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ARTICLE INFO ABSTRACT

Keywords:

Periodic DFT calculations are performed to unravel the effect of the incorporation of Fe and Mn into the tung-

DFT stated zirconia catalyst, (WO3)x/ZrO2 (x = 1,3), in their electronic, geometric, and catalytic properties. Our
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results suggest that both Mn and Fe have a proclivity to occupy the same positions and thus both metals will
compete for the same adsorption sites. The addition of Fe or Mn slightly destabilizes the WO3 monomer while
stabilizes the (WOs3)3 trimer. Hence, medium size clusters, which are the most catalytically active species, will be
more sinter resistant in the presence of the promoters, leading to catalysts with longer lifetimes. The computed

deprotonation energies evidence that the overall Brgnstead acidity is increased upon the addition of the dopant
atoms. It is proposed that the metals lead to a reduction of WZ and induce a local spin density imbalance.The
function as redox initiators of these metals is confirmed.

1. Introduction

Solid acid catalysts are widely used in the chemical and petro-
chemical industry due to the ability of these materials to catalyze a
variety of reactions such as alkylation, isomerization, cracking, hydro-
treating, and dehydration of alcohols [1-3]. An important class of such
catalysts consists of transition metal oxides with platinum inclusions to
prevent their deactivation [4]. Among these solids, anion-modified
metal oxides such as sulfated zirconia (SZ) and tungstated zirconia
(WZ) are highly active and selective.

Sulfated and tungstated zirconia catalysts can operate at low tem-
peratures compared to acidic zeolites and achieve greater selectivity to
the desired products. However, the main drawback of SZ is the tendency
to degrade due to the loss of sulfur, in addition to its poor stability and
regeneration. Such features limit its applicability in isomerization and
alkylation processes. In this vein, WZ is a convenient alternative because
it is more selective and, although it requires a higher operating tem-
perature, it does not decompose at temperatures below 850 °C [5,6].
Moreover, in the case of isomerization reactions, tungstated zirconia has
proven to be an efficient choice to replace liquid acids in the production
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of bi-ramified isoalkanes due to its high activity and selectivity.
Regarding the nature of the active sites in this catalytic system, it has
been generally accepted that the WO clusters developed on the zirconia
surface are responsible for the formation of acidic sites [7]. Moreover,
the increase in catalytic activity has been associated with a slight
reduction in the tungsten phase, which results in a protonation varia-
tion, since stronger Brgnsted acid sites are generated when tungsten
oxide is reduced [8]. Therefore, the ability of surface oxide domains to
accept or redistribute electron density is critical to their function as acid
catalysts. This charge redistribution capacity is intimately related to the
domain size of the WOy nanostructures [5,9]. Recently, a novel alkoxide-
free sol-gel method to synthesize mesoporous Pt/WOs3-ZrO5 catalysts,
with a better control over the size of the WOy clusters, confirmed that
polytungstates with an intermediate domain size provided the best ac-
tivity in terms of the conversion and selectivity in the n-hexane hydro-
isomerization [10]. DFT calculations of model catalysts showed that the
origin of such a size effect arises from a combination of two factors [10].
On the one hand, the reducibility and the Brgnsted acid strength in-
creases as the size of the WOy species increases. On the other hand, the
most acidic sites are those located at the interface between the two
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oxides. Therefore, intermediate WOy cluster sizes offer a favorable
tradeoff between the Brgnsted acid strength and the number of such
active sites.

The catalytic performance of sulfated and tungstated zirconia cata-
lysts can be boosted by incorporating diverse promoters, such as gal-
lium, aluminum, iron or manganese [11-23]. SZ doped with Fe and Mn,
for example, catalyzes isomerization reactions two to three orders of
magnitude faster than undoped SZ [15,16,20,22]. Regarding WZ,
several works have shown that the incorporation of Fe and Mn improves
the paraffin isomerization activity of these catalysts [13,14,17-
19,21,23,24]. Nevertheless, as in the SZ case, the nature of the pro-
moting effect of these metals remains highly debated.

Hernandez-Pichardo et al. carried out several experimental studies
on the WZ promoted with Fe and Mn [17,18,21,24]. Their works sug-
gested that Fe>™ and Mn>" cations modify the interaction of the WOy
species with the support. They argue that the incorporation of these
promoters into the WZ catalysts modifies the anchoring of the tung-
stated species on the zirconia surface, which allows the stability of the
tetragonal zirconia and prevents the growth of WOy crystals. The cata-
lytic behavior, however, is not a linear function of the composition of Mn
or Fe, and a low promoter content is required to achieve better activity
and selectivity [17,18]. Indeed, at higher metal loadings, the corre-
sponding oxides are formed, which are catalytically inactive, producing
a yield decrease.

In addition, other experimental studies have suggested that Fe and
Mn-containing WZ catalysts play a role as a redox initiator, affecting the
dehydrogenation activity of the materials [13]. The stabilization of
tetragonal zirconia was also pinpointed as a key factor influencing the
catalytic performance of WZ [14,25]. Finally, the acidity, reducibility
and dispersion of the WOy layer was also observed to change by the
dopants [23].

It is noticeable that, depending on the synthesis method, the addition
of these metals to tungstated zirconia leads to different effects. However,
there are important discrepancies in the literature regarding the influ-
ence of Fe and Mn on the structural and catalytic properties of the WZ.
How Fe and Mn modify the WO,/ZrO;, catalyst is not clear yet and there
is a need to achieve a better understanding of the structure-activity
relationship of the promoted WZ, to hopefully lead to the design of more
active and selective catalysts.

The objective of this work is to achieve an atomistic description of
the effect of Fe and Mn on the WO,/ZrO5 acid catalyst. Through state-of-
the-art density functional theory (DFT) calculations, which include the
Hubbard U (DFT + U) and Grimme dispersion (D3) corrections, the
electronic and structural properties of the promoted catalyst are studied.
The new insight provides a basis for predictive models of future acid-
supported metal oxide catalytic materials that will lead to the design
of more active and selective catalysts.

2. Computational Methods

All calculations are performed with PW-DFT using the PBE exchange-
correlation functional [26], as formulated in the generalized gradient
approximation (GGA), and the PAW pseudopotentials [27,28], imple-
mented in the VASP package [29-32]. To correctly describe the disper-
sion interactions, the Grimme’s DFT-D3 scheme is used [33]. The
Hubbard correction is well known for improving the description of
highly correlated systems with respect to pure functional and bringing
them closer to hybrid functionals in terms of precision. We use the
effective Hubbard parameter U = 4 eV for the d electrons Zr atoms, as
implemented in Duvarev’s simplified scheme [34], which ensures a
good qualitative description of the structure and electronic properties of
Zr oxides [35,36]. All the calculations are spin polarized. The most
stable facet of tetragonal ZrO, (101) is modeled using a previously
optimized ZrO; supercell, corresponding to a Zrss500300 composition
[37]. For the geometry optimization, the top two layers of the slab and
the clusters (WO3)x on top of it are allowed to relax, while the bottom
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layers of the support are fixed at the positions of the bulk. A 12 A vac-
uum separation is added between cells repeated in the z-direction to
avoid interactions between the replicas of the slab pattern. For geometry
relaxation (SCF) procedure, the convergence criteria is set up to 10° (107
6) eV, the cutoff energy of the plane wave was 450 eV and a 1x1x1
I'-centered k points grid is used in the calculations, given the large
dimension of the unit cells. Atomic charges are calculated using Bader’s
partition method [38]. In order to unravel the effect of the incorporation
of Fe and Mn into the (WOj3)x/ZrOy catalyst (x=1,3), first of all the
model is set up, as explained in the Supporting Information.

Different adsorption energies of the modeled systems (E,qs) are
calculated according to the following equations:

Eus(M) = E(M+((WO03),/Zr0;) —E((W03),/Zr0,) — E(M),,, ™

Eus((WO3),)= E(M+((WO03),/Zr0>) —E(M/Zr0,) —E((WO3),),,  (2)

Eois(M — (WO3), )= E(M+((W05),/Zr0y) — E(ZrOy) — E(M — (WO3),)..,,
3

where E(M+((WO3)x/ZrO5) is the energy of the catalyst with the
metal deposited, E((WO3)x/ZrO,) is the energy of the cluster supported
on the surface, E(M-ZrO,) is the energy of the bare metal atom deposited
on the ZrO; support, E(M)g,s is the energy of Fe or Mn in gas phase, E
((WO3)y)gas the energy of the tungsten oxide cluster in gas phase and E
(M-(WO3)y)gas the energy of the M-(WO3)y complex in gas phase.
Finally, the deprotonation energies are calculated as:

DPE = ESystz'mH - ESy:tﬂm’ (4)

where Egystemp is the energy of M-(WO3)y/ZrO2 (M = Fe, Mn; x = 1,3)
with a H bonded in its neutral form, and Esystem- is the energy of the
corresponding conjugate base, i. e., M-(WO3)x/ZrO; in its anionic form.

3. Results and discussion

In order to determine the preferred binding site for Fe and Mn on the
tungstated zirconia catalyst, one Fe(Mn) atom is added to the most
stable WO3/ZrO, and (WO3)3/ZrO; structures (which were previously
determined in ref. 10). The incorporation of Fe or Mn is performed by
including a single metal atom in every symmetrically non-equivalent
site corresponding to a 1:1 and 1:3 metal:W ratio. Upon the inclusion
of Fe into the monomer, two competitive binding sites are found,
depicted in Fig. 1. In the putative global minimum Fe is located at the
subsurface site below the WO3 monomer, binding with neighboring O
atoms and slightly displacing them. In the second isomer, which is only
0.02 eV less stable than the global minimum, Fe is on top of the ZrO,
surface, in between the two oxides. In this case, the metal bonds with
two O atoms and the W atom of the cluster, as well as to one O and one Zr
from the surface. The Fe-O bond lengths in the global minimum are in
the range of 2.06 and 2.37 A, while for the second isomer bond lengths
are in the range of 1.94 and 2.00 A. Note that in both configurations, the
monomer is in a bridging position with two of the monomer’s O atoms
bonding to the closest surface Zr atoms, while W bonds to a surface O
atom (see Fig. 1). Similar features are found in other local minima,
shown in the Supporting Information (Figure S3). Regarding the tung-
sten trioxide trimer, the most stable binding site for Fe is found to be on
top of the (WQO3)3 cluster, where iron is surrounded by oxygen atoms in a
quasi-planar geometry (see Fig. 1). The resulting Fe-O bond lengths are
between 1.85 and 1.98 A. Overall, the inclusion of Fe on the supported
mono- and tri-tungsten oxide catalysts has minimal effect on their
geometry.

Adsorbed Mn on the WZ catalyst tends to be surrounded by oxygen
atoms, as in the case of Fe. The most stable Mn-(WO3)y/ZrO, (x = 1,3)
are shown in Fig. 1 and other local minima are shown in Figure S3. In the
monomer, the preferred binding site for manganese is at the interface
between the two oxides, similar to the second most stable Fe-WQ3/ZrO,
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Fe-(WOs)3/ZrO2

Fig. 1. Side and top view of the most stable Fe and Mn doped (WO3),/ZrO, catalyst (x = 1,3). W, O, Zr, Fe and Mn atoms are shown in blue, red, gray, orange, and

green, respectively.

structure. Mn bonds to oxygen atoms with bond lengths of 1.93 and 1.98
}o\, and to one W atom with a bond distance of 2.65 A. The structure with
the metal at the zirconia subsurface site, analogous to the Fe-WO3/ZrO,
global minimum, is thermodynamically considerably less stable (>1.2
eV when comparing structures on cells containing two support layers).

When the size of the (WO3)y cluster is increased up to the trimer,
manganese binds on top of (WO3)s, the same preferred location as iron.
Such adsorption site allows for maximizing the number of Mn-O bonds
(bond lengths of 1.91-1.99 [D\), in addition to one Mn-W bond (bond
length of 2.65 A). Our results suggest that both Mn and Fe have a pro-
clivity to occupy the same binding positions. Experimentally, it is found
that the best strategy to boost the catalytic activity and selectivity of
WOy/ZrO3 is through the addition of either Fe or Mn, instead of adding
both metals together. The reason for such behavior can be explained by
considering that both metals will compete for the same adsorption sites.

We would like to highlight that only in the Fe-WO3/ZrO system, the
dopant shows a preference to be incorporated into the zirconia lattice,
rather than at the interface between the two oxides or on top of the
tungsten oxide clusters. In previous experimental works, the lattice pa-
rameters of the tetragonal zirconia were found to increase scarcely upon
the addition of Mn or Fe [21], suggesting that at least a portion of the
promoters would be integrated interstitially into the zirconia lattice. We
must emphasize that our DFT calculations give information on the
thermodynamic stability of different species, location or conformers,
and these isomers are predicted to be present in an experimental sample
with different relative abundance. However, the calculations do not
account for the kinetics effects or consider a larger metal coverage.
Furthermore, the observed behavior in the experiments might be influ-
enced by factors related to the synthesis method, such as the dopant
incorporation procedure (i. e. impregnation or co-precipation), the
dopant content, the presence of surfactants, among others.

With the aim of clarifying the effect of the promoters on the possible
(de)stabilization of the tungsten oxide catalysts, several adsorption en-
ergies are computed, according to the equations (1) to (3), which are
shown in Table 1. First, the adsorption of the metals on the (WO3)x/ZrO,
catalyst, E,qs(M), evidence that Fe binds more strongly to the mixed
oxide than Mn, and that both metals bind more strongly to the WO3
trimer than the monomer. Hence, the promoters will have a larger
tendency to bind to medium size clusters rather than to the small ones.

If the clusters were complexed with the metals before being

Table 1

Electronic and energetic properties of the most stable M-(WO3),/ZrO, structures
(M = Fe, Mn; x = 1,3): Bader charges on the tungsten trioxide clusters, AQ
(WO3)y, and the metal atom (Fe or Mn), AQ (M) (electrons), number of unpaired
electrons, Ue’, and different adsorption energies (eV) explained in the Methods
section. * data taken from Ref. [10].

Eads(M)  Eags(M- Eags((WO3))  AQ AQ Ue’
(WO3)) (WO3)x o)
WO3/ZrO, - - —5.96* —0.33* - 0
Fe-WO3/ -1.99 —4.46 —5.46 —0.40 +2.55 2
ZrOy
Mn-WO3/ —1.61 —4.62 —5.78 -0.91 +1.99 5
ZrO,
(WO3)3/ - - —5.22 —0.46* - 0
Zr0,
Fe- —4.28 —5.44 —7.00 —1.46 +2.27 4
(WO3)3/
ZrOy
Mn- —3.50 —5.64 —6.92 —1.60 +2.28 3
(WO3)3/
ZrOy

deposited on ZrO;, E,qs(M-(WO3)x) suggest that Mn-WOy complexes
would bind more strongly to the support, primarily the manganese
doped trimer. For this calculation, the most stable isolated gas-phase
(M—WOg3)x complex structures (M = Fe, Mn; x = 1,3) are determined.
As can be seen in Figure S4, the preferred geometries are unchanged
when going from isolated systems to the corresponding deposited spe-
cies on ZrO,. The only exception is Fe-WO3/ZrOs, since on the support
Fe prefers to be located at the subsurface site, although the most stable
gas-phase geometry is very close in energy.

Finally, the E,45((WO3)x) allows a comparison between the adsorp-
tion of these clusters to the bare support on the one hand, and a support
that is pre-doped with Fe or Mn on the other hand. In this vein, if the
clusters were to be adsorbed on a doped zirconia surface, different ef-
fects would be found depending on the cluster size. The mono-tungsten
oxide catalysts would have a slightly weaker interaction with the doped
support. Indeed, the E,45((WO3)x on the unpromoted ZrO, is —5.96 eV
and the value is reduced to —5.46 (-5.78) eV for the Fe(Mn) doped ZrO.
Nonetheless, the effect of the dopants is the opposite in the tri-tungsten
oxide catalysts: E;qs((WO3)y increases from —5.22 to 7.00 (-6.92) eV in
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the presence of Fe(Mn). Moreover, there is a change of tendency, since
on the pristine support, the WO3 monomers are more strongly anchored
than the trimers but, upon the incorporation of the metals, the latter will
be more resistant to sintering and, therefore, more stable. In fact, all the
computed E.4s agree in predicting that the larger tungsten oxide cata-
lysts interact more strongly with the metals and the surface, conferring
them a higher stability. Therefore, both iron and manganese award a
large stabilizing effect to medium size WOy clusters, which are the most
catalytically active species. Moreover, according to these results, the
best strategy to anchor the clusters and reduce their tendency to sin-
tering would be to complex them with the metallic promoters prior to
their adsorption on tetragonal zirconia.

The Bader charges, summarized in Table 1 and depicted in Fig. 2, are
additionally computed in order to study the influence of the promoters
on the electronic properties of the acid catalyst. In the unpromoted
catalyst the tungsten oxide clusters are reduced due to the charge
transfer from the underlying support. The acquired charge in the trimer
is larger than that in the monomer (-0.46 vs —0.33 |e|) [10]. Upon the
inclusion of the metals, WOy are further reduced. The least noticeable
change occurs in Fe-WO3/ZrO; because iron is located inside the sup-
port, and it is donating electrons mostly to ZrO;. In Mn-WO3/ZrO,,
manganese is located at the interface between tungsten oxide and zir-
conium oxide, and it is oxidized as a result of its interaction with both
oxides. Nevertheless, in the case of M-(WO3)3/ZrO,, since the metals are
bonding only to (WOs)s, the charge acquired by the trimer is increased
dramatically, reaching —1.46 and 1.60 |e| for iron and manganese
doped (WO3)3/ZrO, respectively. Note that, as a result of the charge
transfer, the charges on the oxygen atoms at W-O-Zr and at M—O—Zr
interfaces are similar. The dopants slightly reduce the W atoms too. In
addition, the number of unpaired electrons on the different structures
evidence the presence of spin polarized states, unlike in the undoped WZ
compounds, that have a closed-shell electronic structure [10]. The spin
density of the most stable geometries is shown in Fig. 3. In agreement
with the bader charges, the electrostatic exchange is weak in the
monomers. Indeed, in M-WO3/ZrO, (especially for the Fe case) most of
the spin density is located on the dopant atom. When the size of the
tungsten oxide cluster increases, however, spin density shows up on
several oxygen atoms of the trimers. Note that the spin density imbal-
ance is most marked in the Fe-WO3/ZrO, and Mn-(WOs3)3/ZrO,

WO0s3/ZrO2

(WO0s3)3/ZrO2

Fe-WOs3/ZrO2
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catalysts. Overall these metals reduce the WOy catalysts and create spin
polarized states on them, primarily on the medium size clusters, sug-
gesting that they must influence the redox properties of the studied
catalysts.

Finally, to gain an insight into the effect of Fe and Mn on the catalytic
force of the supported mono- and tri-tungsten oxide catalysts, hydrogen
is adsorbed in all the possible Brgnsted acid sites (oxygen atoms) and the
deprotonation energies (DPE) are computed. The deprotonation energy,
i. e., the energy required to remove a proton from the solid acid to form
the conjugate base and a separated proton, provides an idealized but
direct measure of the Brgnsted acidity. The most stable acidic sites with
adsorbed hydrogen are shown in Fig. 4.

We must emphasize that charged defects in periodic calculations,
such as those created after a deprotonation process, can introduce
artificial interactions between defects in neighboring cells. VASP utilizes
a neutralizing background charge, although it requires large supercells
and several works showed that the resulting energies might be incorrect
[39,40]. In addition, dipole and quadrupole corrections currently
implemented in VASP have several constraints, such as their limited use
to cubic supercells. Other additional artifacts arise from arbitrary energy
references used for charged systems in periodic calculations [41]. For
these reasons, the absolute DPE might not be fully reliable and therefore,
in this work we focus and discuss the relative DPE values. Specifically,
the DPE values are calculated with respect to the averaged DPE on the
unpromoted monomer, whose (DPE) is 4.72 eV [10]. Positive values
with respect to that reference are indicative of a larger DPE and thus a
weakening of the acid strength, while negative A(DPE) indicate a
smaller DPE value and thus, stronger acidity. In this way, the negative
value of A(DPE) is directly proportional to the catalytic power of each
system. All the relative deprotonation energies are plotted in Fig. 5(a)
and given in Table S2.

Experimentally, it was reported that adding small amounts of metal
promoters (Fe or Mn) increases alkene isomerization yield with respect
to pure WZ [18,21]. Such catalytic boosting depends strongly on the
metal concentration; the isomerization conversion is increased as the
metal concentration increases, until reaching a maximum, and then the
conversion decreases for higher metal concentrations. The maximum
catalytic activity determined experimentally occurs at a 15% wt. of WO3
and 0.5% wt. of Fe or Mn respectively (see Fig. 5(a)), which corresponds

Mn-WO0s3/ZrO2

™.

¢

Fig. 2. Bader charges on the most stable undoped and Fe and Mn promoted (WO3),/ZrO, catalyst (x = 1,3). W, O, Zr, Fe and Mn atoms are shown in blue, red, gray,

orange, and green, respectively.
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a) Fe-WO,/ZrO,
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b) Fe-(WO,),/ZrO,

d) Mn-(WO,),/ZrO,

3)3

Fig. 3. Spin density on the most stable Fe and Mn doped (WO3),/ZrO catalyst (x = 1,3). Isosurface value 0.05 e/A3. W, O, Zr, Fe and Mn atoms are shown in blue,

red, gray, orange, and green respectively.

H-Fe-WO /1O,

H-Mn-WO_/ZrO,

Fig. 4. Most stable top and lateral H adsorption sites on M-(WO3),/ZrO, catalyst (M = Fe, Mn; x = 1,3). H, W, O, Zr, Fe and Mn atoms are shown in white, blue, red,

gray, orange, and green respectively.

to an Fe(Mn)/W atomic ratio ~ 0.14. In the present models, the incor-
poration of Fe or Mn corresponds to a 1:1 and 1:3 metal:W ratio. Overall,
our computed DPE values confirm the experimental observations as can
be clearly seen in Fig. 5(b). The acid strength is systematically increased
in every promoted catalyst with respect to pure WZ, which is repre-
sented by all points below zero in Fig. 5(b). Furthermore, the computed

averaged deprotonation energies, (DPE), clearly depend on the metal
concentration in agreement with the experimental data (notice that, in
Fig. 5(a), the catalysts on the x-axis are ordered in terms of metal con-
centration). Although our theoretical study only covers one part of the
metal concentration interval that is considered in the experiment, the
variation of the curves in Fig. 5(b) might predict the existence of the
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Fig. 5. (a) Experimental catalytic activity as conversion, for catalysts supported
on WZ promoted with 0.0, 0.5, and 1.0 %wt. of Fe and Mn, in the n-hexane
isomerization reaction at 260 °C (ref. 21). (b) computed DPEs values with
respect to the DPE of unpromoted WZ (WO3/ZrO, as computed in Ref. 10).

experimental maximum or “saturation point”. Beyond this concentra-
tion, the metals will likely form their respective oxides and segregate
from the catalyst, as was experimentally evidenced [18,21].

Finally, as it can be seen in Fig. 5(b), the computed A(DPE) values at
the top sites are similar regardless of the specific dopant and its con-
centration (red curve in Fig. 5(b)), while the acidity of the lateral oxy-
gens shows a larger variation (green curve in Fig. 5(b)). These sites are
the most acidic ones in every M-(WO3)y/ZrO; (M = Fe, Mn; x = 1,3)
catalyst, i. e., the oxygens at the interface between WOy and ZrO; (see
Fig. 4). Hence, the bridging W-OH-Zr groups are responsible for the
strongest Brgnsted acidity, as found in the unpromoted catalysts [10].
Furthermore, the largest decrease in the DPE values is found in the Fe-
WO3/ZrO3 and Mn-(WO3)3/ZrO; cases. In these systems the local spin
density imbalance is more marked. As shown in Fig. 3, the color change
on the isosurface indicates a sign change in the spin density, so that in
the blue (yellow) areas there is an accumulation of alpha (beta) elec-
trons. Such a feature is most marked in the Fe-WQs3/ZrO, and Mn-
(WO3)3/ZrO; catalysts, which exhibit the greatest variations in the
acidity, regardless of the cluster size and/or metal concentration. These
results taken together suggest that iron and manganese increase the
acidity of the WZ catalysts, by reducing the WZ catalyst and by inducing
a local spin density imbalance. Indeed, the larger reducibility of this
class of catalysts has been related previously to the increase in their
acidity and catalytic activity.

Applied Surface Science 599 (2022) 154052
4. Conclusions

The catalysts used for the isomerization of alkanes are mainly solid
acids such as tungstated zirconia (WOy/ZrO3), which has stability and
activity advantages over other solid catalysts. The role of metal pro-
moters (Fe, Mn) on these catalysts has been connected to several factors
such as the formation and stabilization of carbenium ion intermediates
on the surface, a higher dehydrogenation capacity, a process redox
trigger, or the synergism between redox and acid sites. Many of these
assumptions point to an interaction between redox sites and acid sites
but, to the best of our knowledge, no clear evidence has been presented
in this regard. The present work achieves an atomistic description of the
effect of Fe and Mn on the WO4/ZrO- acid catalyst, via state-of-the-art
density functional theory calculations (DFT).

By exploring (WO3)x-ZrO, (x = 1,3) models, the role of the dopants
on the electronic structure, tendency to sintering and acid properties of
WZ is unraveled. Some effects induced by the dopant atoms might exist
that cannot be explored within our models, such as the stabilization of
the metastable tetragonal zirconia or the tendency to form inactive iron
or manganese oxides at high metal concentrations. However, mono- and
tri-tungsten oxide surface-supported cluster moldes capture a wide-
range of structural and electronic features, and yet they are computa-
tionally tractable.

Our results suggest that both Mn and Fe have a proclivity to occupy
the same positions. Experimentally it was found that the best strategy to
boost the activities and selectivities of WOy/ZrO; is through the addition
of either Fe or Mn, instead of adding both metals together. The reason
for such behavior can be explained by considering that both metals will
compete for the same adsorption sites. In addition, the incorporation of
Fe or Mn slightly destabilizes the WO3 monomers while stabilizing the
(WO3)3 trimer. Therefore, medium size clusters, which are the most
catalytically active species, will be more sinter resistant in the presence
of the promoters, leading to catalysts with longer lifetimes.

The computed deprotonation energies show that the overall acidity
is increased upon the incorporation of the Fe and Mn dopant atoms. The
found effect can be correlated with the large charge transfer of the
dopant to the WZ catalyst and with an induced local spin density
imbalance, associated with stronger Brgnsted acidity.

Our DFT results give a quantitative basis to some of the assumptions
used to explain the experimental findings on the catalytic activity
boosting by adding the metal dopants. This knowledge provides the
tools for the future design of more efficient catalytic materials for alkane
isomerization.
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