
Introduction

The preparation of noble metal nanoparticles has been
addressed by numerous studies. The majority of these
publications discuss the preparation of nanoparticles
by reduction and report the size and the size distribu-
tion of particles stabilized by various methods [1–5].
The preparation of silver nanoparticles has an espe-
cially voluminous literature, because not only classi-
cal colloid chemistry [6, 7] but also modern nano-
technology includes many different procedures for
the preparation, the particle size control and the
surface modification of Ag nanoparticles [8–11].

The simplest method for the detection of Ag
nanoparticles is UV-Vis spectroscopy, because these
particles have a characteristic plasmon absorption band
of high intensity in the visual range [12]. When the ini-
tial concentrations of the precursor, the stabilizing agent
and the reducing agent are suitably chosen, the rates of
particle formation and growth will be sufficiently slow
to be monitored by spectroscopy. Kim et al. selected
various silver salts and studied the effect of the chemical
nature of the precursor on the formation rate of metal
nanoparticles [13]. In the presence of AgBF4, AgPF6

and AgClO4 the fast initial reaction rate slowed down
after about 10 min, whereas in the case of AgNO3 a
slower but constant reaction rate was observed. They at-
tributed this phenomenon to the strong interaction be-
tween silver and nitrate ions. The course of the ab-
sorbance spectra also allows conclusions to be drawn as

to the size, the size distribution and the aggregation state
of nanoparticles [14–16].

The thermodynamical analysis of nanoparticle for-
mation has been undertaken by relatively few studies.
The first calorimetric measurements were carried out by
Turco Liveri et al. in the early nineties [17–20]. They
prepared nanoparticles in microemulsions, exploiting
the possibility of synthesizing nanoparticles of con-
trolled size within the aqueous droplets of water in oil
(w/o) microemulsions. They studied the formation of
micellar microphases (the reactions of macrocyclic lig-
ands) in Aerosol OT reverse microemulsions [17] and
later synthesized palladium nanoparticles in wa-
ter/AOT/n-heptane microemulsions [18]. They estab-
lished that the energetic states of Pd nanoparticles in
microemulsions and in the bulk aqueous phase are en-
tirely different. Their results showed that the heat of for-
mation is a function of particle size and the enthalpy of
formation depends on the diameter of the microemul-
sion droplet. They also established that the duration of
nucleation is a few seconds, whereas nanoparticle
growth spans a time period of minutes. The enthalpies
of formation are exothermic, i.e. particle formation (the
reduction of Pd2+ ions) is an exothermic process. The
extent of exothermicity increases with particle crystal
size. The largest heat of formation was measured in pure
water (ca. –400 to –500 kJ mol–1). They carried out sim-
ilar experiments for the preparation of gold nano-
particles in w/o microemulsions [19]. As particle size in-
creased, the formation of Au nanoparticles was accom-
panied by an exothermic heat effect of –246 to
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–480 kJ mol–1. They showed that there are more atoms
on the surface of the nanoparticles than inside them.
Therefore, when nanoparticle size decreases, the enthalpy
of formation will be a less exothermic process. Thus,
when the droplet size of microemulsions is decreased,
smaller particles are formed and the process of formation
may turn endothermic [19, 20].

Our present work is a calorimetric study of the
formation Ag nanoparticles stabilized by Na-citrate
molecules. We examined how changes in the concen-
trations of the Ag+ precursor ions and the reducing
agent (hydroquinone) affect the enthalpy of formation.

Materials and methods

Materials used for the preparation of silver sols were:
silver nitrate (Reanal, 99.9%), sodium citrate dihydrate
(Aldrich, 99%), hydroquinone (hq) (Aldrich, 99%).

Microcalorimetry was performed in a Thermal
Activity Monitor (TAM 2277) isothermic titration
microcalorimeter. AgNO3 and Na-citrate solutions of
given concentrations were added to the sample cell in
a volume of 2.0 mL. The reducing agent, 10�50 �L of
hydroquinone stock solution was next added under
constant stirring to the thermostated AgNO3+Na-ci-
trate solution using a programmed automated burette
(Lund, Sweden). Enthalpies of mixing arising as a
consequence of mixing the given solutions were de-
termined in a separate experiment by adding 10�50 �L
of hydroquinone to a solution containing no Ag+ ions.
The measurements were controlled and the results
(the calorimetric peaks) were evaluated with the help
of the DigiTAM 4.1 software.

The reduction of sols was also monitored by
UV-Vis spectrophotometry (Uvicon 930 UV-Vis
spectrophotometer) in the wavelength range of �=
300–800 nm. The experimental setup was similar to that
of the calorimetric measurements (the measurement vol-
ume and the concentrations of the components were
identical and spectra were recorded 60 min after the ad-
dition of the individual portions of the reducing agent).

Samples were simultaneously withdrawn for
transmission electron microscopy (TEM). Transmis-
sion electron micrographs were taken in a Philips
CM-10 transmission electron microscope with an ac-
celerating voltage of 100 kV. The microscope was
equipped with a Megaview II digital camera. The size
distribution of the particles was determined by the
UTHSCSA Image Tool 3.00 software.

Results and discussion

When hydroquinone was added to the AgNO3 solu-
tion filled into the microcalorimeter cell, Ag+ ions

were reduced to metallic silver nanoparticles. Reduc-
tion changed the colour of the solution and a
yellowish-brown Ag sol was formed, whose shade de-
pended on the concentration of silver ions. Na-citrate
present in the solution played an important role in the
stabilization of the silver colloid particles. If no
Na-citrate was added to the solution prior to reduc-
tion, the silver particles formed aggregate and precip-
itate on the bottom of the titration cell. We therefore
used 10 mM Na-citrate to stabilize Ag nanoparticles
in colloid solution in all cases.

In our experiments the reducing agent hydro-
quinone was added to AgNO3 solutions of various
concentrations in order to observe whether the forma-
tion of nanosize silver metal particles was an energet-
ically favoured process. We wished to examine how
the amount of heat released or absorbed in the course
of reduction changes when the concentration of pre-
cursor Ag+ ions is increased. Figure 1a shows the
enthalpogram of 4 mM AgNO3 solution during the
addition of 10�50 �L of reducing agent ([Ag+]/[hydro-
quinone]=14). When the reducing agent was added
gradually, in hourly portions under constant stirring,
increasingly larger endothermic heat effects were ob-
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Fig. 1a Typical enthalpogram of the formation of silver nano-
particles, [Ag+]/[hq]=14 (10�50 �L 1 mM hydroquinone
solution is added to 1.75 mL 4 mM AgNO3 and 0.25 mL
10 mM Na citrate)



served. The enthalpogram of mixing recorded in the
absence of Ag+ ions (Fig. 1b) showed that the mixing
of the components has even more significant endo-
thermic heat effect than the formation of silver nano-
particles (Fig. 1a demonstrates the heat of mixing and
the formation of Ag nanoparticles).

When AgNO3 solution of a higher concentration
(e.g. 10 mM) was titrated in the calorimeter with
40 mM hydroquinone ([Ag+]/[hydroquinone]=0.875),
exothermic heat effects were obtained already at the
initial stages of the experiment (Fig. 2), indicating
that at higher concentrations the reduction of Ag+ ions
was, on the whole, an exothermic process, in spite of
the fact that the heat effect of mixing was endother-
mic. The total enthalpy changes measured by calorim-
etry were fulfilled in the following way:

�Htotal=�Hnucl+�Hmix

where �Hnucl is the enthalpy of particle formation (nu-
cleation) and �Hmix is the enthalpy of mixing in the re-
duction (titration) process. When the values of �Hmix

are known from separate measurements, the value of
�Hnucl=�Htotal–�Hmix can be calculated in every reduc-
tion step. After adding these enthalpy values, the inte-
gral enthalpy ��Hnucl=f(Vhq) functions showing the

change in enthalpy due to the addition of hydroquinone
can be drawn up (Fig. 3). It is clearly seen that if a max-
imum of 0.5 mL of 1 mM hydroquinone is added to
10 mM Na-citrate solution, the enthalpy of mixing
(�Hmix) brings about a maximally endothermic change
in enthalpy, –110 mJ, in the calorimeter. When sam-
ples with increasing AgNO3 concentrations were re-
duced, the integral enthalpy of reduction increased
with the addition of hydroquinone; however, the mag-
nitude of the endothermic effects decreased at AgNO3

concentrations of 4, 6 and 8 mM ([Ag+]/[hydro-
quinone]=14, 21, 28). When 10 mM AgNO3 solution
was reduced ([Ag+]/[hydroquinone]=35), the values of
the net integral enthalpy of reduction already fell into
the exothermic range, indicating that at higher hydro-
quinone concentrations the process of reduction pro-
duced an exothermic heat effect. When the data mea-
sured were normalized to the amount of silver ions
presented in the solution, the resulting curve showed
the molar enthalpy of reduction of silver as a function
of the concentration of the reducing agent (Fig. 3b).

On further analysis of our data, the next question
to arise was how the precursor/reducing agent ratio af-
fected the enthalpy of Ag particle formation. As shown
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Fig. 1b Typical enthalpogram of the mixing of the components
(10�50 �L 1 mM hydroquinone solution is added to
1.75 mL water and 0.25 mL 10 mM Na citrate)

Fig. 2 Enthalpogram of the formation of larger, aggregated nano-
particles, [Ag+]/[hq]=0.875 (10�50 �L 40 mM hydroqui-
none solution is added to 1.75 mL 10 mM AgNO3 and
0.25 mL 10 mM Na citrate)



in Fig. 4, this ratio (whose value varies in the range
of 1–35) as a function of Ag+ precursor concentration
had a minimum with increasing Ag+ precursor concen-
tration and reached into the exothermic range. At pre-
cursor/reducing agent ratio=28–35 aggregates of large
Ag nanoparticles (particle diameter 15–20 nm) were
already formed.

Based on the experimental evidence above, the for-
mation of nanoparticles as monitored by calorimetry can
be divided into three stages. In stage 1 silver ions were
turned into metallic silver clusters by the effect of the re-
ducing agent, a process that can be considered as nucle-
ation (Fig. 5). In the course of this process silver ions
formed silver clusters and concomitantly lost their own
hydration shell; in other words, nucleation was associated
with the dehydration of silver ions, the enthalpy change
of which was endothermic. This heat effect was insignifi-
cant; however, the enthalpy requirement of dehydra-
tion, 451.9 kJ mol–1 [21] also had to be taken into consid-
eration. When the concentration of precursor ions was
further increased, nucleation was followed by particle
growth and heat effects detectable by calorimetry were
shifted to the endothermic direction. Thus, at this stage
Ag+ ions adsorbed on the surface of Ag clusters were re-
duced and particle size further increased. This was also
demonstrated by the UV-Vis absorption spectra recorded
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Fig. 3a The nucleation enthalpy as a function of addition of hq

Fig. 3b The molar enthalpy of reduction of silver nanoparticles
as a function of the reducing agent Fig. 4 The molar enthalpy as a function of the [Ag+]/[hq] ratio



J. Therm. Anal. Cal., 79, 2005 591

NUCLEATION AND GROWTH OF SILVER NANOPARTICLES

Fig. 5 Schematic picture and UV-Vis spectra of the formation of silver nanoparticles (a – [Ag+]/[hq]=14, b – [Ag+]/[hq]=21,
c – [Ag+]/[hq]=35)

Fig. 6 TEM images and size distributions of silver nanoparticles during the synthesis at different time and added hydroquinone volume
([Ag+]/[hq]=35, 10�50 �L 1 mM hydroquinone solution is added to 1.75 mL 10 mM AgNO3 and 0.25 mL 10 mM Na citrate)
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Fig. 6 Continued



reveal that at Ag concentrations of 2–4 mM a relatively
sharp absorption maximum appeared at �=439 nm, indi-
cating the formation of small, nearly monodisperse parti-
cles (a). The growth of particles at increased Ag+ concen-
trations of 6–8 mM was shown by the absorption spectra
determined in parallel measurements (b). The broadening
of the spectra and the shift of the absorption maximum
(�=445 nm) were proof for particle growth, which was
accompanied by an endothermic heat effect. When the
Ag/hydroquinone ratio was further increased, the parti-
cles began to aggregate in spite of the fact that in every
case the stabilizer Na-citrate was present in the solution
(c, �=465 nm). Coagulation of Ag particles leading to the
appearance of larger aggregates causes heat release, the
process was exothermic, which means that this effect
again overcompensated the endothermic effect associated
with the dehydration of the large amount of Ag+ ions
present (10 mM). The processes of nucleation, particle
growth and aggregation brought about by the addition of
the reducing agent hydroquinone can be observed within
a given experimental sequence. In Fig. 6 transmission
electron micrographs of particle size distributions in the
sol containing 10 mM of Ag+ precursor were displayed.
Nucleation dominated after the addition of up to 2�50 �L
hydroquinone and the average particle diameter was
d=2.6 nm (Fig. 6a). Next, the addition of 6�50 �L
hydroquinone initiated particle growth and d=4.1 nm
(Fig. 6d). After the addition of 8�50 �L reducing agent,
the particles were aggregated and d=7.8 nm (Fig. 6e).

Conclusions

The nucleation and growth of silver nanoparticles was
followed in a titration microcalorimeter as well as by
spectrophotometry and transmission electron micros-

copy. The silver ion/hydroquinone ratios (concentra-
tion ranges) at which nucleation, particle growth and
the subsequent aggregation of nanoparticles take
place were identified with the help of spectrophoto-
metry and TEM and the heat effects determined by
microcalorimetry were assigned to them.
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