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Methods for assessing the redox properties of the surface



(X-ray Absorption Spectroscopy (XAS):

In the case of metallic nanoparticles (silver, gold…) but also metallic oxides (TiO2, CeO2, Fe2O3, Fe3O4…) or quantum dots, the redox state of the metal can be determined by XAS. The XANES part (X-ray Absorption Near Edge Structure) of the spectra is the more sensitive to the redox state and the EXAFS part (Extended X-ray Absorption Fine Structure) give information on the local atomic environment of the targeted atom. Moreover XAS spectra recorded at the L-edge are more sensitive to the redox state than spectra recorded at the K-edge. 

There are also some drawbacks. First of all, studying the L-edge in the case of metals from the first transition series implies to use low X-ray energy and therefore to put samples in vacuum cells. The second limitation is that the particles are entirely irradiated (bulk + surface). Therefore XAS will be only sensitive to the surface redox properties of nanoparticles with a large surface/volume ratio i.e. with a diameter smaller than 20-30 nm. 

For larger particles the proportion of surface atoms versus atoms in the bulk will be too low to detect any change at the surface. However, if the particles are deposited on a conducting support, the use of the total electron yield detection mode could enhance the sensitivity to surface. This detection mode presents the strong advantage to be sensitive only of the 40-50 nm of the materials. Therefore in the case of larger nanoparticles it is still possible to obtain some information. In that case it is really important anyway to control and correct self-absorption effects and that the support is conductive. 

In some specific cases Surface-XAS can by-pass such difficulties. Indeed in the case of flat material (for example multilayer components…) it is possible to use a grazing incident angle between the beam and the surface of the material leading to a strong enhance of the surface signal. In fact Surface-XAS is based on the theory of x-ray total reflection stating that at an incident angle below the critical angle the narrow collimated primary beam is totally reflected. The critical angle depends on the density of the materials but is generally lower than 2 or 3 mrad. In the case of nanoparticles, it implies that the nanoparticles are deposited on a flat support forming a quasi-perfect layer. Even if experimentally it is very difficult, this may be possible in some particular cases. The penetration of X-ray below the critical angle can reach 10 nm or even below which may enhance the signal from the surface of nanoparticles. 

(X-ray Photoelectron Spectroscopy (XPS):

XPS can also be performed to determine the redox state of metals by measuring the kinetic energy of electrons emitted by a sample irradiated with soft X-ray beams. Hence as XAS L-edge, XPS requires putting samples under high vacuum. One limitation is that prolonged X-ray exposure in XPS chamber may cause artificial change in the oxidation state of metals such as cerium. XANES can circumvent this XPS limitation since it can be employed at low temperature (in liquid helium or nitrogen) to avoid beam damage.  

The advantage of XPS compare to XAS is the extreme sensitivity to the surface of the materials. XPS is well suited to the quantitative investigation of surface films of thicknesses in the nanometer range (depth about 1-5 nm). Hence, it can be used to detect slight change in the surface redox properties of particles whatever their size. 

(Luminescence: 

In some specific cases and especially rare earth like cerium luminescence study (based on Raman or not) may help to identify the redox state. For example in the case of Cerium the band at 600cm-1 (raman shift) is related to the presence of oxygen vacancies and/or Ce3+. 

The luminescence properties of silver can also be used to follow its oxidation state. The 330 nm emission is ascribed to isolated Ag+ and the 420 nm emission to Ag+ pairs whereas the 425 nm absorption band is assigned to non-luminescent Ag0. The luminescence of isolated Ag+ ions in crystalline phase is characterized by a relatively long emission wavelength, a small Stokes shift and a short decay time.
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