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Abstract：(；old nanopartitles protected by organic small molecular compounds or maeromolecule have at—

tracted considerable attention and their preparation is one of hotspots in the hahn-chemical material field

due t。their ongoing and potential applications in optics．electronics，catalysts and biosenaors In recent

years there are many liquid phase chemistry methods to prepare monodispersed gold particles Among

them the photochemical method is quite attractive because of its some important advantages for sizmeon—

trolled synthesis of gold nanoparticIes Therefore，in this paper the recent progress of the photochemical

preparing Au nanoparticle materials was briefly introduced and mainly emphasized authors’owil works of

this are8
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1 IntrOduCtion

In recent years，many investigations show that the nanoseale materials of precious metals are a novel

field with full vitality and developing prospect．As concerns gold，the potential of gold clusters or nanopar

ticles as building blocks for fabricating nanoscale circuitry and quantal device has emerged by atom manipu

lation or self—assembly[1目The application for transparent conduction film materials of gold nanopartieles

and low temperature gold nano—paste are considerably attractive In catalytic action aspect，the bulk gold is

chemical inert，historically，gold was regarded to be no catalytical activity．However，nanotechnology has

transformed gold from a marginal into a very effective catalyst with unique properties．The gold catalyst，

consisting of nano—particulate gold on oxide supports，can be used for a wide variety of reactions and many

of these have potential for applications in pollution contr01．chemical processing and fuel cells[9一⋯In the

biomedical field，gold and silver nanoparticlcs(or their composite)not only possess novel optical，electric，

magnetic and structural properties，but also have favorable biocompatibility Therefore，they have great

important exploitability in the nanobiology and biomedicinem⋯．

At the present time，the study on the materials of gold nanopartictes is very active．A number of novel

properties are being constantly found If 901d nanoparticles protected by monolayer are regarded as an ex—

ample，their investigations and applications were shown in Fig．1 In a word，gold，as indicated in some

comment，is considered as a key element for green nan。technology。1“，and gold nanopartieles are regarded
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as a renaissance in gold chemistry[1。
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Fig．1 Possible application areas for monolayer-protected clusters

In the present review，we will briefly introduce about the preparation method and technology of gold

nanoparticles and emphasize the photochemical synthesis and characterization in recent progress，simultane—

ously including our OWn works of this area as well as possible application in the catalytic action of gold nan—

oparticles．

2 Survey on the preparation method and technology of gold

nanOparticIes

Currently．the preparation of gold nanopartieles can be divided into two clasges，i e．physical and

chemical method The essential of physical method consists in subdividing bulk precursors to nanoparticles

by top down．h mainly includes：(1)the condensation method of vaporized atoms in an inert carrier gas by

sputtering bulk gold and gas phase deposition method from an organic metal compound precursor and so

on’6’”；(2)in the presence of the protective agent，such as cyclodextrin， sodium dodecanesulphonate or

Poly(amid6amine)dendrimers ete，by laser ablation onto nanoparticles from bulk gold in aqueous sotn—

tionE20一2“．This method can obtain clean clusters，nanopartieles and nano—film materials，and also control

the size of gold nanoparticles by changing radiation frequency of pulsed laser and the concentration of sur—

factants，However，there are high cost of instruments and low yield in the physical preparations

The chemical procedures start from reduction of metal ions to metal atoms。and subsequently eontrol

aggregation of atoms，The strength of chemistry in materials science is its versatility in designing and syn—

thesizing new materials，which can be processed and fabricated into final components by bottom up Chemi—

cal synthesis permits the manipulation of matter at the molecular level Because the mixing at the molecular

level can achieve good chemical homogeneity and 1Ttass preparation of metal particles is easily realizable in

the solution．Therefore．the chemical synthesis method for low dimension materials attracts widely inter—

est．

In liquid phase chemistry method the synthesis of monodispersed gold nanoparticles with different sizes

and shapes can be perform in the presence of various protective agents，such as end capping agents with dif—

ferent functional groups，soluble po]ymers and surfactants，and that nanoscale materials with various di—

mensions(1D．2D or 3D)can be also constructed hy self assembly method。25“]，Now，there are many liq—
uid phase chemistry methods to prepare gold particles in both aqueous and nonaqueous solvents，including

the use of chemical reductants[27 4lf． electrochemica[method[42州1，sonochemical methodm制and photo—
chemical methodL51 6“and so on．The aim of investigations is all focused on obtaining size—controlled mono—
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dispersed gold nanoparticles，because of size dependency for their applications

The preparations of gold nanoparticles by various chemical reductive agents are convenient and rapid。

among them citrate reductant was widely used for various variety‘2’3“．Nevertheless．there are also sortie

potential difficulties in chemical preparing process，such as adsorbing pollution of excess reductant and its

oxidation products for the product，requiring carefully controlling reaction conditions for synthesizing size—

controlled particles etc

Electrochemical method usually used for the preparation of rod—shaped gold particles and self-assembly

structure In this procedure a gold electrode is used as the sacrificial anode and a platinum electrode as the

cathode，using rodlike micelle formed by cetyhrimethyl ammonium chloride(or bromide)as template．

When a porous alumina or polycarbonate membrane materials％vas acted as template，gold nano—rods can be

electrochemically deposited in the channel of the porous template．After removing the template by the dis

solution method，rod-shaped particles were released from the support The advantages of electrochemical

preparation are to efficiently control the aspect ratio of gold nanoparticles and favorable for the study of up

tical E42·44 4“．electrical properties[43]and self-assembly[“However．the preparation procedure is quite

complex．

Among these preparations，liquid phase photochemical reduction methods with gold complex are con—

siderably attractive because of its novelty and following some important advantages：(1)controlled reduc—

tion of metal ions can be carried out without using excess reducing agent，no adsorbing pollution occurs in

the process；(2)the reduction reaction is uniformly performed in the solution，the radiation is absorbed re—

gardless of the presence of light absorbing solutes and products；(3)the rate of reaction is well known，

since the nunlber of reducing equivalents generated by radiation is welt defined In addition，from the point

of view of practice application，the photochemical method is more competitive without the needs of specific

instrument．Thereby，since 1990 the photochemical preparations of gold nanoparticles were adopted and

studied by a number of scientists⋯⋯Although this method is not as widespread as the chemical reduc—

tion method，its application potential in the synthesis and self assembly of metal nanoparticles is prospec—

tjve．

3 Photochemical synthesis and characterizatiOn of gold nanoparticIes

3．1 Synthesis by mieelles as template

In the photochemical preparation of gold nanoparticles，the size-controlled synthesis，similar to the re

duction method with chemical reductants，can be carried OUt in aqueous solution or organic solvents，using

macromoleculer polymersc55 57]dendrimers E5目or various surfactants[”，63，6q to form the micelle or reverse

micelle as soft templates Substantively，the stability of gold particles is mainly due to the steric hindrance

of the organic macromolecules．preventing nanoparticle coagulation．Fig，2 and Fig．3 illustrate the protec—

tire action of polymer and dendrimer compound for preparing gold nanoparticle or cluster in aqueous solu

tion．respectively．

In general，the surface resonance plasmon absorption spectrum of gold nanoparticles in preparing

process was characterized by UV—Vis spectrometer．The size and shape of particles were determined with

transmission electron microscope(TEM)and selected area electron diffraction and X—ray diffraction were

used for studying crystal structure of nanoparticles Sometimes．with aids of X ray photoelectron spectros

copy and scanning electron microscope，aggregation of small gold particles to form colloidal gold and gold

metal film can be investigated[56-”
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In order to obtaining mon。dispersed gold nanoparticles，the photochemical preparation usually was

carried oul in aqueous—alcoholic solution or nonaqueous medium，using poly(vinyl alcoh01)(PVP)or poly

(vlnylpyrrolidone)(PVA)as the protective agent，For size controlled synthesis of nonaqeous colloidal gold

particles，M．Y Han“8≠sz]reported an effective photochemical route，The experiment was performed in

a higher polar and viscous formamide medium in the presence of PVP，size-cent rolled gold colloid can be a—

chieved by changing the molar ratio of PVP to HAuCl4．Due to the higher degree of dissociation of AuCl4

in the formamide and the direct reduction by the photogenerated free radical from the coordinated for—

mamide molecules，well disperse and uniform gold particles were prepared much more easily in formamide

than in water．A Coulomb staircase WaS clearly observed at room temperature on the resulting uniform gold

particles of 12 rim prepared in the nonaqueous system．

In our photochemical investigation，the spherical colloidal gold particles were prepazed by various

wavelength UV irradiations using PEG with different degree of polymerization as protective agents in a—

queous solution containing HAuCl4
k6 7J It is found that the particle size decreases with an increase of PEG

polymerization degree and the shape also tends uniformity When PEG polymerization degree is certain，

go]d particle size becomes bigger with increasing UV irradiation wavelength．The mechanism on PEG to

stabilize gold nanoparticles was assumed tO be protective action of forming pseudcr-erown ether structure In

the photochemical synthesis of using anionic surfactant(sodium dodeeyl sulfate)to form spherical micelle

aS the templating‘⋯．we studied tile affects of the organic reagents．such as methanol，n—propanol and ace—

tone on the formation of gold nanoparticles It is found that the surface plasmon absorption band of gold

particles characterized by UV Vis spectra was shifted tO shorter wavelength direction in order mentioned re—

agents，and particle size characterized by TEM also decreased with above order．A monodispersed colloid

gold with an average particle diameter of 7．5 nm was obtained in the water—acetone system containing 2 45

×10
4

mol／1 Au(I／I)一4 1 3x10-。mol／t C12H2sSO#Na．Although no complex forms between AuClg and

Cl!Hz5S03Na．the spherical micelle formed by long chain hydrophobie group and larger hydrophitic group

◇
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in C12 H25 S03 Na molecule in aqueous solution seems a microreactor of gold pareticles，efficiently preventing

their irreversible aggregation．When sodium dodecylsulphonate surfaclant was used for protective agent，

gold particle size became small due to increasing hydrophobic chain length．The average diameter of the

particles was 6．7 nm under optimum experimental conditions㈣

3．2 Size-controlled growth by seed—mediated teehnique

The use of preformed metallic seeds as nucleation centers in nanoparticle synthesis is an important

technique for size control of particle growth．First small particles are prepared and then they are used as

seeds to prepare bigger particles by through reducing metal precursor compound．This growth method

could offer the advantage of separating the nucleation and growth steps in time．Thus，improved monodis—

perse nanoparticles with different sizes can be obtained．Of course．in some cases additional nucleation can

also occurs in the presence of seeds，suggesting that seeds promote nucleation This is the reason why seed

mediated method is not guaranteed to be satisfactory for all preparations．For the size controlled synthesis

by seed—mediated，chemical reduction method such aa the use of citrate or borohydride-reduced which can

generate 20—100 nm gold nanoparticles in diameters has been investigated in detailm’7⋯Recently K．

Mallick el,a1．[59。reported a photochemieal synthesis of colloidal Au particles of different size by seeding ap

proach The seed particles were prepared by UV irradiation in the presence of a neutral micelle of Triton X

100(chemically known as p01y(oxyethylene)iso—octyl phenyl ether)，and then they were grown to larger

size by the addition of AuCl／ions and again UV irradiation under the same experimental condition Mono—

dispersed gold particles of different size卜一20～80 nm)have been synthesized by this method．This process

can be described by the following schematic(Fig．4)．

We proposed a novel

prepare gold nanoparticles

mediated growth under the

eao，using a PEG aqueous

photochemical approach to

of controlled size by seed—

U V solar radiation on plat

solution system containing

acetone for rapid photoreaction synthesisM Our aim is

to utilize solar energy to new material synthesis，be

cause solar energy is enormous and clear energy source．

This is a goal sought by scientists at all times in the

high technology．In this work，we first prepared nearly

monodispersed colloidal gold particles with UV 300 nm

1rradiation and then used them as seeds to grow into

1arger particles by the addition of Au(III)ions under

the solar radiation．The growth of the seeds and influ—

ence of the UV solar energy on the growth were studied

Fig·4 Schematic representation of the development

of metal cluster

in detail The results show lhat the colloidal gold particales with improved monodispersi’y and 10 2—66．4

nm in diameter can be generated by varying the molar ratio of seed to Au(III)ion and by step seeding．No

additional nucleation occurred during the seed—mediated growth It is suggested that PEG can coordinate to

Au(111)ions before reduction，forming a polymer—metal ion complex(Fig 2)，and then such a complex was

reduced under UV solar radiation resulting in well dispersed colloidal gold particles protected by PEG

pseudo-crown ether struclure

The effect of the plateau UV solar radiation intensity(Author's laboratory locates the city of Kunming

in Yunnan plateau of north latitude 25。027，the elevation here is t850 meters)on reduction reaction of Au
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(1id ions showed that it is feasible to synthesize gold nanoparticles in larger scale under the UV solar radia～

tion on the plateau with the higher elevation，because of rapid reduction reaction in the selective solution

system(Fig．5)and using a seed—mediated growth technique．

0 10 20 30 40 50 60 70 劬
Timeinad舯

Fig．5 Effect of theUV solar radiation intensity in a day oll reduction reaction of Au(111)ions(a)；Distribu

tion of the UV solar radiation intensity in a day indicated by reaction time(b)

3．3 Synthesis of bimetal core／shell structure particles

Optical and catalytic properties of bimetallic nanoparticles are the subject of considerable interest．Con—

sequently，a number of methods have been developed for fabricating the composite nanoparticle structure，

especially Au—Ag nanoparticles with core shell structure．Except the chemical preparation with sodium cit—

rate[7。．K．Mallik el a1．[51]reported a synthesis route by a UV—photoactivation technique．In this work．

gold particles with better monod；spersity were prepared by UV irradiation in aqueous solution in the pres—

ence of TX-100 and were used as seed particles．Then，the required amount of gold seed particles，AgN03

and TX一100 solution were mixed and again kept under UV light for forming Au core／Ag shell type strue—

ture．

Based on the photo-reduction of HAuCl4(or AgN03)in PEG acetone solutionM，we proposed a pho—

tochemical method for synthesizing colloidal Au core／Ag shell nanoparticles⋯．In this procedure．the pre—

forrned monodispersed gold nanopartieles with the average diameter 3．9 nm were used as seeds，in PECrac—

etone—AgN03 solution the seed particles added act as nucleation centers and catalyzed the reduction of silver

ion on their surface under UV irradiation．forming composite nanopartiele structure with a core of Au and a

part or complete enveloped shell of Ag The optical property and the sizes of the bimetallic colloidal parti—

cles were characterized in the range of the molar ratio of Au／Ag from 4／1 to 1／4．The results showed that

the optical property of Au—Ag composite particles WaS completely different from their alloying particles．

The composite nano—structure formed was assumed to be similar to strawberry shape at the molar ration of

Au／Ag from 411 to 1／1；and at the 1／4 molar ratio，the Au eore／Ag shell type structure with a striking

feature of forming interconnected network appears．

Based on the reaction of silver nanoparticles with CN ions‘751”．the Au core／Ag shell nanoparticle

structure was confirmed again by the CN dissolution experiments In PEG—acetone aqueous system，the

mechanism of photo—reducing HAuCl4 and AgN03 and forming core—shell structure could be illustrated in

Fig．5．
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Fig．6 Scheme of forming mechanism for bimetallic Au core／Ag shell structure

The formation of Au eore-Ag shell nanoparticles using photochemically reduced ph。sphotungstate

Keggin ions was described by S．Mandal et a1．M The characterized high-resolution TEM image was shown

in Fig．7

Fig．7 High-resolution TEM image

(a)一one of the gold particles．(b)OIle of the Au eore-Ag shell particles

3·4 Preparation and growth of rodlike Au nanoparticles

The photochemical method not only was used for the preparation of the monodispersed spherical gold

nanoparticles and bimetallic Au—Ag composite nanoparticles，but also could be gone for the synthesis of

one—dimensional nanorods by the cationic surfaetant as the soft template．K．Esumiet a1．reported first a

preparing anisotropic gold particles method by 253 7 nm UV irradiation in rodlike micellar solution formed

with cationic surfactant of haxdecyhrimethylammine chloride(CTAC、[⋯．The more recent photochemical

research showed that a sinail amount of silver addition iS critical for the formation of one-dimensional gold

rods in the aqueous solution of hexadecyhrimethylammonium bromide(CTAB)⋯The previous method

can obtain rodlike colloidal gold particles with larger aspect ratio under conditions of higher surfactant con—

centration and increasing irradiation time and for the later the largest aspect ratio obtained by controlling

the concentration of gold and long time irradiation is 5．However，these anisotropie gold nanorods take on

randon orientation distribution in the both cases

We proposed a new photochemical reduction method of preparing gold nanorods．In this route，gold

nanorods were synthesized in the aqueous solution medium of N，N—dimethylformamide(DMF)，using rod—

like miceller formed with CTAC as template and acetone as photosensitive agent．By changing the volumet—

rie ratio of DMF and H20，the miceller template shape iS transformed from spherical tO rodlike due to the

change of solvent polarity and the micelle aggregation number．As a result，rodlike gold nanopartieles with

different aspect ratios were obtained．We investigate the influence of the concentrations of HAuCl4 and
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CTAC as well as irradiation time on the growth of nanopartiele self-

organization It has been noted that higher concentration of CTAC is

adverse to the formalion of nanorods，however long time irradiation is

favorable to the growth of nanorods The UV—Vis spectra showed one

transversaI surface plasma maximum absorption peak at 542 5 on2 and

longitudinal one at 775 nm．Under optimal conditions the nanorods

with a diameter of 20 to 22nm and a length of 1 to 3 unl were obtained

(Fig 8)．Moreover the 6rientation of nanorods is consistent．Sinmlta—

neously，lhe mechanism of the growth of gold nanopartieles in rod—

shaped micelle was discussed by means of selected area electron dif—

fraction and XDS analysis．It is suggested that rodlike particles be—

tween two micelles contact head to head and grows along(111)erys—

tallographic face cs with the 10west energy This conclusi。n agrees
Fig·8 TEM 1m89。8。f A“na”oParticIe5

with that in the 1iterature‘-7⋯

3。5 The syntl憾Js坶indirect pb‘，tI)dk郓‘cal II螂恻
As above mentioned，in recent years aIl investigations of the photochemical preparation of colloidal

gold nanopartieles were carried out by the direct photoreduction reaction．In OUr works，except for utilizing

direct photochemical reduction method，a new strategy idea of synthesizing gold nanoparticles，i．e，the in

direct photochemical preparation was proposed for the first time‘”：

This method is based on a sensitive photochemical reduction reaction of Fe(III)EDTA／Fc(II)一EDTA

complex system in chloracetic acid—sodium acetate buffer solution．Owing to lower reduction potential for

Fe(III)一EDTA／Fe(II)一EDTA system and higher oxidation potential for Au(III)／Au(O)couple．a rapid

redox reaction Call occur between Fe(II)一EDTA complex and Au(III)ions in the buffer solurion．ThereuP—

on，the photoehemical reaction of Fe(III)一ED’FA／Fe(II)一EDTA complex system was used for indirect syn-

thesis of gold rmnoparticles．The experimental results showed that the Fe(II)EDTA complex t。act as a re-

ducing reagent is easy generated by UV irradiation．Simultaneously，Au(III)ions were rapidly reduced。

producing gold atoms to aggregate forming small nanoparticles which were stabilized by EDTA or foreign

protective agent，such as PVP，PVA or citrate ere．

In the presence of citrate in particular，when the molar ratio of citrate to Au(III)was definite，the gold

nanoparticles with an average diameter of 6．7 nm and narrower size distribution were synthesized in the

complex buffer solution．It is possible to obtain smaller size gold nanoparticles by increasing the eoncentra

tion of citrate．

In this indirect photochemical synthesis，Fe(IlI)一EDTA／Fe(II)EDTA complex system plays a medi—

um role of photoelectron transition The charge transfer mechanism‘on the excited state of Fe(III)EDTA

coordination complex and the formation of gold nanoparticles can probably be described in Fig．9

4 Au nanocatalyst prepared by Au sol and its application

The research and application for gold nanocatalysis，such as showing in Fig 1，are one of more impor

tant areas for gold nano—technology．There have introduced in a lot of reviews for this field in detai[Es
121
8u．

Twice successful international conferences of the"Catalytic Gold’held in Cape Town，South Africa in April

2001 and the"Gold 2003’held in Vancouver，Canada in September 2003 have shown the developing direction

and research findings of the gold catalysis．Currently，the investigation on the gold catalysis is mainly fo—
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Fig．9 The illustration of photochemical reaction mechanism of Fe(1lI)一EDTA／Fe(II)EDTA complex

cused on pollution control，innovations in chemical processes and fuel cells etc The paper published by

Corti et at．[9]gave the number of patents related tO gold catalysis and application distributing area of the

patents in recent yeas(Fig i0)．

．-—／、√八，
|’—q

，
／

Y龃r

Fig．10 The number of patents related to gold catalysis and application distributing area of the patents

As regards the preparation of gold catalyst，with various metal oxides as supports the method of the

coprecipitation or deposition—precipitation of Au(OH)3 is widely used When active carbon is used for the

carrier，the impregnation method of colloidal gold nanoparticles is simple and efficient．However it is diffi—

cult to deposit gold nanoparticles on metal oxide supports by this method，because gold nanoparticles has

lower melting point and lower affinity tO metal oxides．In addition，the gold nanocata!yst can be also pre

pared by Au(III)一acetylacetonate compound decomposition or vacuum deposition method

Herein we mainly focus on the preparation，characterization and catalytic application of gold catalysts

obtained by immobilizing the sols on carbon In this aspect，a series of researches were carried Out by Prati

and co—workers[82—8⋯The colloidal gold solution was prepared by chemical reductants such as hydrazine．

sodium borohydride，using PVP or PVA as proteetive agent，and then immobilized on active carbon．Gold

catalyst obtained was used for selective 1iquid phase oxidation reaction of diols，The research results

showed that the catalytic activity of Au／C catalyst for liquid phase oxidation reaction dependa obviously on

the size of gold nanoparticlea and gold exposure on the carbon surface These two factors are also connected

tO the nature of activated carbon．The curves shown in Fig．11 indicated the relationship between catalytic

activity and the diameter of Au particles on two supports!⋯．

On the basis of literatures，we studied the preparation and characterization of Au／C catalyst and ap

plied this catalyst tO catalyze liquid phase oxidation reaction of glucose[8”．However．it is different from

previous investigation that the colloidal gold solution waa prepared by citrate reduction or photochemical re—
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duction method，and then was impregnated with activated carbon．The dimension of gold particles was con～

trolled by changing the molar ratio of citrate to Aa(III)，resulting in high active Au／C catalyst．The char、

acterization with TEM indicated that after impregnation the size of the colloidal gold particle does not

change；the average diameter of the particles on the surface of activated carbon is 9 92 nm under optimum

preparing conditions．For liquid phase oxidation reaction of D-glucose，the dependence of the conversion
oll

the diameter of Au particles was shown in Fig．12

Fig．11 Dependence of catalytic activity of

Au／A12 03 and Au／C catalysts for

the oxidation of glycols on the di

ameter of Au particles

孚
、

宝
置

Reaction time／rain

Fig．12 Dependence of the conversion on the

diameter of Au particles for D-glu—

COSfE oxidation

Obviously，the catalytic activity of Au／C catalyst decreases with increasing gold particle size．The cat—

alyst obtained by impregnating about 10 nm gold particles on activated carbon has higher catalytic activity．

This result is agreement with the literature[目in which the catalytic activity of the catalyst with 7—8 nm

gold particles is the highest．

In order to obtain the information of the lattice structure and chemically bond state of gold nanoparti’

cles on actived carbon surface，the fresh prepared and used catalysts were characterized with XRD and XPS

technology，respectively．It has been found that the half-peak width of XRD peak of gold particle for used

catalyst has narrowing tendency，indicating the lattice structure of the particle trend towards the perfec“

tion For XPS energy spectrum．the fine structure of Au4f photoelectron spectrogram was obtained by

high resolution 1inear fitting method(Fig 13)．

It can be seen from Fig．13(a)that the corresponding Au4f7／2 splited into two peaks：83 93 eV and 84．

76 eV for the fresh prepared catalyst The former was agreement with binding energy of Au(O)located on

Au4f7 84 0 eV and the latter shifted+0 76 eV The change of the binding energy meaYis to form a new

chemically bond state．However，for the used catalyst no split Au4f7 peak was observed after linear fitting

(Fig．1 3(b))．Based on comparing the fine structures of the Ols energy spectra for fresh prepared and used

catalysts(Fig．14)．thereupon，it is assumed that an Au”一08 chemically bond state exists on the surface

of fresh prepared catalyst．Perhaps．this Au。+一O。一chemically bond state just about led to high catalytic

activity reason of Au／C catalyst．
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