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PRÓLOGO

Las propiedades particulares de las Nps, muy diferentes en muchos aspectos a 

las de sus sólidos masivos, han abierto nuevos campos de estudio e investigación a todo 

nivel: teóricos y aplicados. Son más inestables que los sólidos masivos de los que se 

diferencian principalmente por su estructura electrónica que no suele ser continua. Esto 

es una ventaja a nivel de su reactividad y suelen presentar superficies específicas altas 

que son muy propicias para los procesos de catálisis, un ingrediente muy importante 

en los procesos cinéticos. Otra propiedad interesante es que no presentan defectos 

estructurales en su volumen como vacancias o dislocaciones, a diferencia de sus 

correspondientes sólidos masivos.

Las presentes monografías forman parte del título: “Nanociências e 

Nanotecnologia: Pesquisa e Aplicações”. Los artículos están ordenados de lo 

más general (e.g., producción y caracterización de las Nps) a los relacionados con 

aplicaciones prácticas (e.g., foto catálisis y a su relación principalmente con aplicaciones 

de origen biológico).

Estos muestran la potencialidad de las nanotecnologías en la comprensión 

de nuevas aplicaciones en campos tan variados como la catálisis, fotocatálisis, bio-

remediación, contaminantes, ambientes acuáticos, antisépticos, bactericidas, virucidas, 

compuestos bio-activos, biosíntesis extracelular e intracelular, estudio de suelos, 

vegetales y probióticos, etc.

Juan Ramón Collet-Lacoste
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CAPÍTULO 1

THE FOLLOWING NEW CONSIDERATIONS ON THE FINKE 
CHEMICAL MECHANISM OF NANOPARTICLE SYNTHESIS 

FOR TRANSITION METALS
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ABSTRACT: One of the characteristics of 
the synthesis of nanoparticles by reduction of 
1 Corresponding author. Tel.:+54 11 67727271. Fax.: +54 11 
67727362.

precursor transition metals is the obtaining of a 
near monodispersesize distribution, even when 
using different reducing agents, protective 
agents and conditions. A clear separation 
between the processes of nucleation and 
growth of nanoparticles is a necessary 
condition. This is true for mostly all of the nobler 
transition metals. The mechanism for different 
metals differs only in the relative values of the 
parameters, such as temperature, diffusion 
coefficients or kinetic constants that lead to 
the formation of the nanoparticles. The aim of 
this work is to present certain considerations 
about the mechanism showing the formation 
of nuclei is a consequence of the fluctuations 
in concentration during their formation. These 
are conditioned by the oxidation state of the 
metal, the reduction potential and the pH 
of the solution of synthesis. This work also 
demonstrates that the standard deviation for 
the final diameters is a consequence of the 
spatial distributions of nanoparticles in the 
solution during the growth and that there is 
a limit to the largest attainable specific area 
when using chemical methods.
KEYWORDS: Transition metals. Nanoparticles 
synthesis. Nucleation and growth mechanism. 
Thermodynamic properties. Low temperature 
fuel cells. 

1 INTRODUCTION

In a series of works Finke et al. showed 

the first examples of welldefined compositional 

https://orcid.org/0000-0003-3720-2231
https://orcid.org/0000-0002-3940-987X
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synthesis for the formation of transition metal nanoparticles (NPs) by reduction of 

precursors. (Aiken et al., 1996; Besson et al., 2005; Hornstein et al., 2004; Özkar et al., 

2002a, 2002b; Watzky et al., 2008, 1997; Widegren et al., 2001). The advantage of the 

Finke et al. technique is the monitoring of the total area of the NPs by the decrease in the 

pressure of hydrogen through the catalyzed reduction of the cyclohexene double bond 

on its surface.

These results show experimentally that the process is divided into two independent 

and consecutive steps in the case of systems in which NPs with a near monodispersesize 

distribution are obtained. Nuclei form in the first step, also called induction period 

(Özkar et al., 2002b; Watzky et al., 2008), in which no appreciable variation in hydrogen 

pressure is observed. The second or growth step evolves with a rapid increment of the 

electrochemically active surface, which results in a large variation in the hydrogen pressure 

owing to the catalytic effect of the metal. A remarkable fact of NPs synthesis by chemical 

reduction is that with different metal precursors, solvents, reducers and protective agents, 

a singularity is achieved: a nearmonodisperse material is always obtained. An example is 

the wide range of reducing agents that were used: gases such as hydrogen (Watzky et 

al., 2008, 1997), carbon monoxide (Kopple et al., 1980; Mucalo et al., 1989), formic acid 

method (H. Liu et al., 2006; Z. Liu et al., 2007; Prabhuram et al., 2003, 2004; Zhou et al., 

2003), impregnation method followed by reduction with hydrogen at high temperature 

(H. Liu et al., 2006), oxidative solvents such as alcohols (Hirai et al., 1978; Roucoux et al., 

2002), microwaveassisted polyol (Chu et al., 2010), polyol method (Acosta et al., 2017; 

Chen et al., 2005; Favilla et al., 2013; Oh et al., 2008; Yano et al., 2007), hydrides or salts 

such as sodium borohydride (A. B. R. Mayer et al., 1997; Andrea B. R. Mayer et al., 1997; 

Andrea B.R. Mayer, 1998; Andrea B R Mayer et al., 1998, 2000) or hydrazine, with similar 

results, i.e. nearmonodisperse NPs.

In order to avoid agglomeration of NPs, protective agents of steric or electrostatic 

nature can also be used. The steric stabilization is achieved by adding macromolecules 

such as oligomers and polymers (Evans, D.F., Wennerstrom, 1999; Everett, 1988; Hunter, 

1987; Labib, 1988; Napper, 1983; Overbeek et al., 1981; Özkar et al., 2002a; Ross et al., 

1988). In the case of the use of polyols as solvents and reducers, Polyvinylpyrrolidone PVP 

or carbonaceous supports are added, preventing the NPs mobility through the solution 

and thus hindering coalescence.

The electrostatic stabilization can be achieved using ionic solutions of compounds 

such as halides, polyoxoanions or carboxylates (Watzky et al., 2008, 1997). The adsorption 

of these compounds and their related counterions onto the metallic surface create an 
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electric doublelayer around the NPs generating electrostatic repulsion between them with 

the same results in all cases: agglomeration is avoided.

This behavior for different synthesis systems shows behind them kinetic and 

thermodynamic conditions or restrictions, which apply to all these systems. This is, 

however, only a final empirical consequence of the result. The questions that one asks 

are what the mechanism of nuclei formation is and what it depends on. The most direct 

speculation (based on classical chemical kinetics) is that the reducer reduces precursor 

atoms that then, by some diffusive mechanism, agglomerate to form nuclei. This mechanism 

is however highly unlikely because it is well known, that no matter how noble the metal is 

in the massive state, an isolated atom is totally unstable. The experimental measures for 

Ag (Belloni, 2002; Khatouri et al., 1993) show this instability quantitatively: the oxidation 

potential for an isolated silver atom is +1.8 VNHE at pH 0. This potential makes the metal 

unstable in water, so a simple coalescence of independent atoms is highly improbable as 

a mechanism. The formation of nuclei obviously requires a much more complex process.

The aim of this work is to demonstrate that the nucleus formation mechanism is 

the same for all transition metals and is a consequence of concentration fluctuations that 

occur in this stage. We will show how this nucleation process depends on the oxidation 

state of the metal, the pH of the solution and the electrochemical potential of the reducer. 

We will explain why a standard deviation of the final diameters is generated, and what its 

relationship to the NPs concentration in the synthesis solution is.

The proposed mechanism works within a range of precursor concentrations 

called “thermodynamic limit”. The importance of this thermodynamic limit lies in the fact 

that these are the conditions for which the areas of NPs are the greatest possible that can 

be obtained from chemical synthesis.

This theory thermodynamically complements the phenomenological theory 

exposed by Richard Finke et al., hence the title of this work.

2 FUNDAMENTAL

2.1 THE GENERAL EXPRESSION OF THE MEAN VOLUME AND SPECIFIC AREA

The mean volume of spherical NPs npV , synthesized by chemical methods starting 

with an initial concentration of precursor i
Pc , with a final Gaussian distribution of their 

diameters and with relative standard deviation a , is expressed by (Favilla et al., 2013):

 (1)
3i i

3 a 0P P
np 2 2

M np np

N ac cπ MWV d
6 (1 3α )ρ ρ 4(1 3α ) ρ

= = =
+ +
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where d  is the mean diameter of Nps, MW is the molecular weight of metal, ρM is the 

mass density of metal, ρnp is the density of Nps per unit of volume of synthesis, Na is the 

Avogadro’s number and a0 is the lattice parameter.

The expression of the specific area A  as a function of d  is, on the other hand, 

equal to the area of a NPs divided by the product of the density and volume, or:

 (2)

This specific area can be calculated using Transmission Electron Microscopy 

(TEM), measuring the diameter of the NPs and estimating their mean value d  and the 

relative standard deviation a. This specific area is hence called TEMA . Replacing the value 

of d  from Eq.  (1) into Eq.  (2), an expression for TEMA  as a function of i
Pc , a and ρnp is 

obtained:

 

(3)

These expressions are as exact as precise are the measures of parameters they 

depend on. They are a consequence of a purely geometrical and statistical analysis of the 

final result of the synthesis. They carry no information on the mechanism itself.

One other thing to take into account is that the three parameters i
Pc  , a and ρnp, on 

which npV  and TEMA , depend, do not have the same physical character. The value of 
i
Pc  is 

defined by the experimenter before the test is started, while ρnp and a are a consequence 

of the different processes taking place in the system. The constraints which are observed 

between these parameters is a consequence of the mechanism and its importance is 

hence clear.

The mechanical properties of a system (density, concentration, pressure, etc.) are 

defined from the point of view of statistical thermodynamics, as fluctuations around an 

average value, due to the corpuscular nature of matter. If the fluctuations are small, the 

system can be described neglecting them, taking into account only the mean value and 

its relationships with other mean values. There are however, systems with fluctuations 

of properties that become important, especially in those systems with complex and 

irreversible chemical reactions. Concentration fluctuations are the principal cause of the 

system evolution in the case of NPs synthesis by chemical methods. These fluctuations 

leave an irreversible and characteristic mark in the system, putting a final thermodynamic 

limit to the result.

2

TEM 2
M

6 (1 α ) 1A A
ρ (1 3α ) d

+
= =

+

1 3 1 32
np

TEM 2 2 3 2 i
M P

ρ(1 α ) 36A
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2.2 THE DIAMETER DISTRIBUTIONS AND FLUCTUATIONS

In all synthesis of near monodispersesize NPs by chemical methods, the 

experimental final distribution of the diameters that define a is always Gaussian 

independently of the nature of the precursor or the reducer; it is neither the volume nor 

the mean area of the NPs. The explanation of this Gaussian distribution in the diameters 

is very simple and given by the growth mechanism. It is a consequence of the corpuscular 

character of matter, which is the same independently of the nature of the precursor or 

the reducer. From a phenomenological point of view, NPs growth rate νg is completely 

controlled by precursor diffusion in the solution. Its change of mass mM in time is 

proportional to the local concentration of the precursor at time t at r and to the surface 

area of the NP (Anp), which allows us to write:

 (4)

the mass differential is on the other hand equal to:

 (5)

and by replacing Eq. (5) into Eq. (4) we obtain:

 (6)

This equation tells us that the variation in diameter during the growth process 

only depends on the concentration of precursor in the surroundings of the NPs. The 

concentration defined in Eq. (6), because of its corpuscular nature, is a mean value that 

suffers variations locally. Its value in different points of the system is a function of the local 

properties that are not necessarily uniform at that level. In Section 3.1 we will go back to 

revisit the issue.

2.3 THE KINETICS OF NUCLEATION

This section will demonstrate that the formation of nuclei is a consequence of 

the fluctuations in the concentration independently of the nature of the precursor and 

the reducer. The phenomenological mechanisms of the formation of nuclei and the 

mechanism corresponding to the growth process are of a different nature, even when 

both are consequences of the reduction of the metallic precursor.

2M
g c np P c P

dm k A (t) c ( ,t) k d (t) c ( ,t)
dt

ν = = = πr r

2M
M M

d m dV(t) d d(t)d (t)
dt dt 2 dt

π
= ρ = ρ

c
P

M

2kdd(t) c ( ,t)
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ρ
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Systems that present these two conditions during the synthesis: i) a clear separation 

between nucleation and growth processes, ii) an inhibition of NP agglomeration, show 

experimentally that the probability of forming a nucleus is proportional to the square root 

of the initial concentration of precursor and that the standard deviation of final diameters 

is proportional to the square root of ρnp.

These two requisites are what we call the “thermodynamic limit”, i.e. the 

maximum specific area that can be obtained for that initial condition of synthesis. This 

requires a continuous environment of initial concentrations and constant conditions (pH, 

concentration of protective agents, etc.) for which the final resulting NPs mean volume 

and specific area can be predicted by evaluation of certain parameters of the system.

The close relationship between fluctuations in the concentration and the formation 

of nuclei was previously discussed. (Turkevich et al., 1953) It had already been speculate 

that the formation of clusters of several atoms of precursor having enough reduction 

energy and the necessary spatial distribution (precursor + reducer molecules, called 

embryos) would irreversibly evolve to a new state: the nucleus. In effect, this dependence 

of the reduction potential on the number of precursor atoms that form the clusters was 

experimentally measured for Ag. (Belloni, 2002; Khatouri et al., 1993) His experiments 

show that the oxidation potential of an isolated atom is +1.8 VNHE. With the increase in 

the number of atoms in the clusters, the potential diminishes, being equal to 0.3 VNHE for 

a cluster of 11 atoms (see Fig. 1 page 383 in Ref.  (Belloni, 2002)). We deduce from the 

graph by Belloni et al. that any cluster made up of fewer than eight atoms will be unstable 

in water at pH=0. Embryos must have a minimum number of precursor atoms (critical 

number of atoms) to have a negative free energy of reduction that will allow the evolution 

of clusters into a nucleus.

What and how the structure of an embryo is, is unknown. All that matters is 

that once it is formed, it is very unstable and will collapse forming a nucleus. In these 

circumstances, the embryo has the necessary conditions to generate a massive electron 

exchange between the precursors and the molecules of reducer that form it. This would 

be a mechanism similar to the one Belloni et al. proposes to explain the reduction of grains 

of silver bromide in photographic films. (Belloni, 2002)(M. Mostafavi et al., 2002)

Fluctuations are events that occur repeatedly, that occur singly (only event to 

consider at that time) and independently, at instants of time that are random and with 

different intensities, which means they follow a Poisson statistics with uniform average 

rate occurrences per time unit. Those fluctuations strong enough to create an embryo 

with at least a critical number of atoms, or more, will have an average rate Nλ  per volume 
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unit and will irreversibly react to become a nucleus. It is experimentally known that there 

is an induction time tind before NPs start their growth (i.e. a good separation between 

nucleation and growth processes). (Watzky et al., 1997) We can say that the value of Nλ  

equals the final number of NPs per volume unit divided by the induction time:

 (7)

This process is characterized by its average rate Nλ , just as all Poisson processes 

are, but this tells us nothing about what those “positive” fluctuations depend on, those 

fluctuations strong enough to form a nucleus because of their thermodynamic conditions.

The concentration fluctuations in the solution at a given point r are expressed by 

the difference:

 (8)

These fluctuations will be centered around 
i
Pc  and their standard deviation will be 

equal to:(Keizer, 1982, 1987a, 1987b; Landau et al., 1988; Molski, 1996)

 (9)

“Positive” fluctuations will therefore be proportional to cσ  giving an amount of 

formed nuclei per unit of volume ρnp proportional to cσ , allowing us to write;

 (10)

the parameter knp being a constant that depends on the properties of the synthesis 

system in question. We must consider that during induction time, the concentration of the 

formed nuclei, consisting of a few atoms, is several orders of magnitude smaller than the 

precursor concentration. It can thus be considered that during nucleation, the precursor 

concentration is always equal to i
Pc .

Introducing Eq. (10) into (1) we obtain expression:

  (11)

The verification of this relationship is a necessary and sufficient condition for the 

system to be in the thermodynamic limit.

np
N
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ρ
t
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i
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3 EXPERIMENTAL

The NPs were prepared using the modified polyol method.(Chen et al., 2005) The 

precursor was Platinum (VI) H2PtCl6, Palladium (II) PdCl2 and Rhodium (III) RhCl3. The solvent 

and reducing agent was an ethylene glycolwater solution (volume ratio 3:1). Catalysts were 

prepared with a protecting agent PVP to prevent aggregation of NPs. The amount of PVP 

added to the solution was measure in relation to metal quantity, the molar ratio used was 

PVP/metal 0.1 (referred to monomer unit of PVP). The support for all catalysts was carbon 

black powder (Vulcan XC72R, Cabot international) with area BET 250  m2 g-1, in general 

added before begging the synthesis. Taking into account the precursor initial concentration, 

the amount of Vulcan XC72R is the necessary to obtain X% metal nominal loads (define as 

the weight percentage of metal in the catalyst consisting of metal and carbon).

Different studies of the variation of mean volume with different initial concentrations 

of precursor done by us for Pt, Pd and Rh are presented in this section.

Figure 1 shows the results obtained for the synthesis of Pd NPs at pH  12  in 

Ref. (Acosta et al., 2017) and pH 6 which follow Eq. (11). For the case of the synthesis at 

pH 12 and from the slope between 0.5 and 6 mM, a value for knp of 3.71±0,06)1017 Part.

moles-1/2 cm2/3 was calculated. At values of 
i
Pc  below 0.5  mM there is a deviation from 

this behavior. The increase in the mean volume means a decrease in the value of ρnp 

with respect to the one predicted by Eq. (10) which is caused by a not so net separation 

between nucleation and growth processes. We discuss this at the end of Section 3.3.

In the case of the synthesis at pH  6, a good correlation is observed. A knp of 

2.5±0.1)1017 Part.moles-1/2 cm2/3 was calculated.

Fig. 1. Relationship between the mean volume of Pd NPs and i 1 2
P(c ) /  (initial pH for synthesis: pH 12 and pH 6). Red 

dots mark the data that are away from the thermodynamic limit.
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Figure 2 shows the results obtained for Rh NPs synthesis at an acid pH. A good 

correlation is observed up to 1.6 mM, which validates Eq. (11). The value at 3.6 mM shows 

an increase in the mean value (65.4 nm3) with respect to the one that the equation predicts 

(40.8 nm3). This difference can be attributed to an important coalescence of nuclei during 

nucleation which reduces the final number of NPs and the value of ρnp. We discuss this at 

the end of section 3.3 as well. The value for knp in Rh obtained from the slope is 4.5±0.3)1017 

Part. mol-1/2 cm2/3.

Figure 3 shows the results obtained for Pt NPs synthesis at an acid pH. This graph 

also shows a linear correlation for i
Pc  values below 2 mM, which is again in accordance 

with Eq. (11). As is the case for Rh, values above 2 mM show the nuclei coalescence during 

nucleation and a sharp decrease in the value of ρ np. An experimental value for knp below 

2 mM is obtained from the slope that equals 8.5±0.5)1017 Part. mol-1/2 cm2/3.

Fig. 2. Relationship between the mean volume of Rh NPs and 
i 1 2
P(c ) /

. The red dot marks a datum that is away from 
the thermodynamic limit.

Fig. 3. Relationship between the mean volume of Pt NPs and i 1 2
P(c ) / .
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Figure 4 depicts a graph of ρnp as a function of i 1 2
P(c ) / . The values of ρnp were obtained 

applying Eq. (1) from the calculated values of npV  and a obtained from the histograms of 

the diameter distribution. Results show a linear proportionality within the limits of the 

thermodynamic limit as is predicted by Eq. (10). The value ρnp for all tests outside this limit 

is always inferior to the one Eq. (10) predicts (i.e. see red points in Fig. 4).

Fig. 4. NPs density in solution as a function of i 1 2
P(c ) / . Red dots mark the data that are away from the thermodynamic 

limit.

3.1 THE RELATIONSHIP BETWEEN THE STANDARD DEVIATION OF THE FINAL 

DIAMETER σd AND ρnp

In Section 2.2 we showed that the experimental final distribution of the diameters is 

always Gaussian independently of both the precursor and the reducer nature. Equation (6) 

predicts that the variation of the diameter during growth is only a function of the local 

concentration of the precursor. As Finke et al. demonstrated, growth involves a fast 

surface autocatalytic reaction and is therefore completely controlled by diffusion of the 

precursor towards the NP. (Aiken et al., 1996; Besson et al., 2005; Hornstein et al., 2004; 

Özkar et al., 2002a, 2002b; Watzky et al., 2008, 1997; Widegren et al., 2001) If NPs were 

homogenously distributed in the solution they would be indistinguishable, each NP having 

the same environment. In this hypothetical case, the observer would see that at the end of 

the synthesis all NPs would have the same diameter. The value of ρnp is a mean value, as is 
i
Pc  which means that there exists a local variation ρnp (r) due to its corpuscular character. 

These local variations are very small and can be considered as independent from each 

other. This explains why the distribution function for the probability of measuring a given 

local concentration is Gaussian and centered round the mean value ρnp.
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The dispersion of this distribution can be characterized completely using the 

standard deviation σρ (Landau et al., 1988) that equals:

 (12)

where δD is an impulsive function or Dirac’s delta. We developed a qualitative explanation 

for this mechanism in Ref. (Acosta et al., 2017).

Given that the standard deviation of the diameters σd depends only on the local 

concentration of the precursor in the neighborhood of the NPs, that this concentration 

depends on the spatial distributions of NPs in the solution and that both distributions are 

Gaussian, we have that σd is proportional to σρ. So using Eq. (12) we obtain:

 (13)

Figure  5 shows the graph of values of σd obtained from the analysis of TEM 

micrographs versus the square root of ρnp. Data obtained on Pt in the zone of the 

thermodynamic limit (i.e. below to 2  mM) have not been shown since the values of σd 

are practically independent from ρnp, and NPs are much more numerous than in the 

other metal cases studied, making it difficult to determine their number because of the 

superimposition of NPs in the TEM micrographs.

Although we observe dispersions, the three cases in the graph show a good 

correlation and verify Eq. (13). Data, although there are different slopes, tend to converge 

to the origin, as this equation predicted.

Fig. 5. Standard deviation of the diameters as a function of the square root of the density of NPs. Red points show 
data that are away from the thermodynamic limit.

1 2
np np np Dδ ( )δ ( ) ( ) δ ( )ρ ′ ′σ = ρ ρ ≈ ρ −/r r r r

1 2
d npk ( )σσ = ρ /
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The following values of kσ were obtained from the slopes of the curves in Fig. 5:  

6.1 ±0.5)10-8  for Pd at pH 6,  2.8±0.2)10-8  for Pd at pH 12 and  2.4±0.2)10-8  for Rh in acid 

media (in Part.-1/2 nm cm3/2).

3.2 ON THE SIZE OF THE NUCLEI AND THE NUCLEATION RATE

The experimental results of Belloni et al. for Ag (Belloni, 2002; Khatouri et al., 

1993) show that the smaller the amount of atoms in a nucleus, the lesser noble the 

metal is. There is a minimum number of atoms, below which nuclei are unstable. This 

thermodynamic consideration allows us to define a critical or thermodynamic number of 

atoms over which nuclei are stable.

Considering the validity of the microreversibility principle or detailed equilibrium 

(De Groot et al., 1984) but from the point of view of the genesis or formation of nuclei, no 

nucleus will form unless the embryo formed during the fluctuation contains this minimum 

number of atoms.

From the electrochemical point of view, this number of atoms above which nuclei 

are stable also depends on the oxidation potential of the reducer. It can be stated from the 

chemical instability of the process or its spontaneity (i.e. GibbsDuhem ∆GT,P < 0) that any 

embryos that have this number of atoms or more, are thermodynamically unstable and 

irreversibly become nuclei. This concept is what defines the critical formation diameter in 

this type of nucleation.

La Mer and Dinegar’s model for the formation of colloids in over saturated solution 

states that the critical diameter surges from a compromise between the surface energy, 

depending on the area, and the value of the free energy of formation of a nucleus, 

depending on the embryo volume. (LaMer et al., 1950) It has been nevertheless shown that 

when nuclei are formed by reduction of transition metals, the critical diameter depends on 

the free energy for reduction in the cluster. The processes are different, hence different 

concepts of critical diameters in both cases.

If the precursor solution has its temperature and pressure well below the values 

for synthesis, the system is in a nonequilibrium state. Its kinetics is very slow because 

those concentration fluctuations that can lead to nuclei formation are negligible. At the 

temperature for synthesis, the frequency of the fluctuations become high enough to 

irreversibly take the system to the final state.

The global reaction of this process can be written as:

 (14)2xH On o o om M n A m M n B m n H+ ++ → + + ×
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We have to take into account that the initial process (precursor + reducer solvent) 

is far from equilibrium, so the initial rate of the chemical reaction v does not depend on its 

chemical affinity (Glansdorff et al., 1971) and is:

 (15)

This condition makes it impossible to define a thermodynamic potential for the 

initial process, but it is possible to define a local thermodynamic potential in which the 

Gibbs equation based on the local equilibrium hypothesis is assumed to be valid for 

each volume differential. This is the fundamental hypothesis on which all the theory of 

irreversible processes is based. Next, a generic expression of ∆G for the formation of 

a metallic nucleus will be given, taking into account the oxidereduction reactions for a 

system close to equilibrium and that as the ∆G is an extensive property, the expression 

will be valid in a point or spatial volume differential. We thus have in generic form for the 

reduction of the metal, that:

 (16)

This reduction is associated with the oxidation of the reducer that can be either 

added externally or, in the case of alcohols and polyols, is the solvent itself, so in general 

it can be written that:

 (17)

It has been here assumed that the solvent (compound Ao ) also fulfills the function 

of a reducer decomposing into another compound Bo that in turn generates protons to 

the medium consuming water. In the case of ethylene glycol, Ao is the ethylene glycol and 

Bo the glycolic or oxalic acid. This reaction is very general, for example, the reducer might 

not consume water and its reaction might be independent of the pH, as for example the 

couples, Sn+2 /Sn+4 and Ce+3 /Ce+4, or producing well reducing free radicals by radiolysis 

with g rays. (Mehran Mostafavi et al., 1990; Torigoe et al., 2002)

Considering these two hemi reactions, ∆G equals:

 (18)

n o
m n
M A

k a a+ν =


n oM n e M+ −+ →

2x H Oo oA B m H m e+ −→ + +

n o o oM M A B
red redG n mF (E E )/ /+

∆ = − × −
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where F is the Faraday constant and,

 (19)

 

(20)

Introducing these two last equations into Eq. (18) and ordering the final expression 

we obtain that:

  (21)

Figure 6 shows a schematic representation of the free energy for different metals 

as a function of the number of atoms N that constitute the nucleus. For a given metal and 

value of N, the ∆G of these nucleus equals the difference between the free energies defined 

by the full line for N and the one given by the horizontal dotted lines, each depending on 

the oxidation number of the metallic precursor, on the electrical potential of the reducing 

agent and in certain cases, on the pH.

The ∆G can be divided into four terms. Considering one predetermined reducing 

agent, the first term of Eq. (21) is always a negative value (i.e. the nobler the metal, the more 

negative it is). The second term takes into account the pH of the solution and is related to 

the electrical potential of the reducer if it generates protons during the reaction; it is more 

negative the higher the pH. In this case the basic pH favors the reaction. The third term is 

the relationship between the activities of the oxidized and reduced species of the reducer 

and can be considered almost constant given the high concentration of the solvent oA
a  

in the embryo and the amount of oxidized product oB
a . This share is considered in the 

dotted lines in Fig. 6. The position of the dotted stripes depends on the reducing power 

of the reducer and on the pH; they are more positive the higher the reducing power and 

the higher the pH (this effect is symbolized in Fig. 6 by the dotted arrow in the upper left 

margin). The last term is the relationship between the activities of the metal in solution 

and the concentration of the precursor. It depends on the concentration of atoms of the 

precursor that constitute fluctuation nM
a +  and on the activity of the solid oM

a  that is 

highly dependent on the critical number of atoms in the nucleus. The oblique lines in the 

scheme in Fig. 6 represent this variation.
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Fig. 6. Scheme of the variation in free energy as a function of the amount of atoms that constitute the NPs for 
different metals. ● Values of the critical N* for different metals and for the same reducer (horizontal dotted line).

All solutions with embryos produced by the fluctuation with N number of atoms of 

precursor above the black dots in Fig. 6 will have ∆G > 0 and will therefore not transform 

into metallic nuclei. On the contrary, all those embryos with N precursor atoms that have  

∆G < 0 will be unstable and transform spontaneously into metallic nuclei.

The black dots correspond to the number of atoms in the minimum embryo (N*) 

that are required to have a negative value for ∆G, i.e. the critical N*.

The variation of the free energy of the metal with the number of atoms of the 

embryo N in the scheme (that is, the oblique lines), is an approximate value given that 

the exact variation in the free energy as a function of the number of atoms of the NP is 

unknown. This approach is good enough to justify, however, many of the experimental 

facts observed in the synthesis of NPs about the size of nuclei and their rate of formation. 

Belloni’s data for Ag show a relationship between the electric potential (a relative measure 

of the free energy) and the number N, very similar to those in Fig. 6. See Fig. 1 page 383 

in Ref. (Belloni, 2002).

Experiment show, there is an inverse relationship between the rate of nucleation 

and the critical size of nuclei. The smaller the critical number of atoms N* for the formation 

of the nucleus the more likely it is to form, thus increasing the rate of nucleation which 
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ultimately translates into an increase in the final density of NPs in solution. So metals that 

have statistically large values of N*  will form fewer nuclei during the induction time and will 

increase their diameters during the growth process (i.e. for the same initial concentration 

there will be fewer nuclei to share what is left of the precursor in solution).

Some useful concepts follow from the energetic scheme in Fig. 6, which are useful 

to interpret the experimental data observed for certain precursor:

• The nobler the metal, the smaller N* tends to be.

• When the reducer produces protons, as is the case with polyols, nuclei will be 

smaller the higher the oxidation number of the precursor and the amount of 

protons produced in the reduction.

• For the same conditions, if the reducer produces protons, basic media will 

yield smaller NPs.

This model predicts several results present in literature, as the following examples 

show. We find that noble metals such as Au, Pt and Ir usually form highdensity nanometric 

colloids very easily, made up of monodisperse NPs with mean diameters between 1 and 

4 nm. (Favilla et al., 2013; B. H. Kim et al., 2014) It is well known how simple it is to make 

nanometric colloids of Au. (Luo, 2007; Peng et al., 2008; Turkevich et al., 1951, 1953)

The data reported on Table 1 in Ref. (Watzky et al., 2008), show a very close value 

in the mean diameter (i.e. 2.1 nm) for nine synthesis of Ir NPs with different precursors. This 

shows that within the experimental error ρnp is similar in their nine synthesis using different 

precursors but the same reducer and i
Pc  (i.e. 1.2 mM). The formation of nuclei does not 

depend on the initial chemical composition of the precursor or on the metal complexes it 

might form in the solution.

The synthesis of Ag NPs using AgNO3 as the precursor yields NPs that are much 

bigger than the ones obtained for Pd under same conditions and with greater a dispersion 

in their diameters as well. In this case the oxidation number of the metal is I, the mean 

diameters obtained are of 1750 nm. (Hei et al., 2010; D. Kim et al., 2006; Yan et al., 2011)

In the work by Zhao et al., the synthesis were carried out at pH 10 by the addition of 

ammonia, in order to obtain smaller mean diameters. The argument given by the authors is 

that complex Ag(NH3)2
+ is more difficult to reduce than Ag+. (Hei et al., 2010) This argument 

is contrary to the theory stated in this work because, if the complex were more difficult 

to reduce, NPs would have a bigger mean diameter given that, statistically, fewer nuclei 

would form. As previously noted, the measurements by Finke et al. in Ir (Watzky et al., 

2008) show that the formation of nuclei is independent of any possible metal complexes in 
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the synthesis solution. The experiment shows how important the solution pH is: ammonia 

is a base that increases the initial pH.

The results for Pd at different pH values in Ref. (Acosta et al., 2017) clearly show 

that NPs are much smaller in a basic medium (≈4 nm) than in an acidic medium (≈18 nm). 

Ionizing radiation generates free radicals that are very reducing and allow the 

formation of very small aggregates that are not formed by conventional chemical methods. 

In the case of Ag, the data obtained by Belloni et al. by g-irradiation of solutions containing 

Ag and polyacrylate ions are conclusive, with the formation of aggregates of less than ten 

atoms stabilized by the polyacrylate. (Mehran Mostafavi et al., 1990)

One other interesting experiment result that matches this theory is the synthesis 

of NPs with Rh and Ag in the same solution. (Torigoe et al., 2002) In the case of these two 

metals no alloys are formed, fact that is explained by considering the big difference in the 

lattice parameters they have. It has also been observed that the ions of Rh do not adsorb 

on the aggregates of Ag and vice versa. Rh and Ag form isolated pure aggregates. This 

experiment yielded pure Ag NPs of diameters between 15 and 20 nm with a smaller NPs 

density than Rh, which had a mean diameter of 1.52 nm, result that matches qualitatively 

what the diagram in Fig. 6 predicts.

In the case of syntheses by the polyol method for Ni and Co NPs, Fievet et al. 

obtain NPs larger than a micron. When they add a precursor in low concentrations such 

as Ag or Pd, to attain heterogeneous nucleation, they obtain NPs smaller than the micron 

and monodisperse. (Fievet et al., 1989) The explanation is that Ag and Pd form many more 

nuclei that will grow from the metal (i.e. coreshell type growth).

In the case of Cu, using polyol method in the presence of PVP, Park et al. obtain 

45 nm in diameter NPs (Park et al., 2007), similar in size to those obtained with Ag (Hei 

et al., 2010; D. Kim et al., 2006; Yan et al., 2011), as the diagram in Fig. 6 predicts. With an 

increase in the reducing power of the solution, the synthesis of Cu NPs with NaBH4 in 

presence of PVP produced NPs of a mean diameter of 7 nm. (Aguilar et al., 2019) Silver, 

nobler than Cu, should generate smaller NPs, but this effect is compensated by the 

influence of the oxidation state of the precursor, II for Cu and I for Ag, thus generating 

NPs of similar mean diameter (see Fig. 6).

Bibliography shows the difficulty that exists for the syntheses of NPs in Ni. This is 

in accordance with what this work predicts in Fig. 6 for the value of NiN* . Couto et al. made 

tests starting from NiCl2 dissolved in ethylene glycol. (Couto et al., 2007) They observed 

no formation of NPs in these conditions, even when they carried out the reaction at a 

high temperature. When they added NaBH4 they obtained NPs with mean diameters 
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between 3.47.7 nm depending on the amounts of PVP added. Wu and Chen obtained Ni 

monodispersed NPs of a mean diameter of 9.2 nm without protective agent, through the 

hydrazine reduction of NiCl2 in ethylene glycol in the presence of appropriate amounts 

of NaOH. (Wu et al., 2003) The reducing power of NaBH4 is well known and is higher 

than that of hydrazine. Great quantity of nuclei form in this case because the reduction 

potential of the reducer is strongly augmented. This is equivalent to increasing the value of 

the dotted lines in Fig. 6. The stronger the reducing power, the smaller the NPs (3.47.7 nm 

with NaBH4 and 9.2 nm with hydrazine). These results match what Blosi et al. obtained 

when synthesizing Ni NPs in ethylene glycol with PVP and dodecylamine (DDA) as steric 

protectors by heating in a microwave oven to get NPs with final diameters larger than 

80 nm. (Blosi et al., 2013)

This theory explains why it is important that the electrical reducing potential 

be high, because it increases the probability of nucleus formation and hence, the 

nucleation rate during induction time. It also shows there is a compromise between 

the specific area and the corrosion of NPs. The smaller the NPs the easier they oxidize 

and the more unstable the catalyst results. This is one of the problems present in fuel 

cells when their durability is concerned and sets a limit to the maximum specific area 

for each metal in particular.

3.3 ELECTROCHEMICAL MEASURES OF THE SURFACE AREA

We can obtain an expression for the specific area by combining Eq.  (3) with 

Eq. (10), in the zone of the thermodynamic limit, which is independent of the final density 

of NPs in solution, so:

 (22)

Given that in the thermodynamic limit, a factor is quasi constant and that the other 

parameters are intrinsic parameters for the metal and the method, the specific area only 

depends on i 1 6
P(c ) /− . This expression allows us to relate the electrochemical area (from the 

voltagram peaks) and the physical characteristics obtained from TEM micrographs. The 

electrochemical surface area ECSA is determined from area QX in CVs-1 of the adsorbed 

species “X” in the voltagram peak, taking the current of the electric doublelayer as the 

base line and using equation:

 (23)
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where Γo is the specific charge of a monolayer of adsorbed atoms (210 µC cm2), n the 

number of electrons exchanged per adsorbed atom, vs the sweep rate and mM the total 

mass of metal deposited on the electrode (see (Acosta et al., 2017)). The value of ECSA is 

proportional to the real electrode area and can be measured by three different methods: 

a) hydrogen desorption/adsorption peaks, b) metal oxidation peak and c) previously 

adsorbed carbon monoxide oxidation peak. Three electrochemical efficiency factors 

for the area are defined from these methods 2H
Aη , 

Ox
Aη  and 

CO
Aη , respectively, the 

superscripts referring to the electrochemical area measurement method used. This factor 

is defined as the quotient between the specific area calculated electrochemically by a 

given method and the TEMA , that is:

 (24)

The area efficiency factor 
X
Aη  has two different contributions: i) the profitability 

factor of the catalyst area φ that is related to the useful part of the catalyst and ii) the value 

of the surface coverage of the adsorbed species “X”, θX, that depends on the nature of 

the interaction adsorbate/metal. It is equal to the quotient between the detected charge 

QX  and the monolayer charge (equal to the number of exchanged electrons per adsorbate 

molecule, i.e. one for hydrogen and two for oxygen and carbon monoxide, multiplied by 

Γo), this is:

 (25)

Factor φ is independent of the adsorbate nature and takes into account the loss 

of real electroactive area of the NPs, as for example: NPs with no electrical contact to the 

carbonous support or parts of the catalyst area blocked by the adsorbed carbon grain. A 

value of one corresponds to a total use of NPs area.

Figures 7 and 8 show the calculations for ECSA in the cases of Pt and Rh and the 

peaks of hydrogen, oxygen and carbon monoxide desorption as a function of 
i 1 6
P(c ) /−

, 

for data within the thermodynamic limit. All cases show a proportional linear regression.
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Fig 7. Variation of ECSA for Pt calculated by different methods with i 1 6
P(c ) /− .

The quotient between the TEMA  slope and the other slopes (from Figs. 7 and 8) 

yielded the value of the area efficiency factors for Pt and Rh. The value of 
Ox
Aη  calculated 

from the peak of oxygen reduction matches a type c( 2×2)  structure (θOx. = 0.50).

(Todorova et al., 2003) The value of 
CO
Aη  obtained from the peak for the reduction of CO 

is consistent with a type p( 2×2)- 3CO  structure (θco= 0.75). (Rupprechter et al., 2004) 

The values of H
Aη  from the hydrogen peak are consistent with a p( 1×1)  structure (θH = 1) 

for Pt and Rh. The values of 
Ox
Aη  and CO

Aη  from Fig. 9 for Pd at pH 6 were also calculated. 

Table 1 shows a summary of the different area efficiency factors for all studied cases plus 

data for Pd at pH 12 from Acosta et al. (Acosta et al., 2017)

Fig. 8. Variation of ECSA for Rh calculated by different methods with 
i 1 6
P(c ) /−

.
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Fig. 9. Variation of ECSA for Pd at pH 6 calculated by different methods with i 1 6
P(c ) /− .

Table 1. Values of area efficiency factors obtained for the three different metals studied.

Pt Rh Pd at pH 6 Pd at pH 12 in
(Acosta et al., 2017)

2H
Aη 0.98 0.95 -- --

Ox
Aη 0.54 0.47 0.48 0.51

CO
Aη 0.77 0.72 0.75 0.71

A value close to one for φ can be assumed for the three cases, considering the 

error in values of 
X
Aη , that are less than 5%. An important decrease in ECSA for the value 

of i
Pc  for Pt of 0.25 mM (Fig. 7) and for Rh 0.1 mM (Fig. 8), is observed. The value of TEMA  

is nevertheless consistent with the area that Eq. (22) predicts because in Pt and Rh the 

nucleation and growth processes are well separated. It seems that the smaller value of 

ECSA is a consequence of a diminished catalytic activity because of a high decrease 

in the mean diameter. This is an effect that is important in the production of fuel cell 

catalyzers.

In the case of Pd, on the contrary, this decrease is observed in both ECSA 

and TEMA . (Acosta et al., 2017) The decrease in the case of Pd of the value of TEMA  

is a consequence of the loss of a neat separation between the nucleation and growth 

processes.
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4 CONCLUSION

Several concepts and conclusions can be drawn from the syntheses of NPs for 

transition metals:

• We demonstrated that for a given initial synthesis condition and for various 

metals, that there is a zone we call the “thermodynamic limit” and this just 

by modifying the initial concentration of the precursor. In this zone there are 

certain constraints that allow the obtaining of a maximum specific area for 

that particular initial synthesis condition.

• We showed that the number of nuclei is a consequence of the fluctuations in 

concentration through a mechanism of formation of embryos having a critical 

number of atoms of precursor that makes the system unstable and forces the 

irreversible transformation of the embryos into a metallic nucleus. The smaller 

the critical number of atoms for the formation of a nucleus, the more probable 

its irreversible transformation is, fact which increases the rate of nucleation, 

which finally translates into a higher final density of NPs. The critical number 

depends on the electrical reducing potential of the metal, on its oxidation 

state, on the pH of the solution and on the potential of the reducer. The NPs 

density in solution is proportional to the square root of the initial concentration 

of precursor.

• The final standard deviation in the diameters is a consequence of the 

local concentration of the precursor in the neighborhood of the NPs; this 

concentration depends on the distribution of the NPs in the solution. This last 

point turns the standard deviation in the final diameters into a consequence 

of the spatial distributions of the nuclei concentration, which is therefore 

proportional to the square root of the density of NPs in solution.

• For the same initial concentration of precursor, the mean diameter depends 

on the initial pH of the synthesis and is higher for low values of pH. Alkaline 

pHs enhance the nucleation process by increasing its rate.

• The mean diameter, its standard deviation, the mean volume and the specific 

area of NPs can be predicted for a given metal and for any initial concentration 

of precursor, if the values of knp and kσ are known. This is true within the 

thermodynamic limit and with equal synthesis conditions (i.e. same reducers 

and protective agents)

• Within the thermodynamic limit zone, the proportionality factors between the 

areas calculated using the mean diameters TEMA  and the electrochemical 

areas ECSA, are constant.
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• For the adsorption of oxygen and carbon monoxide on a catalyst surface, 

experimental results are consistent with a type c( 2×2)  structure (θox.= 0.50) 

and p( 2×2)- 3CO  structure (θco= 0.75), respectively. In Pt and Rh adsorption 

of hydrogen is consistent with a p( 1×1)  structure (θH= 1). The value of the 

factor φ, which takes into account the loss in electro active specific area, is 

close to one, within the experimental error, proving that all the area of the 

catalyst is being used in Vulcan XC72R as support.
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