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The formation of colloidal unmodified (‘naked’) gold nanoparticles is

investigated by irradiation of a precursor solution with X-rays from a

synchrotron source. An interesting morphological evolution as a function of

exposure time, from cross-linked network-like structure to individual particles,

has been discovered. The particle size decreased with the exposure time and was

influenced by the ionic strength of the precursor solution. Contrary to �-ray

exposure, an OH radical scavenger was not required for cluster formation.
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1. Introduction

Potential applications including biosensor (Chah et al., 2005;

Siwy et al., 2005), bio-imaging (Lee, Oldenburg et al., 2003;

Osawa et al., 2005; Loo, Hirsch et al., 2005), tumor treatment

(Sun et al., 2004; Loo, Lowery et al., 2005) and many others

stimulate the interest in colloidal gold particles. Their fabri-

cation and properties have been intensively investigated

(Daniel & Astruc, 2004; Schmid & Corain, 2003; Glomm,

2005) with specific emphasis on possible use in cancer therapy

(O’Neal et al., 2004; Zharov et al., 2005).

Practical applications often require a good control of the

nanoparticle size, morphology, colloidal stability and specifi-

city, which constitutes a serious challenge in materials science.

To meet this challenge, chemical reduction methods are most

often used. Radiolytic approaches have also been extensively

explored since the 1960s (Fujita et al., 1962) and the corre-

sponding reactions were systematically studied (Belloni et al.,

1998; Gachard et al., 1998). Photon-stimulated processes

indeed offer several advantages: no need for the preliminary

use of reducing agents, well characterized reaction parameters

and the production of highly reduced pure nanoparticles.

The radiolytic preparation of metal particles was recently

extended to X-rays (Rosenberg et al., 1998; Ma et al., 2000;

Lee, Je et al., 2003; Borse et al., 2004). Karadas et al. (2005)

analyzed the precipitation of Au nanoparticles from tetra-

chloriauric acid induced by a conventional X-ray source in

terms of the reduction dynamics. Owing to the low reaction

rate, exposure times in excess of 30 h were required.

We recently developed a new and more rapid method using

X-rays from a synchrotron source to prepare well dispersed

Au particles in aqueous solutions (Yang et al., 2006; Wang et

al., 2007). This X-ray-based approach compares favorably with

�-ray irradiation. Reducing agents are created by the solvent

radiolysis, but for �-ray exposure stabilizing agents are still

needed to prevent coalescence and obtain dispersed metal

clusters. On the contrary, no pre-added stabilizer is required

for our method.

The investigations conducted so far explored the role of the

pH value and of the exposure conditions as well as the bio-

compatibility of the final products. The present study deals

with the structure and morphology of the X-ray-produced Au

nanoparticles. We analyzed the effects of the exposure time, of

the ionic strength and of radical scavengers, and discovered

interesting phenomena that are discussed in terms of X-ray-

induced synthesis.

2. Experimental

2.1. Materials and methods

All the chemicals were of reagent grade and were used

without additional purification. The gold precursor was

hydrogen tetrachloroaurate trihydrate (HAuCl4�3H2O) from
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Aldrich (USA). The precursor solution was prepared by

adding NaOH to a HAuCl4�3H2O solution to obtain a pH

value of >9, stirring for 10 min and then waiting for 5 min to

homogenize and equilibrate. For the tests on the effect of the

ionic strength, different concentrations of NaCl were included

in the precursor solution.

Then 10 ml of the solution was exposed to hard X-rays from

the BL01A beamline of NSRRC (National Synchrotron

Radiation Research Center, Hsinchu, Taiwan), whose emis-

sion spectrum estimated at the exit of the wavelength shifter

insertion device is shown as curve (a) in Fig. 1 (Center of

X-ray Optics, Lawrence Berkeley National Laboratory, http://

henke.lbl.gov/optical_constants/bend2.html). The curve (b) in

Fig. 1 shows the estimated photon energy distribution at the

exposure position taking into account absorption by the

windows, the air and the walls of solution-containing tubs. A

slit was used to obtain a transversal beam section of 13 mm �

9 mm matching the dimensions of the tubes. Some of the

studies were performed at beamline 7B2 of PLS (Pohang Light

Source, Pohang, Korea) that has similar emission properties

(Baik et al., 2004). We used unmonochromatized (‘white’)

X-ray beams with no optical elements except beryllium and

Kapton windows. The calculated flux absorbed by the

precursor solutions was centered at around 12.5 keV and was

over 1 � 1012 photons s�1 (0.1% bandwidth)�1 in the energy

range 6.5–30 keV. The exposure time ranged from 0.5 min to

15 min.

2.2. Instrumentation and characterization

Ultraviolet-visible (UV-VIS) absorption spectra were

recorded using a GBC UV/VIS 916 spectrophotometer. The

surface charge for the gold nanoparticle dispersions was

measured using a Malvern Zetasizer 3000 system. X-ray

diffraction (XRD) measurements were performed using the

synchrotron X-rays of the wiggler beamline BL17A at

NSRRC, whose wavelength equals 0.1333 nm. The results

were interpreted using JCPDS indexing after correction for

the different X-ray source (Cu K, 1.5418 Å). The samples for

XRD were prepared by drying concentrated colloidal solution

drops overnight in a pumped desiccator. The nanocrystal size

was estimated from the broadening of diffraction peaks using

Scherrer’s formula with a K value of 0.9.

The particle morphology, structure and size were measured

using a Jeol JEM 2010 F field emission gun transmission

electron microscope (TEM) operating at 200 kV. The samples

for TEM measurements were prepared by placing droplets of

nanoparticle-containing solution on carbon-coated Cu grids

and allowing them to dry.

3. Results

3.1. Structural analysis

TEM and XRD results for colloidal gold particles obtained

after a 5 min X-ray exposure are shown in Figs. 2 and 3. We see

in Fig. 2(a) spherical nanoparticles, with a diameter of 20 �

5 nm and good dispersion. The high-resolution TEM image of

Fig. 2(b) shows the multi-domain structure that is often

present in the Au nanoparticles produced by synchrotron

X-ray irradiation. It has been reported that, with heating and

electron beam irradiation, neighboring metallic nanoparticles

can coalesce to form larger particles (Sutter et al., 2005). As

discussed below, Fig. 2(b) suggests that the imaged particle is

the product of a similar coalescence mechanism involving

smaller single-crystal particles.

The XRD pattern of Fig. 3 exhibits the characteristic

diffraction peaks from the face-centered-cubic Au crystal

planes of (111), (200), (220), (311) and (222). The average

nanoparticle size was also derived from the broadening of the

reflection peaks (111) and (222), obtaining 20.7 nm and

18.3 nm, consistent with TEM results.

3.2. Effects of the exposure time

Fig. 4 shows TEM images of colloidal Au nanoparticles for

different X-ray exposure times. We see an interesting growth

mechanism: (a) after 30 s of irradiation, the nanoparticles are

clustered in cross-linked structures whose overall size is on

the micrometer scale; (b) after 1 min, the interconnections

between neighboring nanoparticles are modified, and almost

spherical 3–5 nm particles are formed; (c) 5 min of irradiation

fragments the overall structure producing separated particles;

(d) for a longer irradiation, the dispersion improves and the

average particle size decreases. We also found that colloidal

Au nanoparticle solutions are not stable for shorter (<10 s)

irradiation times and precipitate within a few minutes; longer

exposures result in colloidal stability. Zeta potential

measurement of colloidal gold with 5 min X-ray exposure

yielded a negative value of �57.8 � 5 mV indicating that the

colloidal particles were stabilized by electrostatic repulsion.

Fig. 5 shows visible-light absorption spectra of the colloidal

solution after different irradiation times, with two character-

istic features: the surface plasmon resonance peak at 537–

521 nm and a second peak at longer wavelengths. For 30 s of

exposure, the plasmon peak is visible but weak indicating the

formation of a small number of Au nanoparticles; the position

(537 nm) is shifted with respect to that (520 nm) of Au
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Figure 1
Photon flux as a function of the photon energy for the synchrotron white
X-rays at beamline BL01A of NSRRC. (a) Emission from the
superconducting bending magnet; (b) flux at the specimen position after
the effects of the air and window absorption.



nanoparticles of comparable size (Mulvaney, 2001; Kreibig &

Genzel, 1985). Together with the presence of the larger-

wavelength peak, this shift suggests the existence of inter-

connected nanoparticles (or of precipitation).

After 1 min of exposure, the plasmon peak (now at 533 nm)

is stronger and the longer-wavelength feature is weaker,

suggesting that more nanoparticles are formed whereas the

agglomeration decreases. After 5 min the plasmon peak

practically reaches the aforementioned standard position and

the second feature tends to disappear, indicating well

distributed Au particles. For a longer exposure of 15 min, the

plasmon peak remains almost unchanged whereas the long-

wavelength feature exhibits a limited decrease.

Fig. 6 shows the effects of long-time irradiation. The sample

here was first formed with 5 min irradiation and then

continuously exposed to synchrotron X-rays for 7 h. The TEM

image of Fig. 6 shows a tendency of the particle size to

decrease to <10 nm, even though a few large particles (15–

20 nm) remain. The particles are interconnected and less

electron-dense than in Fig. 4(c). Some particles are fused

together forming larger irregular shapes or producing dumb-

bell-like configurations (highlighted by arrows in Fig. 6a). The

visible-light spectrum of Fig. 6(b) does not reveal any change

with respect to the 5 min irradiation spectrum of Fig. 5.
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Figure 2
TEM (a) and high-resolution TEM (b) micrographs of gold nanoparticles produced by a 5 min synchrotron X-ray exposure for 10 ml precursor solution
([HAuCl4] = 1 mM). The inset in (a) is the size distribution histogram of the particles. The white lines in (b) are a guide to the eye for the boundaries
between different crystalline domains.

Figure 3
X-ray diffraction pattern of the colloidal gold particles as shown in Fig. 2.
These results were used to derive the average particle size.

Figure 4
TEM micrographs of colloidal gold particles produced by different X-ray
exposure times: (a) 30 s; (b) 1 min; (c) 5 min and (d) 15 min for 10 ml
precursor solution ([HAuCl4] = 1 mM). These results reveal a complex
series of phenomena as discussed in the text, and in particular the size
changes as a function of exposure.



3.3. Effect of the ionic strength

Solution conditions such as the pH value and the ionic

strength can influence the morphology and stability of

colloidal particles. As already mentioned, to investigate the

effects of the ionic strength in our case, NaCl aqueous solu-

tions of different concentrations were used as the solvent for

the gold precursor solution.

Fig. 7 shows TEM images of Au nanoparticles for a 0.01 M

NaCl solution. Nanoparticles formed by a 30 s irradiation

exhibit agglomeration and a tendency to precipitate right after

the end of the exposure. A 10 min irradiation results in stable

particles as shown in Fig. 7(b). The size is smaller (15–20 nm)

and the dispersion better than for the deionized-water solu-

tion.

When the ionic strength is further increased by using 0.1 M

and 0.5 M NaCl solutions, stable colloidal particles are not

formed and agglomeration and precipitation occur. These

results suggest that Cl� ions might interact with the Au surface

during the particle formation. These findings agree with

previous studies and are reasonable in view of the particle

surface chemistry (Bae et al., 2002; Sylvestre et al., 2004).

3.4. Tests with 2-propanol as a radical scavenger

In the photosynthesis of metal colloids by �-ray irradiation,

2-propanol is usually added as an OH radical scavenger

to prevent particles oxidation. We

explored the effects of a similar

approach in the case of X-ray photo-

synthesis.

Fig. 8(a) shows a TEM micrograph

of gold nanoparticles formed after 2-

propanol addition (0.6 ml per 40 ml of

the precursor solution) and 5 min X-ray

exposure. The particle size is 8–15 nm

and there is a reasonable distribution.

The visible-light absorption spectra of

Fig. 8(b) show that 2-propanol does not

affect the position and the width of the

plasmon peak but it does weaken its

intensity. These results are different

with respect to the extensive data for �-

ray irradiation (Belloni et al., 1998;

Gachard et al., 1998; Temgire & Joshi,

2004).

4. Discussions

4.1. X-ray irradiation effects

The most noteworthy discovery of

our study is the evolution of the particle

structure as a function of the X-ray

exposure time, from cross-linking to

dispersed individual particles. This

evolution sharply differs from other

kinds of irradiation and from proce-

dures based on chemical reduction.

When bombarded with high-energy

photons, colloidal particles can be

damaged and this can lead to photo-

fragmentation, photofusion or other
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Figure 6
TEM micrograph (a) and visible-light absorption spectrum (b) of colloidal gold solutions after a
long exposure (7 h) to synchrotron X-rays for a 10 ml precursor solution ([HAuCl4] = 1 mM). Note
that no significant changes occur with respect to exposures of a few minutes.

Figure 7
TEM images of gold nanoparticles formed by X-ray exposure after replacing de-ionized H2O with a
0.01 M NaCl solution: (a) 30 s; (b) 10 min for a 10 ml precursor solution ([HAuCl4] = 1 mM). These
results reveal the effects of a stronger ionic strength of the solution.

Figure 5
Visible-light absorption spectra of colloidal gold particles produced by
different X-ray exposure times (30 s, 1 min, 5 min, 15 min) for a 10 ml
precursor solution ([HAuCl4] = 1 mM). Note the dramatic change
between 1 and 5 min exposure.



phenomena. The size, shape and morphology of metallic

nanoparticles such as gold or silver induced by laser irradia-

tion has been extensively studied (Takami et al., 1996; Kurita et

al., 1998; Mohamed et al., 1998; Link et al., 2000; Jin et al.,

2001). Takami et al. (1996) reported a size reduction of Au

particles exposed to laser photons with 532 nm wavelength;

Link et al. (2000) explained these results in terms of surface

melting owing to heating by surface plasmon absorption. Jin et

al. (2001) described an intriguing shape evolution of Ag

particles from nanospheres to nanoprisms induced by 350–

700 nm photons. In these photochemical mechanisms the

effects depend on the photon energy and are related to the

surface plasmon resonance.

The phenomena are quite different for other types of

radiation such as �-rays, X-rays or charged particles (e.g.

electrons and protons). Each photon or charged particle can

ionize a large number of molecules along its track or bring

them to different excited states. The products of the corre-

sponding radiochemical reactions are very complicated in

terms of energy levels and chemical species (Spinks & Woods,

1976). The mechanisms of X-ray-induced fusion and frag-

mentation are different from laser ablation owing to the

important role of water in the energy absorption. For ultra-

violet and visible laser irradiation, water absorption is

minimal. For X-ray irradiation, the energy is absorbed both by

the particles and by the water; when the solution is diluted as

in our case, water absorption prevails.

Since the photon energies of both X-rays and �-rays are

well above the threshold energy for water radiolysis [around

6.6 eV for the photodecomposition of water (Thomsen et al.,

1999)], we expect no major differences between the species

produced by these types of radiation. Other aspects, however,

could be different because of the lower photon energy and

much larger flux of X-rays. This point is confirmed by

precursor solution temperature measurements. For 10 ml and

5 min X-ray exposure, the average temperature increase was

11 K. Another control measurement involving only de-ionized

H2O (10 g) gave almost the same value. This temperature

increase is quite remarkable and the

corresponding effects must be taken

into account.

Such effects could be responsible

for the peculiar morphological transi-

tion and photofragmentation after

prolonged X-ray irradiation. X-ray

photons can, via secondary electrons,

ionize or excite a large number of water

molecules and gold ions along their

path. The ‘activated’ solvent can supply

reducing radicals to neighboring gold

ions and contribute to the formation of

zero-valence gold clusters. These small

gold clusters combine to form the initial

gold nanoparticles.

Owing to the large X-ray energy

absorption, the surface temperature of

such nanoparticles can increase above the melting point. This

enables the surfaces of close particles to fuse together leading

to cross-linking. The resulting gold cluster assemblies diffused

from their initial position owing to concentration gradients

and heat flow.

After a sufficient exposure time, the inter-connected gold

particles completely fill the reaction bath. The absorbed X-ray

energy can now lead to fragmentation and to the formation of

smaller gold clusters. Owing to the temperature increase of the

precursor solution, such small clusters tend to fuse together

forming larger clusters as in the case of the annealing-induced

fusion of Au nanoparticles (Sutter et al., 2005). After all

the cross-linked particles are fragmented, a well dispersed

colloidal solution remains.

4.2. Radical scavenger effects

The dissipation of X-ray energy throughout the solvent

facilitates the initial homogeneous distribution of the radi-

olytically produced species, including e�aq, H+, H�, OH�, H2O2

and H2. As previously mentioned, we expect the species

produced by X-rays to be similar to those yielded by �-rays.

However, the dynamic balance between different reaction

mechanisms can be quite different owing to the very high

intensity of synchrotron X-rays. The solvated electrons, e�aq

and H� are strong reducing agents that enable the reduction of

metal ions into metallic clusters.

In contrast, the OH radicals cause the re-oxidization of the

metal atoms to their ionic state. The overall amount of

reduced metallic clusters reflects the interplay of these two

opposite actions. In �-ray synthesis, an OH radical scavenger

such as 2-propanol is generally added to the solution to reduce

the OH-induced oxidation.

We found, on the contrary, that 2-propanol is not required

in the case of synchrotron X-ray irradiation. Rather than

having a positive role, the addition of 2-propanol reduces the

yield of colloidal gold as revealed by the decreased optical

absorption intensity (see Fig. 8b).
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Figure 8
(a) TEM micrograph of colloidal gold particles formed in solutions with 2-propanol added, after a
5 min X-ray exposure; (b) visible-light absorption spectra of gold nanoparticles formed with
different exposure times for a 10 ml precursor solution ([HAuCl4] = 1 mM). The amount of 2-
propanol was 0.6 ml for each 40 ml of gold precursor solution.



The cause of this reduction is not clear at present. Note that

2-propanol is a scavenger for both OH and H radicals, these

latter being strong reducing agents in radiolysis solutions. We

can thus propose that 2-propanol plays a positive role during

the initial steps of photoreduction by protecting the Au atoms

from re-oxidization. However, once the cross-linked gold

colloidals are created, this effect decreases. We are currently

analyzing the solution conditions (composition, temperature,

pH value, ionic strength etc.) that can influence the kinetic

conditions for OH and H radical scavenging, which might

be quite different from traditional radiolytic reactions as

demonstrated by the above-mentioned scavenger effect.

5. Conclusions

We discovered a series of intriguing phenomena affecting the

structure of colloidal Au during synchrotron X-ray exposure.

As the exposure time increases, the morphology of the formed

gold nanoparticles changes from interconnected structures to

well dispersed nanosols. These phenomena can be explained

by the very high energy rate deposited by the X-ray beam in

the precursor solution. We also found that a radical scavenger,

although essential in �-ray photosynthesis, is not required

when X-rays replaced the �-rays.
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