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Abstract

A range of characterization methods were used to measure size and distribution of sizes of the ZrO2 nanocrystals synthesized hydrothermally in a microwave heated high pressure reactor [
, 
, 
, 
]. The aim of the work is to compare size readings of the same nanopowders as reported by different characterization methods.

We describe briefly capabilities of TEM, XRD and BET characterization techniques such as size vs. size distribution output, crystalline phase resolution, ability of error estimation of the size as well as dispersion of sizes readings (error bars: yes/no).
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1. Introduction

Core of the unique properties of nanomaterials originate in steep dependence of the microscopic parameters of nanocrystals on their characteristic dimension: usually small multiplicity of the lattice parameter, usually a fraction of the wavelength of the visible light and usually fraction of diameter of the bio-cell in a human body. In this respect, knowledge of precise crystal dimensions, their shape and statistical measures of the above (size distribution, shape distribution) are vital quantities for nanotechnology.

Nowadays, characterization of nanomaterials relays mostly on methods originally designed for much bigger entities (e.g. micron-sized crystals) and may be very sensitive to the quality of experimental data.

In our opinion, it is worth to explore metrology aspects of nanotechnology prior to cross-compare values obtained from various characterization methods [
].

The investigation, in terms of the evolution of grain phase distribution and phase composition, concerning zirconia nanopowders aroused from its widespread applications [
, 
, 
, 
], in particular is related to Pr-doped zirconia, used as pigment [
, 
] and as luminescent material [
, 
]. 

2. Experimental Methods

2.1 Sample preparation

ZrO2 powders containing 1 mol % praseodymium were obtained by adding praseodymium (III) nitrate Pr(NO3)3 •6H2O to 0.5 M ZrOCl2 aqueous solutions. The solutions were neutralized with 1 M NaOH to pH=10 and poured in a PTFE reaction vessel of the MW reactor. The MW reactor (produced by “ERTEC”, Wroclaw, Poland) working at 2.45 GHz delivers a maximum unpulsed power of 270 W to a fluid volume of 70 ml, hence the delivered power density reaches 4 W/ml. The system can be operated at a maximum autogenous pressure of 12 MPa closed vessel. 


Three powders were synthesized at pressures: 4.2; 5.5; 8.0 MPa for 30 minutes. After the syntheses, the powders were centrifuged, washed and dried prior to their characterization.

2.2 Characterization of samples

Four characterization methods were choosen to obtain size (and GSD, if possible) of the nanopowders synthesized: BET, XRD-Scherrer, XRD-GSD and TEM. There are more options (e.g. XRD-Warren-Averbach or optical scattering) but the choice was made towards employing wide range of physical phenomena (gas absoprion, X-Ray diffraction, electron absorption), reliability (e.g. Warren-Averbach gives numerically unstable GSD readings) and simplicity.

The specific surface area analysis was conducted by means of the multipoint B.E.T method (Gemini 2360, Micromeritics Instruments, Norcross, GA, U.S.A), using nitrogen as an adsorbent. Based on B.E.T., data the particle size was calculated, assuming that the particles are spherical, using the equation:
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where  [m] is the average diameter of a spherical particle, S [m2/g] is specific surface area of powder and  [g/m3] the density value of crystalline zirconia. The density of the powders was measured using helium picnometry (Model AccuPyc 1330, Micromeritics Instruments, Norcross, GA, U.S.A.).

The X-ray diffraction (XRD) patterns were collected in 2-theta range of 20 - 90° at room temperature, with a step of 0.05° using a X-ray (CuK) diffractometer (Model D5000 Siemens, Germany). The Grain Size Distributions (GSD) were determined using a method of XRD peak fine structure analysis of polydispersed powders (XRD-GSD) [
, 
]. This method permits to fit the peaks using an analytical function with fitting parameters: average particle diameter <R> and dispersion of particle sizes as fitting parameters. Diffraction line profile (LP) function is given by the formula:

where W=<R>/, U=q, q=4πsin()/ is scattering vector, D=1,2,3 stands for crystallographic direction, see Figure 1. Symbol pFq stands for hypergeometrical function:[image: image12.png]/‘? 1+ T(<R>T—5<R>75710657)
LPGSDp_; =3/= < R 2o (B2 1)




where (a)k is Pochhammer symbol given by:[image: image13.png]HIv?





The LP formula represents general case of the diffraction peak profile of a powder with crystallite size distribution (<R> and parameters) for various crystallite shapes (D parameter). However LP in general form (as given above) cannot be conveniently used in practice, it can be expanded into a form containing elementary functions only:[image: image14.png]A
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In this form, the line profile with grain size distribution (LPGSD) formula represents analytical expression for curvature of XRD peak (similar for Pearson or Gaussian profiles) and can be readily used for fitting experimental XRD patterns. Refined LPGSD parameters: <R> and  stand for average grain size and dispersion of sizes, respectively.


Refined values of <R> and are measured experimentally and bear some experimental error, which can be estimated as [
]:
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where Nmax is number of counts in maximum of the peak (not integral intensity) being investigated. Error estimations ERR<R> and ERR are given in percentages.
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Figure 1 Face, edge, and vertex directions defined by D = 1, 2, 3 parameter of the hyper geometrical function

The ratio of the volume fraction of the monoclinic and tetragonal phases was determined by measuring the peaks area belonging to the respective phases.

In order to compare phase specific (Tetragonal/Monoclinic) GSD measurements to the grain size readings from other methods (e.g. BET), joint T and M grain size was calculated as weighted average of T and M phases.

To cross check the results of XRD analysis, the GSD function of selected samples was determined using transmission electron microscopy, TEM, (Model JEM 2010, Jeol, Akishima Tokyo, Japan). Specimens were prepared by dispersing the powders in distilled water using an ultrasonic stirrer and then placing a drop of suspension on a copper grid covered with a transparent polymer film, followed by drying and carbon coating. The GSD were obtained by TEM image analysis using the MicroMeter software [
]. For each sample the projection areas of more than 1000 particles were analyzed. Assumption of spherical particles has been enabled for estimation of equivalent diameter of 3D particles. The distribution of this parameter and its statistical description (mean value, coefficient of variations, etc.) were calculated.

Finally, for comparison, the well known Scherrer's method for average crystallite diameter evaluation was applied [
]. This method is assessment of Full-Width at Half-maximum (FWHM) of the XRD peaks using Scherrer equation:

[image: image3.emf]
where: R – crystallite size; K – constant (we assume K=1);   - wave length;  - FWHM;  - Bragg angle.

3. Results

Figure 2a shows X-ray diffraction patterns of ZrO2 doped with 1% of Pr synthesized at three different pressures. No peaks belonging to any other than ZrO2 phases have been recognized. 

Figure 2b reports an example of evaluation of the GSD by analysis of the fine structure of the X-ray peak profile. Entire XRD profile was fitted with collection of peak profiles given by Eq.1. The average grain size <R>, dispersions of sizes  and contents of M/T phases derived by analysis of the peak profile is given in Table 1, Table 2 and Figure 3. In particular Figure 3a shows the average grain size as a function of synthesis pressure obtained by means of the Sherrer’s method, specific surface measurements, analysis of TEM images and XRD-GSD data. Figure 3b reports average size estimated from XRD line profile analysis, for monoclinic and tetragonal crystalline phases separately. 

Table 3 shows specific surface areas and derived parameters as well as the density of the powders. 
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Figure 2 (a) X-ray diffraction patterns of Pr-doped ZrO2 powders synthesized at pressures: 4.2, 5.5 and 8.0 MPa, respectively. The diffraction peak from the tetragonal phase is indicated by “T” and monoclinic by “M”, respectively. (b) Example of simultaneous evaluation of phase composition and grain size distribution (GSD) by analysis of the peak profiles

Synthesis

Pressure/ Temperature [MPa/ oC]
XRD (both phases)
TEM (both phases)


<R>, nm
σ, nm
<R>, nm
σ, nm

4.2 / 260
11.4 ± 2.3
1.0 ± 0.3
10.9 
3.9 

5.5 / 275
14.2 ± 2.1
4.0 ± 0.6
10.9 
2.5 

8.0 / 305
14.4 ± 1.6
2.6 ± 0.4
11.8 
1.9

Table 1 Grain Size Distribution parameters for ZrO2 1 mol % Pr nanopowders synthesized at pressures ranging from 4.2 to 8.0 MPa as measured by means of XRD and TEM. The XRD-GSD parameters describe the GSD curve without separating the powders into the monoclinic and tetragonal phases. 

Synthesis Pressure/ Temperature

[MPa / oC]
Monoclinic
Tetragonal


<R>, nm
σ, nm
σ/<R>
%
<R>, nm
σ, nm
σ/<R>
%

4.2 / 260
11.0 ± 4.4
0.4 ± 0.2
0.04
30
11.5 ± 1.6
1.1 ± 0.3
0.09
70

5.5 / 275
20.5 ± 5.3
2.2 ± 0.8
0.11
22
12.5 ± 1.3
2.2 ± 0.5
0.18
78

8.0 / 305
17.4 ± 5.0
0.9 ± 0.4
0.05
18
13.6 ± 0.9
2.4 ± 0.4
0.17
82

Table 2 Grain Size Distribution parameters for ZrO2 1 mol % Pr nanopowders synthesized at pressures ranging from 4.2 to 8.0 MPa as measured by means of XRD-GSD method applied separately to the monoclinic phase and tetragonal phase. Column “%” shows the volume fraction of the tetragonal or monoclinic phases.

Synthesis 

Pressure/ Temperature

[MPa / oC]
Density, g/cm3
Specific surface area by B.E.T. method, 

m2/g
Average diameter <> calculated from specific surface area, 

nm

4.2 / 260
5.18 
126 
8.5 

5.5 / 275
5.41 
99 
11.0 

8.0 / 305
5.44 
102 
10.5 

Table 3 Density and specific surface area measured by B.E.T. method and evaluation of the average particle diameter <>
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Figure 3 (a). Average size of ZrO2 nanopowders (both phases) as a function of pressure as measured using four methods indicated in the figure. (b) average size of monoclinic (M) and tetragonal (T) phases evaluated from XRD line profile analysis. (c) dispersion of the GSD as a function of synthesis pressure for M and T phases.
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Figure 4 GSD of the ZrO2 powders vs pressure obtained from analysis of the XRD data and evaluated from TEM pictures. T-Tetragonal, M-Monoclinic phases. <R> stands for average grain size,  - for distribution of sizes, a) 4.2MPa; b) 5.5MPa; c) 8.0MPa.

Figure 4 compares volume fraction of tetragonal/monoclinic phases obtained from TEM investigations and GSD evaluation from XRD data.

Figure 5 shows TEM images of as-obtained nanoparticles from three synthesis pressures.







Figure 5 Representative TEM images of ZrO2 nanopowders synthesized at three pressures, a) 4.2 MPa, b) 5.5 MPa, c) 8.0 MPa

4. Discussion

The average grain size increases from 8 to 13 nm when synthesis pressure is increased from 4.2 to 8 MPa (Figure 3a). For the sake of comparison the results of particle size evaluation using four different methods (BET, Scherrer’s, TEM and XRD-GSD) are reported in a single plot (Figure 3a). The results obtained using the Scherrer’s formula or calculated on the base  of the specific surface measurements show a different pressure dependence than the XRD-GSD and TEM methods.  However, as shown in Figure 4, with increasing pressure a bimodal GSD function appears, for which may lead to some differences as far as average values determined by various methods are concerned. 

The XRD-GSD analysis permitted us to get insight in the grain growth of the tetragonal and monoclinic phases separately (Figure 3b). 

The average grain size of the monoclinic phase increased with reaction pressure (from 11 nm to about 18 nm) and the average grain size of the tetragonal phase changed only slightly (from 11 to 13 nm). 

The powders morphology and GSD was also evaluated based on quantitative analysis of TEM images (Figure 4,Figure 5). Precise quantitative analysis of the shapes of the particles could not be performed, but some qualitative observations could be made. The majority of the particles are approximately spherical. TEM images at high magnification for powders prepared at 5.5 MPa (inset in Figure 5b) show large amounts of polyhedral particles which appear to be single crystallites. Dispersion of particles sizes as measured using TEM is very narrow for the pressure of 4.2 MPa, and becomes broader at higher pressure. The increase of dispersion can be connected with the appearance of the larger than for the tetragonal phase polyhedral grains of the monoclinic phase. 

Figure 4 shows that the method for GSD measurements using fine analysis of the XRD line profile provided is in remarkable agreement with the direct TEM observations. Only for the powder synthesized at 5.5 MPa the GSD measured using TEM is narrower than that estimated using the XRD-GSD method. The maxima of the GSD functions calculated using the XRD-GSD method and TEM image analysis were shifted relatively to each other by about 2 nm, which is a very small difference if we take into account the difficulties associated with precise measurements of the size of such small particles. This small difference can be attributed either to internal strains in the nano-particles, or to the effects of particle shape on the evaluation of their diameter. 

The GSD of the tetragonal phase is relatively independent on the time and pressure of synthesis. On the other hand the GSD for the monoclinic phase and it’s coefficient of variation Cv  (sigma/R) are very sensitive for the conditions of synthesis. In our previous work [
] we have found that the coefficient of variation is a fingerprint of the synthesis mechanism. Therefore the synthesis or growth mechanism of the two phases must be different. 

5. Conclusions

TEM image analysis is good method to characterize the size and shape of nanoparticles, but is difficult to apply to crystalline phase determination. This possibility give the X-ray techniques. Determination of the GSD based on analysis of the fine structure of the X-ray diffraction peaks provided results in agreement with TEM investigations and additionally allows for analyze the GSD in the monoclinic and tetragonal phases separately. Therefore TEM and X-rays can be considered as complementary techniques.

In the Table 4 we summarize capabilities of the characterization methods being investigated.


Scherrer
XRD-GSD
BET
TEM


Average grain size








Dispersion of sizes (GSD)








Error bar for average grain size






Error bar for dispersion of sizes






Crystalline phase resolution






Grain shape resolution






Simplicity of the method
****
***
**
*

Table 4. Comparison of size characterization methods of nanomaterials
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