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Nanoparticles research represents one of the most 
active fields in science due to the importance of 
nanosized materials in a wide variety of applications. 
Their characterization needs the comparison of data 
coming from different experimental techniques, but the 
peculiar properties of the nanosystem that each 
technique points out are not always properly taken into 
account and misleading results have been often 
reported. In this work, we generated transmission 
electron microscopy like (TEM-like) data to predict the 
extended X-ray absorption fine structure (EXAFS) and 
chemisorption-like typical outputs as the average 
coordination numbers up to fourth shell of the particles   

distribution and the surface area. The aim of the simulations is to explore the dependence of the 
calculated average coordination number (ACN) and average dispersion (AD) values from each 
parameter characterizing a particle size distribution (PSD), as the mean diameter, the width, the shape, 
and the profile, and shows that a range of distributions is compatible with given values of ACN and AD. 
In this way, we have established a general method to properly take into account the above-mentioned 
parameters and to allow for an accurate analysis and comparison of results. Furthermore, it will be 
shown that unfavorable distribution shape makes the comparison among techniques critical and 
potentially misleading if performed with an oversimplified model of the PSD such as those using the 
average diameter only. 
 

1 Introduction 

Nanoparticles research represents one of the most active fields in modern science due to the 

importance of nanosized materials in a wide variety of applications, such as catalysis,(1-3) 

photocatalysis,(4) biology,(5, 6) tunable luminescence devices, gas sensing,(7) H2 storage,(8) and 

data storage.(9, 10) Moreover, the role of metal nanoparticles in some highly technological 

applications has recently been highlighted, such as in plasmonics;(11) giant coupling effect between 

metal nanoparticle chain and optical waveguide; generation of electromagnetic pulses covering the 

terahertz (THz) gap from plasmonic silver nanoparticle arrays;(12) luminescence up 

conversion;(13) and broad band absorbing antennas.(14) 

http://pubs.acs.org/action/doSearch?ContribStored=Agostini%2C+G
http://pubs.acs.org/doi/full/10.1021/jp4091014#cor1
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http://pubs.acs.org/action/doSearch?ContribStored=Pellegrini%2C+R
http://pubs.acs.org/action/doSearch?ContribStored=Leofanti%2C+G
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Among the different techniques available to exploit the structure of these nanosystems, transmission 

electron microscopy (TEM), extended X-ray absorption fine structure (EXAFS), and 

chemisorptions are the most widely used, especially in combination among them (see Table 1). 

High-resolution TEM is a powerful atomic scale technique for metal nanoparticles characterization 

that provides at the same time morphological and crystallographic information such as the size and 

shape of the nanoparticles, the crystallographic phase, arrangement of atoms in the specimen, and 

their degree of order.(15) Furthermore, the distribution of the particle size can be obtained by 

counting all particles present on a suitable set of micrographs. This is one of the great advantages of 

TEM, as the output is not just a simple average number (such as with EXAFS or chemisorption) but 

a complete definition of the particle size distribution: mean value (⟨d⟩), standard deviation (σ), and 

the profile of distribution.(16) 

 
Table 1. Summary of the Main Advantages and Disadvantages of TEM, EXAFS, and Chemisorption for Particle Size 

Determination 

 
 

Advantages are however accompanied by two main drawbacks: (i) the price to pay for any high-

resolution imaging technique is related to the relatively small fraction of particles sampled; (ii) the 

lower particle/background contrast that small particles have with respect to big ones. This implies 

that a fraction of small particles, below 1–1.5 nm in diameter d (depending on the particle/support 

electron density contrast and on the instrument), could escape detection resulting in an 

underestimation of the small-size side of the measured particle distribution. This limitation is 

significantly reduced (but not completely removed) by the new generation of aberration corrected 

scanning transmission electron microscopes(5, 17-20) and by working with a high-angle annular 

dark field detector,(21) but their high cost make these facilities hardly available for systematic 

studies on particle size determination. 

EXAFS spectroscopy probes the local environment of a selected element (the metal one in this 

case) providing average structural information around it. This technique analyzes the oscillations of 

the X-ray absorption coefficient caused by the interference between the outgoing and incoming 

photoelectron waves that depends on the distance between absorber and scattering atoms and on 

their atomic numbers. Consequently the fine structure of the spectra contains information about the 

atomic environment of absorbing atoms in terms of the number and type of neighbors, interatomic 

distance, and structural disorder.(22) The atomic selectivity and the short-range sensitivity make 

EXAFS a powerful tool for the nanoparticles characterization.(1, 16, 23-40) Finally, a large fraction 

of material can be sampled, making EXAFS statistically reliable. 

Starting from the coordination number of the first shell and with a hypothesis about the morphology 

of the clusters, it is possible to correlate the average coordination number (ACN) with the size of 

the nanoparticles analyzed. Moreover, it has been demonstrated that, including in the data analysis 

the entire set of the first four coordination numbers, EXAFS can provide morphological 

information.(29-31, 33) Also in this case two main drawbacks have to be considered: (i) EXAFS 

provides only the average of the coordination numbers, without any information about the 

broadening of the particle size distribution (PSD) or possible distribution inhomogeneity; (ii) 

EXAFS is unable to discriminate particles from bulk metal, when ⟨d⟩ exceeds a critical value of 

∼4–5 nm. 

http://pubs.acs.org/doi/full/10.1021/jp4091014#tbl1
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Chemisorption of molecule A is the measure of the number NA of molecules adsorbed on the 

surface of a well-known amount of sample at a given temperature and pressure.(41, 42) For a large 

case of supported metal catalysts (Pd, Pt, and Au, etc.) carbon monoxide is the most used probe for 

chemisorption experiments. From the mean stoichiometry of the adsorbed molecule–surface atoms 

adduct it is possible to extract the number of surface atoms of the sample. The final output of a 

chemisorption experiment is the metal dispersion D, defined as the fraction of surface atoms, over 

the total number of metal atoms (Nmetal_tot). This technique is very powerful for nanoparticles 

characterization as it allows detection of all surface metal atoms accessible to the probe molecule, 

independently of the particle size. Furthermore, a large fraction of material can be sampled, being 

so statistically reliable. 

Three main limits are however present: (i) chemisorption provides only average information,(43) 

(ii) particles with ⟨d⟩ higher than ∼4–5 nm are unnoticeable to metal bulk; (iii) the D value can be 

extracted from the measured values NA and Nmetal_tot only once the surface stoichiometry ratio ξ has 

been assumed: D = ξ (NA/Nmetal_tot). Formally, the ξ value depends not only on the sample 

temperature but also on the nature of the metal and the (hkl) indexes of the exposed metal face. In 

fact, the ability of molecule A to form linear, 2- or 3-fold bridged adducts depends on the surface 

arrangements of the metal atoms.(44-48) It is worth noticing that even for the largely investigated 

case of carbon monoxide adsorbed at room temperature on Pd metal particles, the spread of the 

measured or assumed ξ values in literature is still impressive, ranging from 0.5 to 1.(16, 44, 49-54) 

Finally, it should be mentioned that the D value represents an underestimation of the actual 

dispersion as it does not account for the fraction of the surface inaccessible to probe A because in 

interaction with the support or because of surface poisoning.(50) 

The average particle size ⟨d⟩ can be directly measured by TEM or, once a particle morphology is 

assumed, they can also be indirectly deduced from both the ACN obtained from EXAFS N or from 

the average dispersion AD measured by chemisorption.(16, 55) However it is fundamental to 

properly weight the contribution of each single nanoparticle to the total signal for every technique 

to achieve a correct comparison of the results. In TEM analysis the particle size distribution is 

determined by weighting each nanoparticle in the same way independently of its size. On the 

contrary, in EXAFS and chemisorption, the relative weight of a single nanoparticle to the total 

signal is represented by its volume fraction with respect to the total volume of all of the particles of 

the distribution (vide infra eq 3). 

Taking into account the relative advantages and drawbacks of TEM, EXAFS, and chemisorption 

(Table 1), it is evident that a great benefit can be obtained by combining the three techniques. 

Nevertheless, the goal of this work is to underline that the results coming from these three 

techniques cannot be easily compared and sophisticated methods have to be adopted to achieve the 

correct quantitative results. We propose a general method for the interpretation and comparison of 

shape and cluster sizes from different techniques for a cluster with any size and different reasonable 

shapes. The very simple hypotheses adopted, i.e., perfect clusters with face centered cubic structure, 

allowed us to focus on ideal populations of particles without any other particular prerequisite. 

For further information we emphasize that to determine ACN and AD additional techniques 

available are small-Angle X-ray scattering (SAXS)(56-59) and Pair Distribution Function (PDF) 

from the total scattering data, respectively.(60-62) These techniques are much less widespread 

among the scientific community in comparison with TEM, EXAFS, and chemisorption, and for this 

reason in this work we will not enter in details about their advantages and drawbacks. 

The discussion is structured so that the reader can face step by step the progressive rise of the 

number of variables and thus the complexity up to the final global simulation procedure. First 

simulations with a well-defined size and different cluster shape will be treated. Then, fixed to a 

particular shape, the influence of distribution type will be presented, followed by the study of the 

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
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importance of the distribution asymmetry and distribution homogeneity (bimodal distributions). 

These parameters influence significantly the results as demonstrated hereafter. 

 

2 Methods: Algorithm Description 

The algorithm developed to calculate the dispersion AD and the ACN up to the fourth shell (N1, N2, 

N3, and N4) for a given particles size distribution consists of two successive steps. As the first step, a 

discrete particle size distribution {d1, d2, ..., dn ≡ {di} consisting of n particles with a well-defined 

mean value (⟨d⟩), standard deviation (σ), and profile (i.e., Gaussian, Lognormal, Multimodal) is 

generated by a Monte Carlo method. Note that the distribution {di} obtained is independent of the 

cluster shape and in the following, when not explicitly declared, a Gaussian particle distribution 

{di} has been used. From {di}, the dispersion D and coordination numbers (N1, N2, N3 and N4) of 

the distribution are then calculated as follows: 

 
Equations 1 and 2 consist of the sum on all n particles of the distribution of its corresponding Nj or 

D multiplied by the weight w(di). 

The values of the Nj(di) and D(di) functions are defined for each particle shape and shell order while 

the weight-function w(di) is the volume fraction of a single particle of diameter di respect the total 

volume of all particles of the distribution {di}: 

 
The algorithm allows to have thorough grasp of the parameters of the simulation both on the shape 

of cluster and on the mean, standard deviation values and profile of the distribution. 

3 Results and discussion 

3.1 Effect of the Particle Shape: Ideal Case with σ = 0  

The first parameter we consider, that significantly affects the ⟨d⟩ calculated from TEM, EXAFS, 

and chemisorption data, is the cluster shape. Consequently, to isolate its effect, distributions with 

standard deviation equal to zero have been considered. 

In literature many types of regular polyhedral shapes have been proposed for metal clusters.(63-70) 

In this work, three of them have been chosen due to their particular relevance: cuboctahedral (CO), 

icosahedral (ICO), and truncated cuboctahedral (TCO) shapes. CO is a widely adopted cluster 

shape when modeling metal nanoparticles with face centered cubic structure and it is obtained by 

truncating the lattice along {100} and {111} directions. ICO is an interesting shape as it is obtained 

by distortion of a CO.(71) TCO is usually observed when the metal nanoparticles interact strongly 

with the support and it comes from cuboctahedrons cut along the (111) plane going cross the 

diameter of clusters. 

Following the method proposed by Montejano-Carrizales et al.(55) we considered only perfect 

crystals built adding one by one complete layers of atoms around the central one; in this way, three 

series of clusters with different shapes (for CO, ICO and TCO) and dimensions have been 

obtained. For all fcc metals, the number of layers added is indicated by letter “m”(55) and 

relationship between the number m of layers and cluster dimension changes as a function of the 

lattice parameter and it is defined by the equation: 

http://pubs.acs.org/doi/full/10.1021/jp4091014#eq1
http://pubs.acs.org/doi/full/10.1021/jp4091014#eq2
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where a is the cell parameter and Rcov the covalent radius of the chemical element considered. It is 

worth noticing that, although our analytical method does not put any constrain in particle size, the 

empirical construction method using eq 4 does not allow to obtain particles with less than a 

complete shell around central atom, i.e. d(1) = 7.18 Å in the case of Pd. Nevertheless, below this 

limit it is not possible to define a real shape as there is not a unique complete shell of atoms which 

could be arranged in a precise way. 

The dispersion of the clusters decreases with the particle diameter and it is the same for all cluster 

shapes. This assertion is certainly correct for CO and ICO clusters because the distortion of the fcc 

lattice does not affect the ratio of surface and total atoms of ICO(55, 71) but in principle it is wrong 

for TCO. In fact TCO is obtained cutting CO along its diameter, in this way the number of surface 

atoms with respect to the total increases and consequently the dispersion changes. But supported 

TCO particles are the consequence of a strong interaction with the support along their (111) 

plane(72-74) making so the new generated face unavailable for chemisorption. Consequently 

supported TCO particles exhibit 1/2 of both total and surface available atoms of the CO particle of 

same d, and exhibit consequently the same D. The analytical expression of dispersion as a function 

of the order m was proposed by Montejano-Carrizales et al.(55) and holds for CO, ICO and TCO 

shapes. 

More complicated is to obtain the coordination numbers Nj: analytical expressions are available 

only for the first shell of CO and ICO,(55) but for the aim of this study this is not sufficient and a 

database of the coordination numbers for higher shells and for the three cluster shape is needed. The 

values for N1, N2, N3 and N4 have been calculated in this work, for the three shapes (CO, ICO and 

TCO), for m values up to 10, interpolated with analytical polynomial function for non integer m 

values and converted into d using eq 4. Obtained values are reported in Figure 1 as a function of 

both m and d for the palladium case (a = 3.889 Å). These values agree with the analytical values of 

N1,(55) and with analogous data reported in literature for the higher shells by Glasner and 

Frenkel.(75) 

 
Figure 1. Comparison of the average coordination numbers of the first 4th shells for cluster with different shapes: 

cuboctahedron (CO), truncated cuboctahedron (TCO) and, icosahedrons (ICO), solid, dashed, and dotted lines 

respectively. The data are plotted in terms of order m (bottom abscissa axes) and of the particles diameter in case of Pd 

nanoparticles (top abscissa axes) with cell parameter 3.889 Å and shortest distance Pd–Pd 2.75 Å.(76) 

http://pubs.acs.org/doi/full/10.1021/jp4091014#eq4
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jp4091014#eq4
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The data reported in Figure 1 highlight that the coordination numbers not only depends on the size 

and shape of clusters but they are univocally correlated to both dimension and shape. This is in 

agreement with previous works of Frenkel et al.(30, 31) 

From Figure 1, it emerges that for the first and second shells, N1 and N2 values are very similar for 

all shapes and that once error bars are taken into account, it will be almost impossible to 

discriminate between different shapes from experimental data analyzed only up to the second shell. 

Starting from the third shell the coordination numbers begin to differ each other in a more 

significant way and it becomes consequently possible to extract a three-dimensional information 

able to distinguish between CO, ICO and TCO clusters from a complete analysis of high-quality 

EXAFS data.(30, 31, 33) 

 

3.2 Beyond the σ = 0 Approximation: Correlation among ⟨d⟩, σ, Nj, D  
The approach adopted in the previous paragraph, considering distributions with σ = 0, is useful to 

underline the relationships between the size and shape of clusters and the shell order but a real 

particle size distribution is always characterized by a spread of particles dimensions. A series of 

Gaussian particles size distributions of CO have been generated changing ⟨d⟩ in the range 10–100 

Å, and standard deviation σ in the range 2–50 Å. For each of them, the dispersion D and the 

coordination numbers Nj have been calculated according to eqs 1 and 2 and the results have been 

reported in Figure 2 and Figure 3, respectively. 

 
Figure 2. Metal nanoparticles dispersion as a function of ⟨d ⟩ and σ for Gaussian particle distributions of nanoparticles 

with cuboctahedral shape. The intervals adopted are 10–100 Å for ⟨d⟩ and 2–50 Å for σ. Particles dimensions are 

referred to Pd nanoparticle with cell parameter 3.889 Å and shortest distance Pd–Pd 2.75 Å. (76) Image has been cut at 

a meaningful value of 2σ = ⟨d⟩. Meaningful information limit has been arbitrarily fixed to the 85% of bulk value, 

highlighted by the bold black line. 

http://pubs.acs.org/doi/full/10.1021/jp4091014#fig1
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig1
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http://pubs.acs.org/doi/full/10.1021/jp4091014#eq2
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig2
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig3
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Figure 3. Average coordination number as a function of the mean and standard deviation values for Gaussian particle 

distributions and clusters with cuboctahedral shape: effect on first (a), second (b), third (c), and fourth (d) shell 

coordination number Nj. Particle dimensions are referred to Pd nanoparticle with cell parameter 3.889 Å and shortest 

distance Pd–Pd 2.75 Å.(76) Images have been cut at a meaningful value of 2σ = ⟨d⟩. Meaningful information limit has 

been arbitrarily fixed to the 85% of bulk value, highlighted by the bold black line in each inset. 

All data demonstrate that D and Nj depend not only on the ⟨d⟩ value but also on the σ value of 

distributions. This fact implies that while an experimental PSD obtained by TEM or by SAXS can 

be used to estimate D and N j values obtained by chemisorption and EXAFS, the reverse process 

(estimating ⟨d⟩ from EXAFS or chemisorption data) is not a straightforward process, as it is usually 

assumed in the literature. 

Indeed, both D and Nj are informative only for small particles and narrow distributions because, 

with an increase in the average particle size and/or with broader distributions, the slope of D(⟨d⟩,σ) 

and Nj(⟨d⟩,σ) surfaces (shown in Figure 2 and Figure 3) decreases making unreliable the extraction 

of any information from chemisorptions and EXAFS data. As far as D is concerned, the meaningful 

information limit could be arbitrarily fixed to 85% of bulk value that is highlighted by the bold 

black line in Figure 2. Below this line the profile of the D(⟨d⟩,σ) surface is too flat to allow a 

reliable discrimination among all possible different cases resulting to the same D value with its 

associated experimental incertitude. More complex is the situation for the coordination numbers 

since the slope of the surface changes as a function of the shell order as already observed in Figure 

1 in the case of σ = 0. Applying the same arbitrary criterion of 85% of bulk value, the information 

limits are 10.2, 5.1, 19.2, and 10.2 for N1, N2, N3, and N4, respectively. Observing the position of 

bold black lines in Figure 3a–d, it emerges that the higher shells are informative for distributions 

with larger mean and standard deviation values with respect to the first one. 

It is important to note that, for both D and Nj, the lower the ⟨d⟩, the greater the influence of σ in 

determining the D and Nj values. This is extremely relevant when a comparison among data 

collected with different techniques (TEM, EXAFS, and chemisorption) is attempted. With the 

exception of a few works (see e. g., refs.16, 50, and 77), the large majority of literature reporting a 

combined TEM/EXAFS or TEM/chemisorption study uses only the ⟨d⟩ value obtained from TEM 

http://pubs.acs.org/doi/full/10.1021/jp4091014#fig2
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig3
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig2
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig1
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig3
javascript:void(0);
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to correlate the average particle diameter obtained from the different techniques, neglecting σ. In 

the light of what has been discussed above, it is clear that this simplified approach induces a 

systematic error in the comparison. This error can be quantified as follows: 

 
For each point of the surfaces shown in Figure 2 and Figure 3, eqs 5 and 6 have been applied and 

the results are reported in Figure 4 and Figure 5 for D and Nj, respectively. For a better 

comprehension, data are plotted in two dimensions as a function of σ: curves with the same color 

indicate distributions with the same ⟨d⟩ value. 

The first observation is that the errors are always negative for D (overestimation of D) and positive 

for Nj (underestimation of Nj). In fact, small particles are characterized by high dispersion and, if 

errors calculated by (5) are negative, it means that D(⟨d⟩,σ=0) > D(⟨d⟩,σ). Therefore, without 

considering the σ, for the same mean d value higher dispersions are obtained. In this way, when 

experimental data of dispersion are associated with particle dimensions, the mean d value results 

higher than the real diameter. The same stands for Nj,, but in this case small particles have low Nj: 

positive errors calculated by (6) correspond to Nj(⟨d⟩,σ = 0) < Nj(⟨d⟩,σ), and therefore the calculated 

particles size is larger than the real size averaged over the distribution. In other words, when 

EXAFS or chemisorption data are used to estimate ⟨d⟩ of an unknown distribution {di}, the 

estimated value is always larger than the real one: the larger the σ of the real distribution, the larger 

the error. This point is of particular relevance, as EXAFS or chemisorption data alone are unable to 

estimate the value of σ. 

  
Figure 4. Systematic error in the evaluation of the dispersion 

D, eq 6, plotted as a function of σ. The different curves 

correspond to distributions {di} with different mean values 

⟨d⟩ in the 10–100 Å range. Particle dimension is referred to 

Pd nanoparticle with cell parameter 3.889 Å and shortest 

distance Pd–Pd 2.75 Å.(76) Curves were cut at a meaningful 

value of 2σ = ⟨d⟩ 

Figure 5. Systematic error in the evaluation of the 

coordination numbers of the first four shells Nj, eq 6, 

plotted as a function of σ. The different curves 

correspond to {di} with different ⟨d⟩ in the 10–100 Å 

range. Particle dimension is referred to Pd nanoparticle 

with cell parameter 3.889 Å and shortest distance Pd–

Pd 2.75 Å.(76) Curves were cut at a meaningful value 

of 2σ = ⟨d⟩. 
 

More in details, D is strongly affected by σ, in fact the errors are negligible only for narrow 

distribution and high mean values. This assertion is clear when observing the slopes of the lines in 

http://pubs.acs.org/doi/full/10.1021/jp4091014#fig2
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig3
http://pubs.acs.org/doi/full/10.1021/jp4091014#eq5
http://pubs.acs.org/doi/full/10.1021/jp4091014#eq6
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig4
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig5
http://pubs.acs.org/doi/full/10.1021/jp4091014#eq5
http://pubs.acs.org/doi/full/10.1021/jp4091014#eq6
http://pubs.acs.org/doi/full/10.1021/jp4091014#eq6
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jp4091014#eq6
javascript:void(0);
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Figure 4 that increase quickly with σ. Furthermore, for small particle sizes the condition limit 2σ = 

⟨d⟩ is rapidly reached. As for the coordination numbers, the influence of σ is more pronounced for 

the higher shells (smaller values of the critical σ): the slope of the curves for the same ⟨d⟩ in Figure 

5 increases with the shell order. 

In the light of results just obtained, it is clear that understanding the role of σ in determining D and 

Nj values of a {di} is of utmost importance. The next aspect to explore is then the different weight 

of particle with different dimension in the determination of D and Nj of a particle size distribution. 

A correct comparison of chemisorption or EXAFS results with the particle size distribution 

obtained by TEM measurement can be performed only once Nj and D are weighted following eq 3. 

This is because, in the comparison, it is not relevant the fraction of particles with a particular 

diameter, but their contribution to the total volume of the particle size distribution. This concept and 

the related consequences are more clear by looking at Figure 6, where the blue histogram represents 

a well-defined particle size distribution characterized by ⟨d⟩ = 20 Å and σ = 5 Å, while the red 

histogram represents the distribution obtained by multiplying each single diameter class fraction for 

its volume and normalizing with respect to the total volume. It is evident that, for the latter 

distribution, the highest column of volume distribution occurs for higher values than the ⟨d⟩ 
(represented by black line), reflecting the heavier role played by particles with larger diameter. 

More than 86% of the volume is hosted on the right side of ⟨d⟩. This datum is not surprising 

considering that ⟨d⟩ is the result of a simple arithmetic average while the volume is proportional to 

d3. 

 
Figure 6. Gaussian particle size distribution with ⟨d⟩ = 20 and σ = 5 Å (blue histogram) and the corresponding particle 

volume distribution computed by weighting each ith particle by eq 3 (red histogram). The vertical black line represents 

the average particle size distribution (d = 20 Å). In the case of the red histogram, the particles on the right side of the ⟨d⟩ 
value correspond to 86% of the total volume 

 

The different role played by small and big particles of a distribution {di} to D and Nj values is the 

origin of the error done using only the ⟨d⟩ value of the distribution and neglecting σ. 

 

3.3 Symmetrical vs Asymmetrical Particle Size Distributions (Gaussian vs Log-Normal)  

Not even ⟨d⟩ and σ are parameters sufficient to characterize a PSD when D and Nj have been 

extracted. In fact, starting from two distributions with exactly the same mean and standard deviation 

values but different profile, Gaussian and log-normal by blue and red columns of Figure 7, D and Nj 

have been calculated. The results have been reported in the second and third columns of Table 2 

http://pubs.acs.org/doi/full/10.1021/jp4091014#fig4
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig5
http://pubs.acs.org/doi/full/10.1021/jp4091014#eq3
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig6
http://pubs.acs.org/doi/full/10.1021/jp4091014#eq3
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig7
http://pubs.acs.org/doi/full/10.1021/jp4091014#tbl2
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together with the percentage difference between the two cases. D moves from 50 to 45% with a 

difference of ΔD/% = 10, while considering coordination numbers the difference is small for the 

first shell, only 3%, but it increases with the shell order up to 15% in the fourth one. The importance 

of the profile of the size distribution increases with the shell order. 

 
Figure 7. Particle size distribution with the same ⟨d⟩ = 20 and σ = 5 Å, but different shape: Gaussian distribution (blue 

histogram) and log-normal distribution (red histogram). 

 

Table 2. Dispersion and Coordination Numbers up to Fourth Shell Computed for Gaussian and Log-Normal 

Distributions {di} with ⟨d⟩ = 20 Å σ = 5 Å (see Figure 7)a 

 
 

3.4 Bimodal Particle Distribution: Homogeneity of Nanoparticles Population  
The study of dispersion and coordination number becomes more complex when the nanoparticles 

population is constituted by bimodal distributions. In these cases an accurate TEM analysis is 

fundamental to determine precisely the particle size distribution allowing the correct interpretation 

of EXAFS and chemisorption measurements that provides only average values of Nj and D. 

Very critical for a bimodal distribution is the case of inhomogeneity, i.e., when only a few percent 

of particles with larger diameter are present in the sample. To clarify this point Nj and D of a 

monomodal Gaussian distribution (with ⟨d⟩ = 20 Å and σ = 5 Å) have been calculated and 

compared with a population obtained starting from the previous one and adding 5% of cluster with 

d = 50 Å. The two distributions are reported in Figure 8, while the quantitative results are reported 

in Table 3. 

The results reported in Table 3 indicate that the inhomogeneity of the sample strongly affects both 

Nj and D. D moves from 50% to 40% resulting in |ΔD| = 20%, while with regard to coordination 

numbers this is relevant especially for the higher shells: the difference reaches 30% for the fourth 

shell but already for the first one, 9%, it is not negligible 

http://pubs.acs.org/doi/full/10.1021/jp4091014#fig7
http://pubs.acs.org/doi/full/10.1021/jp4091014#tbl2-fn1
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig8
http://pubs.acs.org/doi/full/10.1021/jp4091014#tbl3
http://pubs.acs.org/doi/full/10.1021/jp4091014#tbl3
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Figure 8. Particle size distribution with Gaussian profile characterized by ⟨d⟩ = 20 and σ = 5 Å (blue histogram) and 

same distribution with 5% of particles with d = 50 Å added (red histogram). 

 
Table 3. Dispersion and Coordination Numbers up to the Fourth Shell Computed for Gaussian Distribution (⟨d⟩ = 20 Å 

and σ = 5 Å) and for a Distribution Obtained by Adding to the First One 5% of Nanoparticles with d = 50 Å (See Figure 

8) 

 
 

3.5 Cumulative Effects  
Until now we have examined, on both Nj and D, the effect of (i) a nonnull σ; (ii) a nonsymmetrical 

diameter distribution profile (Gaussian vs log-normal distributions), and (iii) the presence of a 

bimodal distribution. These three cases have been considered separately, but they may be 

simultaneously present in a real {di}. The values of D and Nj for each distribution up to now 

presented are reported in Table 4 together with the maximum percentage error committed in 

neglecting the different distribution variables. 

Comparing the results reported in Table 4, the differences considering only ⟨d⟩ and all error sources 

are impressive. D falls from 54 to 38% with a percentage difference of 30%. In the EXAFS data 

already for the first shell, that is, the shell less affected by error sources, the N1 changes from 8.6 to 

9.8 with a percentage difference of 14%. For the highest shell, N4 increases from 5.7 to 7.8 resulting 

in a difference as large as 37%. 

 

3.6 Inverse Problem  
Until now, we have assumed well-defined theoretical (generated by MC simulation) or 

experimental (measured by TEM or SAXS) particle size distributions from which we have 

computed the resulting first four shells coordination numbers Nj and the dispersion D. Now we will 

discuss the difficulties in studying the inverse problem: i.e., the estimation of both ⟨d⟩ and σ once 

the cluster shape has been assumed knowing N1, N2, N3, and N4, and possibly D. 

http://pubs.acs.org/doi/full/10.1021/jp4091014#fig8
http://pubs.acs.org/doi/full/10.1021/jp4091014#tbl4
http://pubs.acs.org/doi/full/10.1021/jp4091014#tbl4
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It has already been demonstrated by Frenkel et al.,(29-31) and Witkowska et al.(33) that once N1, 

N2, N3, and N4 are known, the dimension and the shape of the cluster (CO, TCO, or ICO) can be 

univocally determined. This conclusion is true for a distribution with σ = 0, but on the basis of what 

has been discussed so far, it emerges that in cases where σ ≠ 0 (i.e., in all real cases) this conclusion 

is subordinated to the ⟨d⟩ and σ values and to the experimental errors associated with N1, N2, N3, N4, 

and D. 

 
Table 4. Dispersion and Coordination Numbers up to Fourth Shell Computed for (i) an Ideal Distribution with ⟨d⟩ = 20 

Å and σ = 0 Å; (ii) a Gaussian Distribution with ⟨d⟩ = 20 Å and σ = 5 Å; (iii) a Log-Normal (log N)Distribution with ⟨d⟩ 
= 20 Å and σ = 5 Å; and (iv) a Bimodal Distribution {di} = 1.00 (dj

a) + 0.05{di
b} being (dj

a)a Log-Normal distribution 

with ⟨d⟩ = 20 Å and σ = 5 Å and {di
b} Distribution with ⟨d⟩ = 50 Å and σ = 0 Åa 

 
a The value 0.95 is from ref 2, For comparison, the difference in percentage (max Δ%) among the first (σ = 0) and the 

fourth (log N + 5%d = 50 Å) case is also reported [max Δ% = ((col 2) – (col 5))/(col 5)]. 

 
Figure 9. (a–e) black curves, couples of ⟨d⟩ and σ values compatible with coordination numbers of N1= 9.0, N2 = 4.0, 

N3 = 13.4, and N4 = 6.4 and with a dispersion of D = 50%; color curves, the intervals of the ⟨d⟩−σ plane compatible with 

the values reported above, assuming different relative errors. (f) Intervals of the ⟨d⟩−σ plane for the same Nj and D 

compatible with the typical experimental errors from high-quality EXAFS and chemisorption data collection and 

analysis, i.e., 7%, 13%, 12%, and 17%, as well as 5% for N1, N2, N3, and N4, as well as D, respectively. For all parts, the 

CO shape has been assumed and particle dimension is referred to Pd nanoparticle with cell parameter 3.889 Å and 

shortest distance Pd–Pd 2.75 Å.(76) Curves were cut at a meaningful value of 2σ = ⟨d⟩. 

javascript:void(0);
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jp4091014#tbl4-fn1
javascript:void(0);
javascript:void(0);
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Assuming a Gaussian particle size distribution of particle with CO shape and neglecting σ, the 

values N1 = 9.0, N2 = 4.0, N3 = 13.4, N4 = 6.4 and D = 0.50 correspond to particle dimension ⟨d⟩ = 

22.5 Å. However, removing the constraint σ = 0 Å, infinitely different ⟨d⟩ and σ values are 

compatible with the five numbers reported above because a decrease in ⟨d⟩ can be compensated for 

by an increase in σ. All possible values lie on the black curves reported in Figure 9a–e; among them 

are the following: (⟨d⟩ = 20 Å, σ = 5 Å); (⟨d⟩ = 17 Å, σ = 7 Å); (⟨d⟩ = 15 Å, σ = 9 Å); (⟨d⟩ = 13 Å, σ 

= 10 Å); (⟨d⟩ = 10 Å, σ = 11 Å); (⟨d⟩ = 7 Å, σ = 12.5 Å). Only measuring or assuming σ an univocal 

value for ⟨d⟩ can be obtained, even from coordination numbers and dispersion values ideally non 

affected by experimental errors. 

When Nj and D values are obtained by EXAFS and chemisorption experiments, mean values are 

associated with corresponding errors. Typical error bars for good quality EXAFS data collected on 

metal nanoparticles of comparable size distribution and refined by experts(33) are as follows: ΔN1 = 

±0.8 (±7%), ΔN2, = ±0.8 (±13%), ΔN3 = ±3 (±12%), and ΔN4 = ±2 (±17%). Coming to 

chemisorption data, from our experience(1, 16, 50) we know that the reproducibility of the data 

repeated on the same sample batch is ±0.5%. However, this error does not include systematic errors 

such as the correct average metal/molecule surface stoichiometry, the assumption on the particle 

shape, or the fraction of particle in interaction with the support. A more reliable evaluation is 

consequently ΔD = ±5%. 

Parts a–e of Figure 9 report how the experimental errors of increasing values associated with Nj and 

D propagate in the determination of ⟨d⟩ and σ. From the inspection of the incertitude regions, it is 

evident that for whatever associated error the higher coordination shells allow a more precise 

determination of the ⟨d⟩ and σ values, defining a smaller region in the ⟨d⟩−σ plane. For the same 

relative errors an even better result is obtained from the dispersion datum. 

The data reported in Figure 9f show the same curves together assuming the typical error associated 

with each variable: 7, 13, 12, and 17, as well as 5% for N1, N2, N3, and N4, as well as D, 

respectively. The best accuracy is obtained, by far, from D, for both the lower impact of error 

propagation and the lower intrinsic experimental error. Among the different values extracted from 

the EXAFS data analysis, the better accuracy is reached by N3; testing the importance to analyze the 

trend in the particle size determination among different shells from the better to the worse is N3, N4, 

N1, and N2. 

However, chemisorption provides a single number, which in relation to ⟨d⟩ and σ values is based on 

several assumptions that need to be carefully verified case by case to avoid systematic errors of 

much larger amplitude. An example is reported by Pellegrini et al.(50) where the fall of the 

dispersion of doped 2 wt % Pd on SiO2–Al2O3 samples in the absence of other experimental data 

could be misinterpreted as an impressive particle sintering instead of the actual covering of the 

metal nanoparticle by an amorphous phase. This latter interpretation of the chemisorption data was 

demonstrated by coupling chemisorption with EXAFS and TEM investigations. 

 

4 Conclusion 

In this work we dealt with an intrinsically highly difficult problem in the field of analysis methods 

for materials characterization. We showed that EXAFS and chemisorption provide only average 

information on nanoparticles and alternative hypotheses are necessary for the data interpretation. 

On the contrary, TEM is a very powerful technique because it is a direct investigation method, but 

the reliability of measurements is a critical point both for the low statistics and for detection limit of 

small nanoparticles. To overcome these drawbacks and to obtain a complete and reliable 

characterization, a complementary techniques approach is mandatory, and in this work we explored 

the correct method to combine them. 

Once a theoretical (obtained by Monte Carlo approach) or an experimental (obtained by TEM or 

SAXS) particle size distribution has been obtained, the correct approach to estimate the D and Nj 

http://pubs.acs.org/doi/full/10.1021/jp4091014#fig9
javascript:void(0);
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig9
http://pubs.acs.org/doi/full/10.1021/jp4091014#fig9
javascript:void(0);
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values is proposed in eqs 1 and 2, which takes into account the whole distribution. Starting from 

simulations, it has been demonstrated that the dispersion and the average coordination numbers for 

the first, second, third, and fourth coordination shells of a face centered cubic metal nanoparticles 

distribution strongly depend on the mean value, standard deviation, and profile of the particle size 

distribution. Moreover, it has been shown that the most critical point in the metal nanoparticles 

characterization, both for surface area and particle size determination, is the homogeneity of the 

sample investigated because a little fraction of larger particles provides significant difference in the 

final results. Oversimplified approaches, where only ⟨d⟩ is considered or narrow distributions with 

large mean values, are biased by relevant systematic errors. 

In conclusion, the determination of N1, N2, N3, and N4 values from EXAFS and/or of D from 

chemisorption does not allow one to obtain independently ⟨d⟩ and σ, even neglecting the 

experimental incertitude, but provides only couples of ⟨ d⟩−σ values. Once the experimental 

incertitude is considered, then a region of the ⟨d⟩−σ plane is defined, the D parameter being the 

most efficient one in limiting the extension of this region, although based on several assumptions 

that needs to be carefully verified case by case. With regard to coordination numbers more accurate 

results have been obtained by higher shells, justifying the great effort made in the data analysis with 

respect to a simple first shell determination. 
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