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Long-term air exposure surface modification-XPS first principle
approach study 
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Abstract  

Within the scope of this paper, a potential impact of noble metal particles on the surface of N-TiO2 
and its catalytic properties is observed through correlation with contamination layer thickness. 
Owing to 'first principle' approach study, without additional experimental measurements or 
permanent damage to the surface of the samples, it is possible to obtain significant novel information 
based on a single measurement of the XPS spectra. Presented research demonstrated how the surface 
contamination layer in the case of samples based on N-TiO2 is related to the nature of two studied 
noble metals, indicating that Pd might serve as an important co-modifier to suppress surface 
contamination. 
Keywords: X-ray Photoelectron Spectroscopy (XPS); surface structure; surface layers thicknesses; 
N-TiO2 

Izvod 

Kroz ovaj rad će biti sagledan uticaj čestica plemenitih metala na strukturu površine titanijum
dioksida dopiranog azotom i katalitička svojstva kroz uticaj na debljinu sloja nečistoća. U ovakvom 
pristupu koji polazi od „prvih principa“ je bez dodatnih eksperimentalnih merenja i trajnog oštećenja
površine uzoraka moguće dobiti značajne nove informacije korišćenjem rezultata jednom izvedenog
merenja rendgenskog fotoelektronskog spektra. Dobijeni rezultati ukazuju na to da promene na 
površini uzoraka na bazi N-TiO2, do kojih dolazi zbog prisustva Pd, utiču na suzbijanje površinskih
organskih nečistoća 

Ključne reči: Фотоелектронска спектроскопија рендгенским зрачењем (XPS); površinska
struktura; debljina površinskih slojeva; N-TiO2 

Introduction 

The surface of materials plays a prominent role in heterogeneous catalysis. Oxidation and impurities 
formed during the synthesis and aging of the materials interfere with the material's functionality, and 
understanding all the factors that influence catalyst performance is therefore of high significance. In 
this paper, we consider attractive photocatalytic material, N-doped TiO2 in order to examine whether 
the presence of surface deposited Pd and Pt affects the surface structure and, indirectly, its catalytic 
properties. All the samples presented in this paper have a non-uniform in depth surface structure, 
which is a characteristic of most samples in general. When we talk about X-ray Photoelectron 
Spectroscopy (XPS), there are several standard ways of the sample in-depth analysis. A commonly 
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used procedure is sputter depth profiling i.e. successive ion sputtering and acquiring of spectra [1], 
which makes a permanent change of the surface structure caused by ion bombardment thus afecting 
the experimental result. In order to perform analysis without surface damage, the AR–XPS technique 
can be used, but in practice, there are often limiting factors concerning the size of the sample and the 
roughness [2]. Non-uniformity of the surfaces, for instance due to long-term air exposure, and the 
need for detailed information concerning the sample surface motivated us to develop a model for 
quantitative analysis of in-depth non-uniform surfaces [3]. Here, the major idea was to reexamine the 
XPS data of N-TiO2 based samples starting from the 'first principles', in order to reveal the details of 
the samples surface structure. Potential impact of metal particles on the changed surface structure is 
observed through correlation with impurity (contamination) layer thickness.  

Experimental details  

N-doped TiO2 (N-TiO2) was prepared via a solvothermal method, using urea (Acros Organics, purity 
99%) as the dopant source and titanium(IV) isopropoxide (Acros organics, purity 98%) as titanium 
source (molar ratio of N/Ti was 10%). Noble metals were deposited at the surface of N-TiO2 using 
photoreduction from the solution to reach 0.10wt% of Pt (N-TiO2/Pt) and 0.05wt% of Pd (N-TiO2/Pd) 
in the final samples. The solution was filtered, dried, and finally calcinated at 440 °C for one hour. 

XPS analysis was carried out on a SPECS customized UHV surface analysis system with PHOIBOS 
100 spectrometer for energy analysis, dual anode Al/Ag monochromatic source, and electron flood 
gun. XPS spectra were taken using a monochromatic Al Kα line (photon energy of 1486.74 eV) in
FAT 40 mode with an energy step of 0.5 eV and dwell time of 0.2 s. The samples, in a powder form, 
have been supported on a copper adhesive tape and analysed 'as received'. 

Experimental results and surface layer thickness calculation 

Survey XPS spectra of all investigated samples are presented in Fig. 1, where the most prominent 
photoelectron lines are denoted. Characteristic O, C and Ti photoelectron lines are clearly visible in 
each spectra (Fig. 1), as well as the typical Pd photoelectron line (Fig. 1b). The nitrogen N 1s line 
with very low intensity was also detected during higher energy resolution measurements and a 
prolonged acquisition time, though not visible in the survey spectrum of each sample. It should be 
pointed out that the Pt 4f line is overlapping with the inelastic contribution of Ti 3s photoelectron line 
(Fig. 1c and 1d). The elemental surface compositions of investigated samples, determined from the 
intensities of the characteristic XPS lines, using the appropriate relative sensitivity factors [4], are 
given in Table 1.  
Different chemical phases present at the surface can be well estimated based on chemical peak shifts 
of the photoelectron lines. The thickness of the oxide layer can be calculated from the previously 
proposed compositions of the bulk and oxide phase, using the experimental intensity ratio of the two 
line contributions [4], as long as all line components can be clearly distinguished. While in the case 
of the O 1s line of the sample N-TiO2 (Fig. 1a), there are contributions of Ti-oxides [5] in the samples 
with Pd and Pt, this line contains additional components originating from these metals. At the same 
time, samples with photo-deposited Pd or/and Pt have the main photoelectron lines of Pd and Pt with 
very low intensity (Fig. 1b) that overlaps with other lines (Fig. 1c) or below the detection limit of the 
XPS instrument (Fig. 1d). Therefore, oxide layer thicknesses calculation wasn’t performed, but an 
equivalent approach was applied to obtain the contamination layer thicknesses. 
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Figure 1. Survey XPS spectra of as–received samples (a) N-TiO2, (b) N-TiO2/Pd, (c) N-TiO2/Pt, 
and (d) N-TiO2/Pd+Pt. 

In the further surface analysis of the tested samples, Ti 2p and Ti 3p lines (see Fig. 1) were selected 
as representative. The kinetic energies of these lines differ by more than 400 eV, and each has its own 
relative sensitivity factor, RSF. Since both lines originate from the same element, any of them could 
be used for quantitative analysis, but the result would be the same only if the surface is free of 
contamination. The difference between the obtained quantitative results comes from the layer of 
organic impurities, whose thickness can be determined precisely based on the intensity ratio of these 
lines. Intensity ratio, I0(Ti 2p) / I0(Ti 3p), is equal to the ratio of the corresponding relative sensitivity 
factors RSF(Ti 2p) / RSF(Ti 3p) only when the sample is homogeneous in depth. When the sample 
is covered with a contamination layer of thickness d, this ratio will be: 
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where AT(I) = exp(-d/λ(I)) is the corresponding attenuation factor [6] of the organic layer determined 
by the thickness of the layer d and the effective attenuation length λ. It can be easily shown that: 
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It should be noted that the thickness d corresponds only to the organic layer of the Ti-containing 
phase.  In Table 1 we present the calculated thicknesses d with the composition results obtained using 
the RSF (i.e. assuming that the samples are uniform), revealing a considerably larger amount of 
organic impurities is present at the surface of the two samples containing Pt. This could be a 
consequence of the fact that the Pt on the surface acts as a catalyst for various reactions at the surface, 
among them also the oxidation of hydrocarbons [7]. 

Table 1. Surface composition based on relative sensitivity factors (RSF) and contamination layers 
thicknesses calculated using Equation 2. 

Sample Composition (%) Contamination layer 
thickness (nm) C N O Ti Pd/Pt

N-TiO2 11.72 1.00 61.28 26.00 - 2.14 
N-TiO2/Pd 6.95 1.01 63.73 27.58 0.72 2.65 
N-TiO2/Pt 15.32 0.48 58.93 23.82 1.46 5.43 

N-TiO2/Pd+Pt 17.42 0.50 57.42 24.48 0.17 (Pt) 3.46 

Considering that the matrix in all samples is the same (N-TiO2), the contamination layer thicknesses 
are expected to be consistent with the C amount. Thereby, observed variations can be related to the 
presence of deposited Pt and Pd particles. Platinum creates favorable conditions for hydrocarbons 
contamination, which is in agreement with the experimentally determined increase in C amount of 
the N-TiO2/Pt sample and especially N-TiO2/Pd+Pt. On the other hand, the presence of Pd seems to 
'clean' the surface. It is interesting to look into the differences in C quantity for N-TiO2/Pt and N-
TiO2/Pd+Pt samples, and relate them to the thickness of the contamination layer. Since the highest 
amount of C is seen in N-TiO2/Pd+Pt, where Pt is present in traces, there is a possibility that the 
hydrocarbons on the surface are laterally non-uniformly distributed. That way, it could be that C 
accumulates around the Pt and thus attenuates its signal. The small contamination layer thickness of 
'only' 3.46 nm on the N-TiO2 matrix with 17.42% C in the N-TiO2/Pd+Pt sample, also supports this 
interpretation. 
The main difference in the behavior of Pd and Pt as surface modifiers comes from the charge transfer 
trend, as shown in earlier DFT studies [8]. Charge transfer is from the surface to Pt, leaving some 
unoccupied N states near the Fermi level. Contrary, Pd donates charge to the surface, leading to the 
occupation of the previously empty N states. Therefore, for various molecular species adsorbed at the 
surface, Pt acts as a charge source. However, regarding the photocatalytic performance in the 
hydrogen generation reaction, it was shown that a combination of both metals on top of N-TiO2 
outperforms Pt/N-TiO2 [5]. Our presented research is a certain supplement to these results, 
demonstrating how the surface contamination layer is also related to the nature of two studied noble 
metals and indicating that Pd might serve as an important surface co-modifier to reduce surface 
contamination. 
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Conclusion 

The samples presented in this paper and the great majority of samples, in general, have in-depth non-
uniform surface structure, which is especially present after long-term air exposure. Thus, an approach 
based on the 'first principles' was successfully applied to obtain the thicknesses of contamination 
layers. The major idea was to reexamine the XPS data of N-TiO2-based samples, in order to reveal 
the catalytic properties of noble metals and their potential impact on the samples’ surface structure. 
A potential influence is observed through the correlation of surface composition and contamination 
layer thicknesses. While Pd might be an important co-modifier for reducing surface impurity 
formation, platinum creates favorable conditions for hydrocarbon contamination. 
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