticles. In this solvothermal reaction, a

preliminary reaction at the flash point of the metal carboxylate

was crucial for achieving monodispersed nanoparticles. This

indicated that the reactions of precursor decomposition and

nanoparticle growth should be separated to obtain the mono-

dispersed nanoparticles. Even though the nanoparticles were

formed under non-hydrolytic conditions, the oxidation state

of the Sn and Ce were close to +4, as indicated by XPS

analysis. The relatively larger band gaps (SnO2: 4.14 eV; CeO2:

3.68 eV) were ascribed to the quantum size effect, which is

presumably caused by the smaller particle size and the reduced

interparticle aggregation.

Experimental

For the synthesis of SnO2 nanoparticles, 2.4 mmol of tin(II)

2-ethylhexanoate [(CH3(CH2)3CH(C2H5)CO2)2Sn, 97%,

Aldrich Chemical Co.] was dissolved in 10 ml of n-butylether

(99%, Aldrich Chemical Co.). The clear mixture was stirred

for 30 min at 40 1C and then transferred to a glass-lined

autoclave. The reaction consisted of the following two-step

process. Firstly, the reactor containing the mixture was heated

at 113 1C for 3 h to induce decomposition of the 2-ethylhex-

anoate precursor and nucleation. Secondly, the reaction tem-

perature was raised to 290 1C and held as such for 2 h to allow

the growth of nanocrystalline SnO2. For the preparation of

CeO2 nanoparticles, 0.26 mmol of cerium(III) 2-ethylhexanoate

[(CH3(CH2)3CH(C2H5)CO2)3Ce, 97%, Aldrich Chemical Co.]

was dissolved in 15 ml of n-butylether. Other reaction condi-

tions were the same as those applied to the synthesis of SnO2

nanoparticles. After the reaction at 290 1C, the SnO2 or CeO2

nanoparticles were obtained as transparent colloidal suspen-

sions in n-butylether.

Fig. 7 Absorption onset energy curves for the 2.4 nm-sized SnO2 and

2.6 nm-sized CeO2 nanoparticles synthesized by the two-step sol-

vothermal reaction at 290 1C. 5 mg of each nanoparticle was

suspended in 5 ml of hexane.

Fig. 8 Transmittance spectra for the citrate-capped SnO2 and CeO2

nanoparticles suspended in aqueous solution at pH 12. The concen-

tration of each aqueous suspension was 2 mg ml�1 and the optical path

length of the suspension in the silica cuvette was 1 cm. The inset shows

photographs of the suspensions.
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To obtain powdered SnO2 or CeO2 from the 10 ml

n-butylether suspensions, 10 ml of ethanol was added. The

2-ethylhexanoate-capped nanoparticles were then slowly pre-

cipitated. The precipitated nanoparticles were collected by

centrifugation, rinsed with ethanol several times, and then

dried in a vacuum oven at room temperature. The dried SnO2

or CeO2 nanoparticles capped with 2-ethylhexanoate were

readily soluble in non-polar solvents such as toluene or

hexane.

To observe the synthesized nanoparticles by TEM (Philips

CM30 Transmission Electron Microscope operated at

250 kV), 1 mg of nanoparticles were dispersed in 50 ml of

methanol and a drop of the suspension then spread on a holey

amorphous carbon film, deposited on a Ni grid (JEOL Ltd.).

Optical transmissions of the SnO2 and CeO2 suspensions were

recorded by a UV-visible spectrophotometer (Perkin-Elmer

Lambda 40) in the wavelength range 200–800 nm. X-Ray

photoelectron spectroscopy (XPS) analyses of the SnO2 and

CeO2 nanoparticles were carried out in an ultrahigh vacuum

(UHV) chamber with a base pressure below 5 � 10�9 Torr at

room temperature. Photoemission spectra were recorded by a

Sigma Probe Instrument (Thermo VG, UK) equipped with a

standard monochromatic Al-Ka excitation source (hn =

1486.6 eV). For the high resolution XPS scan, the pass energy

and step size were adjusted to 20 and 0.1 eV, respectively.
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