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Abstract: A conventional Pt/CeO,/Al,O3 catalyst physically mixed with an ionic conductor (Mo-
or Eu-doped ZrO,) was tested at high space velocity (20,000 h™! and 80 L h™! gt !) under model
conditions (only with CO and H,O) and industrial conditions, with a realistic feed. The promoted
system with the ionic conductor physically mixed showed better catalytic activity associated with
better water dissociation and mobility, considered as a rate-determining step. The water activation
was assessed by operando diffuse reflectance infrared fourier transformed spectroscopy (DRIFTS)
studies under reaction conditions and the Mo-containing ionic conductor exhibited the presence of
both dissociated (3724 cm~!) and physisorbed (5239 cm™!) water on the Eu-doped ZrO, solid solution,
which supports the appearance of proton conductivity by Grotthuss mechanism. Moreover, the band
at 3633 cm™! ascribed to hydrated Mo oxide, which increases with the temperature, explains the
increase of catalytic activity when the physical mixture was used in a water gas shift (WGS) reaction.

Keywords: WGS reaction; proton conductor; water activation; Grotthuss’ mechanism; operando DRIFTS

1. Introduction

The applicability of a water gas shift (WGS) reaction (Equation (1)) in fuel cells and mobile devices
as important step to remove CO pollutants and produce clean Hj is still challenging This arises because
the reaction is thermodynamically favored at low temperatures and implies low space velocities and
kinetics which require large volume reactors [1,2].

CO +H,0 5 CO, +Hy AH%ggx = —41.1 kJ mol ™! 1)

During the last decades, numerous efforts have been made to design better catalysts which work
at high space velocity, keeping high activity and reducing the reactor volume significantly. In this
sense, noble metals such as Pt, Pd, Ru or Au have shown optimal performances at low-intermediate
temperatures, good behavior in start-up/shut-down cycles and good tolerance to impurities [3-7].
Despite no agreement about the WGS reaction mechanism [8-11], also influenced by the experimental
conditions and the used active metal as catalyst, it seems clear the water activation and diffusion to
the active sites is a rate-determining step [12,13]. Particularly, noble metals supported on reducible
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oxides like CeO, have shown better performances than those on unreducible oxides like Al,O3
or SiO; [14-17], since the redox cycles of the reducible supports develop the water activation.
For instance, Vignatti et al. [18] observed that the catalytic activity in WGS reaction increased in
the order Pt/SiO, < Pt/CeO; < Pt/TiO,. Likewise, Panagiotopoulou et al. [16] studied different noble
metal-support combinations and identified Pt-based catalysts were more active, exhibiting higher
activity when supported on reducible oxides. Accordingly, in order to improve the kinetics at low
temperatures and work at high space velocity, it is mandatory to promote the water activation step.

In this context, a physical mixture between a typical noble-based WGS catalyst and a ZrO,-based
ionic conductor to promote water activation and mobility was studied in our group, obtaining in all
cases higher activity with the promoted system in respect to the bare catalyst without the ionic conductor,
whatever the catalyst or the ionic conductor [19]. Particularly, we demonstrated that Eu-doped ZrO,
mixed oxide as an ionic conductor exhibited proton conductivity via Grotthuss mechanism [20-22] in
the WGS reaction temperature range [23]. The Eu doping creates oxygen vacancies in the formed solid
solution (EuyZr;_yO5_g5y) which are able to activate the water molecules, confirmed by in situ diffuse
reflectance infrared fourier transformed spectroscopy (DRIFTS) measurements under WGS reaction
conditions. The higher activity in WGS reaction was observed in the same temperature range that
this proton conductivity occurred. The optimal Eu content according to better mobility of the oxygen
vacancies and higher conductivity measured by impedance spectroscopy (95:5 mol.% of ZrO,:Eu,03)
also agreed with the best catalyst-ionic conductor mixture’s performance in the catalytic tests in the
WGS reaction.

Mo-containing compounds have been reported as excellent ionic conducting materials. In general,
Mo-doped oxides present mixed ionic-electronic conductivity (MIEC), where the temperature and
the Mo content shift the conducting character [24-27]. Thus, high Mo content decreases the crystal
symmetry performing electronic conductivity mainly, but decreasing the Mo loading the proton
conductivity is favored [28,29]. In addition, Eu-doped Mo oxide is reported to form bronze-type
structures capable to retain Hy or water molecules [30-32]. In bronze formation, H; is dissociated
and bonded as -OH or -OH; groups, depending on the H, concentration [30,33,34]. This hydrogen
addition disturbs the crystal structure affecting the hydrogen mobility, where protons can diffuse
through the oxide lattice and where -OH or -OH, groups are the bridges on the surface inducing the
proton conductivity [34-37].

In the present work, a typical Pt/CeO,/Al,O5 catalyst was physically mixed with a Zr-based ionic
conductor and tested in a WGS reaction under realistic conditions at high space velocity. The formed
species during the reaction were analyzed by operando DRIFTS measurements mainly focused on
studying the water activation step. The used ionic conductor is based on the optimal Eu-doped ZrO,
solid solution (95:5 mol.% of ZrO,:Eu,O3) already studied in our group, which has been prepared by
doping with a small amount of Mo in order to increase the water activation effect.

2. Results and Discussion

2.1. Physicochemical and Textural Properties

Figure 1 shows the diffractograms of the prepared samples. As can be observed in Figure 1a,
both y-Al,O3 (JCPDS: 01-077-0396) and CeO, (JCPDS: 00-034-0394) phases were identified on the
Pt/CeAl catalyst. However, Pt phases were hardly detected, likely due to Pt particles being very small
and highly dispersed. On the other hand, Figure 1b includes the diffractogram of the ZrEuMo_5 sample
and the X-ray diffraction (XRD) pattern of a cubic Fm3m structure associated to EuyZr;_yO,_o5y solid
solution (JCPDS: 01-078-1303) for comparison. The ZrEuMo_5 sample contains a loading of 5 mol.% of
Eu,O3 (y = 0.1 in the solid solution), and it is noticeable that the diffractogram (Figure 1b) exhibits
all peaks associated to Eu-doped ZrO; solid solution phase whereas any phase of molybdenum was
evidenced. Moreover, molybdenum presence does not modify the diffraction pattern of the solid
solution, which indicates Mo is not entering in the lattice or disturbing the Eu-doped ZrO, solid
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solution structure. Further analysis on Mo addition to the Eu-doped ZrO; solid solution using different
amounts of Mo by Garcia-Moncada et al. showed that molybdenum is not incorporated in the mixed
oxide but forms highly dispersed small clusters of MoOy which preferentially are located on Eu
sites [38].
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Figure 1. Diffractograms of (a) Pt/CeAl catalyst and (b) ZrEuMo_5 sample. Eu-doped ZrO, solid
solution pattern (EuyZr;_yO,_¢5y) is included for comparison.

Figure 2 evidences the adsorption-desorption N, isotherm of the synthesized materials.
The N, isotherm related to Pt/CeAl catalysts (Figure 2a) can be described as type IV according
to Brunauer-Deming-Deming-Teller (BDDT) classification [39] or, as pseudo-type II with a type H3 loop
according to International Union of Pure and Applied Chemistry (IUPAC) classification, characteristic
of slit-shaped type pores or materials with a low degree of pore curvature [40,41]. This pseudo-type II
character is related to the metastability of the absorbed multilayer and delayed capillary condensation.
Concerning the ionic conductor, ZrEuMo_5, the resulting isotherm (Figure 2b) can be classified as type
IV characteristic of mesoporous solids (2-50 nm) [40]. Additionally, the high convexity of the curve
for relative pressures (P/Pg) below 0.5 might suggest the existence of pores with a radius close to that
of micropores. Likewise, the textural properties of the catalyst and the ionic conductor have been
summarized in Table 1. The catalyst possesses a high Brunauer-Emmett-Teller (BET) specific surface
area attributed to the y—Al,O3 phase, and Pt loading keeps the same order of magnitude of the pores’
volume and size with respect to the bare CeO,/Al,O3 [42], suggesting that metal is highly dispersed on
the porous support. Regarding to the ZrEuMo_5 sample (Table 1), the BET surface area is increased
by Mo addition onto the bare Eu-doped ZrO, (42 m?/g, reported by Garcia-Moncada et al. [23]),
and monomodal pore size distribution centered in 2.4 nm. The chemical composition of the ionic
conductor as well as the Pt loading on the catalyst determined by X-ray fluorescence spectrometry
(XRF) have been also shown in Table 1. Thus, the desired amount of Pt (2 wt.%) was achieved by the wet
impregnation method. Furthermore, the composition of the commercial Puralox CeO,/Al,O3 reported
in its technical data [42] (mass ratio of 20:80 in CeO,:Al,O3) was confirmed. The XRF analysis of the
ZrEuMo_5 sample shows that the desired composition is achieved during co-precipitation synthesis.

Table 1. Textural properties and chemical composition of the synthesized samples.

Sample Sger (m?g~1)  Vy (em®g) D; (nm) Chemical Composition @ (wt.%)

1.8% Pt (2%)
Py/CeAl 110 0.26 8.84 18.8% CeO, (19.6%)
79.4% Al,O3 (78.4%)
58.4% Zr (60.9%)
11.9% Eu (10.7%)
4.5% Mo (3.6%)
25.2% O (26.8%)

ZrEuMo_5 74 0.06 2.4

2 Nominal value between parentheses.
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Figure 2. Adsorption-desorption N, isotherm of (a) Pt/CeAl catalyst and (b) ZrEuMo_5 sample.

Figure 3 shows the transmission electron microscopy (TEM) images of the studied materials.
The inspection of the TEM image of Pt/CeAl catalyst (Figure 3a) does not evidence Pt particles,
which could suggest a high dispersion of the Pt phase. However, it has to be highlighted that Pt
cannot be distinguished due to the low contrast between Ce and Pt signals in TEM. As can be noted in
Figure 3a, two areas (dotted yellow boxes) allow to measure the interplanar spacing of 3.1 A associated
to the (111) planes of the cubic Fm3m phase of the CeO,. The cubic phase and the polycrystalline
character of the Pt/CeAl catalyst can be also distinguished by the electron diffraction pattern (Figure 3a,
inset). The ZrEuMo_5 mixed oxide (Figure 3b) evidences monocrystalline and polycrystalline zones
as well as cubic structure. In addition, the pore size distribution of the prepared ionic conductor
determined by the Barrett-Joyner-Halenda (BJH) method is confirmed by TEM, where a high porosity
of the sample with a homogeneous pore diameter between 2-3 nm is clearly seen in Figure 3b.
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Figure 3. TEM micrograph and electron diffraction of (a) Pt/CeAl catalyst and (b) ZrEuMo_5 sample.
Pore size distribution was added for ZrEuMo_5 sample.
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2.2. Catalytic Performance

Two catalytic systems were tested: (i) Pt/CeAl diluted with inert quartz and (ii) a physical mixture
of Pt/CeAl and ZrEuMo_5 (mass ratio of 1:5 Pt/CeAl:ZrEuMo_5) to verify the promoting effect of the
ionic conductor on the catalyst. The catalytic activity of these systems was assessed using two different
feeds: model conditions (4.5% CO, 30% of H,O and N, as balance) and industrial conditions (9% CO,
30% H0, 11% CO,, and 50% Hy).

Figure 4 shows the catalytic activity in terms of CO conversion versus temperature for both
catalytic systems under model (Figure 4a) and industrial (Figure 4b) conditions. It is noteworthy that
the promoted system formed by the physical mixture of Pt/CeAl catalyst and ZrEuMo_5 ionic conductor
provides higher activity in terms of CO conversion in both feeding conditions. For comparison, the ionic
conductor (ZrEuMo_5) alone was also tested in both feed conditions confirming that this material is
catalytically inactive for WGS reaction (data not shown). Nevertheless, it is worth mentioning that CO,
concentration slightly decreased at low temperatures under industrial conditions without changes
in the other components of the feed and returning to its initial value above 300 °C, suggesting that a
small capture of CO, molecules occurs into the pores of the ionic conductor.
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Figure 4. Catalytic activity in terms of CO conversion against temperature for water gas shift (WGS)
reaction over Pt/CeAl catalyst and Pt/CeAl + ZrEuMo_5 promoted system at 80 L h™! gt ! and
20,000 h™! under (a) model conditions feed (4.5% CO, 30% H,0, balanced with Nj) and (b) industrial
conditions feed (9% CO, 11% CO,, 30% H,0, 50% H,).

Apparently, the differences observed in both catalytic systems could be associated to higher thermal
diffusion by the presence of a dilutant. However, the Pt catalyst was diluted in both systems, either ionic
conductor or quartz, using the same amount of catalyst (0.1g of Pt/CeAl) and sieved in the same particle
sizes. Thereby, both systems were tested in the same weight and volumetric space velocities (same
catalyst weight and catalytic bed volume). This indicates that an additional feature exists for explaining
the superior activity of Pt/CeAl + ZrEuMo_5 promoted catalyst. As can be underlined, the effect by
ZrEuMo_5 presence is observable from ~250-270 °C, which is in good agreement with the temperature
from which the Eu-doped zirconia ionic conductor starts to show proton conductivity, according
to impedance spectroscopy measurements reported by Garcia-Moncada et al. [23]. In the literature,
Pt-based catalysts for WGS reaction have been reported to provide high CO coverage, with water
activation as one of the slowest steps [43,44]. In this context, ceria support improves the fast oxygen
storage/release cycles via a reversible conversion between Ce** and Ce3* [45-47]. The reduction
process from Ce** to Ce>* provides a high mobility of oxygen/hydroxyl groups promoting the hydroxyl
groups formation on the surface. Thus, the higher activity obtained by the proposed catalytic system
including the ionic conductor, can be explained by higher concentration and mobility of hydroxyl
groups and molecular water on the surface. Hence, the ionic conductor does not catalyze the reaction
itself, but from temperatures (250-270 °C) where the proton conductivity starts to happen according to
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Grotthuss mechanism [20,22], ZrEuMo_5 acts as a promoter of Pt catalyst increasing water activation
and mobility. Moreover, it should be pointed out that the incremental effect by ZrEuMo_5 observed in
industrial conditions was more pronounced than in model conditions. This could be related to the
capacity of MoOxy to create hydrated bronzes from 300 °C, since the industrial conditions feed includes
50% Hp, in contrast to model conditions [38], and the presence of these structures could enhance the

water activation.

2.3. Operando DRIFTS Study

In order to gain insights into the mechanistic aspects of WGS reaction on Pt/CeAl surface catalyst
and elucidate the promoter role of ionic conductor, both solids were independently studied under
reaction conditions by means of DRIFT spectroscopic measurements.

2.3.1. Initial Pretreatment of the Samples

Prior to reaction, the catalyst was in situ pretreated as described in Materials and Methods
(Section 3.). Figure 5a displays the initial spectrum at RT, the spectrum of the activated sample at
350 °C in Hy/Ar, and the spectrum of the solid after activation at 180 °C in Ar before starting reaction.
Figure 5b also includes the difference spectra of the latter two with respect to the former one. Herein,
the positive bands indicate the formed species whereas the negative ones are associated to species that
disappear during the activation step. Consequently, the disappearance of the broad band centered
at 3470 cm~! coupled to the peak at 1642 cm ™!, and the appearance of two new features at 3732 and
3680 cm~! clearly indicate the desorption of physisorbed water during the activation step, whose
vanishing leads to the observation of stretching vibrations of hydroxyl groups over the ceria/alumina
support [48].
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Figure 5. (a) DRIFT spectra of Pt/CeAl catalyst: initial at RT (pink line), activated after 30 min in Hj
atmosphere (orange line), and after activation at 180 °C in Ar before reaction conditions (green line);
(b) difference spectra of activated sample at 350 °C in H; (orange line) and at 180 °C in Ar before
reaction (green line) with respect to the initial spectrum.

On the other side, the bands appearing at 2020 and 1980 cm™! are associated with the creation
of Pt—CO species, which are formed upon decomposition of carboxylates whose disappearance is
assessed by the intensity decrease of the bands at 1517 and 1401 cm™! assigned to voco vibrations [49].
Not surprisingly, an intensity increase of a band at 2138 cm~! in H, atmosphere is also observed. This is
attributed to the typical 2P5/2 - 2F7/2 electronic transition of Ce3* [48,50].

Identical activation pre-treatment was carried out on the ZrEuMo_5 proton conductor. Similarly,
the spectra before and after the activation process, and the respective difference spectra in respect to
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that at RT before the activation step are shown in Figure 6. Prior to activation step, the spectrum is
dominated by a broad band placed at 3438 cm~! caused by the stretching vibration (voy) of species
resulting from the interaction between molecular water and hydroxyl groups via hydrogen bonds.
Moreover, this feature is related with the bands at 1636 and 5162 cm™~! corresponding to the scissoring
bend (6pon) and combination band (von + SxonH), respectively, and both typical of physisorbed water
(Figure 6a). After Hy treatment, it is noticeable the disappearance of the broad band associated to
non-dissociated water and the appearance of vibrations in the 3900-3500 cm™! region corresponding
to hydroxyl species (shown in the difference spectra, Figure 6b). The interaction via hydrogen bonds
between the water molecules and the hydroxyl species is responsible for the non-appearance of these
hydroxyl related bands before activation.

(@) (b)

Activated - Ar - 180 °C (Before reaction) 1542

‘0.1 3749

Initial - RT
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Absorbance / a.u.

1644
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Figure 6. (a) Direct spectra of ZrEuMo_5 sample: initial at RT (pink line), activated after 30 min in
H, atmosphere (orange line), and after activation at 180 °C in Ar before reaction conditions (green
line); (b) difference spectra of activated sample at 350 °C in H, (orange line) and at 180 °C in Ar before
reaction (green line) with respect to the initial spectrum.

To facilitate the analysis of hydroxyl species, the 3900-3500 cm™~! region is displayed in Figure 7a.
The new bands appearing at 3749, 3722, and 3671 cm™! are assigned to monodentate (linear, type I) and
tricoordinate bridged OH groups over ZrO; [51]. These observations are in agreement with that found
for Eu-doped zirconia solid solution, without Mo addition, as previously reported [23]. Furthermore,
the region from 2000 to 900 cm™" has been also magnified (Figure 7b), where besides the negative band
at 1636 cm™! due to the elimination of the physisorbed water, two other bands appear at 980 cm™! and
1936 cm™, both associated to Mo=0 bond stretch and its overtone, respectively [52]. The increase of
these bands after the activation step may be related to the dehydration of superficial Mo oxide of the
sample according to Scheme 1.

On the other side, there are also some bands between 1600 and 1100 cm™! (Figure 7b) which
can be ascribed to residual carbonates/carboxylates like compounds. The presence of these species
is unavoidable due to the atmospheric CO, adsorption on Eu-doped zirconia during the calcination
process, forming thereby these carbon-species which remain occluded into the pores according to the
high porosity of the material [53].

Finally, the new bands also formed during the activation in the range of 2400-2150 cm™! are more
detailed in Figure 8. At these vibrational frequencies can be observed low-energy f-f transitions of
Eu’* [54]. In particular, the band at 2236 cm ™! is attributed to “Fy — 7F] transition, which is shifted
on reducing temperature to 2228 cm~!, since these transitions are highly sensitive to temperature
changes [23]. Moreover, in this region are bands (between 2400-2300 cm™1) associated to occluded CO,
inside the pores of the sample. Hence, O=C=0---M"* interactions produce splitting of the bands [55].
In addition, due to the molecular CO, presence, the attribution of these bands result complex.



Catalysts 2020, 10, 841 8 of 18

(a) (b)

980 :

|0.05

Absorbance / a.u.
Absorbance / a.u.

Activated - Ar - 180 °C (Before reaction)
\ H - 350 °C

3900 3800 3700 3600 3500 2000 1800 1600 1400 1200 1000

-1
Wavenumber / cm Wavenumber / cm™

Figure 7. Difference spectra of activated ZrEuMo_5 sample at 350 °C in H, (green line) and at 180 °C in
Ar before WGS reaction (orange line) in the (a) OH and (b) hydrated Mo oxide ranges.
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Figure 8. Difference spectra of activated ZrEuMo_5 sample at 350 °C in Hj (green line) and at 180 °C in

Ar before WGS reaction (orange line).

After the activation pre-treatment, the WGS reaction was performed under model and industrial
conditions in both solids.
2.3.2. WGS Reaction under Model Conditions

Figure 9 shows the evolution of the spectra during WGS reaction under model conditions from
180 to 350 °C on Pt/CeAl catalyst. As can be noticed, the evolution of bands associated to OH groups
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are displayed in the 4000-3400 cm™! region. In particular, negative bands are observed at 3759,
3730, and 3682 cm™~! corresponding to isolated OH groups bonded to the ceria/alumina support [48],
which means that these species disappear once the reaction starts. At the same time a broad band
peaking at ca. 3400 cm~! appears. This indicates H-bonded molecular water to the initially isolated OH
species. This supports the important role of the support hydroxyl groups in the reaction mechanism.
On increasing the reaction temperature these negative bands become less intense and the positive
broad band almost disappears. This likely means that free OH groups regenerate, which also indicates
that molecular water no longer remains adsorbed on the support surface.
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Figure 9. Evolution of difference spectra during WGS reaction under model conditions from 180 to
350 °C on Pt/CeAl in the (a) OH and (b) carbonates, formates and/or carboxylates ranges. The spectrum
recorded at 180 °C after activation was used as reference.

On the other side, the interaction of CO with Pt during the reaction as well as the
formation/elimination of carbonate-carboxylate species are also considered (Figure 9). The minimum
observed at 2143 cm~! corresponds to gaseous CO present in the infrared (IR) cell volume. In addition,
bands at 2073, 2052, and 2020 cm ™! are associated to the stretching vibration (vcp) of carbonyl species
formed on metallic Pt. The presence of several bands indicates that CO molecules are adsorbed on Pt
with different electron density which also depends on the Pt particle sizes. The chemical bond between
CO and Pt involves the 50 and 27t* orbitals of the CO molecule. When the coordination of Pt particles
is low, its electron density is high, which increases the 27, the back-donation phenomenon that
consequently debilitates the C-O bond. Hence, the associated vco band shifts to lower frequencies [56].
Accordingly, the observed band at 2073 cm™! corresponds to Pt particles with low electron density,
which can be associated to bigger particle sizes or particles with higher coordination. In the same sense,
the intense band at 2052 cm ™! is assigned to reduced Pt particles (Pt°) with a small particle size around
1.5 nm or the CO is adsorbed on terrace sites. The band at 2020 cm™! can be related to the linear CO
adsorbed on the smallest reduced Pt particles (dp < 1.5 nm) [57]. However, this band at 2020 cm™!
can also be explained by the adsorption of terminal CO on metallic Pt in contact with the Ce3* in
the metal-support interface (Pt-0s-Ce3*) [58]. Furthermore, band shifts and changes in intensities are
noticeable when increasing the temperature during the WGS reaction. This may indicate a variation
of the Pt electron density, a different Pt coordination, a different Pt oxidation state or a variation of
Pt particle size. Actually, at 350 °C (Figure 9), a new band at 2007 cm™ is observed. This band can
be related to a shift from the band at 2020 cm™! by a reduction of Pt particles (dp < 1.5 nm) [56] or
can be attributed to adsorbed CO in presence of superficial carbon on Pt; this latter caused by CO
dissociation [49].

On the other side, in the region of 1700-1300 cm™! are shown the symmetric and asymmetric
stretching modes characteristic of superficial carbonates, formates or carboxylates. The bands at
1591 and 1371 cm™! have been attributed to monodentate carbonates [59,60], whereas the shoulder at
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1640 cm~! is associated to physisorbed water. The intensities of both bands decrease on increasing
the temperature during the reaction as is expected. Nevertheless, it is observed the appearance and
increase with the temperature of a band at 1444 cm™!, which can be assigned to C-H vibrational
mode (vc_pp) and/or C=C bond stretch (vc=c) due to the slightly amorphous adsorbed carbon as cyclic
system on Pt from the CO dissociation [49]. The increase of this band during the reaction indicates
an increment of generated superficial carbon amount. This phenomenon could lead to the usual
deactivation observed for these Pt/CeO;-based catalysts reported elsewhere [61].

In the case of the ZrEuMo_5 ionic conductor, interesting and meaningful variations occur by water
adsorption/desorption processes. As can be observed in Figure 10b, a negative band was observed
at 3760 cm™~! indicating the disappearance of the monodentate OH groups when the reaction starts.
However, on increasing the temperature this disappearance becomes smaller at the same time as
the band at 3701 cm™~! increases. As was reported for ZrO, [62], monodentate hydroxyls (type I) of
monoclinic ZrO, present higher basicity with respect to the multi-coordinated hydroxyls. Then, these
monodentate OH groups interact weakly with water molecules since they have a lower capacity to
accept electrons, which provokes a shift to lower wavenumbers. These data permit to attribute the band
at 3701 cm™! to type (I) hydroxyls weakly interacting with water molecules. However, the interaction of
hydroxyls at 3671 cm ™! (tribridged, more acidic ones) with water is stronger and generates a broad band
at lower wavenumbers (3350 cm~!). The new band appearing in the presence of water at 3724 cm™!
is attributed to dissociated water in the oxygen vacancies created by doping zirconia with Eu* as it
was reported for the bare Eu-doped ZrO, sample [23]. In the same way, Figure 11a shows the band at
5239 cm~! associated to physisorbed water which reappears when the water is feeding but decreases on
increasing the temperature. The presence of both dissociated (3724 cm™1) and physisorbed (5239 cm™b)
water is mandatory for the proton conductivity by Grotthuss mechanism. This configuration was
already observed by the bare Eu-doped ZrO, mixed oxide. The novelty here is the presence of Mo,
which is responsible for the appearance of the band at 3633 cm™!, which can be attributed to hydrated
of Mo=0 bond under wet atmosphere according to Scheme 1 [63]. In order to verify this Mo oxide
hydration, the band at 1954 cm™! corresponding to the disappearance of the Mo=0 overtone by the
hydration phenomenon was analyzed (Figure 10c). In addition, the band at 3633 cm~! could be
associated to voy of hydrogen carbonates instead of hydrated Mo oxide. However, the absence of
the associated band at ~1218 cm™! (assigned to 8oy vibration of hydrogen carbonates) rejects this
possibility [64]. Therefore, the band at 3633 cm™! is ascribed to hydrated Mo oxide, which increases
with the temperature, supporting the increment of activity observed above for catalytic physical
mixture (see Figure 4). Moreover, the Mo atoms are mainly located over Eu atoms [38], around which
the oxygen vacancies are created. Consequently, a close contact between dissociated water in the
oxygen vacancies and the adsorbed water on Mo oxide is expected to promote the proton conductivity.
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Figure 10. Evolution of difference spectra during WGS reaction under model conditions from 180
to 350 °C on ZrEuMo_5 sample in the (a) physisorbed H,O, (b) OH and (c) Mo=O overtone ranges.

The spectrum recorded at 180 °C after activation was used as reference.
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Figure 11. Evolution of difference spectra during WGS reaction under industrial conditions from 180 to
350 °C on Pt/CeAl catalyst in the (a) OH, (b) absorbed CO, (c) CHy and (d) carbonates, formats and/or
carboxylates ranges. The spectrum recorded at 180 °C after activation was used as reference.
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2.3.3. WGS Reaction under Industrial Conditions

Figure 11 displays the evolution of the spectra during WGS reaction under industrial conditions
from 180 to 350 °C on Pt/CeAl catalyst. Analogously to model conditions, the bands associated to OH
groups at 3756, 3725 and 3697 cm™! follow the same behaviour discussed above (Figure 9a). In the
same way, the bands attributed to CO adsorbed on Pt (2071, 2054, and 2022 cm™~1) are again formed and
their variation on increasing the temperature present similar behavior (Figure 11b). This fact indicates
that Pt active sites are not strongly modified by the different feed. This supports the reported high CO
coverages for Pt-based catalysts independently of the feeding conditions [58,61]. In this region is also
observed bands at 2349 and 2143 cm™! associated to gaseous CO, and CO, respectively. Regarding
the region between 3100 and 2700 cm™~! (Figure 11c), bands around 2968 and 2838 cm™! are formed.
These new bands can be assigned to vcyy of partially hydrogenated carbon formed by dissociation of
CO over Pt discussed above [49] in coherence with the amount of H, introduced in this experiment.
On the other hand, the region between 1800 and 1200 cm™! corresponding to carbonate/carboxylate
species show again similar bands than those found in model conditions (Figure 11d).

For ionic conductor ZrEuMo_5, the spectra observed under industrial conditions are quite similar
to those obtained in model conditions. Essentially, it is remarkable the higher intensity of the band
ascribed to dissociated water in the oxygen vacancies (3721 cm™!, Figure 12a) as well as the band at
1620 cm~! (Figure 12b) assigned to physisorbed water (§yon). The higher amount of both species could
lead to higher proton conductivity even at temperatures above 300 °C. Moreover, the better capacity
of dissociating and adsorbing water may be related to the presence of hydrogen in these conditions,
since the interaction between Mo oxide and H; creates reduced Mo species and/or bronze-type
structures capable of accumulating water and provides ion exchange [34,36]. The observed bands
between 1600 and 1200 cm ™! are the same as exhibited in model conditions (data not shown). Different
(bi)carbonates species formed on zirconia support during the reaction are in good agreement with those
reported in the literature [65]. The va5(CO3~2) of polydentate (~1551 cm™!) and bridged (1353 cm™!)
carbonates increases during the reaction on increasing the temperature. Contrary, the bicarbonates
seem to be reduced (~1440-1450 cm™!) indicating a loss of H species.

(@) (b)

Absorbance / a.u.
Absorbance / a.u.

180 °C

1565 1353"

3762

3900 38'00 37'00 36'00 3500 1700 1600 1500 1400 1300 1200

-1
-1
Wavenumber / cm Wavenumber / cm

Figure 12. Difference spectra during WGS reaction in industrial conditions on ZrEuMo_5 sample from
180 to 350 °C with respect to the activated spectrum at 180 °C in Ar in the (a) OH and (b) carbonates.
formats and/or carboxylates ranges.
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3. Materials and Methods

3.1. Preparation of Materials

The Pt/CeO,/Al,O5 catalyst with 2 wt.% of Pt loading was prepared by wet impregnation.
Accordingly, the appropriate amount of tetrammine platinum (II) nitrate solution (Pt(NH3)4(NO3),
purchased from Johnson Matthey) was mixed with an acetic acid solution 1 M in a Pt:acid molar
ratio of 1:1.1. The obtained Pt solution was added over commercial CeO,/Al,O3 support (Puralox,
ceria:alumina mass ratio of 20:80) and vigorously stirred at room temperature. Then, the solvent was
evaporated at reduced pressure in a rotary evaporator and the remained solid was dried at 100 °C
for 12 h. Finally, the dried solid was calcined at 350 °C for 8 h with a heating ramp of 5 °C min~.
This catalyst was labeled as Pt/CeAl.

The co-precipitation from nitrates precursors at room temperature was used for the synthesis
of the ionic conductor. Particularly, molybdenum and europium doped zirconia oxide with a fix
composition of 95:5 molar ratio of ZrO,:Eu,03 and additional 5 mol.% of MoOj3 was prepared (labeled
as ZrEuMo_5). Thus, the appropriate amount of 0.1 M aqueous solution of europium (III) nitrate
pentahydrate (Sigma-Aldrich) (Merck KGaA, Darmstadt, Germany) was slowly added to a 0.1 M
aqueous solution of zirconium (IV) oxynitrate hydrate (Sigma-Aldrich) under continuous stirring.
Secondly, the suitable amount of 0.1 M aqueous solution of ammonium molybdate tetrahydrate
((NH4)6Mo7034, Alfa Aesar) (Thermo Fisher GmbH, Kandel, Germany) was also slowly added to Eu-Zr
solution under continuous stirring. Afterwards, the pH was increased until 8 by adding ammonia
solution (30 vol.%, Panreac) (Panreac Quimica SLU, Barcelona, Spain) and the solution was aged for
1.5 h at room temperature under continuous stirring. The obtained precipitate was filtered, washed
with distilled water and submitted to dryness at 100 °C overnight. Finally, the solid was calcined in air
at 500 °C for 5 h to remove the nitrate leftovers obtaining a pale-yellow powder.

3.2. Characterization Techniques

The structural analysis of the synthesized samples was conducted by XRD (X-ray diffraction) on
an X'Pert Pro PANalytical instrument (Malvern PANalytical Ltd, Malvern, UK). X-ray diffractograms
were recorded using Cu K« radiation (40 mA, 45 kV) in the 10-90° 26 range, using step size and step
time of 0.05° and 80 s, respectively. Diffraction patterns were analyzed using X'Pert HighScore Plus
software (Version 4.9, Malvern PANalytical Ltd, Malvern, UK). Textural properties of the prepared
samples were determined by N,-physisorption at 77 K with a Micromeritics Tristar II instrument
(Micromeritics GmbH, Munich, Germany). Previous degasification of the samples was carried out in
vacuum at 250 °C for 4 h. The chemical composition of the prepared materials was determined by X-ray
fluorescence spectrometry (XRF) using an AXIOS PANalytical spectrometer (Malvern PANalytical Ltd,
Malvern, UK) with Rh source of radiation. Further characterization of these materials can be found in a
previous work in our group [38], where more Mo-based mixed oxides compositions were synthesized
and studied. The TEM micrographs were recorded on a Philips CM-200 instrument (ThermoFisher
Scientific- FEI Deutschland GmbH, Frankfurt, Germany). The electron diffraction diagrams were
acquired with a diffraction camera length of 440 mm. Powered samples were supported on a holey
carbon-coated copper grid without using any liquid.

3.3. Catalytic Activity Tests

The WGS reaction was performed in a homemade setup using a fixed-bed quartz reactor of 9 mm
i.d. An on-line ABB gas analyzer (AO2020) (ABB, Seville, Spain) equipped with an IR detector was
coupled to the gas outlet. The catalytic tests were studied at atmospheric pressure in the temperature
range of 180-350 °C using two different feeds labeled as model conditions (4.5% CO, 30% of H,O and
N> as balance) and industrial conditions (9% CO, 30% of H,O, 11% CO,, and 50% H>) to simulate
the outgoing stream of a typical industrial reformer. Two catalytic systems were studied: Pt/CeAl
catalyst physically mixed with Mo-based ionic conductor (mass ratio of catalyst:ionic conductor equal
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to 1:5) and Pt/CeAl alone, adding inert quartz in the same particle size to keep the same amount of
Pt-based catalyst (0.1 g) and achieve the same bed volume as the promoted catalytic system with the
physical mixture. Thus, weight space velocity was 80,000 mL h~! g.,;~! and volumetric space velocity
was 20,000 h~!, in both catalytic systems. The samples were sieved between 600 and 800 um and the
catalysts were previously activated in situ by passing a flow of 100 mL min~! of 10% H,/N, at 350 °C

for 30 min with a heating rate of 10 °C min~1.

3.4. Operando DRIFTS Measurements

In order to elucidate the possible intermediates formed during the WGS reaction and to obtain
some insights into the mechanism, operando DRIFTS experiments with Pt/CeAl catalyst in WGS
reaction conditions were performed. Analogously, the same experiments were also carried out on
ZrEuMo_5 to analyze the role of the proton conductor in the reaction mechanism, getting information
about water and hydrogen adsorption phenomena.

Due to instrumental requirements, model and industrial feeding conditions described above
for catalytic tests were slightly modified. A total flow rate of 50 mL min~! with 4% CO and 10%
H,O, balanced with Ar, was used as model conditions, whereas 4% CO, 5% CO,, 10% H,O, and 25%
H,, balanced with Ar, were used as industrial conditions. The adequate amount of water was fed
continuously by using a HPLC pump and vaporizing the liquid in a homemade evaporator. Prior
to measurements in the 180-350 °C temperature range, as for the catalytic tests, an activation step
in 50 mL min~! of 10% of Hy/Ar at 350 °C for 30 min was performed. Afterwards, the system was
cooled until 180 °C in Ar flow to start the reaction. Spectra were collected before the activation at RT,
after activation in Hy/Ar at 350 °C, before reaction in Ar at 180 °C and during the WGS reaction on
increasing the temperature when steady-state reaction conditions were achieved.

The experiments were carried out in a THERMO/Nicolet model iS50 spectrometer (ThermoFisher
Scientific, Munich, Germany) equipped with a MCT detector and a Praying Mantis High Temperature
Reaction chamber with ZnSe windows (purchased from Harrick) (Harrick Scientific Products Inc.,
New York, N.Y., USA). Spectra were obtained by averaging 32 scans with a resolution of 4 cm™.
Typically, 70 mg of catalyst or 250 mg of ionic conductor were placed in the Harrick reaction chamber.
The spectrophotometer bench was continuously purged with pure nitrogen to eliminate CO, and water
vapor contributions to the spectra. The background spectrum was collected without sample using an
aluminum mirror.

4. Conclusions

The physical mixture of an ionic conductor to a typical Pt-based catalyst for WGS has shown
higher CO conversion than the bare Pt-based catalyst tested in the same conditions, using a model
and an industrial feed composition at high space velocity (80,000 mL h™! gt ™!). The XRD analysis
indicated the formation of a solid solution between Eu and Zr oxides, which creates oxygen vacancies
able to activate water. The addition of Mo creates MoOx clusters on the surface which provided a higher
amount of hydroxyls and physisorbed water according to operando DRIFTS analysis. Accordingly,
this mixed oxide can provide proton conductivity by Grotthuss mechanism in the temperature
range of WGS reaction. Thus, the Mo-based ionic conductor promotes the catalysts” activity from
250-350 °C by providing more activated water molecules to the Pt-based catalyst, which is reported as
a rate-determining step in WGS reaction.
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