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The effect of initiation method on the size, monodispersity and shape of

gold nanoparticles formed by the Turkevich method
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The growth of gold nanoparticle (Au NP) colloids was initiated either thermally, by sonolysis,

microwave (MWA) or hard ultra-violet (UVC; 254 nm) irradiation. The solutions were

formulated analogous to Turkevich et al. and contained an auric acid gold source and different

amounts of sodium tri-citrate reductant and stabiliser. A comparison of the initiation methods,

using reagent solutions of equal concentration, was used to make gold nanoparticles. This showed

marked differences in the final colloid, with variance in the monodispersity, size and shape of

particles with initiation method. The physical size, shape and monodispersity of colloids formed

were ascertained from transition electron microscopy (TEM) imaging. Properties such as average

particle size and shape were directly related to changes in the surface plasmon resonance (SPR)

band from UV-visible spectra. We demonstrate how a variety of simple initiation methods can be

used to synthesise near monodisperse gold nanoparticles. More importantly, it is shown how the

initiation method is fundamental to the eventual particle size of the resulting colloids; with sizes

ranging from 11.0–11.9 nm in thermal reactions, 16.9–18.0 nm in sonolysis reactions,

11.3–17.2 nm in MWA reactions and 8.0–11.2 nm in UVC initiated reactions. Possible reaction

pathways and mechanisms are put forward to explain these marked differences.

Introduction

Gold nanoparticles (Au NPs) have recently received great

interest due principally to their intense and size/shape tuneable

surface plasmon resonance (SPR) properties.1 There is an

abundance of literature that demonstrate the diversity of Au

NPs applications; from the optical property enhancement

of composite semiconductor thin-films,2–7 bactericides,8–10

improvements in cancer care through to DNA and single

molecule detection.11–14

Several methods have been used to initiate colloidal gold

formation, such as sonolysis,15–18 laser ablation,19,20 ultra-violet

irradiation,21–27 microwave assisted heating,28–31 thermal

heating32–37 and pH mediated synthesis;38 each with associated

implications on particle size and shape. Furthermore, the

variety of reductants, surfactants and growth directing media

in addition to the diversity of solutions (aqueous, organic and

inorganic) in which the colloids are grown is extensive. In

order to investigate the effect of initiation method on the

resultant properties of the colloid, a single system that is

versatile to several initiation methods should be employed.

In the literature, the most commonly observed system for

Au NP formation is the thermal tri-citrate reduction of auric

acid in water, devised by Turkevich et al.32–37 The mechanism

by which the predominantly spherical particles are formed has

been studied by several groups.36,37,39 In addition, the effect on

the reaction kinetics, monodispersity and eventual size of

particles formed in accordance to varying the sodium tri-citrate

to auric acid ratio, heating rate and temperature have also

been comprehensively studied; where Au NPs ranging from

B10–100 nm in median size have been formed.34–37,39 We have

an interest in forming materials by a variety of initiation

methods,40 this has included the formation of gold colloids

by a modified Turkevich synthesis.41

In this study, we investigate the effect of thermal heating,

microwave assisted (MWA), hard ultra-violet light (UVC;

254 nm) and sonolysis treatment on the properties of the gold

colloid formed by reduction of auric acid with tri-sodium

citrate. We believe this to be the first instance in which UVC

light has been shown to initiate gold nanoparticle growth in

this system, this is to our knowledge the first comparative

study of initiation methods for gold nanoparticle formation

by the Turkevich method. Surprisingly near monodisperse

particles could be made with a median size and distribution

of sizes governed by the initiation method used.

Experimental

All reagents were purchased from Sigma-Aldrich UK unless

otherwise stated. All glassware was washed with aqua

regia and rinsed with copious amounts of deionised water

before use. Four solutions of differing tri-sodium citrate

(Na3C6H5O7�2H2O) concentrations and constant auric acid

(HAuCl4�3H2O) concentration were made up for each initiation

method tested; labelled as Solutions A–D. Solutions were

made up to a volume of 10 ml in distilled water, with masses

and concentrations of reagents shown in Table 1. A set of

Solutions A–D were made up each time for each initiation

method tested; thermal heating, sonolysis, microwave (MWA)

or hard ultra-violet (UVC) light. A table of the reaction

protocol for each type of synthesis is shown in Table 2.
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Results and discussion

A range of initiation methods was used to form gold nano-

particles from reaction of auric acid with tri-sodium citrate.

This enabled a comparative study of how the size, shape,

monodispersity and surface plasmon resonance (SPR) properties

of the nanoparticles formed varied with thermal, sonolysis,

microwaves and UVC-irradiation.

Colour changes characteristic for the formation of gold

nanoparticles by citrate reduction of auric acid were observed

in Solutions B–D for all initiation methods tested; with final

colours ranging from light lilac to deep red (Fig. 1). No colour

changes were seen in Solution A, regardless of the initiation

method used. Solution A differed from Solutions B–D, as it

did not contain any tri-sodium citrate reducing agent. The

results showed the importance of the reducing agent in the

formation of gold nanoparticles; regardless of the initiation

method used.

Bright ruby-red coloured solutions were formed in MWA

reactions; with more pink-purple coloured solutions formed

by thermal heating and UVC initiated reactions. Initially

colourless solutions were observed in sonolysis reactions after

60 minutes of sonication; however, colour began to show after

leaving the solutions to stand for several hours (3–6 h) and

deepened to a final dark red-purple colour after B24 h.

UV-visible spectroscopy

The resultant gold nanoparticle solutions from each reaction

of auric acid and tri-sodium citrate (B–D for each initiation

method tested) were analysed by UV-visible spectroscopy

(Fig. 2) 24 h after initiation. SPR bands centred between ca.

519–536 nm characteristic of gold nanoparticle growth were

observed in solutions B–D for all methods of initiation.

Changes in the SPR band areas, heights and centres ranged

from 40–91 Abs nm, 0.28–0.59 Abs units and 519–529.5 nm

respectively (Table 3). This corresponds with variation in

colloidal properties; such as the average nanoparticle size,

monodispersity, shape and degree of agglomeration. All solutions

showed a weak additional absorption band at B260 nm. This

peak relates to un-reacted auric acid, the gold source in the

nanoparticle formation reactions.36 Solutions initiated by

MWA showed a more prominent absorbance at this position

than any other reaction type (Fig. 2). Although this indicated

that the MWA reactions were less complete than others, their

average SPR band absorption height (0.47 Abs units) was of

the same order as other initiation methods (0.50, 0.43,

0.51—thermal, UVC, sonolysis respectively); with values of

individual solutions shown in Table 3.

It had been previously reported by Rodriguez-Gonzalez

et al. that the gold nanoparticle formation mechanism in the

thermal reduction of auric acid proceeds via the formation of

tiny gold clusters (B1–2 nm in diameter) that bind together to

form large grape like structures up to 100 nm in diameter that

subsequently break apart to form the resultant colloid

consisting of Au particles B10 nm in diameter.36,37 It was

shown using titrations and electrode potential measurements

that the concentration of Au(III) ions in solution decreased

steadily upon boiling until complete reduction occurred.36

These AuCl4
� ions are initially reduced by electron transfer

from citrate ions to AuCl2
�, which preferentially absorb excess

Table 1 Masses and concentrations of auric acid (Au source) and
tri-sodium citrate (reductant/stabiliser) in 10 ml of distilled water that
made solutions labelled A–D. Solutions A–D were made up each time
and the reduction reaction initiated by (i) thermal heating, (ii) sonication,
(iii) microwave and (iv) hard ultra-violet (UVC; 254 nm) irradiation

Solution identifier Auric acid Tri-sodium citrate

A 0.85 mg, 0.28 mM 0 mg, 0 mM
B 0.85 mg, 0.28 mM 2.5 mg, 0.96 mM
C 0.85 mg, 0.28 mM 5.0 mg, 1.94 mM
D 0.85 mg, 0.28 mM 10 mg, 3.88 mM

Table 2 A list of the protocol undertaken for initiating the reduction
reaction of auric acid in tri-sodium citrate in solutions A–D for the
formation of gold nanoparticles. Solutions were initiated by either
(i) thermal heating, (ii) sonication, (iii) microwave or (iv) hard ultra-
violet (UVC; 254 nm) light

Initiation
method Protocol

Thermal
heating

Heated homogenously in an oil bath with a
temperature controlled resistance wire (Barnstead
Electrothermal 230 V/200 W) from room temperature
to 100 1C. Removed from the heat after boiling for
approximately 10 minutes and then allowed to cool to
room temperature.

Sonolysis Sonicated (Fischer Scientific; 35 W—1.5 l capacity) in a
distilled water bath at room temperature for 60 minutes
at 60 Hz and then left to stand for 24 h at room
temperature.

Microwave Microwave heated (Proline MicroChef ST22 750 W)
for 3 minutes under reflux and allowed to cool to room
temperature.

Hard UV
light

Photo-irradiated with hard UV light (254 nm—Vilber
Lourmat 2 � 8 W VL-208G-BDH/VWR Ltd) in
shallow glass dishes (7 cm diameter) for 60 minutes.
Lamp to sample distance was B10 cm.

Fig. 1 Table showing the colours obtained after 24 h storage of

solutions A–D; aqueous auric acid solutions with varying tri-sodium

citrate concentrations after reaction by each initiation method tested

(thermal heating, sonication, microwave and UVC-light). Solutions

B–D all showed colour changes characteristic of colloidal gold

nanoparticle formation. Solution A did not show any signs of reaction

in any method tested. This demonstrated the importance of the

reductant agent in the gold-nanoparticle formation mechanism, as

tri-sodium citrate was not present in Solution A.
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chloride ions present in solution over citrate.39 Excess AuCl4
�

ions present in solution were continually absorbed on the

surface of Au(I) particles and subsequently reduced by further

citrate electron transfers. Au(I) particles continued to grow to

B1–2 nm in diameter, whilst stabilised by surrounding chloride

ions. Due to their almost zero net charge, flocculation was

induced and large particle clusters formed that were B100 nm

in diameter. When a saturation limit of AuCl2
� was reached,

further citrate reduction produced Au atoms that ejected the

surrounding chloride ions and chemisorbed with lightly bound

surrounding citrate ions. This peptization process occurs

rapidly, forming much smaller particles B10 nm in diameter.

Although the final colloid contains a majority of medium sized

nanoparticles of around 10 nm in diameter some of the smaller

Fig. 2 UV-visible absorption spectra for gold nanoparticle solutions formed by the reduction reaction of auric acid (0.28 mM) by tri-sodium

citrate of varying concentration (Solutions B–D, 0.96–3.88 mM) where the reactions were initiated by either thermal heating, sonication, MWA or

UVC-light. Numbers on each profile show the position of the SPR band centre. A similarity in the absorption profiles is observed for nanoparticle

solutions initiated by the same method and indicated that the method was more fundamental to the resultant colloids properties than changes in

reductant concentration.

Table 3 Table of SPR band centres, absorption maxima and area from UV-visible absorption spectroscopy studies in addition to the average
nanoparticle size and standard deviation error of sizes from TEM imaging of Solutions B–D (tri-sodium citrate 0.96, 1.94, 3.88 mM in B–D,
respectively, auric acid consistently 0.28 mM) initiated by either thermal, MWA, UVC or sonolysis

Surface plasmon band
TEM

Centre/nm Absorbance maximum Area/Abs nm Median Au NP size � deviation/nm

Solution B Thermal 519.0 (5) 0.55 (1) 65 (2) 11.4 � 2.2
MWA 520.0 (5) 0.59 (1) 69 (2) 17.2 � 2.4
UVC 520.0 (5) 0.44 (1) 65 (2) 8.0 � 1.4
Sonolysis 529.0 (5) 0.50 (1) 87 (2) 16.9 � 2.1

Solution C Thermal 520.0 (5) 0.48 (1) 58 (2) 11.0 � 1.9
MWA 521.0 (5) 0.28 (1) 40 (2) 11.6 � 0.9
UVC 529.0 (5) 0.41 (1) 87 (2) 10.8 � 2.4
Sonolysis 529.5 (5) 0.48 (1) 85 (2) 18.0 � 5.0

Solution D Thermal 520.0 (5) 0.48 (1) 57 (2) 11.9 � 2.0
MWA 520.0 (5) 0.56 (1) 70 (2) 11.3 � 1.6
UVC 527.0 (5) 0.43 (1) 91 (2) 10.9 � 2.3
Sonolysis 528.5 (5) 0.54 (1) 85 (2) 17.9 � 6.1
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gold clustersB1–2 nm in diameter remain. As the 1–2 nm gold

clusters do not show SPR properties, being below the SPR

limit, they are not detectable by UV-visible spectroscopy

but can be seen in low concentration using high resolution

transition electron microscopy (HRTEM).

In this study, gold nanoparticles of almost equivalent gold

concentration were formed by MWA and thermal reactions as

judged by the SPR band areas. However, the significantly

larger presence of un-reacted auric acid seen in the UV-visible

spectra (peak at B260 nm) of MWA initiated reactions

compared with thermal reactions demonstrated two major

differences: (i) MWA reactions were more efficient at direct

conversion of the gold source to the resultant gold colloid and

(ii) the reaction possibly had a lower propensity to consume

the gold source into tiny gold clusters; if the mechanism

proceeded analogously to thermal reactions.

If we assume that the nanoparticle formation mechanism of

MWA reactions proceeded analogously to thermal reactions,

it can be deduced that more highly efficient conversion of the

large grape-like intermediates to the resultant colloid occurs.

However, the lower propensity for consumption of the auric

acid source could not be explained. If we were to presume an

alternative mechanism, whereby direct and rapid nanoparticle

growth occurs at the site of a gold reduction reaction, one

might explain both the reaction efficiency and higher levels of

un-reacted auric acid. It is well known that MWA heating

causes in situ rapid heating of solution pockets to occur, which

may have induced the localised growth of nanoparticles, else-

where leaving un-reacted auric acid in cooler solution packets.

In UVC-light reactions, comparatively broader SPR

bands were observed (Fig. 2). This indicated a number of

possibilities such as decreased monodispersity, increased

particle agglomeration or changes in nanoparticle shape.40–42

A significant red-shift in the SPR band centre from 520 nm

(Solution B) to 529 nm (Solution C) was also observed for the

UVC initiated reaction. The effect was attributed to the

two-fold increase in the tri-sodium citrate concentration from

Solution B to C. A small blue-shift to 527 nm was seen upon

further increase in the tri-sodium citrate concentration;

Solution D. A simple particle size control effect of the

consistently increasing reductant concentration could not

explain the subsequent red and blue shifts in the SPR band.

TEM imaging studies later confirmed the presence of elliptical

particles with varying degrees of aspect ratios, which provided

an explanation for the SPR trends (Fig. 3).

Solutions initiated by sonolysis remained colourless after

1 h of sonication. A slow nanoparticle formation reaction

proceeded upon leaving the solutions to stand. Initial signs of

colour were observed after 6 h, which deepened in colour to a

plateau after 24 h. SPR bands of the resultant colloids were

red-shifted with respect to thermally activated reactions;

ranging relatively invariantly from 528.5–529.5 nm. This

implied the presence of significantly larger nanoparticles,

which was later confirmed in TEM studies, Fig. 3. It is well

documented that sonication irradiates H2O, which generates

H and OH radicals that can further initiate sonochemical

reduction processes. However, Nagata et al. found that H

radicals readily combine with atmospheric O2 forming

HO2 radicals that compete with auric acid reduction.43 The

competition reaction thus provides an adequate explanation as

to why Solution A did not show any evidence of colloidal gold

formation in this study. Gold colloids were similarly formed

by the sonication of auric acid and tri-sodium citrate solutions

by Su et al.18 The presence of the citrate reductant was also

found to be fundamental to the formation of gold nanoparticles.

H1 NMR evidence indicated that the reduction mechanism

proceeded from the removal of the OH group from tri-sodium

citrate; scavenged by H radicals formed by water sonication.

These tri-sodium citrate radicals subsequently reduce Au3+

species in solution to Au0 and the tri-sodium citrate is

re-oxidised to its original state by combining with surrounding

water. Subsequent nucleation of the Au0 atoms into larger

particles is followed by capping with tri-sodium citrate stabiliser.

In this study, the red coloration showing colloidal gold formation

appeared several hours after sonication. Examination of the

sonolysis reduction mechanism indicates a two-step process

whereby the initial sonication energy induces the formation of

Au0 particles that require significant periods of time (B1 day) to

fully nucleate and cap to form a stabilised colloid.

TEM imaging

The gold nanoparticles formed in Solutions B–D by each

initiation method were investigated by TEM. Solution droplets

were cast onto lacey carbon-coated copper grids and air-dried

Fig. 3 TEM images (all at 100 000� magnification; image width =

300 nm) of gold nanoparticle solutions formed by the reduction

reaction of auric acid (0.28 mM) by tri-sodium citrate in differing

concentrations (0.96, 1.94, 3.88 mM in Solutions B–D respectively)

where the reaction was initiated by either thermal heating, sonication,

microwave (MWA) or hard ultra-violet (UVC) 254 nm light. Variations

in the resultant nanoparticle size and monodispersity of the colloids

were primarily dependent on the initiation method used, rather than

the changes in the reductant concentration.
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before analysis. All Solution A reactions showed no sign of

nanoparticle growth; this corresponded with the absence of a

colour indicating no SPR band (Fig. 1). This verified the

importance of the tri-sodium citrate reducing agent for inducing

nanoparticle growth, irrespective of the initiation source used

in this study. Representative images of all colloids formed are

shown in Fig. 3. Median and standard deviations in the

measured nanoparticle diameters, from sets of at least 70–100+

measured particles, are shown graphically in Fig. 4 with values

additionally listed in Table 3.

Thermally initiated reactions showed almost invariant

average particle size (11.0–11.9 nm) and monodispersity

(1.9–2.2 nm standard deviations) with an increased tri-sodium

citrate concentration from 0.96 mM in Solution B to 3.88 mM

in Solution D. This supported the UV-visible absorption

studies, where no significant change in position, width or

height of the SPR band was observed (Table 3). Student

t-tests (Fig. 5) showed that the average nanoparticle size in

Solution B (11.4 nm) had little chance of being significantly

different from either Solutions C (11.0 nm) or D (11.9 nm);

indicating equivalence (less than 1%). Within the tri-sodium

citrate concentration range tested, little effect on the resulting

colloid was seen. The results demonstrated the independence

of average particle size and monodispersity of thermal colloid

growth to the citrate concentration; within the 0.96–3.88 mM

range experimentally tested.

Contrary to thermal reactions, TEM images of Solutions

B–D initiated by MWA radiation showed a transition from

larger nanoparticles formed in Solution B from 17.2 nm

diameter on average to significantly smaller particles in Solutions

C and D with 11.6 and 11.3 nm in average diameter. The

monodispersity of all solutions was high, with relatively low

standard deviations ranging from 0.9–2.4 nm. In contrast to

what was seen in thermally initiated reactions, a concentration

dependence of the tri-sodium citrate reductant was observed;

where doubling the tri-sodium citrate concentration from

0.96 mM to 1.94 mM yielded smaller particles. A further

increase in the reductant concentration from 1.94 mM

(Solution C) to 3.88 mM (Solution D) did not form smaller

particles. Student t-tests showed that the probability that

Solution B was different from Solutions C and D was 99.9%;

verifying the differences observed statistically (Table 3) and by

eye (Fig. 3). The t-tests also showed that Solutions C and D

were most likely equivalent.

Solutions initiated by UVC-light were not only relatively

monodisperse but showed lower average particle sizes; with

the lowest average size seen in Solution B at 8.0 nm. However,

the colloids became increasingly more elliptical in shape with

increased tri-sodium citrate concentration as seen by close-up

images in Fig. 6. Measurement of the size aspect ratios of

particles quantified the differences observed. Solution B,

containing the lowest tri-sodium citrate concentration, yielded

the most spherical particles with an average size aspect ratio of

1.08 � 0.07. Increased citrate concentrations lead to increases

in the elliptical nature of particles, with 1.96 mM Solution C

and 3.88 mM Solution D showing size aspect ratios of

1.37 � 0.26 and 1.56 � 0.56 respectively. These disparities in

shape might explain the unconventionally large shifts in the

SPR band with little change in average nanoparticle size (Fig. 2).40

Student t-tests showed that Solutions C (10.8 � 2.4 nm) and D

(10.9 � 2.3 nm) could not be said to be significantly different

from all other solutions made in this study; however it

was 99.9% probable that Solution B (8.0 � 1.4 nm) was

significantly smaller in average nanoparticle size than all other

colloids.

Nanoparticles initiated by sonolysis were significantly larger

on average than particles formed by thermal, MWA and

UVC-light. Average particle sizes ranged from 16.9 to 18.0 nm.

Although the colloids showed generally lower degrees of

monodispersity (Table 3), Student t-tests confirmed that they

were significantly different (by >98% chance) than all other

colloids formed, bar one, MWA—Solution B. The average

red-shift in the SPR band by B9 nm on average of sonicated

solutions compared with thermally initiated solutions was

Fig. 4 Bar chart of median gold nanoparticle diameters and standard

deviation errors attained from the measurement of TEM images of

colloidal solutions formed by the reduction reaction of auric acid

(0.28 mM) by tri-sodium citrate in differing concentrations (0.96, 1.94,

3.88 mM in Solutions B–D respectively) where the reaction was

initiated by either thermal heating, microwave (MWA), hard

ultra-violet (UVC) 254 nm light or sonication.

Fig. 5 A colour coded table of probable difference in the average

nanoparticle size using sizes determined from TEM images by Student

t-testing. Colours represent different probabilities of significant

difference; represented in the corresponding colour-key.
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Fig. 6 Close up TEM images (All at 100 000� magnification; image width = 130 nm) of gold nanoparticle solutions formed by the reduction

reaction of 0.28 mM auric acid with tri-sodium citrate of varying concentration (a) 0.96 mM, (b) 1.94 mM and (c) 3.88 mM initiated by hard

ultra-violet (UVC) 254 nm light. Histogram plots of the variation in size aspect ratio of the elliptical nanoparticles are adjacently plotted, with

median and standard deviations quoted.
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complemented by an average increase in particle size by B6 nm

in diameter. This was in contrast with UVC and MWA

initiated solutions where little correlation between the SPR

band centre and average nanoparticle size was observed.

Previous work by Turkevich et al.32 not only established the

nucleation and growth process of colloidal gold by thermal

reduction of auric acid with tri-sodium citrate, but also

investigated the effect of adjusting reductant concentration,

gold concentration and temperature. With the auric acid

concentration kept constant at 0.25 mM, a range of tri-citrate

concentrations from 0.20 to 0.38 to 1.96 mM were investigated

forming average nanoparticle sizes of 25 � 5, 18 � 4 and

14 � 2 nm respectively (Table 4). In our work the solutions

were of almost equivalent concentration to one of those

formulated by Turkevich et al., with Solution C consisting

of 0.28 mM auric acid and 1.96 mM tri-sodium citrate. In the

thermal reduction reaction in this study, Solution C formed

gold nanoparticles 11 � 2 nm in size, whilst the almost

analogous reaction by Turkevich et al. quite similarly formed

nanoparticles 14� 2 nm in size. The slight variation in average

size could be attributed to a number of differences in experi-

mental procedure. For instance, it was recently shown that

inverse Ostwald growth of gold nanoparticles synthesised by

the Turkevich method can occur if not fully heated beyond a

point of full nanoparticle size evolution.33 The double difference

in initiation time could attribute to this size discrepancy. In

addition, Turkevich et al. added tri-sodium citrate to a boiling

auric acid solution whilst in this study the auric acid and tri-

sodium citrate were heated together from room temperature.

However, colloids made by Turkevich et al. were spherical

and relatively monodisperse, analogous to gold nanoparticles

formed by thermal heating in this study. Yet Turkevich et al.

witnessed significant changes in average nanoparticle size

upon varying the tri-sodium citrate concentration. The

average nanoparticle size increased from 14 to 25 nm upon a

factor of 10 change in the tri-sodium citrate concentration

from 1.96 mM to 0.20 mM. In this study, the tri-sodium citrate

concentration was varied by a factor of 2 and did not yield

significant changes in the average nanoparticle size for

thermally initiated reactions. Combining results it becomes

clear that order of magnitude changes in the tri-sodium

concentration are required for significant changes in average

nanoparticle size of the resultant colloid to be observed.

Gold nanoparticles formed by the tri-sodium citrate reduction

of auric acid were also initiated by microwave radiation in the

work reported by Liu et al.31 A wide range of tri-sodium

citrate concentrations were examined; from 0.9 mM to 7.5 mM

solutions with the auric acid solution kept consistent at 1 mM;

almost four times more concentrated than in solutions

formulated in this study. The average nanoparticle size of

the resulting colloid was dependent upon the tri-sodium citrate

concentration with a similar trend to results from this study.

Liu et al. observed a sharp decrease in average nanoparticle

size from 70 � 8 nm to 20 � 2 nm upon increasing the citrate

concentration from 0.9 mM to 2.2 mM. Further increases in

the reductant concentration from 2.2 mM to 6.0 mM yielded

no further change in colloidal particle size. A similar

dependency was observed in this study, where an increase in

tri-sodium citrate concentration from 0.96 mM to 1.96 mM

yielded an initial decrease in average nanoparticle size from

17 � 2 nm to 12 � 1 nm with a further increase in reductant

concentration causing no significant change (3.88 mM,

11 � 2 nm). Although both sets of colloids formed by MWA

initiation were highly monodisperse and spherical, contrasting

differences in average nanoparticle size were observed and

could be attributed to a number of factors; for instance the

microwave used by Liu et al. was 25% less powerful and

solutions were irradiated for only 3 minutes in our study

compared to the 15 minutes by Liu et al.31 In light of the

work conducted by Turkevich et al.32 that established the high

dependency of the tri-sodium citrate/auric acid concentration

on the resultant average nanoparticle size, the contrasting size

differences between microwave initiated reactions in our study

and that of Liu et al.31 could be attributed to the consistent

factor of four difference in the auric acid concentration; with

0.28 mM used in our study and 1 mM used in their work.

Work conducted by Su et al.18 utilised sonolysis to induce

nanoparticle formation from auric acid and tri-sodium citrate.

A range of citrate concentrations from 0.49 mM to 3.9 mM

were examined with the auric acid concentration kept constant

at 0.49 mM. Lower levels of tri-sodium citrate from 0.49 mM

to 1.5 mM caused large nanoparticle clumps to form upon

sonication, ranging in size from 100–400 nm. Increasing levels

of sonication lead to the formation of spherical and mono-

disperse colloids 17–22 nm in average diameter with a small

size deviation of 1–2 nm. Although no particle clumping was

seen in colloids formed by sonolysis in our study, there were

several differences in experimental procedure. For instance,

Su et al. ice-cooled their solutions to 4 1C with sonication at a

frequency of 20 000 Hz whilst reactions in this study were

conducted at room temperature at a much lower sonication

frequency of 60 Hz. Additionally, solutions formulated by

Su et al. contained approximately double the gold content

compared with our work. In comparing the effect of the

Table 4 A table of synthetic conditions and average colloidal gold sizes including errors (nm) used by other groups compared in this study who
have similarly reduced aqueous auric acid solutions with tri-sodium citrate by initiation with thermal heating, microwave (MWA), soft ultra-violet
(UVC) 366 nm light and sonication

Initiation method

Concentrations/mM
Average Au NP
diameter � error/nm ReferenceAuric acid Tri-sodium citrate

Thermal (100 1C, 5 min) 0.25 0.20, 0.38, 1.96 25 � 5, 18 � 4, 14 � 2 Turkevich et al.32

MWA (125 1C, 80 1C min�1,
600 W, 15 min)

1.0 0.9, 2.2, 3.5, 6.0, 7.5 75 � 8, 22 � 2, 20 � 2,
18 � 1.5, 25 � 5

Liu et al.31

Sonolysis (4 1C, 20 kHz, 15–30 min) 0.49 1.9, 2.9, 3.9 18.9–19.4, 18.4–20.9, 16.9–22.0 Su et al.18

UVA (366 nm, 1 mW cm�2, 2 h) 2.0 2.0 30–70 (median B60) Kimling et al.33
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tri-sodium citrate : auric acid ratio upon the resultant average

nanoparticle size, Su et al. demonstrated little change over the

3 : 1 to 8 : 1 citrate : auric acid regime with particles formed

17–22 nm in average size.18 In our study, a 3.5 : 1 to 14 : 1

citrate : auric acid regime was investigated with particles

ranging quite similarly in average size from 17–18 nm.

Although a sonication frequency orders of magnitude more

powerful was used by Su et al. and a length of initiation up to

four times longer was used in this study, the resultant gold

nanoparticle sizes of similar reagent solutions compared well.

Hard UVC irradiation was used to initiate the formation of

colloidal gold from solutions of auric acid with a tri-sodium

citrate reductant. We believe this to be the first instance in

which UVC light (254 nm light) has induced nanoparticle

formation from this set of reagents, however, Kimling et al.

demonstrated this process could be also induced by UVA

(365 nm light) irradiation previously.33 A comparatively larger

auric acid concentration of 2.0 mM with a similar level of

tri-sodium citrate was used by Kimling et al., which leads to

the formation of colloidal gold with a larger size distribution

ranging from 30–70 nm and nanoparticles B60 nm in average

diameter. Far smaller and more monodisperse colloids were

formed in this study ranging 8–11 nm in average size with

deviations of 1–2 nm. The elliptical nature of nanoparticles

formed in this study was also not seen by Kimling et al.

Nonetheless, higher levels of tri-sodium citrate : auric acid

were used in this study ranging from 3.5 : 1 to 14 : 1 compared

with a 1 : 1 ratio used by Kimling et al., where the increasing

reductant concentration had a profound effect in increasing

the elliptical nature of particles formed here.

Although several groups have individually investigated the

thermal, sonolysis, microwave and UV initiated formation of

colloidal gold from auric acid and tri-sodium citrate, a range

of differing gold and reductant concentrations were used. The

lack of consistency made fair comparisons of the method’s

effect on the resultant average nanoparticle size, shape and

monodispersity not possible. By testing equivalent sets of

solutions over a range of tri-sodium citrate concentrations

we were able to observe the contrasting differences the initiation

method had upon the resulting colloid.

Conclusion

Nearly monodisperse gold nanoparticle colloids were formed

by a variety of initiation methods (thermal, microwave

assisted, hard ultra-violet light and sonication) for a range of

solutions that contained a constant concentration of auric acid

(0.28 mM) and varying concentrations of tri-sodium citrate

(0–3.88 mM). Gold nanoparticle solutions did not form unless

tri-sodium citrate was present, regardless of the initiation

method used. When the reductant was present, monodisperse

gold nanoparticle formation occurred in every case. Nano-

particle solutions formed in the presence of reductant by the

tradition thermal method devised by Turkevich et al.32–37 were

not affected by citrate concentration increases and formed

colloids 11.0–11.9 nm in average size. Gold nanoparticles

formed in sonolysis reactions were also unaffected by citrate

concentration increases and formed larger colloids 16.9–18.0 nm

in average size. Microwave assisted reactions were concentration

dependent at 0.96 mM, forming nanoparticles 17.2 nm in size

and yielded smaller nanoparticles with increased citrate

concentrations 11.3–11.6 nm in size. Hard ultra-violet light

initiated reactions formed typically smaller nanoparticles,

8.0–10.9 nm in average size, with particles more elliptical in

nature. In this study, the independence to citrate concentration

over the 0.96 mM to 3.88 mM range was shown; with one

exception. By simply changing the initiation method, one can

create monodisperse gold nanoparticle colloids with significantly

varying average size (8.0–18.0 nm).
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