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Steam reforming of the methane stream obtained from biomass gasification is a potential route for sustainable
syngas (CO + H,) and hydrogen production. The rate-limiting step for the reactions involved in methane steam
reforming (MSR) is thought to be CH, activation. Praseodymium-doped ceria-based catalysts, with easily re-
ducible Pr cations and high oxygen storage capacity, could be attractive for MSR. In this work, we performed
density functional theory (DFT) calculations to examine the activity of a low Pr-doped CeO.(1 1 1) surface for

methane reforming. The results show a significant lowering (0.48 eV) of the energy barrier for methane acti-
vation via homolytic H3C—H bond cleavage. This can be mainly explained by the easy occupation of Pr(4f) gap
states by electrons transferred from adsorbed hydrogen species. The promotion of methane activation upon Pr
doping of ceria was corroborated with methane temperature-programed reduction (CH4-TPR) experiments
conducted in both Ce g5Pr 0502 and CeO, samples.

1. Introduction

Global energy consumption has firmly increased during the last
decades. Much of this growth has been satisfied with fossil resources,
which leads not only to their depletion but also to environmental pol-
lution. Concerns about petroleum and natural gas exhaustion, and
greenhouse effect due to carbon dioxide emissions, have motivated the
research of non-fossil renewable energy sources. Among them, hy-
drogen (H,), as an energy carrier, is considered one of the most pro-
mising unconventional fuels. Hydrogen is capable of driving electricity
generation without emission of harmful pollutants, which makes it an
attractive fuel for powering vehicles, among other applications [1-3].
Furthermore, hydrogen has a high-energy yield of 122kJ/g, which is
2.75 times greater than hydrocarbon fuels [3].

Biomass gasification is a valuable alternative for sustainable hy-
drogen production. At present, H, is mostly obtained from fossil re-
sources. Using biomass instead of fossil fuels reduces environmental
pollution, since the carbon dioxide released as a by-product of biomass
gasification was previously absorbed from the atmosphere and fixed by
photosynthesis in the growing biomass [4]. The main products of bio-
mass gasification are methane (CH,4), hydrogen and carbon monoxide
(CO). Carbon dioxide (COs), light hydrocarbons and sulfur compounds
[5] are also produced. This stream can be transformed into syngas (a

mixture of CO and H,) and improved in its H, content by catalytic
reforming of methane.

The methane steam reforming (MSR) process is an efficient and
well-established method to produce hydrogen, which involves two
main reactions: (i) the endothermic generation of syngas from methane,
and (ii) the exothermic water-gas shift (WGS) reaction that transforms
CO into more H,. Overall, the MSR process is endothermic and high-
energy demanding, and therefore it is usually carried out at high tem-
peratures (> 700 °C), which results in reduced efficiency and elevated
costs. Hence, the development of a selective and sulfur-tolerant cata-
lytic system to convert biomass-derived methane into hydrogen at low
temperatures is a major technological challenge.

Considerable work has been done to develop a suitable catalyst for
methane steam reforming. Among the many metals that can be used as
an active phase (Ni, Ru, Rh, Pd, Ir, Pt), nickel is one of the preferred,
mainly due to its high reactivity and low cost [6,7]. Ni supported on
alumina (Al,O3) are widely used as a catalyst in industrial processes
[8]. Ni/a-Al,O3 catalysts have been traditionally used to produce
syngas from methane steam reforming because of their superior thermal
and mechanical stability [8]. Despite their high activity and low cost,
these catalysts are frequently deactivated by coking, sulfur poisoning
and nickel sintering [9].

Several alternative supports (ZrO,, MgAl,O,4, CaO, CeO,) have been
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proposed to overcome these disadvantages [10]. Among them, cerium
oxide (CeO,, ceria) is especially interesting due to its high oxygen
storage capacity (OSC); which plays a key role in improving the re-
sistance of Ni-based catalysts to deactivation by coke deposition, al-
lowing rapid CH, oxidation and CO or CO, release to the gas phase
depending on experimental conditions [11-14]. Indeed, experimental
results have shown that below 810 °C the CO, formation rate is higher
than that of CO, with the latter being practically zero below 700 °C
[14]. This feature is mainly attributed to oxygen donation from the
ceria support, essentially because Ce cations can undergo rapid redox
(Ce**/Ce®*) cycles [15-171.

Many experimental works have indicated that a metallic active
phase (usually nickel) is needed to achieve satisfactory catalytic per-
formance for the MSR reactions [17]. Notwithstanding, it has been
proposed that reforming reactions involve methane and CH, species
interacting with surface oxygen on the metal-oxide support via a
Mars—van Krevelen mechanism [18-20]. Overall, the exact mechanisms
implicated in methane dehydrogenation and oxidation reactions are
still under discussion. Nonetheless, a reducible support such as CeO,
has desirable characteristics like its high OSC and oxygen mobility and
should play a key role in MSR reactions.

Cerium oxide can be doped with transition, alkaline or rare earths
metals to improve its oxygen storage capacity, redox properties,
thermal stability and oxygen mobility [21,22].

Improved OSC has been reported after partial substitution of cerium
with unreducible dopants, which is attributed to the difference in their
ionic radius [23]. In this sense, doping CeO, with metal cations of ionic
radius lower than that of Ce** is accepted to increase ceria reducibility
by introducing distortions of the fluorite structure [24,25]. For in-
stance, Zr addition to CeO, leads to CeO,-ZrO, solid solutions with
high OSC and improved catalytic activity under both oxidizing and
reducing conditions [21,25,26].

On the other hand, higher OSC has also been attained after cerium
partial substitution by a reducible dopant of ionic radius like that of
Ce**, like praseodymium (Pr). Praseodymium doping of CeO, does not
significantly distort the crystal structure, but it enhances the formation
and migration of oxygen vacancies, achieving an OSC comparable to
that of CeO,-ZrO, materials [27-29]. Furthermore, first principle cal-
culations performed on the Pr-doped CeO,(1 1 1) surface show that the
energy required to form an oxygen vacancy is lower than in pure ceria
[30-32].

Concerning the catalytic performance of Pr-doped ceria, it is worth
noting that samples prepared in our laboratory with low content of Pr
(~5at%) have shown superior activity for CO preferential oxidation
and WGS reactions [30,31]. This improvement has been attributed to
easy formation of Pr®* /Pr** redox couples [32,33]. Besides, Pr doping
also appears to enhance the catalytic performance of ceria for methane
reforming in the presence of H,S, mainly due to formation of surface
oxysulfide species [34].

The superior catalytic performance of Pr-doped CeO, solid solutions
in oxidation reactions allows us to anticipate a promising behavior of
these solids as supports of a Ni active phase for the MSR process.
Therefore, in the present work we examined CH, interactions on the
Cep.963Pr0.03702(1 1 1) surface using density functional theory (DFT)
calculations. We computed adsorption energies, activation barriers,
geometric and electronic structures, and electron transfer between ad-
sorbates and the surface. Our theoretical findings were validated
against experimental temperature-programmed reduction with me-
thane (CH4-TPR) measurements.

2. Methodology
2.1. Computational details and surface models

First principles calculations were performed within the spin-polar-
ized density functional theory (DFT) framework as implemented in the
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Vienna Ab-initio Simulation Package (VASP) [35,36]. Adsorbate and
surface geometries were optimized until the Hellmann-Feynman forces
converged to less than 0.02eV/A. The Kohn-Sham equations were
solved within the generalized gradient approximation (GGA), with the
exchange-correlation functional of Perdew-Burke-Ernzerhof (PBE)
[37].  We treated explicitly the Ce(5525p66525d14f1), Pr
(55%5p®6s25d'4f%), 0(2s%2p™?), C(2s*2p?) and H(1s') valence electrons
in a plane wave basis with a cutoff energy of 480 eV, whereas the re-
maining electrons were represented with the projector-augmented
wave (PAW) method [38,39]. Self-consistent calculations were per-
formed sampling the Brillouin zone with a 3 X 3 X 1k—point mesh
under the Monkhorst-Pack scheme [40].

Standard DFT is unsuccessful in describing strongly correlated
electrons in partially occupied d and f orbitals because it under-
estimates on-site Coulomb repulsions [41-45]. A better description is
provided by the DFT + U method, where the introduction of a Hubbard
parameter U compensates the electron self-interaction error and en-
hances the description of the correlation effects. In Dudarev’s formalism
[46] the Coulomb repulsion parameter U and exchange interaction
parameter J enter as a single parameter U = U — J. For Ce(4f) states,
the value Ues = 5eV was chosen because it correctly described the
atomic and electronic structure of both CeO, and CeO,_, systems
[41,47-49]. For Pr(4f) states, the value Uy = 4.5eV has reproduced
the available experimental data for PrO, such as lattice constant and
band gap [24].

DFT + U calculations do not account properly for van der Waals
(vdW) dispersion forces, which might play some role in stabilizing weak
adsorbate-surface interactions. Due to the importance of these inter-
actions, a lot of effort has been directed in the last years to develop
ways to correctly describe vdW forces within a DFT approach, and a
variety of methods have been proposed. In this work, we employed the
nonlocal vdW-DF functional of Langreth and Lundqvist et al. [50],
which has been previously applied to cerium oxide [51]. Specifically,
we used the alternative exchange functional optB86b as implemented in
VASP [52,53].

To identify the transition state (TS) structures we employed the
climbing image nudged elastic band method (CI-NEB) [54], with the
images optimized while constrained along the reaction coordinate. The
harmonic vibrational modes were calculated to confirm a single ima-
ginary frequency.

Oxidation states, electron occupancy and spin charge density were
calculated using Bader’s atom in molecules approach [55,56].

Cerium oxide (CeO,) crystalizes in a fluorite-type structure, a face-
centered cubic (fec) lattice of Ce** cations with 0%~ anions filling the
tetrahedral voids. The reported experimental lattice parameter of CeO,
is 5.41 A [57]. Ce partial substitution by Pr leads to formation of solid
solutions [58-60]. This process is facilitated by the similarity of Ce**
and Pr*™ ionic radius (0.96 A and 0.97 10\, respectively [61]). Successful
Pr incorporation into the CeO, lattice has been confirmed by X-ray
diffraction (XRD) studies [59]. For a Pr content of 5at%, Rietveld
analysis of the XRD diffraction pattern resulted in a lattice parameter of
5.44 A [317]; which is about 0.6% higher than the value of 5.41 A re-
ported for the bulk structure of bare ceria.

The CeO, surface was obtained by cleaving the bulk fluorite-type
structure with the (1 1 1) plane and retaining an extra oxygen layer. The
(111) plane is the most stable among the low-index (11 1), (11 0) and
(100), and corresponds to minimal Ce—O bonds cleavage [62-64].
Considering the theoretical and experimental information available, we
modeled the CeO,(1 1 1) surface in a p(3 x 3) slab with 9 atomic layers
and an empty space of 18 A (Fig. 1a). The empty space avoids periodic
interactions with the atoms of the upper image. Next, a Pr-doped
CeO,(1 1 1) surface was built by substituting one surface Ce cation by
Pr in the p(3 x 3) slab [32]. This way, a Pr content of 3.7 at% was
achieved. The resulting Ceg 963Prg 03702(111) surface is shown in
Fig. 1b. For both surfaces, full relaxation of atomic coordinates was
allowed for the ions located in the six uppermost slab layers, while the
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Fig. 1. (a) CeO,(111) slab. (b) Ceg.963P10.03702(1 1 1) slab.

ions in the three bottom layers where kept fixed in their bulk positions.

2.2. Experimental

Praseodymium-doped ceria sample was prepared by coprecipitation
using the urea thermal decomposition method, a highly reproducible
synthesis method for ceria-based materials as shown in a previous work
by our group [65]. Atomic percentage of praseodymium in the Pr-doped
sample was 5%. Aqueous solutions of urea, ceria and praseodymium
nitrates were prepared with a 10:1 urea-cations ratio and kept at 90 °C
for 24 h. The precipitate obtained was washed and centrifuged three
times before drying at 80 °C overnight. Afterwards, the solid was cal-
cined for 5h in muffle at 900 °C.

Temperature programmed reduction with methane (CH4-TPR) and
oxygen storage capacity (OSC) experiments were conducted in a quartz
fixed bed reactor with a Micromeritics AutoChem II apparatus. Gases
from the reactor were analyzed with a Pfeiffer Omnistar quadrupolar
mass spectrometer. Mass flow controllers contained in the AutoChem II
were calibrated for the gases used in the experiments and the Pfeiffer
Omnistar quadrupolar mass spectrometer was regularly calibrated as
well. For CH4-TPR experiments, mass employed was 50 mg and total
gas flow was 50 Nml/min (5% CH4/Ar), and temperature was raised
from 500 to 600 °C (10 °C/min). Before reduction, Pr-doped and un-
doped ceria samples were treated under air flow at 450 °C for 1h to
ensure surfaces cleanliness, since they are prone to adsorb impurities,
mainly carbonates [66]. This temperature was found to be adequate to
eliminate carbonates in the samples, irrespective of the calcination
temperature selected for CH4,-TPR and OSC experiments. For OSC
measurements at isothermal conditions (400 °C), we followed the tra-
ditional method described by Yao and YuYao [67]. Alternating pulses of
oxidant (air) and reductant (5% CO/Ar) were injected until stable CO,
production was registered (OSC). A more detailed description and
characterization of samples is available in a previous work [68].

399

Applied Surface Science 458 (2018) 397-404

3. Results and discussion

In Section 3.1, we discuss our DFT calculations for methane inter-
actions with the stoichiometric CeO,(11 1) and Ceg.963Pr0.03702(111)
surfaces. We report adsorption and activation energies, and examine
density of states and Bader charges to identify reduced ions and oxi-
dation states. Next, in Section 3.2, we study the behavior of reduced
Pr** cations, by exploring the methyl adsorption step and methane
interactions with a non-stoichiometric Ceg 963Pr¢.03702-,(111) sur-
face. Finally, we discuss our CH4TPR results for CeO, and
Ce.95P10.0502 samples in Section 3.3.

3.1. Methane interactions on stoichiometric surfaces

First, we evaluated methane molecular adsorption on top of each
potential active site of the CeO5(1 1 1) and Ceg 963Pr¢.03702(1 1 1) sur-
faces. For all studied configurations, the adsorption energy of a CH,4
molecule was calculated as:

AE [ads,CH,] = E|[CH}]-E [CH4]—E [surface]

In this formula, E[CH,*] is the computed total energy of the surface
slab with CH4 on top of an ion, E[surface] is the energy of the clean
surface and E[CH4] is the energy of an isolated CH4 molecule.

In the stoichiometric CeO»(111) surface, the arrangement of
cerium cations and oxygen anions is regular and symmetric (see
Fig. 1a). The potential active sites are a Ce cation, a surface oxygen
anion, and a subsurface oxygen anion. Computation of methane inter-
actions on these sites resulted in adsorption energies close to zero
(~0.01eV), in good agreement with other reported theoretical results
[69,70]. In all cases, the CH; molecule remains floating above the
CeO,(111) surface, located no less than 2A away from the oxygen
layer. Surface ions do not show significant relaxation.

Concerning the Ceg 963Pro.03702(1 1 1) surface, we differentiate nine
possible active sites by their distance to the Pr dopant (see Fig. 1b): two
Ce cations (Cel and Ce7), three surface O anions (08, O6 and 0O4), three
subsurface O anions (011, 012 and O14), and the Pr cation itself. We
studied methane interactions on each of these nine different sites. In all
cases the calculated interaction energy (~0.01 eV) was like that com-
puted for the undoped surface, which means that the methane molecule
adsorbs weakly on both surfaces.

Next, we evaluated methane activation on the CeO,(111) and
Cep.963P10.03702(1 1 1) surfaces. Methane C—H bonds are very stable
(AgH = 440kJ/mol) and only weakly polarized, which makes the first
C—H bond cleavage a difficult reaction step [71]. Knapp and Ziegler
studied methane activation on the CeO5(1 1 1) surface [19], and eval-
uated both simultaneous formation of C—O and H—O bonds on adjacent
surface oxygen atoms and a rebound mechanism. The latter, in which a
methyl radical is released to gas phase leaving behind a hydrogen atom
adsorbed on the surface, was reported to be the most efficient, with an
energy barrier of 1.44eV.

Thus, we computed the total energy of a system consisting of hy-
drogen adsorbed on an oxygen anion (0O4) and CHj floating on top of
the surface. We indicate this configuration as pseudo-transition state
(pTS) following the notation proposed by the Janik group [69]. The pTS
is not a true transition state in that it has no imaginary frequency, but it
is a high-energy intermediate between dissociative adsorption —with
both methyl and hydrogen adsorbed on the surface- and molecular
adsorption.

The energy for this reaction step was calculated as follows:

AE[pTS] = E[pTS] — E[CH,] —E [surface]

Concerning the CeO,(1 1 1) surface, we computed an endothermic
energy of 1.01 eV for the pTS. We also located the true transition state
(TS) by CI-NEB sampling, in which the methyl is closer to the surface,
and the hydrogen interacts with both methyl and a surface oxygen
atom. These calculations indicate that methane first dissociation is
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Fig. 2. Reaction coordinate diagram for the pseudo-transition state formation
on both the undoped surface (blue) and the doped surface (brown). Values in
electronvolt (eV).

hindered by an activation energy of 1.30 eV in the CeO5(1 1 1) surface.

On the other hand, for the pseudo-transition state in the
Cep.963Pr0.03702(1 1 1) surface we computed an energy of 0.16eV,
which means that dissociation on this surface is more stable than on the
undoped CeO,(111) surface by 0.85eV. The energy barrier is also
lowered by 0.48 eV compared to the value computed on undoped ceria.
Furthermore, pTS on the Pr-doped surface is only 0.16 eV less stable
than molecular adsorption on the O4 site, indicating that Pr doping
could promote activation of the CH, molecule. Fig. 2, summarizes these
results in a reaction coordinate diagram.

Regarding pTS and surface atomic relaxation, hydrogen adsorbs on
top of 04 forming a H—04 bond of 0.98 A in length while the O4 anion
ascends 0.36 A. Also, the nearest neighbor cations Ce6 and Ce9 are
drawn away 0.12 A from their original positions, increasing their Ce—O
bond length to 2.61 A. This means that the H—04 bond formation pulls
04 away from the surface, weakening the Ce—04 bond. The length of
the Pr—O bonds with the nearest neighbors O1 and O2 is increased by
0.16 A. Besides, CH3; distance to the adsorbed H is 2.15 A in
Ceg.063P10.03702(111) and 2.99 A in CeO4(111); thus, confirming a
C—H bond cleavage in the pTS for both surfaces.

The configuration of TS is different depending on solids. For
CeO5(111), the H is adsorbed on a surface oxygen and CHs adopts its
planar geometry. For Ceg 963Prg 03702(1 1 1), the H3C—H bond is stret-
ched while the H locates closer to surface oxygen. For both surfaces,
H3C—H bond cleavage and formation of the respective H—Og,,s bonds
are not yet completed in TS.

The geometries of both pTS and TS are shown in the supplementary
information (Figs. S1 and S2).

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.07.090.

We also performed these calculations using the vdW-DF functional,
to assess the role of van der Waals forces in stabilizing methane-surface
interactions. As expected, accounting for dispersion forces results in an
increase of methane molecular adsorption energy. CH, interacts with
metal cations and O sites with an adsorption energy of —0.12eV for
both the CeO5(11 1) and Ceg.963Pro.03702(1 1 1) surfaces. In all cases,
the CH4 molecule locates at 2-3 A of the surface ion, similarly as pre-
dicted by PBE + U calculations. Also, the first layers of the surface
undergo some relaxation with the vdW-DF approach, independently of
the presence of methane. The top oxygen and cation layers show inward
relaxation of 1.45% and 0.90%, respectively. These calculations evi-
dence that, in both CeO5(111) and Ceg 963Prg 03702(111) surfaces,
methane molecular adsorption is governed by weak dispersion forces.
Additionally, we computed the pseudo-transition state energy with the
vdW-DF functional. The calculation of AE[pTS] resulted in 0.98 eV for
CeO,(111) surface and 0.14 eV for Ceg 963Pro.03702(111). For both
surfaces, inclusion of vdW forces marginally improves the energy of
methane molecular interactions (—0.12eV) while the pTS stabilizes
only in 0.02eV. Thus, the energy differences between molecular
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adsorption of methane and the pTS state employing the vdW-DF func-
tional are 0.26 eV for the Ceg 063Pr.03702(1 1 1) surface and 1.10 eV for
the CeO5(111).

The geometry of TS would also be affected by vdW forces. Although
CI-NEB calculations were not performed with the vdW correction, one
might speculate about the TS by inspecting the configurations obtained
from PBE + U calculations. For CeO,(1 1 1), we note that the H—Og,¢
distance in TS (0.98 A) is the same that in the pTS and H3C—H distances
are stretched over 2 A in both states (Fig. S1); hydrogen bonding to Ogy
is governing these interactions and no significant difference between
PBE + U and vdW values for the energy transition state would be ex-
pected. Regarding Ceg 963Pr03702(111), Fig. S2 shows that the
H—Oq,,r distance in the TS (1.34 i\) is longer than that in the pTS
(0.98 1°\) and the H3;C—H distance (1.24 1°\) is only slightly elongated
respect to CHy (1.10 f\); electrostatic interactions are still important in
the TS and we would expect a difference between PBE + U and vdW
energy values like that in methane molecular adsorption.

Next, to achieve a better understanding of first methane reaction
step we analyzed electron occupancy, Bader charge and projected
density of states (PDOS) of significant ions in the pTS for both surfaces.

Cerium cations in the stoichiometric CeO,(1 1 1) surface are known
to adopt a tetravalent oxidation state (Ce**™) with unoccupied 4f orbi-
tals (zero electrons). Accordingly, Bader calculations indicate a charge
of 9.60 electrons and a magnetic moment of O uB for Ce** cations. In
the Ceg.063P10.03702(1 1 1) surface, the Pr dopant adopts the same (4+)
oxidation state than Ce cations. When computing the electron occu-
pancy of 4f states, we verify that the Ce cations remains as Ce**, that is,
all 4f orbitals are unoccupied. On the other hand, Pr(4f) states have an
electron occupancy of 1.89 electrons, like that calculated for the
Cep.0688Pr0.031202 bulk structure [24] and in line with the values of
1.5-1.6 electrons reported for PrO, [72,73]. Likewise, Bader charge is
9.60 for Ce and 10.69 for Pr; and spin magnetization results in O uB and
1.2 uB, respectively.

During methane dehydrogenation on the CeO,(111) surface, hy-
drogen adsorption on-top of surface oxygen results in the reduction of
one of the three neighboring cerium atoms, suggesting a homolytic
cleavage of the first C—H bond. This result agrees with previous find-
ings by Knapp and Ziegler [19]. On the Ceg 963Pr0.93702(1 1 1) surface,
upon methane dissociation and hydrogen adsorption, the Pr cation is
reduced. Bader charge increases from 10.69 to 10.89 electrons. A si-
milar increase in the Pr charge was computed upon formation of an
oxygen vacancy [32]. Fig. 3 illustrates the proposed electron transfer
mechanism for this reaction step.

Likewise, spin magnetization analysis for the Pr cation confirms the
Pr** —Pr** transition, as indicated by the increase in magnetic mo-
ment from 1.2 to 2.0 uB. Moreover, carbon shows a magnetic moment
of 1.0 uB, due to the unpaired 2p electron present in the methyl radical.
Fig. 4 shows the spin isosurface for this slab.

Thus, Bader charge and spin magnetization analyses also evidence a
promoting role of Pr in activating the methane molecule on the
Cep.063P10.03702(1 1 1) surface; which can be ascribed to occupation of a
localized Pr(4f) orbital.

H

H H o!
\/ HY ¥ Y

O llT

(| —
A |
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Fig. 3. Arrow pushing diagram for CH4 activation and H adsorption on the
Ceo.063PT0.03702(1 1 1) surface.
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state.

In a previous work, we reported preferential reduction of Pr upon
oxygen vacancy formation, which was explained in terms of the avail-
ability of its unoccupied 4f states [28]. This can be inferred from the
projected density of the states on Ce(4f) and Pr(4f) orbitals in the
Ce.963Pr0.03702(1 1 1) surface (Fig. 5a).

Fig. 5a shows the valence band extending between —4.25 and
—0.25 eV, which consists mainly of the O(2p) states and the occupied
Pr(4f) orbital, with some Ce(4f) contribution. The empty Ce(4f) states
localize at 2 eV, in the gap between the valence and conduction bands.
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The unoccupied Pr(4f) orbitals running from 0.50 to 1.75eV, were
identified as metal-induced states. The energy gap between the top of
the valence-band and the bottom of the first empty Pr(4f) peak is only
0.75 eV, suggesting that Pr(4f) states are more readily available to re-
ceive electron density than Ce(4f) states. Thus, the Pr dopant would
favor reduction processes on the ceria surface. Indeed, after hydrogen
adsorption on the Ceg 963Prg 03702(1 1 1) surface, another Pr(4f) state
becomes partially occupied and moves 0.50 eV below the Fermi level as
shown by the spin-up PDOS curve (Fig. 5b).

3.2. Mitigated promoting effect of the Pr’* cation

As previously discussed, praseodymium’s promoting effect for me-
thane activation appears to be linked to a modification in the electronic
structure of ceria. Namely, the dopant introduces metal-induced un-
occupied Pr(4f) gap states located closer to the valence band than Ce
(4f) states. Upon methane activation on the Pr-doped surface, the Pr
cation is reduced to Pr®* and its remaining unoccupied Pr(4f) states are
moved to a higher energy. This suggests that the C—H bond breaking
promoting effect of Pr may be counteracted by its reduction. We studied
the next reaction step to test this hypothesis.

After methane activation on ceria, the methyl radical adsorbs on a
surface oxygen site and undergoes subsequent oxidation [19,69,70]. We
computed the interaction of a CH; radical on 08, the nearest neighbor
of the O4 anion where the first H atom was adsorbed (Fig. 6a).

On the H — CeO5(11 1) system, the CH3 adsorption energy value is
—2.30 eV, similar to the —2.50 eV reported by Knapp and Ziegler [19].
CH; locates 1.43 A above 08, leading to reduction of another surface Ce
cation; which shows an increase in its Bader charge from 9.60 to 9.87
electrons. Notably, for the H — Ceg 963Pr0.03702(1 1 1) system (note that
its single Pr cation was reduced to Pr®*) we calculate the CHs ad-
sorption value in —2.33 eV. Once again, CH; locates 1.43 A above 08
and a Ce cation is reduced.

Fig. 6. (a) CH; and H fragments adsorbed on the Ceg 963P10.03702(11 1) sur-
face. (b) O6-deficient Ceg.963Pr¢ 03702(111) surface. The dashed line circle
shows the location of the oxygen vacancy.
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These calculations show that CH3 adsorption energy in the Pr-doped
system, with the dopant cation in the Pr3* state, is similar to that in the
undoped H — CeO5(1 1 1) system; supporting our hypothesis of a mi-
tigated promoting effect of Pr’** cations. To further investigate this
compensation of the promoting effect, we also examined methane in-
teractions with a Ceg gg3Prg.03702_ (1 1 1) surface in which the Pr do-
pant was reduced by removing the 06 anion (Fig. 6b). Indeed, the
electron pair left behind by formation of the oxygen vacancy lead to
reduction of the Pr dopant and a Ce cation, due to occupation of one of
their 4f states. Accordingly, Bader charge analysis shows 9.94 electrons
for Ce8 and 10.89 electrons for Pr, and spin magnetizations of 1.0 uB
and 2.0 uB, respectively. These values correspond to Ce®>* and Pr**
cations.

Our calculations indicated no significant methane molecule inter-
actions on the O-deficient Ceg 963Pro.03702_x(1 1 1) surface. The CH4
molecule locates 2.46 A above the O4 anion with nearly-null adsorption
energy, like on stoichiometric Ceg 963Pr0.03702(111) and CeO5(111)
surfaces.

For the O6-deficient surface, we calculated a pseudo-transition state
energy (AE[pTS]) of 1.02 eV. This value is virtually the same that in the
CeO,(111) surface but higher than in the stoichiometric Pr-doped
surface. Therefore, our results confirm that the promoting effect of Pr
doping is counteracted when Pr is reduced to Pr>*.

Our findings could be better understood by examining the DOS
curve for the O6-deficient Ceg.963Prp 03702-x(111) surface (Fig. 7).
The curve shows Pr(4f) and Ce8(4f) occupied states located 1.14 eV and
0.45 eV below the Fermi level respectively. Further reduction of this
surface would require occupation of the empty Ce(4f) states located at
1.13eV. This means that, in our slab, the promoting effect of the Pr
cation is lost when it is reduced by oxygen vacancy formation or hy-
drogen adsorption.

For practical purposes, oxygen vacancies formation and hydrogen or
methyl adsorption could counteract the positive effect of Pr** for
promoting the activation of new methane molecules. Thus, a fast re-
newal of surface oxygen is important to ensure the availability of pra-
seodymium in the Pr** oxidation state.

3.3. CH4TPR of Cep o5Pro 0502 and CeO, samples

Ceria and Pr-doped ceria samples reduction by methane may be
considered to proceed as follows [74]: CHy — CH,4_, + xH". The ad-
sorbed H atoms can recombine and leave the surface either as H, or
H,0. Desorption of H,O requires oxygen from the ceria surface. After
successive C—H bonds cleavages, adsorbed carbon can be released as
CO with concomitant oxygen vacancy formation. The CO species can be
further oxidized to CO, generating additional oxygen vacancies. Al-
ternatively, the CH" fragments can oxidize to HCO" intermediates,
which can also desorb as CO, [75]. Therefore, partial and total methane
oxidation products (Hy, CO, H,O and CO,) could be expected at the

0O(2p)
Pr(4f)
Ce(4f)
Ce8(4f)

Energy (eV)

Fig. 7. Projected density of states (PDOS) for the O6-deficient

Ceo.963PT0.03702(1 1 1) surface.
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540 550 560
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Fig. 8. CH4-TPR profiles for the Ce.95Pr 0502 and CeO, samples calcined at
900 °C. (a) H,. (b) CO..

reactor outlet.

Fig. 8 shows the CH,4-TPR profiles obtained at reaction temperatures
in the range 500-600 °C. These curves are the result of repeated mea-
surements. Furthermore, different heating rates led to similar down-
shift in products desorption temperature for all CH4-TPR experiments.
In these experiments, we used samples calcined at 900 °C to discard any
textural transformation. For both the CeO, and Ceg o5Pr¢ 0502 samples,
only CO,, H, and H,0 were detected at the reactor outlet, with negli-
gible CO production.

Regarding methane reactions on CeO,, the work of Trovarelli [17]
has shown that methane activation by splitting the C—H bond occurs on
surface lattice-oxygen anions with formation of stabilized surface OH
species. This review also indicates that methane adsorption on surface
coordinately unsaturated oxygen species, leads to activation of the C—H
bond at low temperature with formation of formates. These species
evolve decomposing to surface carbonates, and finally desorb as CO and
H,0 at higher temperatures [17]. On the other hand, CH4-TPR ex-
periments have shown that, below 650 °C, the only products from me-
thane reaction with undoped ceria catalyst are CO, and H,O [76],
whereas H, and CO products have been obtained from reaction of
methane with CeO, at temperatures higher than 700 °C [77]. Overall,
CO, CO,, Hy and H,O are released depending on the experimental
conditions. Herein, Fig. 8 shows that ceria reduction begins at 523 °C,
and that Hy and CO, production occurs simultaneously in a single
event.

Concerning methane reaction on Pr-doped ceria, it is worth noting
that H, and CO, production in the Ce 95Prg 0502 sample is 2.80-2.90
times higher than in the undoped CeO, sample (see Fig. 8a and b). The
increase in the amount of CO, released in the Ceg 9sPrp 0502 sample
could be ascribed to its improved oxygen mobility due to Pr addition
into the lattice. Facilitated oxygen donation of Pr-doped ceria samples
has been previously reported from experimental measurements (oxygen
storage capacity experiments, Raman spectroscopy, and X-ray photo-
electron spectroscopy) and DFT calculations [31]. We measured an
oxygen storage capacity (OSC) for our samples of 19 umolCO,/g for
CeO, and 56 umolCO,/g for Ce.o95Pro. 0502, Which gives a OSCgopea/
OSCundopea ratio of 2.95. Thus, the increased H, and CO, production
from the Ceg 95Pro0502 sample might be correlated with its superior
OSC. The surface anion vacancies generated by CO- release could be
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easily refilled with lattice oxygen due to the sample’s enhanced OSC;
resulting in continuous availability of surface active O-sites to adsorb
hydrogen and methyl fragments, and therefore in higher H, and CO,
production.

The H, profile shown in Fig. 8a evidences that Pr-doped ceria pro-
motes the C—H bond cleavage in methane. In the Ceg 95Prg 050> sample,
H, desorption begins at 500 °C, whereas in the CeO, sample the deso-
rption temperature is higher by 23 °C. This result confirms that Pr fa-
cilitates CH, activation, and it is in line with the lower energy barrier
calculated for the first C—H bond cleavage on Pr-doped CeO,.

The H, profiles (Fig. 8a) for the Pr-doped sample exhibit three
maximums at 510, 545, and 576 °C; as opposed to the single maximum
in pure CeO, at 557 °C. It has been well documented that methane
activation on CeO, is limited by the high-energy barrier of the first C—H
bond cleavage [69]. Therefore, if the temperature is enough for me-
thane activation, the following steps would also rapidly occur. Ac-
cordingly, the H, profile of CeO, sample shows only one peak, which
would include hydrogen from the H;C—H bond cleavage but also from
dehydrogenation of the CH;", CH,", and CH" fragments. Besides, the
CO,, peak also appears around 557 °C (Fig. 8b) which proves that me-
thane undergoes quick dehydrogenation and oxidation after the acti-
vation step.

Instead, in the Ceg 95Prp 0502 sample the first maximum of the H,
profile at 510°C is not accompanied by CO or CO,, suggesting that
adsorbed CH, fragments would not be completely dehydrogenated an
oxidized at this low temperature. Indeed, complete methane oxidation
to CO, is observed starting from 520 °C. We speculate that methane
activation could mitigate the promoting effect of Pr by electron occu-
pancy of metal-induced 4f states (see Section 3.2) and so, subsequent
CH, dehydrogenations would become kinetically relevant. In this sense,
Knapp reported that dehydrogenation of adsorbed CH3 fragments in-
volve an energy barrier of 1.30 eV [19], which is higher than the me-
thane activation barrier that we calculated on the Pr-doped CeO5(111)
surface (0.82 eV). Consequently, CO, is released at higher temperatures
than that of the first H, peak.

The H, profile also shows peaks with maximums at 545 and 576 °C,
which are enveloped by the CO, curve extending from 520 to 600 °C.
Besides, the CO, curve profile can be deconvoluted in two peaks con-
current with the H, maximums. Therefore, the second and third H,
peaks could be associated to dehydrogenation steps that lead to a dif-
ferentiated release of CO,, involving different mechanisms such as
formation of intermediate species or methane activation on different
surface sites on the Pr-doped ceria sample.

Overall, the DFT calculations are well validated by the CH4-TPR
experiments. Our theoretical findings provide a comprehensive funda-
mental understanding of the promoting effect of praseodymium in
methane activation and oxidation reactions on ceria-based supports;
which can be associated with the dopant ability to form Pr**/Pr®*
redox couples. Both the theoretical and experimental results evidence
that methane activation is boosted by doping ceria with low con-
centrations of Pr and the promoting effect is mitigated with progressive
reduction of solids.

4. Conclusions

Density functional theory (DFT) calculations performed on a low-
doped Pr-CeO,(111) slab allowed us to elucidate the effect of Pr
doping for methane interactions with this surface.

Methane activation occurs through a rebound mechanism, in which
hydrogen atoms adsorb on a surface oxygen atom and methyl radicals
are released to the gas phase. On the Ceg 963Pr.03702(1 1 1) surface, the
energy barrier for this step is lowered by 0.48 eV compared to the un-
doped CeO»(111) surface, indicating that methane activation is fa-
cilitated by the Pr dopant. On the stoichiometric surface, the dopant
adopts a Pr** oxidation state. Metal-induced Pr(4f) gap states are closer
to the Fermi level than Ce(4f) states, and therefore more readily
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available to receive an electron from hydrogen that bounds to surface
lattice oxygen. Upon hydrogen adsorption, a Pr(4f) state is occupied
with one electron and the remaining empty states move to higher en-
ergies. The promoting effect of Pr** for methane activation, or other
reaction steps involving electron transfer to the surface, is mitigated
when praseodymium is reduced to Pr>*.

Methane temperature-programed reduction (CH,4-TPR) experiments
conducted in Cegos5Prg o502, and CeO, samples, at temperatures be-
tween 500 and 600°C, validate the theoretical results. On the
Cep.95Pro.0502 sample, the production of H, begins at 500 °C, 23°C
lower than that on CeO,, revealing the promoting effect of Pr for me-
thane activation. This is in line with the lower energy barrier computed
for the first C—H bond cleavage on the Ceg 963Pr0.03702(1 1 1) surface.
Besides, H, and CO, production correlates well with the increase in OSC
of the Pr-doped sample.

In summary, our findings allow us to anticipate a superior perfor-
mance of low-doped Pr-CeO, based-catalyst for syngas and hydrogen
production by methane reforming at low temperatures.
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