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Abstract 

In this work, we performed a density functional theory (DFT) study of the H2S interactions on a low praseo-

dymium (Pr)-doped CeO2(111) surface. For this study, we considered a 3.7 at% Pr doping and conducted 

DFT calculations using the GGA formalism with the ‘U’ correction on Ce(4f) and Pr(4f) orbitals. The H2S 

molecule weakly interacts on both the stoichiometric and oxygen deficient (111) surface of undoped CeO2 

(ceria). However, on the Ce0.963Pr0.037O2(111) surface with an oxygen vacancy (O-hole site near to Pr dopant), 

the presence of praseodymium promotes the dehydrogenation process with formation of HS and H species.  

Resumen 

En este trabajo presentamos un estudio basado en la teoría del funcional de la densidad (density functional 

theory, DFT) de las interacciones del H2S sobre la superficie CeO2(111) dopada con un bajo contenido de 

praseodimio (Pr). Para este estudio, se consideró un dopado de 3,7 at% de Pr y se efectuaron cálculos DFT 

usando el formalismo GGA e introduciendo la corrección ‘U’ sobre los orbitales Ce(4f) y Pr(4f). La molécula 

H2S interactúa débilmente en la superficie CeO2(111) sin dopar, tanto estequiométrica como deficiente de 

oxígeno. Sin embargo, en la superficie Ce0.963Pr0.037O2(111) con una vacancia de oxígeno (sitio O-hole cerca 

del dopante Pr), la presencia de praseodimio promueve el proceso de deshidrogenación con la formación de 

las especies HS y H.  
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1. Introduction 

In the last decades, the search for new energy sources and alternative fuels are mainly forced by in-

creasing concerns related to greenhouse gas emissions, finite availability of fossil combustibles, as 

well as health and safety considerations [1–3]. Hydrogen (H2) is considered an environmentally 

friendly fuel and it can be produced from renewable resources such as biomass with low pollution 

and high efficiency. 

Algae biomass has several advantages compared to other renewable energy sources: increased grow-

ing speed, high yield per surface unit [4], very efficient capture of carbon dioxide [5] and solar ener-

gy conversion [6], no-competence with the biomass used for food, and the possibility of growing in 

open waters [7]. Moreover, microalgae can employ the nutrients present in liquid urban residues to 

grow and, at the same time, pre-treating them [8]. 

Gasification of the algae biomass releases a stream containing CH4, H2, CO, CO2, hydrocarbons of 

low molecular weight as well as several compounds with sulfur and nitrogen. This stream can be 

transformed into syngas (CO and H2) and even improve its H2 content through catalytic processes. 

However, these transformations involve not only CH4 reforming but also prevention of catalysts 

deactivation by poisoning with sulfur-containing species.  

Sulfur has a high negative impact on the several catalysts employed in industrial processes [9,10]. 

This negative effect can be mitigated removing most of the sulfur-containing species with hydro 

desulfurization catalysts or oxide adsorbents [11], but the associated energetic cost is very high. On 

the other hand, development of new catalysts with high sulfur tolerance represents an easier and less 

expensive alternative [12]. 

Sulfur is a poison for the metals of group VIII and especially causes severe deactivation of nickel 

[13]. Indeed, all the sulfur presents as H2S can easily chemisorb on available Ni sites under CH4 

reforming reaction conditions.  

As regard of Ni supports, Al2O3 is one of the most employed for Ni-based catalysts [14]. Particular-

ly, better performance and sulfur tolerance has been reported for those Ni and noble metal catalysts 

supported on CeO2 and CeO2-ZrO2 mixed oxides [15]. These features are mainly attributed to the 

good oxygen donation ability of CeO2, originated by an easy transition of Ce cations oxidation state 

from Ce4+ to Ce3+ [16].  

Therefore, the stability and catalytic performance of Ni active phase can be substantially improved 

by using a support based on CeO2 [17]. In this regard, it is worth to note that the addition of praseo-
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dymium into ceria lattice remarkably improves the oxygen storage capacity (OSC) of CeO2 [18]. 

Thus, Pr-doped CeO2 materials would promote the oxidation of H2S, the most common sulfur-

containing species and, so, be useful supports for the Ni active phase by preventing its deactivation 

due to sulfur poisoning.  

By the way, as far as we know there are no previous theoretical studies of H2S interactions on Pr-

doped CeO2 solid solutions. Therefore, in this work we performed density functional theory (DFT) 

calculations to evaluate H2S interactions on a low Pr-doped CeO2(111) surface.  

 

2. Theoretical Methods 

Cerium oxide (CeO2, ceria) crystallizes in fluorite structure consisting of a face-centered cubic (fcc) 

system of Ce4+ cations with O2- anions filling its tetrahedral holes. Experimental data indicated a 

lattice parameter value of 5.41 Å for this structure [19].  

Concerning our work, optimization of the ceria bulk structure within a plane wave basis cutoff ener-

gy of 480 eV, led to a calculated lattice constant value of 5.50 Å. Then, the ideal model of the CeO2 

surface was constructed by cleaving the optimized bulk cell with the (111) plane and retaining an 

extra oxygen layer. We choose the (111) surface because it is the most stable among the low-index 

(111), (110) and (100) ones, and corresponds to minimal Ce–O bonds cleavage [20–22]. After that, 

the low-doped Pr-ceria surface was obtained from a CeO2(111) slab, with a p(3x3) expansion of the 

surface unit cell, by substituting one surface Ce cation by Pr. This substitution allowed us to build 

the 3.7 at% Pr-doped CeO2(111) surface.  

Figure 1, shows the resulting Ce0.963Pr0.037O2(111) surface. So, we can see the upper three atomic 

layers, an O-Ce-O sandwich formed by top O anions, surface Ce cations and subsurface O anions.  

 
Figure 1. Front view of the stoichiometric Ce0.963Pr0.037O2(111) surface. 
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The density functional theory (DFT) calculations were performed with the Vienna Ab-initio Simula-

tion Package (VASP) [23,24]. The Kohn-Sham equations were solved with the generalized gradient 

approximation (GGA), and the exchange correlation functional of Perdew-Burke-Ernzerhof (PBE). 

Geometries were optimized until the Hellmann-Feynman forces converged to less than 0.02 eV/Å. 

The cutoff energy of the plane wave basis was set to 480 eV, and the core electrons were represent-

ed with the projector augmented wave (PAW) method using Ce(5s2, 5p6, 6s2, 5d1, 4f1), Pr(5s2, 5p6, 

6s2, 5d1, 4f2) and O(2s2, 2p4) configurations for valence electrons. Self-consistent calculations were 

performed sampling the Brillouin zone with a 3×3×1 k-points grids under the Monkhorst-Pack 

scheme [25]. The different configurations were optimized using spin polarization calculations. 

The standard DFT formulation usually fails to describe strongly correlated electrons in Ce(4f) and 

Pr(4f) orbitals, due to a deficient treatment of electron correlations. This limitation can be corrected 

to some extent by using the DFT + U method, where the introduction of a Hubbard parameter ‘U’ 

modifies the electron self-interaction error and enhances the description of the correlation effects. 

Accordingly, we used the Hubbard parameters: Ueff = 5 eV for Ce(4f) states, and Ueff = 4.5 eV for 

Pr(4f) orbitals. The value Ueff = 5 eV was chosen for the Ce(4f) states as it correctly described the 

atomic and electronic structure of both CeO2 and CeO2−x systems [26–28]. On the other hand, the 

value Ueff = 4.5 eV was considered reliable for describing the strong onsite Coulomb repulsion 

among Pr(3d) electrons, as it has shown to reproduce the experimentally available data for PrO2 

such as lattice constant and band gap [29].  

Moreover, oxidation states and spin polarization were computed for different ions of interest by per-

forming Bader charge and spin charge density analysis [30–32]. 

 

3. Results and Discussion 

We began our study calculating the H2S interactions on the stoichiometric Ce0.963Pr0.037O2(111) sur-

face. For this, we considered different active sites: surface O anions as well as Ce4+ and Pr4+ cations. 

As it can be seen in Fig. 1, surface O1, O3 and O6 sites have different cationic environment. The 

oxygen O1 is located inside a triangle formed by Ce and Pr cations (Ce1, Ce3 and Pr). The O3 anion 

is located near Pr, but surrounded by Ce cations (Ce3, Ce4 and Ce5). Meanwhile, O6 is also in the 

center of a triangle formed by Ce cations (Ce2, Ce5 and Ce6) but located far away from Pr.  

Then, we evaluated H2S interactions on the oxygen deficient Ce0.963Pr0.037O2–x(111) surface, with O1 

vacancy, by considering Pr (Pr3+),  Ce4 (Ce4+) and Ce3 (Ce3+) sites.  

The H2S adsorption energy (∆Eads) on the stoichiometric Ce0.963Pr0.037O2(111) was computed as:  
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∆Eads = E[H2S/Ce0.963Pr0.037O2(111)] – E[Ce0.963Pr0.037O2(111)] - E[H2S]. 

In this equation, E[H2S/Ce0.963Pr0.037O2(111)] represents the total energy of the system formed after 

H2S molecular interactions on the stoichiometric surface, E[Ce0.963Pr0.037O2(111)] is the total energy 

of the stoichiometric surface, and E[H2S] is that of the H2S molecule in vacuum.  

On the other hand, H2S adsorption energy on the oxygen deficient Ce0.963Pr0.037O2-x(111) surface, 

with O1 vacancy, was calculated as:  

∆Eads = E[H2S/Ce0.963Pr0.037O2–x(111)] – E[Ce0.963Pr0.037O2–x (111)] - E[H2S]. 

In this equation, E[H2S/Ce0.963Pr0.037O2–x(111)] represents the total energy of the system formed after 

H2S interaction on the O-deficient surface, E[Ce0.963Pr0.037O2–x(111)] is the total energy of the O-

deficient surface, and E[H2S] is that of the H2S molecule in vacuum.  

3.1 H2S interactions on the stoichiometric Ce0.963Pr0.037O2(111) surface 

Molecular H2S interactions on the stoichiometric Ce0.963Pr0.037O2(111) are very weak. The interac-

tion of H2S on surface oxygen anions is a physisorption as indicated by the low adsorption energy 

value Eads = –0.14 eV, and the long O–S distance which was calculated in 3.51 Å. The molecular 

interactions of H2S on Ce2 (a Ce4+ cation near to Pr) or Ce4 (a Ce4+ cation close to Pr) are very simi-

lar as we calculated similar adsorption values for both physisorptions: Eads = –0.34 eV, and Ce3–S 

and Ce4–S distances of 3.20 Å and 3.22 Å, respectively. For the Pr site, we calculated an H2S ad-

sorption energy Eads = –0.31 eV and a Pr–S distance of 3.23 Å.  

For comparison, we also computed H2S interactions on the undoped CeO2(111) surface. The molec-

ular interaction on a Ce site is also a physisorption (Eads = –0.21 eV and d(Ce–S) = 3.20 Å). 

Meanwhile, we computed no interactions of the H2S molecule on O sites (Eads = –0.01 eV. Thus, 

we underline that our results indicating very weak interactions of H2S molecule on Ce cations (Eads 

= –0.21 eV) are in good agreement with previous reported energies values for adsorbed H2S species 

on the CeO2(111) surface of about –0.1 eV [33]. 

Concerning the electronic structure of the stoichiometric Ce0.963Pr0.037O2(111) surface, Bader charge 

calculations for Ce and Pr cations gave values of 9.6e and 10.69e, respectively, and the computation 

of spin magnetization resulted in 0 µB for Ce cations and 1.2 µB for Pr one [18].  

For the different optimized H2S/Ce0.963Pr0.037O2(111) systems, our Bader charge and spin magnetiza-

tion calculations show no changes of the surface electronic configuration which confirm the 

physisorptive character of molecular H2S interactions on the stoichiometric Ce0.963Pr0.037O2(111) 

surface.   
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Thus, it is possible to assume that the H2S molecule is weakly bound to both the undoped and Pr-

doped stoichiometric CeO2(111) surface. The small calculated binding energy corresponds to a 

physisorption, and this H2S weakly bond molecule could be considered as an intermediate to more 

stable species. 

3.2 H2S interactions on the Ce0.963Pr0.037O2–x(111) surface with a vacancy of O1 

Praseodymium doping significantly reduces the energy required for anionic defects formation on the 

ceria surface. The calculated energy value for creation of the O1-defect on the Ce0.963Pr0.037O2(111) 

surface is about 1 eV [18], in agreement with that reported for the Ce0.9688Pr0.0312O1.9688 bulk struc-

ture [34]. This finding agrees with the increase of oxygen vacancies concentration reported for Pr-

doped CeO2 solids [35–37].  

The creation of the O1 vacancy on the Ce0.963Pr0.037O2(111) surface reflected in atomic relaxations 

of surface and subsurface ions. The distance from Ce1 cation to O1-hole was elongated  10% com-

pared to the Ce1–O1 bond length in the stoichiometric Pr-substituted CeO2(111) surface [18]. Simi-

larly, Ce3 and Pr distances to O1-hole resulted 7% larger than those to O1. Cerium cations like Ce1, 

Ce3 and Pr also relaxed moving 0.25 Å, 0.19 Å and 0.20 Å, respectively, away from the O1-hole.  

The electronic structure of Ce0.963Pr0.037O2–x(111) surface with the O1 vacancy was characterized 

trough Bader charge and spin polarization analyses. Bader charge calculations show 9.92e for the 

Ce3 cation and 10.96e for Pr one, indicating that the two electrons left in the solid after formation of 

O1-defect were transferred to the closest Ce cation (Ce3) and the Pr dopant [18]. Accordingly, spin 

magnetization values of Ce3(4f) and Pr(4f) orbitals were calculated in about 1 µB and 2 µB, respec-

tively.  

 
Figure 2: Electronic structure of the Ce0.963Pr0.037O2–x(111) surface with O1-defect. Spin polarization at a 0.05 e Å–3 

isovalue for Ce3(4f) and Pr(4f) orbitals. Positive and negative values are indicated in yellow and gray, respectively. 
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As regard of this electronic structure, Fig. 2 shows the isosurface of spin-polarized density for 

Ce3(4f) and Pr(4f) orbitals at a 0.05 e Å–3 isovalue. As it can be seen, this isosurface also indicates 

that creation of O1-defect led to reduction of Pr and Ce3 cations.  

Our study of H2S interactions on the reduced Ce0.963Pr0.037O2–x(111) surface with an oxygen vacancy 

indicates that the H2S molecule chemisorbed on the reduced cations. On the O-defective surface 

with a O1-hole, we computed strong adsorption energy values due to molecular H2S interactions on 

Ce3 and Pr cations: Eads = –1.98 eV on Pr3+ cation and Eads =  –1.96 eV on Ce3 (a Ce3+ cation). 

Together with these energy values, the distance between sulfur and Pr or Ce3 cations were calculat-

ed as follow: d(S–Pr) = 3.14 Å and d(S–Ce3) = 3.02 Å.  

As well, we noticed that one of the H-S bonds was broken due to H2S interaction on the O1-hole. 

Indeed, the first dehydrogenation of H2S began with the molecule tilting towards the surface fol-

lowed by the cleavage of one of the H–S bonds.  Then, the process continues with the binding of this 

H fragment to the nearest oxygen anion and the sideways slipping of the HS species over the O1-

hole.  

Figure 3 displays the optimized atomic configuration for the HS-H/Ce0.963Pr0.037O2–x(111) system. 

Note that the HS fragment (d(H–S) = 1.35 Å) is over the O1-hole, while the H one is bound to lat-

tice O2– anion forming a hydroxyl species (d(H–O) =0.97 Å).  

 
Figure 3: HS and H fragments adsorbed on the Ce0,963Pr0,037O2–x(111) surface with O1-defect 

 
On the other hand, Bader charge calculations for the HS-H/Ce0.963Pr0.037O2–x(111) system indicate 

that only Ce3 (9.92e) and Pr (10.96e) are in the (3+) oxidation states. Accordingly, Ce and Pr cati-

ons show spin magnetizations of 1 µB and 2 µB, respectively. Thus, after adsorption of the HS and 

H fragments on the O-defective surface no new reduced cations were detected. This electronic struc-
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ture is consistent with the isosurface of spin-polarized density shown in Fig. 4 for Ce3(4f) and Pr(4f) 

orbitals.  

Altogether, our findings reveal a heterolytic cleavage of the H–SH bond into H+ and HS– species 

due to interaction of the H2S molecule on the O-defective Ce0.963Pr0.037O2–x(111) surface. 

 

 
Figure 4: Electronic structure of the HS-H/Ce0.963Pr0.037O2–x(111) system. Spin polarization at a 0.05 e Å–3 isovalue for 

Ce3(4f) and Pr(4f) orbitals. Positive and negative values are indicatedin yellow and gray, respectively. 
 
For completeness, we also calculated H2S interactions on the CeO2–x(111) surface with a vacancy of 

O1. The weak interaction of the molecule (ΔEads = –0.32 eV) suggests a physisorption. Besides, due 

to H2S interaction on Ce3 cation one of the H–S bonds become elongated (d(H–S) = 1.48 Å). How-

ever, there was no cleavage of the molecule. In this regard, we emphasize that our results agree with 

previously reported DFT results indicating that H2S interaction on the reduced CeO2–x(111) surface 

is weak (ΔEads = –0.45 eV), and that it occurs via interaction between the sulfur atom of H2S and the 

Ce atom nearest neighbor to the oxygen vacancy [38]. 

In summary, the DFT+U calculations performed in this work indicate that molecular adsorption of 

H2S on both the stoichiometric and O-deficient undoped ceria (111) surface is unfavorable due to 

weak interactions between the H2S molecule and the ceria surface. Moreover, this result agrees with 

previous reports of literature [33,38].  

On the other hand, molecular adsorption of H2S on the O-defective Ce0.963Pr0.037O2–x(111) surface is 

an exothermic process. The molecular interaction of H2S is followed by a dehydrogenation process: 

H2S  SH + H, which occurs over the O1-hole with almost no energy barrier. Furthermore, the 

electronic structure of the HS-H/Ce0.963Pr0.037O2–x(111) system reveals that the H–SH bond was 

heterolytically broken into H+ and HS– species.  
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4. Conclusions 

Our DFT+U calculations reveal a key role of Pr dopant during H2S interactions on ceria surface. 

Although, molecular H2S interactions on the undoped ceria surface are very weak, on the oxygen 

deficient Ce0.963Pr0.037O2–x(111) surface the H2S molecule easily dehydrogenates into HS– and H+ 

species. The HS– fragment can bond to either reduced Pr3+ or Ce3+ cations, while the H+ fragment 

bonds to the nearest lattice oxygen anion forming a surface hydroxyl. Our findings indicate that Pr 

dopant promotes the H2S dehydrogenation process and, thus, can help to develop new ceria-based 

supports capable to effectively mitigate sulfur poisoning of the Ni metal active phase.  
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