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Abstract 

As catalytic processes become more important in academic and industrial applications, 

an intimate understanding is highly desirable to improve their efficiency on a rational 

basis. Since thorough mechanistic investigations require an elaborate and expensive 

spectroscopic and theoretical analysis, it is a major goal to link mechanistic insights to 

simple descriptors, such as the reducibility, that are accessible by temperature-

programmed reduction (TPR) experiments, to bridge the gap between fundamental 

understanding and application of catalysts. In this work, we present a detailed in situ 

spectroscopic analysis of TPR results from loading-dependent VOx/CeO2 catalysts, 

using in situ multi-wavelength Raman, IR, UV-Vis, and quasi in situ X-ray photoelectron 

spectroscopy, as well as in situ X-ray diffraction. The catalyst reduction shows a 

complex network of different processes, contributing to the overall reducibility, which 

are controlled by the unique interaction at the vanadia-ceria interface. The 

temperatures at which they occur depend significantly on the nuclearity of the surface 

vanadia species. By elucidating the temperature- and vanadia loading-dependent 

behavior we provide a fundamental understanding of the underlying molecular 

processes, thus developing an important basis for interpretation of the reduction 

behavior of other oxide catalysts. 
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Introduction 

Catalytic processes are a significant part of both the chemical industry and academic 

research, whereby the choice of the catalyst material is of great importance to the 

overall process performance. For many applications, supported materials are the best 

option due to their high activity, stability and separability1 but the choice of the support 

is crucial, as different supports can change the catalytic activity significantly.2–4 A 

commonly used support in oxidation reactions is ceria, due to its outstanding redox 

properties. These are often attributed to ceria’s ability to form oxygen vacancies, where 

a lattice oxygen atom is consumed in the reaction and an oxygen vacancy is created 

along with two Ce3+ ions. The latter can then be regenerated using either oxygen from 

the gas-phase or subsurface oxygen, which is transported to the surface by diffusion.5,6 

Therefore, due to its redox properties, ceria is an excellent support material and has 

been employed in a variety of reactions, such as NO2 storage,7 NH3 selective catalytic 

reduction (SCR),8 CO oxidation,9 reverse water-gas shift reaction,10 and CO2 

hydrogenation,11 as well as alcohol12 and alkane13 oxidative dehydrogenations 

(ODHs). The corresponding active phases are very diverse and can typically be either 

a metal (e.g. gold,10 copper,14 platinum,15) or an oxide (e.g. MnOx,16 VOx,13 MoOx,17), 

depending on the application. 

A catalyst commonly used in the oxidation of alcohols and short chain alkanes 

is ceria-supported vanadia (VOx/CeO2).12,13,18 The reducibility of CeO2 in this system 

is often cited as the reason for the good catalytic performance in oxidation reactions 

and is accessible by H2 temperature-programmed reduction (TPR) measurements. 

However, a detailed understanding of the catalyst reduction on a molecular level 

through spectroscopic means is still lacking.3,19–23 Furthermore, the intimate interaction 

between vanadia and ceria has a significant influence on the reduction behavior of the 

catalyst as it has often been described in the literature that ceria keeps vanadia in its 

highest oxidation state and vanadia interacts with lattice oxygen as well as oxygen 

vacancies on the surface.18,22,24–27 Therefore, the reduction behavior is much more 

complicated and cannot be fully understood by using TPR only. It would therefore be 

highly desirable to link the measured TPR data to a molecular understanding of the 

reduction process, as obtained by spectroscopy, so that the easily available descriptor, 

the reducibility, could be used for the rational enhancement of catalytic structure and 

performance. While previous studies have started to explain some aspects of TPR by 

spectroscopy28,29 and on ceria during hydrogen treatment20,22,30, there have been no 
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reports in the literature that address VOx/CeO2 catalysts at different vanadia loadings, 

although the loading heavily influences the materials` properties, or with multiple 

supplementary in situ spectroscopies to cover the TPRs full temperature range.  

TPR has been used to characterize catalysts in more applied technical studies 

(e.g. for VOx/TiO2 systems31), thus allowing to bridge the gap between detailed 

molecular investigations by spectroscopy and technical investigations used for catalyst 

optimization, thereby increasing the amount of knowledge obtainable by 

measurements, which can be performed with comparable ease. Although technical 

catalysts have a much more complex composition than their academically used 

counterparts, there are still based on the properties of the main active part, which are 

then modified by additional elements. Therefore, understanding the fundamental 

properties of the main component is of great importance for its further optimization. 

In this study, we aim at a fundamental understanding of the reduction behavior 

of VOx/CeO2 catalysts with three different vanadium loadings below vanadia crystal 

formation to deepen the understanding of ceria’s properties in oxidation catalysis as 

well as the interplay between the ceria support and its active phase. We apply multiple 

in situ methods, including multi-wavelength Raman, UV-Vis, DRIFTS, and XRD to 

explain on a molecular level the TPR results obtained over a wide range of 

temperatures and to gain detailed insight into the catalysts` behavior under reducing 

conditions. Our approach can readily be transferred to other catalytically relevant 

materials, such as VOx/TiO2 catalysts, to explain their reducibility behavior in a 

comprehensive manner. Furthermore, other methods, such as temperature-

programmed oxidation (TPO) and temperature-programmed desorption (TPD) might 

also be explained in detail in the future by applying similar approaches. 
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Experimental Section 

Catalyst Preparation. The ceria support was prepared as previously described6 and 

loaded with vanadia by incipient wetness impregnation. Three different loadings were 

prepared by mixing 1 g of ceria with 0.5 mL of differently concentrated precursor 

solutions (1.07 mol/L, 0.51 mol/L, and 0.21 mol/L) containing vanadium(V) 

oxytriisopropoxide (≥97%, Sigma Aldrich) and 2-propanol (99.5%, Sigma Aldrich). The 

samples were then heated to 600 °C at a heating rate of 1.5 °C/min and calcined for 

12 h. The specific surface was determined by analysis of the nitrogen adsorption and 

desorption isotherms recorded on a Surfer analyzer (Thermo Fisher) after drying the 

samples in a vacuum for 24 h. The isotherms were then analyzed by multipoint 

Brunauer–Emmett–Teller (BET) analysis and the specific surface area was determined 

to be 61.4 m²/g, yielding vanadium loadings of 2.83 V/nm² (2.32 wt% V2O5), 1.36 V/nm² 

(1.11 wt% V2O5), and 0.57 V/nm² (0.47 wt% V2O5). Higher vanadium loadings were 

not considered since vanadia crystallites were shown to be present at loadings >2.9 

V/nm².32 The resulting catalyst powders were subsequently pressed at a pressure of 

2000 kg/m² for 20 s, ground and then sieved using a combination of sieves to obtain 

200-300 µm sized particles. 

Reduction Procedure. The catalyst sample was placed in the reaction chamber (see 

below) and was dehydrated at 365 °C in 12.5% O2/He for 1 h. After the samples had 

cooled to room temperature, the gas-phase was switched to 7% H2/Ar (total flow rate: 

40 mLn/min). The temperature was increased stepwise to 550 °C using 45 °C steps 

and a spectrum was recorded at each temperature. This procedure was performed for 

all methods except for quasi in situ XPS, DRIFTS, in situ XRD, and TPR, which will be 

described separately in the corresponding sections. 

Temperature Programmed Reduction (TPR). TPR was performed on a 

Micromeritics 3Flex instrument. The sample was loaded in a quartz reactor and pre-

treated by oxidation in synthetic air (20% O2 in N2, Westfalen) at 400 °C for 1 h, with a 

flowrate of 50 mLn/min. The sample was then cooled down to 40 °C, while being 

flushed with 50 mLn/min argon. After cooling down, the gas was switched to 50 mLn/min 

7% H2/Ar. After waiting for 1.5 h for the reactor and instrument to be fully purged, TPR 

was performed by heating the sample up to 850 °C with a heating rate of 5 K/min. 

Consumption of hydrogen was detected using a thermal conductivity detector (TCD). 

During the measurement, a cold trap cooled to –10 °C was placed between the sensor 
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and the sample. To confirm the accuracy of the temperature calibration, V2O5 was 

measured as a well-known reference sample (see Figure S1).33 To integrate the TCD 

signal, a baseline correction was performed, taking the three minima before and after 

the first hydrogen consumption region as well as before the phase-transition region as 

anchor points. 

UV-Raman Spectroscopy. UV-Raman spectroscopy was performed at an excitation 

wavelength of 385 nm generated by a laser system based on a Ti:Sa solid state laser 

pumped by a frequency-doubled Nd:YAG laser (Coherent, Indigo). The fundamental 

wavelength is frequency doubled to 385 nm using a LiB3O5 crystal. The light is focused 

onto the sample, and the scattered light is collected by a confocal mirror setup and 

focused into a triple stage spectrometer (Princeton Instruments, TriVista 555), as 

described previously.32 Finally, the Raman contribution is detected by a charge-

coupled device (CCD, 2048×512 pixels) cooled to –120 °C. The spectral resolution of 

the spectrometer is 1 cm-1. For Raman experiments, 70 mg of sample was placed in a 

CCR 1000 reactor (Linkam Scientific Instruments) equipped with a CaF2 window (Korth 

Kristalle GmbH). A fluidized bed reactor was employed to avoid laser-induced damage, 

allowing the use of a laser power of 9 mW at the location of the sample. Data 

processing included cosmic ray removal and background subtraction.  

Visible Raman Spectroscopy. Visible (Vis)-Raman spectroscopy was performed at 

514 nm excitation, emitted from an argon ion gas laser (Melles Griot). The light was 

focused onto the sample, gathered by an optical fiber and dispersed by a transmission 

spectrometer (Kaiser Optical, HL5R). The dispersed Raman radiation was 

subsequently detected by an electronically cooled CCD detector (–40 °C, 1024×256 

pixels). The spectral resolution was 5 cm-1 with a wavelength stability of better than 0.5 

cm-1. For Raman experiments, 70 mg of catalyst was filled into a CCR 1000 reactor 

(Linkam Scientific Instruments), equipped with a quartz window (Linkam Scientific 

Instruments). A fluidized bed reactor was employed to avoid laser-induced damage, 

allowing the use of a laser power of 6 mW at the location of the sample. Data analysis 

of the Raman spectra included cosmic ray removal and an auto new dark correction. 

The F2g mode was fitted using one Lorentzian function without any positional restriction 

due to the possible occurrence of red-shifts.34 

Diffuse Reflectance UV-Vis Spectroscopy. Diffuse reflectance (DR) UV-Vis spectra 

were recorded on a Jasco V-770 UV-Vis spectrometer. Dehydrated BaSO4 was used 
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as the white standard. For each experiment, 90 mg of catalyst was put in the 

commercially available reaction cell (Praying Mantis High Temperature Reaction 

Chamber, Harrick Scientific) equipped with transparent quartz glass windows. 

X-ray Photoelectron Spectroscopy (XPS). XP spectra were recorded on a modified 

LHS/SPECS EA200 MCD system described previously.35–37 The XPS system was 

equipped with a Mg Kα source (1253.6 eV, 168 W), and the calibration of the binding 

energy scale was performed with Au 4f7/2 = 84.0 eV and Cu 2p3/2 = 932.67 eV signals 

from foil samples. The samples were treated in 12.5% O2/Ar for 1 h before the 

measurements and with 7.5% H2/Ar for 30 minutes after the measurements, both at 

300 °C at a total flow rate of 40 mL/min. 

The subsequent transfer of the sample to the analysis chamber was performed without 

exposure to air (quasi in situ). Sample charging was taken into account by setting the 

u’’’ peak of the Ce 3d signal to 916.7 eV.38 Detailed spectra were recorded at a 

resolution of 0.1 eV. The X-ray satellite peaks due to the use of a non-monochromatic 

source were subtracted from the spectra. The deconvolution of the spectra was 

performed analogously for all measurements using Gauss–Lorentzian product 

functions (30/70), whereby the background was subtracted by the Shirley method.  
V:Ce and O:Ce ratios were obtained from a least-squares fit analysis by integrating the 

Ce 3d signal and the O 1s or the V 2p3/2 signal after a Shirley background subtraction 

from the detailed spectra and by applying the same integration boundaries. The 

resulting areas were corrected with the corresponding relative sensitivity factors, i.e., 

10 for the Ce 3d, 0.66 for the O 1s and 1.3 for the V 2p3/2 signal.39 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). DRIFT 

spectra were recorded on a Vertex 70 spectrometer (Bruker), equipped with a liquid 

nitrogen–cooled mercury cadmium telluride (MCT) detector, operating at a resolution 

of 1 cm-1. Dehydrated potassium bromide was employed as an infrared transparent 

sample for the background spectrum. For each experiment, 90 mg of the catalyst was 

placed in the reaction cell (Praying Mantis High Temperature Reaction Chamber, 

Harrick Scientific) equipped with transparent KBr windows. 

The sample was dehydrated at 365 °C in 12.5% O2/He for 1 h, subsequently heated in 

7% H2/Ar to 550 °C and kept at 550 °C for 30 minutes until a steady state was reached. 

After the gas-phase had been switched to pure He, the sample was rapidly cooled 

down to room temperature (approx. 1 min) and a spectrum was recorded. 
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Data processing consisted of background removal by subtraction of a baseline formed 

by 12 anchor points. A background spectrum of the gas-phase was recorded using KBr 

as an infrared-transparent sample. The propane gas-phase and the operando spectra 

were then normalized to the propane gas-phase peak at ~3000 cm-1 and subtracted to 

remove propane gas-phase contributions.  

X-ray Diffraction (XRD). X-Ray diffraction patterns were recorded on an Empyrean 

system (Malvern Panalytical) in Bragg–Brentano geometry using CuKα radiation and a 

PIXcel1D detector. For in situ analysis, 90 mg of catalyst was placed in an XRK 900 

(Anton Paar) reaction chamber equipped with a NiCr-NiAl thermocouple to measure 

the temperature directly next to the sample surface. The samples were first dehydrated 

in 12.5% O2/N2, cooled to room temperature, and subsequently treated in 5% H2/Ar. 

The samples were then heated in 100 °C steps up to 900 °C, with an equilibration time 

of 30 minutes at each temperature. They were measured for 10 minutes in a 2θ range 

from 20-70° with a step-width of 0.025° for each step. Rietveld analysis was performed 

between 750 and 900 °C using the TOPAS software together with reference structures 

from the ICSD database. The background was corrected by using a Chebychev 

function with ten polynomials. 
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Results and Discussion 

Figure 1 depicts the reducibility behavior of ceria-supported vanadia and bare ceria 

from TPR experiments performed between 50 and 850 °C, using a TCD to measure 

the hydrogen consumption (Figure 1a). Extensive spectroscopic characterization of the 

samples is given elsewhere.18 V2O5 was employed as a well-known reference to 

calibrate the temperature axis.33 For further analysis of the reducibility behavior, the 

hydrogen consumption during TPR was integrated (see Figure 1b). 

 

 

Figure 1: (a) TPR results of bare ceria and vanadia-loaded samples recorded with a heating rate of 

5K/min in 7.5% H2/Ar between 50 and 850 °C. The temperature axis was calibrated by using V2O5 as a 

reference sample (see Figure S1). Temperatures at which maxima in hydrogen consumption were 

detected are marked. (b) Integrated hydrogen consumption. The baseline correction is described in the 

experimental section. 

 

As can be seen from Figure 1a, all samples show two distinct regions of 

hydrogen consumption, a low temperature one and a high temperature one. The low 

temperature region is located between 200 and 500 °C and even though the vanadia 

loading for all samples is relatively low, this region still varies significantly between 

different loadings. Bare ceria shows a very broad feature with a maximum at 380 °C, 

with two distinct shoulders at 285 and 510 °C indicating different contributions to the 

reduction behavior. The sample loaded with 0.57 V/nm² reveals a very different low-

temperature region where the observed hydrogen consumption is shifted to 

significantly lower temperatures, with two distinct features at 240 and 345 °C, indicating 
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that the sample becomes much more reducible even for small vanadia loadings. For 

higher-loaded samples with 1.36 and 2.83 V/nm², the feature at 240 °C is absent and 

the feature at 345 °C decreases in intensity. Interestingly, a new feature appears at 

415 °C, which becomes dominant for the sample loaded with 2.83 V/nm², indicating 

that there is a strong dependency on the vanadia loading. Such a splitting between 

different features within the low-temperature region was previously observed in 

VOx/CeO2 TPR and has been attributed to surface reduction at lower temperatures 

and subsurface/bulk reduction at higher temperatures.22,30 The high temperature 

region starts at around 650 °C and is similar for all vanadia loadings. There is one 

distinct maximum, which for bare ceria is located at 805 °C but shifts to lower 

temperatures with increasing vanadia loading. For the sample with the highest loading, 

an additional shoulder can be observed at 705 °C, indicating additional contributions 

for the sample with the highest loading.  

The integrated hydrogen consumption shown in Figure 1b appears quite similar 

and indicates that the general reduction behavior of VOx/CeO2 resembles that of bare 

ceria but it reveals significant differences regarding the overall amount of consumption 

and the temperatures at which some of the processes start to occur. The differences 

in the amounts of consumed hydrogen are especially large at the temperatures below 

230 °C. Even though no distinct peaks are observable in this region, a constant 

hydrogen consumption is still observed, as can be seen from the different slopes below 

230 °C in Figure 1a. A constant reduction process between 45 and 230 °C is therefore 

expected for all four samples, but different amounts of hydrogen are consumed, which 

is likely to be caused by a change in reducibility. For bare ceria and the 2.83 V/nm² 

sample there is low hydrogen consumption below 250 °C, whereas for the 0.57 and 

1.36 V/nm² samples a much steeper increase can be observed, indicating the presence 

of reduction processes even at temperatures below the first TPR peaks (see Figure 

1a). The sample loaded with 0.57 V/nm² shows the strongest consumption of hydrogen 

below 420 °C, which plateaus afterwards and stays constant up to ~600°C. The 

remaining samples show a similar behavior, but the temperature at which the plateau 

is reached increases to 460 °C (1.36 V/nm²), 480 °C (2.83 V/nm²), and 590 °C (CeO2). 

Even though ceria continues to consume hydrogen up to much higher temperatures, 

the overall amount of consumed hydrogen is still lower at 590 °C compared to the 

vanadia-loaded samples. This indicates that low vanadia loadings increase the 

reducibility in the low temperature region significantly, which then starts to drop off 
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again for higher vanadia loadings. After the plateau, the samples continue to consume 

hydrogen at higher temperatures, beginning at ~600 °C for the 0.57 and 1.36 V/nm² 

samples, at 615 °C for the 2.83 V/nm² sample, and at 675 °C for bare ceria. The high 

temperature region is very similar in shape and overall amount of consumed hydrogen 

for all four samples, indicating that the reduction behavior above 600 °C is much less 

affected by the vanadia loading than the low temperature region. At 850 °C, the overall 

amount of consumed hydrogen is lowest for ceria, followed by the 2.83 V/nm² sample 

and the 0.57 V/nm² and 1.36 V/nm² samples, which show a similar overall 

consumption. 

To gain a detailed understanding of the reduction behavior observed in TPR, 

we investigated the samples with different spectroscopic methods. A good initial 

descriptor of the reduction of ceria is the F2g red-shift, which is determined here from 

Vis-Raman spectra (at 514 nm) because visible excitation allows a higher depth of 

penetration18 in comparison to UV wavelengths and therefore increased sensitivity 

towards subsurface/bulk contributions. The F2g position is an excellent descriptor for 

subsurface/bulk reduction due to the ceria lattice expansion upon Ce3+ formation 

during reduction.34 Figure 2 exemplarily depicts the F2g mode of ceria loaded with 

1.36 V/nm² at different temperatures in 7.5% H2/Ar (see Figure 2a) and the F2g red-

shifts determined by fitting analysis for all samples (see Figure 2b). For the full-range 

Vis-Raman spectra at each temperature as well as the evolution of the F2g positions, 

please refer to the SI (see Figures S2 and S3). 
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Figure 2: (a) Evolution of the F2g peak for the 1.36 V/nm² sample between 25 °C and 550 °C in 7.5% 

H2/Ar. (b) Summary of observed F2g red-shifts between 25 and 550 °C for VOx/CeO2 samples and bare 

ceria. The positions were determined from in situ 514 nm Raman spectra. Please refer to the SI for full-

range spectra and F2g peaks. 

 

As can be seen from Figure 2a, the F2g mode shows a continuous red-shift 

towards a lower wavenumber with increasing temperature. The observed F2g shifts are 

significant, considering the degree of bulk reduction needed for a shift of multiple 

wavenumbers.5,32 Interestingly, the shifts show a strong variation with temperature, 

with a maximum between 200 and 350 °C. Such a behavior would not be expected 

from a pure temperature effect. Furthermore, the full width at half maximum (FWHM) 

steadily increases with increasing temperature up to 550 °C, which is also indicative of 

strongly defective ceria.40 

Performing a fitting analysis to determine the F2g maximum allowed the shifts to 

be quantified, as shown in Figure 2b (please see experimental section for details). 

Between 25 and 90 °C rather small shifts between 0 and 1 cm-1 are observed, and up 

to 180 °C the shift stays constant at about 1 cm-1 with each temperature step, indicating 

that these effects are caused by the temperature increase.41 After that, a significant 

increase of the observed red-shifts occurs, starting at 230 °C with ~1.5 cm-1 for all 

samples, which increases to a maximum of 3.5 cm-1 at 320 °C for bare ceria and to 

slightly smaller maxima of 2–3 cm-1 at 275 °C for the vanadia-loaded samples. Only 

the 2.83 V/nm² sample does not show a clearly defined maximum but rather a plateau 

at 1.5 and 2 cm-1 between 275 and 365 °C, indicating a rather constant rate of reduction 

over a broad temperature range, which is consistent with the observed TPR behavior. 
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This might be caused by the increased variety of surface vanadia species with different 

nuclearities, which may show differing reduction behavior and interaction with the 

support, thereby affecting the support reduction properties, as shown previously.26,27 

Thus, the reduction behavior is strongly altered at temperatures below 450 °C 

depending on the distribution of vanadia species on the surface, consistent with the 

TPR results.  

After this maximum, bare ceria shows a significant decrease in its red-shift down 

to almost 0 cm-1 at 500 °C, followed by a rapid increase to almost 3 cm-1 at 550 °C. 

This indicates the onset of an additional reduction process discussed below. For the 

vanadia-loaded samples a similar drop in the F2g red-shift is observed between 400 

and 500 °C, but to a lesser extent than for bare ceria, reaching a minimum of ~1cm-1 

per temperature step. Consequently, at these temperatures, the VOx/CeO2 samples 

are more strongly reduced than bare ceria, which may also be related to the changed 

reduction behavior caused by the presence of surface vanadia and ceria’s tendency to 

re-oxidize vanadium.18,22,24–27,30 Between 500 and 550 °C, the vanadia-loaded samples 

also show a massive increase in the F2g red-shift, comparable to bare ceria, indicating 

similar reduction processes. Therefore, similar to the TPR results, two distinct 

reduction regions at ~300 °C (low temperature region) and 550 °C (high temperature 

region) can be observed for VOx/CeO2 and bare ceria for the subsurface/bulk of the 

samples, as indicated by the F2g red-shifts. This leads to the conclusion that the overall 

reduction behavior of the samples can be separated into surface reduction processes 

(<275 °C) and subsurface/bulk reduction processes (≥275 °C), both occurring in the 

low temperature region, as well as additional reduction processes at above 500 °C. 

The surface reduction is evidenced by a small but significant hydrogen consumption in 

the TPR below 275 °C (see Figure 1). Such a small amount of consumed hydrogen 

would be consistent with surface reduction due to its small content of oxygen species 

in comparison to the overall amount of oxygen present in the catalyst. In the following, 

the discussion of the reduction behavior will be separated into surface, subsurface, 

and bulk reduction. 

 Starting with the investigation of surface reduction processes, Figures 3 a and 

b depict UV-Raman spectra (385 nm excitation) at selected temperatures for bare ceria 

and the 1.36 V/nm² sample. The Raman spectra of all samples at all temperatures are 

shown in Figure S4. The region beyond 1100 cm-1 only contains the 2LO peak and is 
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therefore not relevant for the analysis. A summary of the peak assignments is given in 

Table 1. 

 

 

Figure 3: In situ UV-Raman spectra (385 nm excitation) of bare ceria (a) and the 1.36 V/nm² sample 

(b) recorded in 7.5% H2/Ar flow at selected temperatures between 45 °C and 500 °C. The asterisk marks 

the signal from the used CaF2 window. 

 

Table 1: Peak assignments for the UV-Raman spectra. 

Position /cm-1 Assignment Reference 

250 

405 

465 

550 

595 

710 

860 

930 

1015 

Longitudinal Ce-O surface phonon (2TA contribution) 

Transversal Ce-O surface phonon 

F2g 

Defects (contribution from VO.. ) 

Defects (Contribution from Ce3+) 

V-O-Ce 

V-O-Ce 

V-O-V 

V=O 

5 
5 
42 
6 
6 
22 
22 
22 
22 

 

 

The overall intensity of the ceria signals shows a decrease with increasing temperature 

during the treatment in H2/Ar, as observed before.43,44 Therefore, further analysis of 

the peak intensities discussed below will be in relation to the F2g peak area to ensure 

better comparability. For bare ceria, phonons are located at 250–600 cm-1, including 
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the longitudinal and transversal surface phonons at 250 and 405 cm-1, respectively, 

which first stay constant in intensity in comparison to the F2g mode, then start to show 

a decrease in intensity at 275 °C, and finally disappear completely at 320 °C. As the 

decrease in surface phonon intensity is observed, the oxygen vacancy contribution in 

the defect region at 550 cm-1 starts to increase in intensity and becomes as intense as 

the Ce3+ contribution at 595 cm-1. From there, both features increase equally, reaching 

their highest intensity compared to the F2g mode at 500 °C. This behavior indicates 

that oxygen vacancies on the surface are first created at around 275 °C, when both 

the surface phonon intensity decreases and the oxygen vacancy contribution in the 

defect region increases. From there on, oxygen vacancies are continuously produced 

with increasing temperature, while oxygen is also transported from the ceria bulk to the 

surface (see F2g shifts in Figure 2), as oxygen becomes quite mobile in ceria at 

elevated temperatures.  

In comparison, the spectra of the 1.36 V/nm² sample reveal additional features 

from surface vanadia species, located between 710 and 1050 cm-1 (see Figure 3b). 

The V=O peak shows only a very small intensity at the chosen excitation wavelength 

and will therefore be discussed below in the context of the 514 nm Raman data. The 

V-O-Ce features at 710 and 860 cm-1 are reduced significantly in their intensities 

between 45 and 130 °C, continuing up to 230 °C for the 710 cm-1 feature. The 

transversal Ce-O surface phonon also decreases in intensity, but to a lesser extent 

than the vanadia features and slightly changes its line shape between 135 and 230 °C 

during the strong reduction of V-O-Ce. This smaller decrease in intensity is probably 

caused by ceria regenerating some of the reduced vanadia back to oxidation state V5+, 

thereby consuming some of the lattice oxygen. At 275 °C the surface phonon 

completely disappears, indicating strong reduction of the ceria surface about 45 °C 

below the temperature at which the phonon fully disappeared on bare ceria. 

Concurrently, all vanadia-related peaks disappear, as they cannot be kept in oxidation 

state V5+ by ceria’s lattice oxygen anymore and the oxygen vacancy contribution in the 

defect region increases. Reduced vanadia in oxidation state V3+/4+ has a significantly 

lower Raman scattering cross section than V5+, which results in the disappearance of 

the V5+-related signals from the UV-Raman spectra.28,45  

At temperatures above 275 °C, the vanadia-loaded sample appears to behave 

in the same way as bare ceria. The first maximum in the F2g shifts (see Figure 2b) 

occurs at the same temperature as the complete disappearance of the Ce-O surface 
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phonon signal and the significant intensity increase in the defect region of the UV-

Raman spectra. Therefore, the reduction observed on the surface (see Figures 3a and 

b) is also observable in the subsurface/bulk of the material due to oxygen diffusion to 

the catalyst surface. The maxima for the vanadia-loaded samples are also observed 

at 275 °C instead of 320 °C, supporting the interpretation of indirect ceria reduction 

mediated by vanadia reduction and subsequent re-oxidation by the ceria surface. As 

vanadia structures can be well reduced below 275 °C and ceria keeps vanadium in the 

oxidation state V5+, the surface can be reduced at lower temperatures, where it is not 

as easily regenerated by oxygen from the ceria bulk due to the lower rate of diffusion 

at lower temperatures. When both samples are in a reduced state at higher 

temperatures (i.e., ≥320 °C), a balance between the increased rate of reduction by H2 

and the increased rate of oxygen diffusion from the bulk seems to be reached. The 

general trends are the same for the 0.57 V/nm² and 2.83 V/nm² samples. These results 

provide important first insights into the surface reduction behavior and the interaction 

between vanadia, the ceria surface and the subsurface. These reduction processes 

occur at temperatures that are consistent with the early reduction observed in TPR 

below 230 °C, where mainly vanadia seems to be reduced, thereby indirectly reducing 

ceria via the regeneration process. The intensity decrease cannot be directly correlated 

to the hydrogen consumption due to the potential presence of resonance Raman 

effects, which may selectively enhance some of the signal intensities, but qualitative 

trends can be derived. Between 275 and 320 °C the first strong hydrogen consumption 

signals can be observed in TPR, which are consistent with the complete reduction of 

surface lattice oxygen as indicated by the surface phonons in UV-Raman spectra. 

To explain the early surface reduction behavior of bare ceria when no vanadia 

is present, Figure 4 exemplarily shows the Ce-OH region of bare ceria and the 1.36 

V/nm² sample at temperatures between 25 and 320 °C, as an indicator for ceria surface 

reduction below the temperatures of vacancy formation. 
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Figure 4: In situ Vis-Raman spectra (514 nm excitation) of the Ce-OH region between 25 °C and 320 

°C for bare ceria (a) and the 1.36 V/nm² sample (b) in 7.5% H2/Ar. Spectra are offset for clarity.  

 

Compared to the vanadia-loaded sample, bare ceria shows much more 

pronounced Ce-OH signals, as the vanadia species anchor to ceria Ce-OH groups 

during the synthesis.18,22 As discussed in the following, the reduction of Ce-OH can 

readily explain why ceria shows some hydrogen consumption during TPR (see Figure 

1) at <230 °C although no vanadia is present. For bare ceria, at room temperature in 

12.5% O2/He flow, two Ce-OH peaks are observed at 3655 and 3675 cm-1, which have 

been assigned to bridged Ce-OH bonds on the clean ceria surface (type II-A) and 

bridged Ce-OH bonds next to an oxygen vacancy (type II*-B), respectively, as some 

oxygen vacancies are always present on the ceria surface.46 Upon exposure to 7.5% 

H2/Ar at the same temperature, two additional Ce-OH peaks appear at 3710 and 

3737 cm-1, which according to the literature can be assigned to type II-B Ce-OH groups 

and singly bound Ce-OH bonds (type I-A), respectively.46 The occurrence of additional 

Ce-OH peaks at 25 °C upon hydrogen exposure indicates the activation of hydrogen 

at very low temperatures, which is very different to the activation behavior of other 

reactants such as ethanol or propane, which are only activated at much higher 

temperatures.12,13,18 When the temperature is increased, the peak at 3655 cm-1 

decreases significantly at 45 °C and fully disappears at 90 °C, indicating that Ce-OH 

groups on the clean ceria surface are rather easily reduced. The peak at 3675 cm-1 

stays constant in intensity up to 135 °C, starts to decrease at 180 °C and finally 

disappears at 275 °C. The type II-B Ce-OH signal located at 3710 cm-1 is reduced 

within the same temperature range, whereas the singly bound Ce-OH groups first 

increase in their relative intensity up to 90 °C and then start to decline until their 
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disappearance at 275 °C. At 275 °C and above, the Ce-OH groups are all fully reduced, 

which is consistent with the TPR results, where ceria shows a small but constant 

hydrogen consumption up to 285 °C, where it starts to show the first hydrogen 

consumption peak, explaining the surface reduction behavior at temperatures below 

oxygen vacancy formation. In comparison, vanadia barely shows any Ce-OH groups, 

so that their contribution to the overall reduction behavior is expected to be  negligible 

compared to the vanadia contribution. 

To understand the different vanadia surface reduction processes as indicated 

by their different hydrogen consumptions during TPR below 230 °C, the vanadyl region 

was analyzed in more detail between 25 and 275 °C (see Figure 5). 

 

 

Figure 5: In situ Vis-Raman spectra (514 nm excitation) of the vanadyl region between 25 °C and 275 

°C for VOx/CeO2 samples in 7.5% H2/Ar. At higher temperatures (>275 °C) no vanadyl peak is observed. 

Spectra are offset for clarity and normalized to the F2g peak. 

 

In the vanadyl region of the VOx/CeO2 samples, multiple contributions to the 

overall peak can be observed at ~1005, ~1015, ~1025, ~1035, and ~1040 cm-1, which 

originate from different vanadia nuclearities as vanadyl groups can exhibit dipole–

dipole interactions. As a result, vanadia structures with higher nuclearities show larger 

blue-shifts, resulting in a fine structure on a ceria support. The above positions can be 

assigned to monomeric, dimeric, trimeric, tetrameric, and pentameric species, 

respectively.13,18,47 In the following, the tetra- and pentameric species will be referred 

to as oligomeric vanadia species. In general, only very small changes in the vanadyl 

fine structure are detected below 230 °C. It needs to pointed out that very small 
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changes might be caused by noise, as the vanadyl intensity is comparably small (see 

red curves at 275 °C in Figure 5). Additionally, the reduction of V-O-V (see Figure 3) 

results in a decrease of the nuclearity, thereby also slightly changing the position 

before its regeneration by ceria. The overall shape, however, shows only insignificant 

changes at lower temperatures before it is more significantly reduced. As the vanadia 

reduction is regenerated by ceria, the reducibility of the different nuclearities should 

not influence the fine structure for the same sample at different temperatures, but still 

leads to different hydrogen consumptions due to the different ceria reduction rates 

mediated by the different (nuclearity-dependent) reducibilities. For the 0.57 V/nm² 

sample, the strongest contribution to the vanadyl peak comes from the dimeric species, 

whereas at higher loadings, there is a shift towards increasingly higher contributions 

from trimeric and oligomeric species. With increasing temperature, the vanadyl peaks 

appear to stay unchanged up to 230 °C, where a significant decrease in intensity is 

observed, but the overall line shape still stays unchanged. When the temperature is 

increased further to 275 °C, the vanadyl peak completely disappears, which is 

consistent with the other vanadia features detected by UV-Raman spectroscopy (see 

Figure 3) and indicates the complete reduction of vanadium(V) species on the catalyst 

surface. This coincides well with the subsequent creation of oxygen vacancies as 

observed in the UV-Raman spectra as well as the strong increase in hydrogen 

consumption in TPR at the same temperature. 

To explain the difference in the observed hydrogen consumptions between 

samples with different vanadia loadings at temperatures below 230 °C, the strong shift 

in the distribution of nuclearities with vanadium loading seems to be of relevance. 

Previous DFT (density functional theory) studies already showed that there is a 

significant difference in the reducibility between monomeric, dimeric, and trimeric 

vanadia species, where the vanadyl oxygen is easily reduced for monomeric and 

dimeric species, whereas trimeric vanadyl oxygen is not as easily reduced.26 This 

finding, in combination with the observed vanadia nuclearity distributions, can explain 

the difference in reduction behavior, as the two samples with significant monomeric 

and dimeric contributions show significantly more hydrogen consumption below 230 °C 

compared to the 2.83 V/nm² sample, which contains mostly trimeric and oligomeric 

species, leading to much less hydrogen consumption at these temperatures. 

The difference between the onset temperatures for the first hydrogen 

consumption peak (see Figure 1) can also be explained by the different distribution of 
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surface vanadia species. Vanadia changes the reducibility of ceria surface oxygen 

species in close proximity to the vanadia species, whereby ceria lattice oxygen atoms 

next to monomeric and dimeric species are more easily reduced than those close to 

trimeric species.26,27 Due to the decreasing relative amount of monomeric and dimeric 

species with increasing vanadia loading, the temperature at which the ceria surface 

lattice oxygen is first reduced is lowest for the 0.57 V/nm² sample and steadily 

increases with increasing loading. The hydrogen consumption signal for the 0.57 V/nm² 

sample is also sharper than that of the more highly loaded samples, as there is a sharp 

distribution of different surface species. As the samples with higher vanadia loadings 

contain a broader distribution of species, the hydrogen consumption signal also 

broadens, as the different species influence the reducibility differently, resulting in a 

variety of different vacancy formation energies. Despite this, the initial vacancy 

formation temperature is lower for all vanadia-loaded samples than for bare ceria, as 

the reduction of surface lattice oxygen is always easier in proximity to vanadia than on 

a clean surface.26 

To investigate in more detail the very significant reduction step at 275 °C, where 

surface oxygen vacancies start to form and the V5+-related signals disappear, Figure 6 

depicts quasi in situ XP spectra of the V 2p3/2 region for VOx/CeO2 samples after 

treatment in 7.5% H2/Ar and 12.5% O2/Ar, together with the results of a fit analysis 

using three components (V3+, V4+, V5+). The resulting areas for the V3+, V4 and V5+ 

contributions48 as well as the ratios of O/Ce and V/Ce for VOx/CeO2 and bare ceria in 

12.5% O2/Ar and 7.5% H2/Ar are summarized in Table 2. 

 

 

Figure 6: V 2p3/2 photoemission of VOx/CeO2 samples at room temperature after oxygen pretreatment 

(12.5% O2/Ar) at 300 °C (bottom) and after hydrogen pretreatment (7.5 % H2/Ar) at 300 °C (top) followed 
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by (air-free) transfer to the analysis chamber, together with the results of a fit analysis.48 Spectra are 

offset for clarity. 

 

Table 2: Results of the quasi in situ XPS analysis focussing on the vanadium oxide state. Spectra were 

recorded after pretreatments in 12.5% O2/He and 7.5% H2/Ar at 300 °C. For details of the analysis, 

please refer to the experimental section. 

Sample O/Ce V/Ce % V3+ % V4+ % V5+ Oxidation State 

CeO2 O2 1.61 -- -- -- -- -- 

CeO2 H2 1.42 -- -- -- -- -- 

0.57 V/nm² O2 2.13 0.07 0.34 0.50 0.16 3.82 

0.57 V/nm² H2 2.16 0.06 0.26 0.73 0.01 3.75 

1.36 V/nm² O2 2.04 0.11 0.42 0.32 0.26 3.84 

1.36 V/nm² H2 2.60 0.13 0.39 0.43 0.18 3.79 

2.83 V/nm² O2 2.44 0.25 0.49 0.46 0.05 3.56 

2.83 V/nm² H2 2.61 0.22 0.44 0.38 0.18 3.74 

 

 

Starting with bare ceria, the O/Ce ration was determined to decrease from 1.61 to 1.42 

for O2/He and H2/Ar treatment, respectively. This is in line with expectation as the 

reduction of the ceria surface is accompanied with surface oxygen vacancy formation, 

which is consistent with the TPR results, as a first small hydrogen consumption peak 

is observed at 285 °C. Remarkably, for the vanadia-loaded samples, this trend is 

reversed. While unexpected at first sight, the observed behavior can be explained 

when the limited information depth of XPS is taken into account. In fact, as vanadia 

becomes reduced, it is re-oxidized back to oxidation state V5+ by ceria, leading to the 

creation of oxygen vacancies. This increase in the number of charge carriers increases 

the oxygen mobility, and due to vanadia re-oxidation, more oxygen is found in the first 

few sample layers, even though overall the catalyst is in a more reduced state. This 

trend is reproducible for all vanadia-loaded samples and is unlikely to be caused by 

any external effect, such as exposure to air during the transfer, since the sample was 

directly transferred from the gas-pretreatment cell via several pressure stages to the 

analysis chamber. The increase in the V/Ce ratios is in line with the increase expected 

due to the increase in vanadia loading from sample to sample and does not vary 

significantly with the type of pretreatment. This also explains the higher O/Ce ratio for 
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the 2.83 V/nm² sample, as more vanadium is detected within the limited information 

depth of XPS, leading to less detected Ce while the amount of detected oxygen stays 

similar, as VOx also contains oxygen. This is also described by the V/Ce ratio that 

increases much more significantly from 1.36 to 2.83 V/nm² compared to the sample 

with the lowest loading. 

Based on the results of the fit analysis shown in Table 2, the distribution of the 

vanadium oxidation states can be compared as a function of pretreatment and loading. 

Contributions from all three oxidation states are present in oxidizing as well as reducing 

conditions where V4+ becomes especially dominant. The average oxidation states are 

lower than for other supports such as alumina, but the significant presence of V4+ has 

been observed before.29 For the 0.57 V/nm² sample, a decrease in the proportion of 

V5+ and of V3+ as well as a significant increase in the amount of V4+ can be observed, 

on comparing the spectra after O2/Ar and H2/Ar treatment. This indicates a 

disproportionation of V5+ and V3+ species to form additional V4+ species on the surface. 

As more V5+ than V3+ is consumed during disproportionation, the additional V5+ is likely 

to be reduced directly to V4+, suggesting multiple channels of reduction and 

regeneration at the interface despite the similar average oxidation state, highlighting 

the complexity of the system. The increase in V4+ species might be caused by the 

unique interaction between vanadia and ceria and the higher availability of ceria lattice 

oxygen close to the surface during the reduction processes, before vanadia is further 

reduced at higher temperatures, as this behavior during initial reduction can not be 

observed for other supports.29,49 The complete disappearance of V5+ is also in 

agreement with the Raman results, where no vanadia signals can be observed at 275 

°C anymore (see Figures 3 and 5).  

The same observations can be made for the 1.36 V/nm² sample. However, the 

sample with the highest vanadia loading diverges from the observed trends and 

decreases in its V3+ and V4+ contribution, whereas the V5+ contribution to the observed 

signal increases. This behavior differs significantly from that of the first two samples 

when the average oxidation state of the samples is considered. In fact, the two lower-

loaded samples have similar average oxidation states after oxidizing gas-phase 

treatments and a slightly decreased oxidation state after hydrogen treatment (see 

Table 2). Nevertheless, the observed decrease is quite small, indicating that ceria can 

re-oxidize reduced vanadia as vanadia disproportionates and mostly consists of V4+ 

after reduction at this temperature. This is in good agreement with literature results, 
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where ceria is also described to keep vanadia oxidized in different gas-phases.22,24–26 

This measurement is not limited by the precision of XPS, as the average oxidation 

states are very similar and within the margin of error, but the individual contributions 

from the vanadium oxidation states vary quite significantly between the gas phases, 

i.e., outside the margin of error, and the results for the average oxidation state are still 

similar. This also coincides with the temperature at which the first oxygen vacancies 

are created in the ceria surfaces, indicating that vanadia is first reduced by hydrogen 

and then disproportionation occurs, which requires ceria lattice oxygen, leading to 

vacancy creation and a rather constant oxidation state. In comparison, the oxidation 

state in the 2.83 V/nm² sample increases from an initial value of 3.56 to 3.74, which 

resembles the averaged oxidation states of the other samples after hydrogen treatment 

but differs from its initial value under oxidizing conditions. This indicates that the 

different trend observed for this sample appears to be caused by the low average 

oxidation state after oxidizing treatment. The difference in the initial state of the sample 

might be caused by the high vanadia loading, which is very close to the point where 

three-dimensional VOx particles form on the surface (2.9 V/nm²). If such particles were 

formed, one may expect part of the particles to exhibit a different electronic behavior 

than the (2-dimensional) surface vanadia aggregates of the other samples, leading to 

different oxidation states at higher loadings. It appears that upon reduction, V-O-V 

bonds in these particles are broken, leading to the formation of more surface-confined 

species, which behave similarly to those present in the samples with lower loadings, 

resulting in a similar average oxidation state. Notably, a loading-dependent difference 

in behavior can also be observed in the TPR results (see Figure 1b), where the initial 

reduction of the 2.83 V/nm² sample varies significantly from those of the other vanadia-

loaded samples and rather resembles that of bare ceria. The change in reduction 

behavior is unlikely to be caused by the presence of vanadia trimers only as there are 

significant contributions from higher vanadia nuclearities at this loading (see Figure 5), 

thus providing a structural rationale for the different characteristics of the highly-loaded 

sample. 

So far, the surface processes up to the reduction of V5+ and the first formation 

of surface oxygen vacancies have been analyzed and discussed in detail. To 

understand the reduction behavior at higher temperatures, bulk methods are 

necessary to probe subsurface and bulk processes. Furthermore, at 275 °C, most 

vanadium is not yet fully reduced but mainly present in oxidation state V4+. With 
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increasing temperature, further reduction of vanadium is expected but not accessible 

by Raman spectroscopy, due to the low scattering cross section of reduced species, 

or by quasi in situ XPS, due to temperature limitations of the experimental setup. 

Therefore, we have explored the potential of in situ UV-Vis spectroscopy to probe 

vanadia as well as ceria bulk reduction. Figure 7 shows the UV-Vis spectra of CeO2 

and the 1.36 V/nm² sample in 7.5% H2/Ar at selected temperatures. As many 

properties measured in UV-Vis spectra are temperature-dependent, the same 

temperature ramp as for the reduction with hydrogen was performed in pure helium to 

exclude any temperature effects. The temperature-dependent spectra of all samples 

in pure helium and 7.5% H2/Ar are given in the SI (see Figures S5 and S6). 

 

 

Figure 7: In situ UV-Vis spectra for bare ceria (a) and the 1.36 V/nm² sample (b) in 7.5% H2/Ar at 

selected temperatures between 45 and 410 °C. The insets highlight the absorption behavior between 

450 and 800 nm. From the fit analysis (see Figure S7), the areas of the Ce3+
→Ce4+ charge transfer and 

vanadia d-d transitions for bare ceria (c) and the 1.36 V/nm² sample (d) are obtained and compared to 

the determined band gaps. To exclude temperature effects, the same spectra were recorded in pure 

helium at the same temperatures. For details see text and the SI. 

 

In Figures 7 a and b, in situ UV-Vis spectra for bare ceria and the 1.36 V/nm² sample 

are shown. Two types of spectral changes are observed: first, the band gap absorption 
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energy shifts towards higher wavelengths with increasing temperature, and second, a 

distinct absorption between 500 nm and 800 nm becomes observable for both 

samples. The shift in the band gap energy is caused by the formation of oxygen 

vacancies, which create electronic states closer to the conduction band, thereby  

decreasing the overall band gap.50 The shift in band gap energy is therefore a good 

indicator of the overall ceria reduction. The absorption in the region between 500 and 

800 nm is caused by Ce3+
→Ce4+ transitions  located at around 633 nm, which is a 

good second indicator of reduced bulk ceria,51,52 and by vanadia d-d transitions, which 

only become allowed transitions upon vanadia reduction (V3+/4+
→V5+), thus 

representing a good indicator for further vanadia reduction beyond V4+. Since the 

vanadia d-d transitions are very broad, it is difficult to determine their exact position. 

We used 775 nm as the position of the vanadium d-d transition as determined by 

electron energy loss spectroscopy (EELS) on a 2D V2O5 material and allowed for 

divergence between 750 and 800 nm to account for the different material and possibly 

different vanadia state.53  

The observed dynamics in the spectra were quantified using Tauc plots for the 

band gap and fitting analysis (exemplarily shown in Figure S7) for both transitions in 

the region between 500 and 800 nm. Figures 7c and d show the trends obtained for 

bare ceria and the 1.36 V/nm² sample, respectively. In the presence of helium, the 

band gap energy shows a constant red-shift with increasing temperature. The 

absorption in the region between 500 and 800 nm is not present in helium (see 

Figure S5). The observed spectroscopic changes are therefore caused by the reducing 

hydrogen atmosphere. As shown in Figures 7c and d, the band gap energy shows a 

linear decrease for both samples, which continues up to 275 °C for ceria and up to 230 

°C for the 1.36 V/nm² sample. Above these temperatures, the band gap increases 

again and moves through a maximum, which coincides perfectly with the appearance 

of the Ce3+
→Ce4+ transition for both samples. The observed blue-shift of the band gap 

can therefore serve as an indicator of the onset of oxygen vacancy formation, as the 

blue-shift does not appear to be caused by actual ceria reduction (which would lead to 

a red-shift), but rather by the influence of the absorption at 633 nm on the Tauc 

analysis. These temperatures are well in line with the observed structural dynamics 

and vacancy formation from F2g red-shifts and UV-Raman spectra.  

In addition, the ceria reduction can be quantified by UV-Vis spectroscopy up to 

much higher temperatures than by UV-Raman spectroscopy, where the decreasing 
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scattering cross-section and the constant shape of the defect region make 

quantification rather difficult. Figures 7c and d show that ceria is strongly reduced 

between 250 and 400 °C, whereby the observed 633 nm absorption increases sharply 

before it starts to drop off at 400 °C for bare ceria, but increases more slowly and then 

plateaus at 400 °C for the 1.36 V/nm² sample. This behavior is roughly in line with the 

observed hydrogen consumptions from TPR (see Figure 1). In addition, the vanadia 

reduction can be probed further. The observed absorptions for d-d transitions reveal 

(see Figures 7c and d) that vanadia is strongly reduced when ceria is reduced. 

However, the absorption does not plateau at around 400 °C, but further increases up 

to the maximum UV-Vis temperature, which is likely to be caused by vanadia reduction 

down to V3+, thus explaining why the vanadia-loaded samples have a higher overall 

hydrogen consumption than bare ceria in TPR analysis. The spectra for all four 

samples at all temperatures are shown in Figure S6 and the obtained trends for the 

band gap as well as the obtained areas from the fit analysis are shown in Figures S8 

and S9. 

 The previously performed analysis allowed the complete TPR low-temperature 

region to be investigated and interpreted by spectroscopic methods. Above 500 °C, 

very low amounts of hydrogen are consumed up to the high-temperature region. The 

small consumptions of hydrogen were investigated by quasi in situ DRIFTS analysis. 

For that, the sample was placed in the IR reaction chamber and was pretreated in 

12.5% O2/He and 7.5% H2/Ar. After the sample had cooled to room temperature in 

pure helium, an IR spectrum was measured to avoid thermal noise at the elevated 

temperatures. 
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Figure 8: DRIFT spectra of bare ceria and VOx/CeO2 samples recorded at 25 °C after pretreatment in 

(a) 12.5% O2/He and (b) 7.5% H2/Ar and subsequent cooling down from 550 °C to 25 °C in He. The 

resulting spectra are offset for clarity. 

 

Figure 8 depicts room temperature DRIFT spectra after oxidative (a) and reductive (b) 

pretreatment, covering the regions 900-1200 cm-1 and 2000-2400 cm-1, where vanadyl 

fundamental and overtone vibrations may be expected. After oxidative pretreatment, a 

vanadyl peak is observed at 1000-1050 cm-1. Apparently, there is an additional broad 

(asymmetric) feature, which overlaps with the vanadyl peak. In this wavenumber 

region, besides Ce-O vibrations of Ce-OH bonds also Ce-H vibrations of different 

surface and bulk hydrides may be located.54 To disentangle the different contributions, 

we therefore examined the overtone region between 2000 and 2400 cm-1. At 2127 cm-

1 a peak is observed that would be consistent with a fourfold coordinated bulk hydride,54 

corresponding to a fundamental vibration located at 1063 cm-1, where analysis is 

difficult due to overlap. To confirm that this assignment, we performed DRIFTS at 

different temperatures, as the Ce-O and vanadyl vibrations would be expected to be 

present at all temperatures whereas Ce-H vibrations should be observable only at high 

temperatures in hydrogen atmosphere. From the DRIFT spectra it can be seen that 
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this overtone is not present at lower temperatures but begins to appear at above 

300 °C (see Figure S10). We therefore conclude bulk hydride formation to occur at 

above 300 °C up to 550°C, which offers an explanation for the continuous hydrogen 

consumption above 400 °C together with the continuous vanadia reduction for the 

vanadia-loaded samples (see above). 

Above 550 °C, our spectroscopies become unviable due to sensitivity issues 

caused by the high temperature, but large hydrogen consumptions were observed in 

TPR at temperatures above 700 °C, indicating a phase transition. These occur 

between 775 and 810 °C and are consistent with the beginning phase transition into 

substochiometric structures which first start to appear in nanoparticles, not detected 

by XRD.55,56 Only at higher temperatures, a significant change in the diffraction pattern 

would become apparent.57 Only the sample with the highest loading (2.83 V/nm²) 

shows an additional shoulder at 705 °C (see Figure 1). Besides, the temperatures of 

the phase-transition are shifted towards lower values when vanadia is present. To 

determine the cause of the shoulder for the 2.83 V/nm² sample, in situ XRD was 

performed in 5% H2/Ar to determine any additional phase-transitions besides the one 

mentioned above. 
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Figure 9: In situ XRD diffraction patterns for the 2.83 V/nm² sample (a) measured in 5% H2/N2 at 25 °C 

and in 100 °C steps between 200 and 900 °C. (b) Rietveld fit (red) performed on the diffractogram (black) 

collected at 800 °C. 

 

Figure 9 depicts temperature-dependent diffractograms of the 2.83 V/nm² 

samples together with the results of a Rietveld analysis based on the diffractogram at 

800 °C. Up to 600 °C the diffractograms reveal no differences and show only a slight 

shift of the reflections peaks towards lower angles due to the increased temperatures. 

At 700 °C, small changes start to become apparent at 22, 32 and 57° 2θ where 

additional reflections appear. When the temperature is further increased, these 

reflections gain in intensity and coincide well with the positions expected for CeVO4 

that has been reported to be formed in the presence of high vanadium loading (starting 

at 1 V/nm² at high temperatures under reducing conditions, but much more significant 

amounts are formed at ~3 V/nm²) or under reducing conditions.22,25 To quantify the 

amount of CeVO4 present under these conditions, Rietveld analysis was performed for 

the diffractogram at 800 °C, yielding 3.9% CeVO4. This is a significant amount, which 
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is likely to cause some measurable degree of hydrogen consumption, leading to the 

formation of the shoulder observed for the sample with the highest vanadia loading 

(2.83 V/nm²). For the other VOx/CeO2 samples, such a reaction is not observed 

because the vanadium loading is too low at 0.57 and 1.36 V/nm² in the measured 

temperature range. 

Figure 10 summarizes the above findings and bridges the gap between the 

observed hydrogen consumptions and the interpretations on a molecular level, thus 

allowing the hydrogen consumption behavior in the TPR to be assigned to different 

structural changes, including the influence of the vanadia loading. The bars indicate 

the temperature range for each process which was determined exclusively by our 

spectroscopic findings and show a very good agreement with the observed hydrogen 

consumptions. The designations of surface Ce-OH and surface vanadia refer to initial 

Ce-OH and vanadia reduction regenerated by ceria, respectively, determined from UV- 

and Vis-Raman spectra (see Figures 3-5). Surface defect formation is caused by the 

depletion of surface oxygen and the permanent formation of oxygen vacancies on the 

surface as analyzed by UV-Raman spectroscopy (see Figure 3 and S4), and bulk 

defects are caused by the diffusion of bulk oxygen to the sample surface and 

subsequent reduction which was determined from Vis-Raman and UV-Vis spectra (see 

Figures 2, 3, 7, and S9). Strong vanadia reduction refers to the continued reduction of 

vanadia from V4+ to V3+ and starts after V5+-related signals disappeared from the 

Raman spectra. The continued reduction was determined by XP and UV-Vis 

spectroscopy (see Figures 6 and 7). For the 0.57 V/nm² sample, there is not enough 

vanadium present to detect this feature using TPR, as the hydrogen consumption for 

this reduction process is very small, even for the 1.36 V/nm² sample. Hydride formation 

is tracked by temperature-dependent DRIFTS measurements (Figures 8 and S10) but 

its contribution to the overall hydrogen consumption is expected to be comparably 

small as the TPR shows only small hydrogen consumptions without any maxima in this 

temperature range. Finally, the phase transitions were determined using in situ XRD 

(see Figure 9) but no temperature range is given as no additional processes were 

determined to occur in this temperature range and therefore, the observed hydrogen 

consumption are attributed to the occurring phase transitions. 
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Figure 10: Insight into the structural changes during TPR of bare ceria and vanadia-loaded samples, 

based on temperature-dependent analysis by multiple in situ spectroscopy and in situ diffraction. For 

details refer to the text. 
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Conclusion 

In this study we link the reducibility, an important property of metal-oxide catalysts 

accessible by temperature-programmed reduction (TPR), to molecule-based 

processes, as developed by the application of multiple in situ methods. It is shown that 

a detailed understanding of the surface, subsurface and bulk dynamics during 

temperature-dependent reduction is strongly facilitated by complementary analysis 

using spectroscopy and diffraction. 

The TPR of VOx/CeO2 catalysts and bare ceria as a reference sample reveals 

that the hydrogen consumptions can be separated into a high temperature region and 

a low temperature one, whereby the low temperature region shows multiple 

contributions and significant variations between different vanadia loadings. In the high 

temperature region, a rather similar behavior is observed, and the position of the 

maximum hydrogen consumption is located at temperatures, where first phase-

transitions into nano dispersive sub-stoichiometric phases can appear. Vis-Raman 

spectra, employed to further separate the processes in the low temperature region, 

reveal surface and subsurface/bulk contributions. 

Surface contributions at temperatures below 230 °C were determined to be 

caused by Ce-OH reduction for bare ceria, where bridged Ce-OH groups next to 

vacancies and singly bound Ce-OH groups were the most important, as well as early 

vanadia reduction, which is regenerated by ceria to keep vanadium in oxidation state 

5+. Further reduction at higher temperatures is caused by oxygen depletion in the ceria 

surface and surface vacancy formation as well as vanadia reduction by 

disproportionation of V3+ and V5+ species to V4+ species. All reduction processes occur 

at different temperatures for different vanadia loadings, and the surface vanadia 

structures, as determined by the vanadyl fine structure, significantly influence the 

overall reduction behavior. 

Beyond surface reduction ceria subsurface and bulk oxygen atoms diffuse to 

the surface, where they become reduced and bulk oxygen vacancies are formed. For 

vanadia-loaded samples, concurrently, strong vanadia reduction to oxidation states 

lower than V4+ occurs and leads to an overall higher hydrogen consumption for 

vanadia-loaded samples than for bare ceria. These processes are overlapped by the 

formation of Ce-H bulk hydrides, which add to the overall hydrogen consumption up to 

550 °C. At even higher temperatures, the beginning of phase transitions towards sub-

stoichiometric nano-dispersive phases can be observed for all samples but for the 
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sample with the highest loading, first a partial phase transition from CeO2 to CeVO4 is 

observed. It is demonstrated that the temperature, at which the reduction processes 

occur, is strongly determined by the vanadium loading because the changes in vanadia 

structure with increasing loading and the different structures are characterized by 

different reducibilities. 

In summary, we present the first comprehensive study in which the reduction 

properties of ceria and different VOx/CeO2 samples are investigated with multiple in 

situ methods over a temperature range of 800 °C and used for the interpretation of 

TPR results. With our approach, it is possible to also interpret in detail the TPR results 

of other important catalytic materials and allow for a molecular interpretation of the 

easily accessible reducibility behavior, thus facilitating the link between mechanistic 

research and technical application. This approach can readily be transferred to other 

important catalytic materials such as TiO2 or SiO2, which are already used in technical 

applications and to different properties accessible by, for example, temperature-

programmed oxidation (TPO), temperature-programmed adsorption/desorption (TPD) 

or temperature-programmed reaction (TPR), making this approach highly and broadly 

applicable in the field of metal-oxide catalysis. 
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