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Shrinking gold nanoparticles: dramatic effect of a cryogenic process on
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Abstract

Aqueous gold nanoparticles (Au-NPs) without surfactant protection undergo irreversible aggregation upon a cryogenic treatment.

However, a cryogenic process on aqueous gold nanoparticle solution containing tannic acid did not lead to nanoparticle aggregation. The

tannic acid serves as surfactant to prevent aggregation of gold nanoparticles. In contrast, a reduction in the particle size in this solution

containing tannic acid was observed upon the cryogenic treatment with good reproducibility and uniformity.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Many nano-scale materials exhibit unique properties that

are ideal for applications in science and technology [1–3].

Among them gold nanoparticles (Au-NPs) appear rather

promising. Au-NPs can be synthesized chemically as aque-

ous or organic solutions. In general, organic phase syntheses

produce smaller Au-NPs ( < 10 nm) than those prepared as

aqueous solutions (>10 nm) [4–6]. On the other hand,

aqueous phase syntheses are usually superior in their sim-

plicity. The reaction media (water) and the commonly used

reagents involved, such as citrate, tannic acid, and ascorbic

acid, are also more benign to the environment than organic

reaction media. Therefore, the means to alter and possibly

control the size of the aqueous Au-NPs is desirable.

Once Au-NPs are formed, it is generally very difficult to

change their size with present technologies. It has recently

been reported that the particle size of Au-NPs can be

reduced by irradiating an aqueous Au-NP solution with a

laser beam. Accordingly, the mean particle diameter

changed from 37 to 10 nm [7]. Herein, we report another
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method for the reduction of Au-NP particle size by means of

a cryogenic process.
2. Results and discussion

Au-NPs were prepared by aqueous phase reduction

using either sodium citrate only or both sodium citrate

and tannic acid according to literature procedures [11]. The

tannic acid can serve as surfactant to prevent aggregation

of Au-NPs. The resulting Au-NP solutions were ruby in

color, as shown in Figs. 1 and 2. In all cases, the UV–Vis

(UV–Vis spectrometer, Hitachi U3310) absorption maxima

of these solutions were all in the range 520–525 nm. The

sizes of the Au-NPs were found to be in the range 5–28

nm by high-resolution transmission electronic micrograph

(HR-TEM, model: H-7000, Hitachi) using an accelerating

voltage of 100 kV with a mean diameter of 17 nm.

Cryogenic experiments were performed on an Applied

Cryogenics, CP-100 cryocooler under a chamber pressure

of 1 Pa [8–10]. Au-NP solutions were cooled from 300 to

77 K over a period of 12 h with a temperature ramping-

down rate of 0.3 K/min; this was followed by warming the

solutions to 300 K at a temperature ramping-up rate of 0.3

K/min [12,13].



Fig. 1. Aqueous Au-NPs solution without tannic acid in (a) ruby color

before a cryogenic process; (b) limpid color after a cryogenic process.

Fig. 3. UV–Vis spectra of aqueous Au-NP solution with tannic acid as

surfactant.
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For Au-NP solutions prepared with sodium citrate only,

the color changed from ruby to limpid after the cryogenic

process. As shown in Fig. 1, black precipitates gradually

formed, leaving a clear colorless solution. The precipitate

was not soluble in deionized water after the temperature of

aqueous Au-NP solution temperature is restored back to

room temperature. On the other hand, applying the same

cryogenic process to Au-NP solution prepared with tannic

acid/sodium citrate led to a color change from ruby to

brownish yellow, as shown in Fig. 2. In contrast, no

precipitation was found in the aqueous Au-NP solution with

tannic acid/sodium citrate after the cryogenic process. As

shown in Fig. 3, the UV–Vis spectrum of this solution with

tannic acid/sodium citrate has a lower absorption maximum

at 513 nm surface plasmon band compared to 523 nm to that

of the original solution. This is consistent with a reduction

in particle size from 5–28 to 2–6 nm [14], which is

confirmed by TEM images, as shown in Figs. 4 and 5,

which shows the size distributions of Au-NPs with tannic

acid protection before and after the cryogenic process. The

mean diameter of downsized Au-NPs is around 4 nm. The

phenomenon of this ‘‘particle-shrinking’’ was found to be
Fig. 2. Aqueous Au-NP solution with tannic acid in (a) ruby color before a

cryogenic process; (b) brownish yellow color after a cryogenic processing.
reproducible over three independent runs on three indepen-

dent samples. In addition, the variation in particle’s diameter

is less than 2 nm after the Au-NP aqueous with tannic acid/

sodium citrate is treated with the cryogenic process.
Fig. 4. TEM image of Au-NPs with tannic acid as surfactant at a

magnification of 200,000: (a) before a cryogenic processing; (b) after a

cryogenic processing.



Fig. 5. Size distribution of Au-NPs with tannic acid obtained from TEM

images: (a) before a cryogenic processing; (b) after a cryogenic processing.
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Figs. 6 and 7 show both bright field and dark field HR-

TEM micrographs and the selected-area electron beam

diffraction (SAED) pattern of gold nanoparticles before

and after the cryogenic process, respectively. The SAED
Fig. 6. TEM micrographs of Au-NPs before a cryogenic processing: bri
pattern of gold nanoparticles can be used to characterize

the structure constitution of Au-NPs before and after the

cryogenic process. The selected area, marked by a circle in

Figs. 6A and 7A, for electron beam diffraction pattern

measurement is around 100 nm2. The Debye–Scherrer

rings in SAED patterns, shown in Figs. 6C and 7C,

indicate the gold nanoparticles before and after the cryo-

genic process have a crystalline structure and not an

amorphous structure [15,16].

The gold nanoparticles before the cryogenic process,

shown in Fig. 6A and B, have an average diameter of 17

nm. Every bright spot in dark field HR-TEM microgarph

shows a single gold nanoparticle of which the formation is

not due to the aggregation of smaller nanoparticles. As

observed from Fig. 6C, four Debye–Scherrer rings

corresponding to (111), (200), (220), and (311) planes of

an fcc crystalline lattice, strong in both (111) and (200)

planes but weak in (220) and (311) planes [15,16]. This

structural characteristic shows that the gold nanoparticles

before the cryogenic process have anisotropic crystalline

structure. The particle size of gold nanoparticles after the

cryogenic process is around 4 nm, as shown in Fig. 7A and

B. Two Debye–Scherrer rings in SAED pattern, shown in

Fig. 7C, are corresponding to (111) and (200) planes of an

fcc lattice. In addition, the bright spots in Fig. 7B are

smaller in size than those in Fig. 6B. This indicates that the

particle size of every single gold nanoparticle, not an

aggregation of smaller nanoparticles, before the cryogenic
ght field image (A), dark field image (B), and SAED pattern (C).



Fig. 7. TEM micrographs of Au-NPs after a cryogenic processing: bright field image (A), dark field image (B), and SAED pattern (C).
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process is actually larger than that after the cryogenic

process.
3. Conclusion

Aqueous Au-NPs solution prepared from either sodium

citrate only or both sodium citrate and tannic acid undergo

irreversible aggregation upon a cryogenic treatment. In

contrast, the same cryogenic treatment on tannic acid/

sodium citrate-generated Au-NPs solution does not lead to

the particle’s aggregation but a reduction in nanoparticle

size from a mean diameter of 17 to 4 nm. In addition, the

downsized Au-NPs have a uniform size with a variation of 2

nm in particle diameter.
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