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Highlights 

• Pt/CeO2-TiO2 is a better catalyst  for PROX than Pt supported on pure oxides 

• The support is directly related with the catalyst performance 

• The absence of CeO2 hampers the O2 activation 

• The absence of TiO2 limits the activation of CO 



Abstract 

Structure-activity relationships for 1 wt.% Pt catalysts were investigated for a series of 

TixCe(1-x)O2 (x = 1, 0.98, 0.9, 0.5, 0.2 and 0) supports prepared by the sol-gel method. The 

catalysts prepared by impregnation were characterized in detail by applying a wide range 

of techniques as N2-Isotherms, XRF, XRD, Raman, XPS, H2-TPR, Drifts, UV-vis… and 

tested in the preferential oxidation of CO in the presence of H2. Also several reaction 

conditions were deeply analyzed. A strong correlation between catalyst performance and 

the electronic properties let us to propose based in all the experimental results, a plausible 

reaction mechanism where several redox cycles are involved. 



 

1.  Introduction 

Hydrogen production and purification are two processes of great interest nowadays. On 

the one hand, hydrogen isused in large amounts in refineries and considered as a green 

energy carrier. When used as fuel in Proton Exchange Membrane Fuel Cells (PEMFC) 

electricity can be produced in a very efficient manner. On the other hand, hydrogen is 

typically produced by steam reforming of methane. After the steam reforming unit, the 

stream contains elevated CO amounts that need to be reduced below 10ppm, which is the 

maximum tolerable level for platinum electrodes used in PEMFC. The first purification 

step is carried out by a two-step Water Gas Shift (WGS) process, at high and at low 

temperature; however, the remaining CO concentration is still above the tolerable level 

for PEMFC. Therefore, further purification is required. Several options compete for CO 

removal: membranes, methanation and preferential oxidation toCO2, the latter being the 

most promising one [1, 2]. 

An efficient catalyst for the PROX reaction should convert CO to CO2and should not 

promote the competing oxidation of H2. Indeed, such an ideal catalyst should convert CO 

molecules in the presence of an excess of H2, together with other components that can 

negatively affect the activity, like H2O or CO2. 

Cerium oxide has been proven as an efficient catalyst support to be used for this reaction. 

Mechanistic studies have shown that the oxygen lattice plays an important role in the 

reaction, since it follows a Mars van Krevelen mechanism[3]. It means that CO is 

chemisorbed on the Pt nanoparticles and oxygen is supplied by the support, generating 

reduced Ce (III) cations that are oxidized back with oxygen from the feed. In this way, 



the support plays a vital role in the reaction. It is well known that the incorporation of a 

second metal in the CeO2 lattice can enhance ceria reducibility. ZrO2 oxide is the most 

studied dopant by far, as it can increase the oxide reducibility over an order of magnitude 

[4, 5]. However, ZrO2 is very inert and cannot be reduced even at high temperatures in 

the presence of H2. It means that part of the mixed metal support (ZrO2-CeO2) is not 

reducible. Based on our knowledge about doped ceria, in this work we present the use of 

TiO2-CeO2 solid solutions as supports; a mixture of reducible oxides (Ti 4+ and Ce4+) will 

eventually improve the performance. If both oxides synergistically participate in the Mars 

Mars van Krevelen mechanism an improve of catalytic performance might be produced 

2.  Experimental 

2. 1. Synthesis of supports and catalysts 

TixCe(1-x)O2supports with different molar compositions (x=1, 0.98, 0.9, 0.5, 0.2 and 0), 

were synthesized using the sol-gel method[6]. The proper amount of cerium nitrate 

(Ce(NO3)3·6H2O, 99.00 % Aldrich) was dissolved in an aqueous HNO3 solution (0.02 M) 

contained in a round bottom flask. Then, titanium iso-propoxide (Ti[OCH(CH3)2]4, 

97.00% Aldrich) was added drop-wise under continuous stirring. A white precipitate 

appeared. The suspension was heated for 30 min at 80ºC under stirring. In this step, a 

fraction of the alcohol formed after alkoxide hydrolysis was evaporated. In order to 

obtain a complete gelification, the suspension was refluxed at 80 ºC for two hours. The 

gel obtained was dried in an oven at 40 ºC for 4 days. Pure TiO2 was prepared following 

the same procedure, using only titanium precursor. Furthermore, pure CeO2 support was 

prepared by homogeneous precipitation with the same cerium precursor and urea (Fluka, 

98 %) dissolved in ultrapure water. The mixture was heated at 90 oC with constant 



stirring during 11 h. At the end, ammonia solution was added drop-wise to complete 

precipitation. The solid was separated by filtration and washed with ultrapure water. 

Finally, the solids prepared were calcined at 500 ºC for 5 h, with a heating rate of 2 

ºC·min-1. 

For catalysts preparation, the supports were impregnated with an aqueous solution of the 

platinum precursor (H2PtCl6·6H2O, Alfa Aesar 99.90 %, 10 mL·g-1support) of the 

adequate concentration to load 1 wt.% Pt. The slurry was stirred for 12 h at room 

temperature in a rotary evaporator, and then the solvent was removed under vacuum at 70 

ºC. After drying, the solids were calcined at 500 ºC for 2 h, with a heating rate of 3 

ºC·min-1.  

2. 2. Characterization of supports and catalysts 

The composition of the supports was determined by X-Ray fluorescence (XRF). An X-

Ray sequential spectrometer (PHILIPS MAGIX PRO) equipped with a rhodiumX-

ray tube and beryllium window was used. The textural properties of the supports were 

characterized by N2 adsorption-desorption measurements at -196 °C. Gas adsorption 

experiments were performed in homemade fully automated manometric equipment. Prior 

to the adsorption experiments, samples were out-gassed at 250 °C for 4 h under vacuum 

(10−4 Pa). The “apparent” surface area was estimated after application of the BET 

equation.  

X-Ray powder diffraction patterns were recorded on a Bruker D8-Advance system with a 

Göebel mirror and a Kristalloflex K 760-80 F X-Ray generator, fitted with a Cu cathode 

and a Ni filter. Diffractograms were registered between 20 and 80º (2θ) with a step of 

0.1º and a time per step of 3 s. 



X-ray photoelectron spectroscopy (XPS, K-ALPHA, Thermo Scientific) was used to 

analyze the catalysts surface. All spectra were collected using Al-K radiation (1486.6 

eV), monochromatized by a twin crystal monochromator, yielding a focused X-ray spot 

with a diameter of 400 µm, at 3 mA × 12 kV. The alpha hemispherical analyser was 

operated in the constant energy mode with survey scan pass energies of 200 eV to 

measure the whole energy band and 50 eV in a narrow scan to selectively measure the 

particular elements. Thus, XPS was used to assess the chemical bonding state as well as 

the elemental composition of the sample surface. Charge compensation was achieved 

with the system flood gun that provides low energy electrons and low energy argon ions 

from a single source.The intensities were estimated by calculating the integral of each 

peak, after subtraction of the S-shaped background and by fitting the experimental curve 

to a combination of a Lorentzian (30%) and Gaussian (70%) lines[7]. All binding 

energies (BE) were referenced to the C 1s line at 284.6 eV, which provided binding 

energy values with an accuracy of ± 0.2 eV. The surface atomic ratios were estimated 

from the integrated intensities corrected by the atomic sensitivity factors. 

Temperature-programmed reduction with H2(H2-TPR) experiments were carried out in a 

U-shaped quartz cell reactor using a 5% H2/He gas flow of 50 cm3·min-1, with a heating 

rate of 10 ºC·min-1. Previous to the TPR run, the samples (100 mg) were treated with 

flowing 50 cm3·min-1 of He at 150 ºC for 2 h. Hydrogen consumption was followed by 

on-line mass spectrometry calibrated by carrying out the reduction of CuO and assuming 

complete reduction to metallic copper.  

Raman spectra were recorded on a LabRam spectrometer (Jobin-Yvon Horiba) coupled 

to an Olympus microscope with a lens of 50x/0.5LMPlanFI. He/Ne laser excitation 



source (633 nm) was used, and the spectrometer resolution in these conditions was 3cm-1. 

The wavelength was calibrated using Si signal at 520cm-1. 

The UV-Vis spectroscopy analysis was carried out in a Jasco V-650, a double-beam 

spectrophotometer with a photomultiplier tube detector. The high sensitivity of the 

photomultiplier tube detector enables accurate measurements of low concentration 

samples. The accessory used for measure the solid samples is an integrating sphere ISV-

722 UV-Visible. Spectra were taken in the wavelength range of 200–800 nm (scan speed 

400 nm·min-1 and data interval of 1 nm).  

Nicolet 6700 FT-IR (Thermo Scientific) spectrometer equipped with MCT-A detector 

and high-temperature DRIFTS cell (spectral resolution 4cm-1) was used to study CO 

adsorption on the catalyst, obtaining information about Pt coordination and electronic 

structure. Spectra were recorded at room temperature after calcinations in air at 500 oC 

followed by a reduction with H2 flow at 250 oC and CO adsorption (0.5 % and 1 % CO 

flow until saturation) at 25 oC. After flushing with He (50 cm3·min-1), temperature was 

increased and spectra were taken every 50 oC until achieving 500 oC. Each reported 

spectrum is an average of 280 scans. 

CO chemisorption studies were carried out in the Micromeritics ASAP 2020C system. 

The purity of all gases used was greater than 99.999 %. In a typical analysis, 0.3-0.4 g of 

sample was pretreated in flowing He at 120oC for 2 h, followed by evacuation at 120 oC. 

Afterwards, the sample was reduced in situ by flowing H2 at 250 oC for 1 h. This 

temperature was maintained during evacuation at 5 Pa for 2 h. The sample was 

subsequently cooled down to the analysis temperature of 35 oC. The ramp rate for heating 

and cooling was fixed at 5 oC·min-1. Adsorption measurements were carried out at partial 



CO pressures from 80 to 600 Torr. First, the total CO adsorption was obtained after the 

sample was evacuated at analysis temperature for 1 h. Second, the reversible adsorption 

was obtained in the following measurement. The difference between the first and second 

measurement is the irreversible adsorption (strong monolayer chemisorption). Pt 

dispersion was estimated by extrapolating the total gas uptake from the near-constant 

linear difference curve at zero pressure.  

2. 3. Catalytic activity tests 

Catalytic activity measurements for the PROX reaction were carried out in a U-shaped 

quartz fixed-bed reactor containing 100 mg of the catalyst. Previous to the reaction, 

samples were reduced in-situ using hydrogen flow (50 cm3·min-1) at 250 ºC with a 

heating rate of 5ºC·min-1. The PROX reaction was studied in the temperature range 30-

200 ºC and atmospheric pressure, with a gas mixture containing 20-70 % H2, 2 % CO, 2 

% O2, 5 % CO2 , 5 % H2O and He as a balance (total flow: 50 cm3·min-1;GHSV: 17000 h-

1). Reaction products were analyzed by on-line gas chromatography (coupled with FID 

and TCD detectors), using a Plot/Q and a Molesieve capillary column to separate the 

reactants and the products. Carbon monoxide and oxygen conversion, selectivity towards 

CO2and yield were estimated based on the follow equations (being nin the moles 

introduced in the reactor and nout the ones at the exit, after reaction): 
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For calculating catalyst activity in terms of Turn Over Frequency, Equation 5 was used. 

This one relates the converted moles (mmolCOtrans) per time unit with the superficial 

metal (mmolPtsurf); calculated based on weight percentage and dispersion values. 
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3.  Results 

3. 1. Chemical and textural properties 

Table 1 reports the chemical composition of supports and catalysts. The series ranges 

from pure TiO2 to pure CeO2. The majority of the experimental compositions of the 

supports determined by XRF are similar to the nominal ones except for x=0.9, which is 

slightly smaller. In this way, all the supports were labelled using the nominal 

composition. 

N2 adsorption-desorption isotherms at -196 °C for the different supports are plotted in 

Fig.1,whereas the isotherm for pure TiO2 is typical of a non porous solid, the isotherms 

for the Ce-containing supports are Type IV according to the IUPAC classification, which 

is typical for mesoporous solids, and they exhibit Type H1hysteresis loops. Table 2 

shows the textural properties of all the samples, obtained from the N2 isotherms. It can be 

seen that, as expected, the pure titania support presents a very low surface area. In 

contrast, ceria addition produces a very important increase in surface area, reaching 100 



m2·g-1 for the sample with the highest ceria content, comparable to that of the pure ceria 

support. 

Several isotherms for catalysts before and after reaction were also measured (not shown). 

Platinum addition does not affect the surface area; however, a small decrease in the 

surface was observed for used catalysts (Table 2). 

3. 2. X-Ray diffraction 

Fig. 2shows the XRD patterns for the different supports after calcination. For pure titania, 

the characteristic peaks of the anatase and the rutile phases are clearly evidenced with a 

slightly larger proportion of anatase. On the other hand, the brookite phase has not been 

detected in any case[8-10]. The intensity of the anatase characteristic peaks decreases 

when the amount of cerium increases, also a small broadening along with a slight shift 

towards larger angles (see Table 3) is observed for these characteristic reflections. In the 

XRD pattern of support Ti0.5Ce0.5O2 the characteristic peaks of titania are hardly 

discernible, but those of the fluorite-type phase of ceria become evident [11, 12]. 

Focusing in the X-ray diffractograms of supports with x=0.98 and 0.9, a new broad 

reflection appears at 31º. Table 3 shows the average crystal size of both titania and ceria, 

and it can be seen that the addition of ceria results in a decrease in crystal size of TiO2 

while ceria crystal size increases with ceria content. 

3. 3. Raman spectroscopy  

Raman spectroscopy has been used to gain more information about possible amorphous 

phases present on the supports. Figure 3(a) shows the Raman spectra of the different 

supports. For pure titania, the most intense band for anatase (O-Ti-O bonding type 

vibration; Eg 144 cm-1) and the other anatase features: 399 (B1g), 513 (A1g), 519 (B1g) and 



639 cm-1 (Eg)[13] can be observed. In the case of rutile, its fundamental modes can be 

observed at 143 (B1g), 447 (Eg), 612 (A1g)[14]. As cerium is added, the anatase TiO2 

peaks decrease, leading to the appearance of the symmetric breathing mode of cerium 

(F2g~464 cm-1) for supports with high ceria content [15, 16]. 

Furthermore, the Eg TiO2 active mode shifts towards higher wavenumber values and also 

suffers a change in its symmetry and broadness (Fig. 3 (b)). As it can be seen, TiO2 can 

be detected in all samples by its Raman active mode, contrary to what happens in the 

XRD spectra. The Raman spectrum of pure ceria exhibits a main peak at 462.9 cm-1, 

which is assigned to F2g mode due to symmetrical stretching of Ce-O vibrational unit in 

eightfold coordination. It is interesting to note the decrease in intensity of this band with 

an increase of the titania content (Fig. 3 (c)). 

3. 4. UV-Vis 

Fig. 4 shows the UV-Vis spectra for all the samples. Both TiO2 and CeO2 have 

comparable UV-vis spectra. The increase in ceria concentration shifts the absorption band 

towards visible light up to a certain concentration, x=0.5;then, the band again shifts to 

lower wavenumbers. 

3. 5. Temperature-programmed reduction 

The reducibility of the catalysts was studied by mean of H2-temperature-programmed 

reduction experiments. Fig. 5showsthe obtained reduction profiles: catalyst with the 

pureTiO2support does not show any hydrogen consumption peak in the range of 

temperatures studied. When ceria is added to the support a reduction peak at low 

temperature (<400 oC) is observed. This peak shifts to higher temperature when ceria is 

added. Table 4shows the quantification of hydrogen consumption in the TPR 



experiments, with a clear correlation between hydrogen consumption and ceria content up 

to x=0.5. Higher amounts of ceria result in a (relatively) lower H2 consumption. 

3. 6. X-ray photoelectron spectroscopy 

The surface composition of all the catalysts after reduction at 250 oC was analyzed by 

means of XPS (all the graphs are shown in the supporting information). Fig.S2shows the 

Ti 2p3/2 core level spectra of the catalysts after being reduced at 250oC. The binding 

energy for Ti 2p3/2 in pure titania sample is centered at 459.3eV (Table 5), which 

corresponds to Ti4+[17]. The addition of cerium produces a shifting of this peak towards 

lower binding energies, reaching a value of 458.1 eV. For the Pt/Ti0.9Ce0.1O2catalyst the 

peak can be deconvoluted in two contributions, the one at higher binding energies 

attributed to Ti4+with good interaction with Ce4+, also demonstrated by A. Yu Stakheev et 

al.[18, 19]. 

Fig.S2also contains the O 1s spectra for all the samples. In the spectral deconvolution, the 

first peak at lower binding energies is ascribed to lattice oxygen (O1s A: O2- bonded to Ti 

or Cecations)[20]. The second peak at higher binding energies is ascribed to mobile 

oxygen (O1s B: hydroxyl groups, oxygen close to the vacancies)[21, 22]. The binding 

energy shifts to lower values when cerium is added.  

Table 5 shows the percentage of Ce(III) for all the samples, calculated by analyzing the 

Ce 3d core level[23].In general, a decrease in ceria (by titania addition) produces initially 

a decrease in the percentage of Ce (III) up to x=0.5. Then, at lower ceria concentration, an 

increase in Ce(III) is detected.  



3. 7. Infrared spectroscopy of CO chemisorption 

Platinum surface species were characterized by IR spectroscopy of chemisorbed 

CO.Fig.6reports the spectra recorded on the catalysts exposed to CO and subsequent 

desorption at increasing temperatures. CO adsorbed on Pt/TiO2 shows two ν(CO) bands 

centered at 2073 and 2056 cm-1 which are assigned to linear adsorption, while samples 

containing ceria show different features at 2079, 2057 and 2131 cm-1[24]. CO bridged 

exhibits a band between 1860 and 1870 cm-1. The samples behave differently upon heat 

treatment. Thus, for Pt/TiO2the peak centered at 2073 cm-1 disappears after evacuation 

at250 oC, while the peak centered at 2056 cm-1cannot be removed even at 500 oC,in spite 

of a shift to lower wavenumbers. The peak at 2079 cm-1is also shown in the samples 

containing ceria, but it is removed at different temperatures; thus, for sample 

Pt/Ti0.98Ce0.02O2the peak disappears at 250 oC, for Pt/Ti0.5Ce0.5at 200 oC. When ceria is 

added, a new peak develops at 2131cm-1 for all the ceria containing samples.  

3. 8. Catalytic activity  

Two different catalytic experiments were carried out in this study. In the first one, the 

catalysts were tested in the reaction in a range of temperatures between 30-200 ºC. The 

catalysts that showed a good activity at the PEMFC temperature (80 ºC) were submitted 

to an isothermal reaction at this temperature in order to identify the best performing 

system. This last isothermal study is fully described in the supporting information 

(Catalyst stability: Figures S6 and S7). 

Fig. 7 shows that Pt/TiO2 is the least active catalyst. Conversion at low temperatures 

increases when ceria is added. A big difference in CO conversion is clearly seen when the 

ceria fractional amount changes from 0.02 to 0.1and following 0.5. At around 80 oC, the 



PEMFC working temperature, it is to be noted that the best performance is obtained with 

the catalysts supported on the mixed oxides with the highest ceria content(x= 0.5 and 

0.2), which are even better than that of the Pt/CeO2 catalyst. This emphasizes the 

importance of both components, ceria and titania, in the proper ratio. 

 
 

Increase of H2 concentration and addition of H2O and CO2 

Finally, in order to simulate more realistic conditions, the effects of different feed 

compositions were studied.  The H2 concentration in the feed was increased, and H2O and 

CO2 were added. All the above-mentioned components are present in a real flow after the 

reforming unit, so the desired catalyst must maintain its behavior in the presence of these 

contaminants. In the initial experiment, 5% CO2 and 5% H2O were added to the feed 

mixture (Figure 8). The tendency shown by the catalysts is similar to that observed in the 

absence of carbon dioxide and water; maintaining the temperature of maximum 

conversion but decreasing the conversion values, being more different at temperatures 

above 90 ºC. Next, the percentage of H2 was increased until 70 %, and also water and 

CO2 were added. A slight decrease in conversion with H2 addition is suffered due to 

competitive adsorption, but taking into account that addition of water and CO2 do not 

produce a noticeable effect. Isothermal experiments (shown in supporting information 

S7) proved the stability of the catalyst under different conditions (ideal, H2 addition and 

also adding CO2 and water); no clear deactivation is observed when H2O and CO2are 

added. In fact, the conversion increases with time due to a possible removal of adsorbed 

surface species. 



4.  Discussion 

4. 1. Characterization 

Table 1 shows that the nominal composition of the catalysts is very similar to the 

experimental one, while the addition of dopants affects the porous texture (Table 2). 

Ceria addition strongly increases the surface area, which goes from <10 m2·g-1 in pure 

TiO2 to 100 m2·g-1for pure CeO2 [18, 21, 25]. The surface area is high enough to 

accommodate the desired amount of platinum nanoparticles. 

When doped mixed oxide materials are used, the efficient formation of the desired solid 

solution should be proven, since different scenarios may be at hand: i) a physical mixture 

of both metal oxides, ii) cerium is replacing titanium atoms in the TiO2 phases, iii) 

titanium atoms are replacing cerium atoms in the ceria fluorite structure, iv) a 

combination of the above mentioned scenarios. 

 XRD shows significant differences between samples. Pure TiO2 is present in the form of 

anatase and rutile phases, as it could be expected. When ceria is added, the anatase 

characteristic peaks decrease with increasing amount of cerium. They also broaden and 

slightly shift towards larger angles, which points to the formation of a solid solution[21]. 

Taking into account that rutile is the most stable crystalline TiO2 phase, the 

transformation of anatase into rutile is inhibited (rutile peaks almost disappear) in the 

presence of CeO2, as it can be seen in the XRD patterns[26]. Lin et al. justified this fact 

by the formation of Ti-O-rare earth bonds; at the interface, an interaction between 

different structures inhibits the phase transformation[27]. This point to the formation of a 

solid solution for the mixed oxide supports. Focusing in the X-ray spectra of supports 

x=0.98 and 0.9, a new broad peak at 31 º appears. Luoet al. attributed this band to a new 



monoclinic phase formed by ceria substitution in the titania framework[26]. Shen and 

coworkers’ results suggested a real chemical reaction yielding Ce2TiO5[28]. 

When ceria concentration reaches 50%, the peaks of the cubic fluorite structure appear, 

and it is important to remark that they are shifted towards higher 2 theta with respect to 

pure ceria. This also indicates that the fluorite lattice is modified, probably due to the 

substitution of titanium atoms in the ceria lattice. When the concentration of ceria 

increases, the fluorite peaks gradually shift towards lower angle values. X-ray 

diffractograms have also been determined for samples after platinum impregnation and 

after reaction (Fig. S1). It can be seen that the diffraction patterns do not change 

significantly, proving the stability of these materials. 

The formation of a solid solution is far for being trivial since, if the crystallinity is not 

good enough, a simple XRD analysis might fail. In order to ensure the presence of such 

solid solution, Raman spectroscopy was utilized. In this case, the detection of the pure 

phases present in the supports should be possible by looking at their specific Raman 

modes, and will not be related to the crystallinity. Figure 3(a) shows the Raman spectra 

of all the samples. It is important to remark that the TiO2 active mode Eg is shown for all 

the samples containing TiO2, even in the samples that do not show anatase peaks in the 

XRD pattern. The evolution of the anatase phase in the TiO2nanocrystals can be well 

characterized by the change of the lowest-frequency Eg Raman mode with a decrease in 

TiO2 content. A combined mechanism involving phonon confinement and non-

stoichiometry effects might be proposed. It means that the TiO2 particle size decreases 

and the number of defects in the anatase phase increases[29]. These results, together with 

XRD, reveal that anatase phase of titania is modified by the presence of ceria because of 



the substitution of Ti atoms with cerium atoms. As cerium is added, the appearance of the 

symmetric breathing mode of cerium (F2g~464 cm-1) is observed (Figure 3 (c)), which is 

in agreement with XRD results showed above. For samples with low ceria content, the 

ceria Raman modes do not appear, this pointing to cerium atoms being just incorporated 

in the TiO2 lattice. When the concentration of ceria reaches 50%, the peak F2g appeared. 

This peak is broader and slightly blue shifted with respect to the pure ceria sample. These 

results also suggest that part of the cerium atoms are being replaced by Ti atoms. 

Summarizing, XRD and Raman spectroscopy clearly showed the formation of solid 

solutions for all the samples studied.  

At this stage, it is important to analyze the structure-property relationships of the 

synthesized catalysts. UV-Vis spectra in Figure 4 show a change in absorption with the 

composition. Thus, pure TiO2 and CeO2 show very similar spectra with an absorption 

band centered at 400 nm, very much in agreement with results found in literature [30, 

31]. The mixed oxides showed different behavior: the absorption band is shifted to higher 

wavelengths when the concentration of CeO2 increases up to 50%, then the absorption 

band shifted toward lower wavelengths. It is clear that the formation of a solid solution 

strongly modified the optical and electronic properties of the supports. We tentatively 

explain this shift with respect the pure oxides as follows: CeO2 defect-free is an insulator 

with a band gap of 6 eV (absorption at ~200 nm), the valence and conduction bands 

resulting from O2p and Ce5d states, respectively. Between these two bands, it appears a 

flat Ce4fbandwhichis 2 eV below the Fermi level. For pure CeO2 the later band is empty, 

but it can become partially occupied if Ce3+ is present in the structure or by the 

incorporation of Ti4+ in the ceria lattice[32].In short, the incorporation of Ti in the ceria 



lattice produces absorption enhancement at the visible light range. It happens up to 

certain concentration, and then the absorption band of TiO2 becomes predominant. This 

technique demonstrates the change in the electronic properties of the prepared supports; it 

may also have an important impact in the redox properties of the catalyst. 

The catalyst reducibility has been assessed by TPR experiments. All profiles (Figure 

5),except that corresponding to the pure titania-supported catalyst, show two peaks: a 

sharp one at low temperature and a broader one at high temperature. The one at low 

temperature shifts towards higher temperatures when the concentration of ceria increases. 

This peak is assigned to the reduction of platinum particles and support in close contact 

with the platinum particles, due to spillover phenomenon[33].Indeed, ceria addition 

hampers the reduction of the support at low temperatures. The extent of reduction, 

calculated by quantifying the H2 consumption (Table 4), increases with the ceria content 

up to x=0.5,after which it decreases. The amount of hydrogen consumed correlates very 

well with the position of the absorption band measured by UV. Thus, the sample that has 

the absorption band located at the highest wavelengths is the sample that consumes more 

hydrogen. 

The results obtained with XPS and CO chemisorption give information about surface 

properties of the different catalysts. First, a shift to lower binding energies in the Ti 

2p3/2spectra (obviously of the catalysis containing Ti) is observed upon increasing the 

concentration of ceria (Fig. S2). The latter may be related to the partial reduction of Ti4+ 

to Ti3+ or to the incorporation of cerium in the titania lattice. If we consider that cerium 

(1.5 Pauling units) is less electronegative than titanium (1.1 Pauling units), the 



substitution of titanium atoms by cerium in the titania lattice will produce an enhanced 

electron density on Ti, and consequently, a decrease in binding energy[34]. 

When the Ce 3d core level (Figure S3) is considered, six peaks corresponding to the three 

pairs of spin–orbit doublets of Ce(IV) and two peaks corresponding to the doublet of 

Ce(III) are observed. Explanation of the origin of each doublet is given in detail in the 

work by Burroughs et al.[35]. The analysis of the peaks can be used to quantify the 

percentage of Ce(III) at the surface. However, the measurement of this percentage 

implies an intrinsic error, since Ce4+can easily be reduced to Ce3+ during the 

measurement. Therefore, we could not find a direct correlation between the Ce3+/Ce4+ 

atomic ratio and concentration of Ce in the catalysts [17, 36-39]. However, it is important 

to remark that all catalysts containing cerium contain more than 35 % of Ce3+.  

When looking at the Pt 4f level (See Figure S4) different Pt species, from Pt4+ to Pt2+can 

be observed [40]. All these XPS results indicate that the catalysts have a remarkable 

redox nature, since all their constituents are present in different oxidations states. The 

analysis of the location of the orbitals responsible for the redox properties with respect to 

the Fermi level can prove this latter statement. From literature and from our own 

experiments (Figure S5) we know that the Ce4f lies ~ 2 eV below the Fermi level, as it 

can be deduced from the valance band of the Ce2O3[32]. For Ce4+ this level is empty [17]. 

Something similar happens with theTi3dband, for Ti4+ is empty and located ~ 1.5 eV 

below the Fermi level. It is also known that oxidic platinum species have electron density 

at level Pt5d very close to the Fermi level. It means that the Ti3d, Ce4f and Pt5dlevels 

overlap at below the Fermi level; consequently, any change in oxidation state of one of 



the catalyst component will modify the oxidation state of the other components, resulting 

in a material that may be considered a redox buffer [17, 41-43].  

Apart from the oxidation state, surface composition of the catalysts can also be extracted 

from XPS results. When comparing the Ti/Ce atomic ratios calculated by XPS (surface 

technique) and XRF (bulk technique), the values differs, indicating a ceria surface 

segregation. This is interesting since, when other metals were used to create mixed oxides 

with ceria, the second metal oxide tends to segregate to the surface [4, 44] in our system 

happens the contrary.  

The Pt/(Ce+Ti) atomic ratios calculated by XPS can be considered an indication of Pt 

dispersion[45].According to Table 5, the Pt/(Ce+Ti) atomic ratio increases with the 

concentration of ceria until x=0.5 is reached, then the ratio decreases. The pure titania 

sample shows a very high value compared to the other samples. The Pt dispersion 

calculated by CO chemisorption follows the same trend as the XPS results, with the 

exception of the pure titania sample (Table 1). 

Figure 6shows the IR spectra measured during adsorption of CO for four samples: 

Pt/CeO2, Pt/TiO2,Pt/Ti0.98Ce0.02O2 and Pt/Ti0.5Ce0.5O2. For all samples with the exception 

of Pt/TiO2 a band ν(CO) above 2100 cm-1assigned toCO adsorbed on oxidized platinum 

species or strongly interacting with the support is observed[24]. At lower wavenumbers a 

broad band that can be deconvoluted in several peaks for all samples, including Pt/TiO2, 

and assigned to linearly adsorbed CO in different reduced Pt sites is observed. 

Surprisingly, the strength of CO adsorbed on oxidized Pt is relatively high, disappearing 

only upon thermal treatment at 500 oC. For the Pt/Ti0.5Ce0.5O2sample this band disappears 

even at a higher temperature than the one of CO adsorbed on reduced Pt. This fact 



suggests that oxidized Pt or interacting with the support must be crucial in the oxidation 

of CO[46].  

4. 2. Catalytic performance 

The catalysts were tested in the PROX reaction. Figure 7 shows the light off 

curves for all catalysts. In all cases CO conversion increases with temperature until it 

reaches a maximum and H2 oxidation takes place. An optimum yield to CO2 is achieved 

at 80 oC (Figure 7b), which is the working temperature of PEMFC. Catalytic performance 

of ceria containing samples is better than for the pure oxides. When these results are 

compared in terms of TOF (Table 1), a similar trend is observed. Shape of the light off 

curve for catalyst Pt/Ti0.9Ce0.1O2 can be explained by formation of superficial groups 

which block the surface and make the conversion decreases between 80-150 oC. 

Increasing temperature, hydroxyl, carbonate groups or even water adsorbed produced as a 

secondary products are removed, and conversion gives a rise. 

 

4.3. Structure-performance relationships and plausible reaction mechanism. 

Figure 9 shows the conversion of CO conversion at 80oCas a function of the composition 

of the supports. We can see that there is a broad range of supports compositions in which 

the CO conversion at 80 oC is maximized. The secondary y-axis shows absorption band 

values obtained from the UV-Vis analysis.  Both graphs nicely match, inferring an 

important correlation between the electronic properties of the support and the catalyst 

performance. On the other hand, these changes in the electronic properties of the supports 

are well in line with the reducibility of the support. Furthermore, DRIFTS experiments 



showed that CO is strongly adsorbed on oxidized Pt species or Pt in close interaction with 

the support. 

Taking into account these results we can propose a plausible reaction mechanism based 

on redox cycles, which is schematized in Figure 10. Thus, CO is first adsorbed on 

oxidized Pt species; then CO is oxidized there and Pt is reduced to Pto. From the valence 

band structure analysis we know that Pt5dis closer to the empty Ti3dlevel than to the 

empty Ce4f level. It means that Ti4+will be reduced to Ti3+with the consequent oxidation 

of Pto. In other words, it will be very likely for the electron to go from the Pt5d to the 

Ti3dband. The next step should be the regeneration of the Ti3+, which can be done by 

direct oxidation with oxygen present in the reaction mixture (following a classical Mars 

van Krevelen mechanism[3]) or by another redox cycle. In this new cycle Ti3+ is oxidized 

to Ti4+ by reduction of Ce4+ to Ce3+ (“two-steps Mars van Krevelen mechanism”). The 

latter is very likely because the empty band of Ce4fis very close to the partially occupied 

Ti3dband of Ti3+. Finally, oxygen in the reaction mixture regenerates Ce3+.  

The proposed “two-steps Mars van Krevelen mechanism” is more effective for PROX 

reaction than the one-step one. It can be explained in the following way: in the presence 

of only TiO2, the rate-limiting step is oxygen activation, this because Ti3+is more difficult 

to regenerate than Ce3+[47]. On the other extreme, in case of Pt/CeO2, the rate-limiting 

step is the regeneration of Pt to oxidized Pt. This is because the Pt5dband is closer to Ti3d 

than to the one of Ce4f.  

Finally, the oxidation of H2 follows a similar path. However, it is well known from the 

literature that H2 chemisorbs better on Pto than on Ptn+ at low temperatures[48-53], indeed 



in the TPR profiles, hydrogen consumption is always above 80oC for all samples. Once 

this temperature at which the Ptn+ species may be reduced, H2 is preferentially oxidized.  

5.  Conclusions 

 Structure-activity relationships in Pt supported on TixCe(1-x)O2 solids were investigated 

for a series of TixCe(1-x)O2 (x=1, 0.98, 0.9, 0.5, 0.2 and 0) supports prepared by sol-gel. 

The resulting catalysts after impregnation of Pt were characterized in detail by applying a 

wide range of techniques and tested in the preferential oxidation of CO in the presence of 

H2.  

For the studied reaction, a strong correlation between catalyst performance and the 

electronic properties of the supports has been found. Support reducibility and the overlap 

of Pt5f, Ce4f and Ti3dlevels at the valence band seem to be crucial parameters that 

determine catalytic performance. These results have been rationalized on the basis of a 

redox cascade mechanism. 
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Figure 1. N2 adsorption-desorption isotherms at – 196 ºC for the supports. 
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Figure 2. X-ray diffraction patterns of TixCe(1-x)O2 supports. 
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Figure 3. Raman spectra of synthesized supports (a) and a zoom view of Eg mode for 

titania (b) and F2g mode for ceria (c). 
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Figure 4. UV-Vis spectra for the supports. 
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Figure 5. H2-TPR profiles for catalysts.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. DRIFTS analysis of some catalysts after CO adsorption increasing temperature. 

Spectra were taken every 50 oC. 
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Figure 7. PROX reaction on the Pt/TixCe(1-x)O2 catalysts between 30-200 ºC. (a): CO 

conversion (%); (b) CO2 yield (%).  
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Figure 8. CO Conversion (%) and CO2 yield (%) for the most active sample 

(Pt/Ti0.2Ce0.8O2) under ideal and real conditions, water and CO2 in the feed stream. 
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Figure 9. UV-Vis and XCO at  80oC versus support content of Ti. 

 

 

 

 

 

 

 

 

 

Figure 10. Proposed reaction mechanism for PROX reaction over the synthesized 

materials. 
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Tables 

Table 1. Chemical composition of the Pt/TixCe(1-x)O2 catalysts, with  x=1, 0.98, 0.9, 0.5, 

0.2 and 0. 

 
Ti 

content, 
at.% 

Ce 
content, 

at.% 

 Pt 
dispersion* 

% 

TOF  
(60 oC) 

s-1 
Pt/TiO 2  100 0  12.6 0.0259 

Pt/Ti 0.98Ce0.02O2  97 3  58.2 0.0393 

Pt/Ti 0.9Ce0.1O2 84 16  78.1 0.0546 

Pt/Ti 0.5Ce0.5O2 55 45  85.3 0.0661 

Pt/Ti 0.2Ce0.8O2 20 80  75.7 0.0242 
Pt/CeO2 0 100  58.9 0.0058 

* Calculated by CO chemisorption, assuming 1CO:1Pt stoichiometry. 
 



Table 2. Textural properties of the TixCe1-xO2 supports. 

 

 SBET 
(m2·g-1) 

VT 
(cm3·g-1) 

Vo 
(cm3·g-1) 

Vmeso 
(cm3·g-1) 

TiO2 <10 0.02 0.00 0.02 

Ti0.98Ce0.02O2 60 0.13 0.02 0.11 

Ti0.9Ce0.1O2 70 0.13 0.03 0.10 

Ti0.5Ce0.5O2 80 0.16 0.03 0.13 

Ti0.2Ce0.8O2 100 0.32 0.04 0.28 

CeO2 100 0.07 0.04 0.03 

Pt/Ti0.5Ce0.5O2
’’ 70 0.16 0.03 0.13 

Pt/TiO2
* < 10 0.04 0.00 0.04 

Pt/Ti0.2Ce0.8O2
* 70 0.28 0.03 0.25 

 

   

 
’’ Fresh catalyst. 
* Used catalysts. 

    

  VT calculated at P/Po = 0.99 
Vo ,Vmeso; microporous and mesoporous volumes calculated using Dubinin-
Radushkevich method. 

 



Table 3. Crystallite size, lattice constants and phase transformation percentage obtained 

from XRD patterns. 

 TiO2 (anatase) CeO2 (fluorite) 

 Crystallite 

size  

D (nm) 

Peak 

101    

2θ 

Phase 

transf. fR 

(%)  

Crystallite 

size  

D (nm) 

Peak  

111  

2θ 

TiO 2 20 25.31 44.89 - - 

Ti 0.98Ce0.02O2 5 25.34  - - 

Ti 0.9Ce0.1O2 6 25.40  - - 

Ti 0.5Ce0.5O2 - -  7 28.69 

Ti 0.2Ce0.8O2 - -  8 28.56 

CeO2 - -  14 28.54 

 

 



Table 4. Hydrogen consumption values for the first reduction peak of TPR profiles. 

CATALYSTS  mmol H 2·g
-1 

Pt/TiO2   0.025  

Pt/Ti0.98Ce0.02O2   0.194  

Pt/Ti0.9Ce0.1O2   0.567  

Pt/Ti0.5Ce0.5O2   0.575  

Pt/Ti0.2Ce0.8O2   0.574  

Pt/CeO2   0.520  



Table 5. XPS analysis results for reduced catalysts. 

REDUCED 

CATALYSTS 
Ti/Ce (XPS) 

Ti 2p 3/2 

BE(eV) 
Ce(III) % 

% O 1s  

B 
Pt/(Ti+Ce) 

Pt/TiO 2 - 459.3 - 9.68 0.0632 

Pt/Ti 0.98Ce0.02O2 16.81 458.7 49.62 10.36 0.0222 

Pt/Ti 0.9Ce0.1O2 5.21 458.4, 459.5 53.07 12.80 0.0182 

Pt/Ti 0.5Ce0.5O2 0.47 458.5 36.16 8.80 0.0478 

Pt/Ti 0.2Ce0.8O2 0.04 458.2 35.78 24.48 0.0250 

Pt/CeO2 - - 39.92 12.07 0.0096 

 


