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ABSTRACT: The synergistic catalysis in the hydrodeoxygenation of
phenolic compounds over a Pd/Fe bimetallic surface has been well @,OH @ @,OH @
established. However, the nature of this synergy is still in part a

mystery. In this work, we used a combined experimental and
theoretical approach to understand a potential function of the surface Deactivation
Pd in the reduction of Pd/Fe,O;. This function of Pd was
investigated via the comparison of the reduction properties as well
as other physicochemical properties of samples synthesized by the
reduction of Fe,O; nanoparticles with and without surface Pd.
Temperature-programmed reduction studies demonstrated the
remarkable facilitation of reduction by addition of Pd, evidenced
by a 150 °C shift toward lower temperature of the reduction peak of
Fe*. From X-ray photoelectron spectroscopy and theoretical calculation results, the interaction between Pd and the Fe,O;
surface occurs through the exchange of electrons with both the surface Fe and O atoms. This bonding between the Pd and
surface oxide elements causes the Pd to partially donate electrons to the oxide surface, making the surface electrons more
delocalized. This electron delocalization stabilizes the reduced oxide surfaces, as suggested by the TPR results and theoretical
prediction. Therefore, the stabilization of the reduced Fe surface as well as the facilitated water formation by introduction of Pd is
expected to significantly contribute to the Pd—Fe synergy in hydrodeoxygenation catalysis.

KEYWORDS: bimetallic catalysts, biomass conversion, hydrodeoxygenation, Pd—Fe, density functional theory, oxide doping effects,
enhanced oxide reduction

1. INTRODUCTION Among those major components, phenolic compounds
derived mainly from the pyrolysis of lignin have much lower
oxygen content and are more readily convertible to hydro-
carbon fuels. The catalytic HDO of lignin derived bio-oils and
their representative compounds (guaiacol, cresols, amsole, etc.)
were intensively investigated in the past decade.’""" Fe based
catalysts were found to be promising for the HDO of lignin
derived compounds for their high C—O bond cleavage
selectivity toward the production of aromatics."*™** The

As traditional fuel sources are depleted in this ever more
industrial world, the need for renewable and sustainable fuel
alternatives rises." A particularly promising replacement for
transportation fossil fuels are biofuels,” which are carbon
neutral, nearly SO free and generate ~50% less NO, emissions
than traditional d1ese1 oil.*> One method of producmg biofuels is
through the pyrolysis of biomass to bio-oils and successive

refinery of bio-oils, and this process has been identified as the lismi i ) : loctivi
most cost-effective approach.4 The key issue in the bio-oil imited gasification and ring-saturation selectivity on Fe

upgrading is to efficiently reduce their high oxygen content catalysts ensures better atomic .e?onomics fqr carbon and
(~20—40 wt %) to less than 2 wt % for fuel applications. The hydrogen. Furthermore, the addition of Pfi in the Acarb‘on
oxygenates in bio-oils mainly exist in the form of acetic acid, .support.ed Fe .Cfltalyst leads to a synergic Cat.alyslli with
furans, ketones, and phenohcs, which are corrosive, thermally increasing activity toward aromatics production.”™ Our
unstable, and highly viscous.® The removal of oxygen in these preliminary theoretical calculations showed that the Fe is the

bio-oils can be achieved in a similar manner with the

hydrodesulfurization (HDS) and hydrodenitrogenation Received: December 16, 2013
(HDN) processes in petroleum industry, i.e., removing oxygen Revised:  July 21, 2014
in the form of water in hydrodeoxygenation (HDO) process. Published: July 29, 2014
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active phase for the HDO reaction as the Fe surface produces a
greater distortion of the C—O bond in adsorbed phenol'* and
the Pd—Fe interactions shift the Pd’s d-band center away from
the Fermi level and thereby impedes the adsorption of
aromatics."

The question remains as to what roles the Pd plays in the
Pd/Fe catalyst. The first possibility is that, while the Fe’s
electronic structure remains unaffected by the Pd—Fe
interactions, the changed electronic structure of the Pd dopant
could cause a general weakening of the adsorption strength of
reaction intermediates and products which will eventually
increase the reaction rate by facilitating product desorption'®
and/or alter the favorable reaction mechanism by altering the
adsorption configuration.'” The second possibility is that as Pd
single crystal surfaces have been shown to have a significantly
higher sticking coeflicient for H, relative to Fe single crystal
surfaces,'® the Pd acts as the H, activation site for the HDO
reaction. The third possible function of Pd in the Pd/Fe
bimetallic catalyst is in its greater potential for promoting the
formation of water over the Fe surface,'” preventing the
metallic Fe surface from being oxidized by surface oxygen
species. The fourth possible function of Pd in the Pd/Fe
catalyst, and the function examined here, is that the Pd protects
the Fe surface from deactivation by water oxidation by
stabilizing the reduced Fe surface through the Pd—Fe electronic
interactions.

The active metallic Fe has been shown to be highly
susceptible to oxidation by surface oxygen species and thus
easily poisoned." It is critical to remove the surface oxygen
species in the form of water to maintain a metallic Fe surface. It
was well-documented that the reducibility of an oxide can be
significantly affected by various base metal dopants, as shown
for Ce0,,”*" La,0,** TiO,” systems, as the dopant will
weaken the bonds holding the surface oxygen in place.”"****
Other explanations of the dopant effect focus on the dopant’s
abilitgr5 t§)7 facilitate H, dissociation and associated H, spill-
over.

In this work, the effect of Pd doping on the reducibility of
Fe,0; and its catalytic consequences on the HDO of phenolics
over the reduced Pd/Fe bimetallic catalysts was investigated via
a combined experimental and theoretical approach. Here, we
show that the Pd in the Pd/Fe catalyst acts as a dopant that
protects the Fe surface from oxidation through the electronic
stabilization of the reduced metal surface, weakening the
surface oxygen bonds, and by promoting the formation of
water. The mechanism of how the surface oxygen bond
weakening occurs in the Pd on Fe,Oj system will be discussed
based on DFT calculations and experimental observations.

2. METHODS

2.1. Preparation of Fe,0; Sample. The Fe,O; sample
was prepared by an aqueous phase precipitation of ferric nitrate
(Fe(NO;);09H,0, Sigma-Aldrich, >99.999%) with ammonium
carbonate ((NH,),CO;, Sigma-Aldrich, 99.999%) at room
temferature, and the pH of the resulting solution was fixed at
~8.*® The precipitate was collected via filtration and then
washed six times with a significant amount of deionized water.
The obtained solids were then dried in an oven (80 °C)
overnight, meshed, and then calcined in an oven at 400 °C for §
h.

2.2. Preparation of Pd/Fe,0; Samples. The Pd/Fe,0,
samples with different Pd loadings (0.1—5 wt %) were prepared
using incipient wetness impregnation. In a typical synthesis
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process, Pd(NHj;),,(NO;), aqueous solution (Sigma-Aldrich, 10
wt %) was diluted to a certain concentration (0.1 M for 5 wt %
sample) with deionized water and then added onto the as-
prepared Fe,O; powder. After impregnation, the resulting
samples were dried in an oven (80 °C) overnight, meshed, and
then calcined in flowing N, (S0 mL/min, STP) at 350 °C
(ramping rate = S °C/min) for 2 h. The resulting samples were
denoted as mPd/Fe,0;, with m indicating the loading of Pd.

2.3. Preparation of 5Pd/C Catalyst. The Pd/C sample
with § wt % Pd loading (denoted as SPd/C) was prepared by
incipient wetness impregnation.14 A desired amount of
Pd(NH;),(NO;), (Sigma-Aldrich, 99.99%) aqueous solution
was added to a TA70 carbon (1290 m* g~', Pico Inc.) support.
After impregnation, the resulting catalyst was dried in an oven
(80 °C) overnight and then calcined in flowing N, (50 mL/
min, STP) at 350 °C (ramping rate = S °C/min) for 2 h.

2.4. Characterizations. N, adsorption—desorption iso-
therms were recorded by a TriStar II 3020 automatic
physisorption analyzer at 77 K. Samples were degassed in
vacuum at 200 °C for 1 h before characterizations. The specific
surface areas were evaluated using the Brunauer—Emmett—
Teller (BET) equation,” while the pore volume and diameter
data were calculated based on the Barrett-Joyner-Halenda
(BJH) equation using the desorption branch.*

Transmission electron microscopic (TEM) images were
collected on a Philips CM-200 platform operated at 200 kV.
Samples were meshed and dispersed in ethanol under
ultrasonic agitation before loading on the support grids.

Temperature programed reduction (TPR) experiments were
performed on an AutoChem II 2920 chemisorption analyzer.
Samples were in situ pretreated with flowing He (50 mL/min,
STP) at 350 °C for 0.5 h before TPR tests. After cooling down
to room temperature in flowing He (50 mL/min, STP),
samples were purged with 10 vol % H, (balanced with Ar) for
15 min and then heated to 900 °C (ramping rate = S °C/min)
and kept for 20 min. The effluent gas flowed through a cold
trap cooled in an ice-salt bath to remove the moisture before
being analyzed by a thermal conductivity detector (TCD), and
the H, consumption was calibrated using quantitative reduction
of a standard Ag,O sample.

X-ray photoelectron spectroscopy (XPS) measurements of
Pd/Fe,O; samples were performed on a Physical Electronics
Quantum 2000 Scanning ESCA microprobe equipped with a
focused monochromatic Al Ka X-ray (1486.7 eV) source, a
spherical section analyzer, and an attached catalytic side
chamber. The binding energy values are referenced to the
contamination carbon (C 1s) at 285.00 eV.

X-ray diffraction (XRD) patterns were collected on a Philips
X’pert MPD (Model PW 3040/00) equipped with a Cu Ka
(incident wavelength 4 = 0.15406 nm) X-ray source operating
at 40 kV and 50 mA. A step-size of 0.04 and accumulation time
of 1.6 s was used during the scanning. The obtained patterns
were analyzed using the MDI Jade 6 software with JCPDS.
Reduced samples (denoted as 1Pd/Fe,0;-300) were prere-
duced in flowing H, (50 SCCM) at 300 °C for 2 h and then
passivated with flowing 1 vol % O, (balanced with N,) at room
temperature for 12 h. Fresh samples were tested without any
pretreatment.

2.5. Computational Details. The Vienna Ab Initio
Simulation Package (VASP)*"** was used for all theoretical
calculations. As metal oxides are known to exhibit strong on-
site Coulombic interactions, we employed the method of DFT
+U* where the U parameter can be tuned so that the
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calculated bulk parameters of the oxide (e.g, lattice size,
magnetic moments, band gap, etc.) match with experimental
results. The method of Dudarev et al.** was used to include the
DFT+U corrections with the Coulomb and screened exchange
parameters (U, J) set to 5 and 1 eV, respectively.*>*> These
parameters were thoroughly screened and optimized by
Rollmann et al.** for the a-Fe,O; system and are frequently
used in the literature.>> > These DFT+U parameters were
applied to the d-states of the Fe and p-states of the O in the
oxide and not to the adsorbing Pd as the Fe and O composing
the oxide surface should experience similar strong on-site
Coulombic interactions.

The projected augmented wave (PAW)* method was
employed for the electron—ion interactions and the generalized
gradient approximation (GGA) through the Perdew—Wang-91
(PW91)*" functional accounted for the electron exchange-
correlation effects. The plane wave basis set was expanded to a
kinetic energy of 450 eV and spin polarization effects were
employed to correctly account for the ferromagnetic nature of
Fe. The interpolation for the electron correlation was
performed using the method of Vosko et al.* which enhances
the magnetic moments and magnetic energies of the system.
Supercell k-points sampling was performed in these systems
using the Monkhorst—Pack™ method and grids of (6 X 6 X 3)
and (6 X 6 X 1) were used for the bulk and surface systems,
respectively, while the grid was increased to (12 X 12 X 1) for
electronic analyses of the surfaces. Gaussian smearing** of 0.1
eV was used for the structural relaxations and energy
calculations, while the smearing width was decreased to 0.05
eV for electronic analyses, to improve convergence and the
total energy was extrapolated to zero Kelvin. The total energy
was converged to at least 107* eV for all systems, and each
system was considered to be in equilibrium when the forces
were less than 0.03 eV/A.

Initially, the bulk a-Fe,O; unit cell was studied to both verify
the calculation parameters described above and determine the
optimum lattice spacing. The a-Fe,O; phase studied here also
agrees well with the experimental XRD results which shows
that the original Fe,O; particles are in the @ hematite phase.
The volume of this unit cell was allowed to relax so as to
minimize the total energy of the system, and the optimum
lattice constants were found to be 5.059 and 13.828 A,
respectively, which compare well with both the literature values
and experimentally determined lattice parameters.’>>>>%3°
Previous studies have shown that the most stable magnetic
structure for a-Fe,O; is an antiferromagnetic orderin§ with
double Fe layers of spin up and spin down (++--).>> This
magnetic ordering was used in all calculations, and the resulting
magnetic moment of the Fe in the bulk system was found to be
4.1S pp/Fe atom. This result also agrees well with the literature
values'”'>"* which also show that the addition of the on-site
Coulombic interactions through the above DFT+U method
results in a higher degree of agreement with experimental
results.

For the near surface analyses of the adsorption of Pd and the
formation of oxygen vacancies, the (0001) surface was chosen
as it is known to be the natural growth face of a-Fe,0;.* Due
to the complex and computationally demanding nature of the
DFT+U calculations, these systems were modeled using p(1 X
1) supercells for the 0, 1/2, and 1 ML Pd covered a-Fe203
(0001) surfaces, while the 1/8 ML Pd coverage case was
modeled using a p(2 X 2) supercell. As the supercell was
increased to p(2 X 2), the k-points sampling grids were
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decreased to (3 X 3 X 1). All models contained 18 atomic
substrate layers with symmetric surfaces in order to cancel out
the dipole moments and dipole corrections were not used as
both of the exposed surfaces had adsorbed Pd and oxygen
vacancies, where applicable. All atoms were allowed to relax in
these surface models, and the repeating surfaces were separated
by ~15 A of vacuum. In the [0001] direction, the a-Fe,O4
surface can have four possible terminations depending upon the
layering of the iron and oxygen within the near surface
structure. Several studies have shown that the Fe—O;—Fe
terminated structure was the most energetically stable of the
four possible structures, even under varying oxygen chemical
potentials, and we have therefore chosen to study this
termination.'>"

3. RESULTS AND DISCUSSION

3.1. Pd/Fe,0; Surface Properties. 3.1.1. Texture Proper-
ties and Morphology of Pd/Fe,O; Samples. Texture proper-
ties of the Fe,O; and Pd/Fe,O; samples are listed in Table 1.

Table 1. Texture Properties of the Fe,O; and Pd/Fe,0,
Samples

sample Aggr (m*/g)” v, (cm3/g)b d, (nm)*
Fe,O, 40 0.18 162
0.1Pd/Fe,0, 43 0.19 15.0
1Pd/Fe,0; 44 0.18 14.8
SPd/Fe,0, 41 0.17 15.2

“BET specific area. "Pore volume evaluated using BJH equation based
on desorption branch. “Mean pore diameter evaluated using BJH
equation based on desorption branch.

The Pd/Fe,0; samples showed negligible differences compared
with Fe,O; support in terms of BET specific surface area, pore
volume, and mean pore diameter. These negligible differences
will not be taken into account in the following discussion of the
effects of Pd addition to the Fe,O; on its reducibility.

In addition, the amount of Pd required for 1 ML coverage
was estimated based on the surface area of the Fe,O5 samples,
assuming that the lattice constant of the Pd fcc structure to be
3.8907 A. Based on this estimation, the loading of Pd required
for 1 ML would be ca. 4.4 wt %, which is close to the highest Pd
loading (5 wt %, denoted as SPd/Fe,0;) studied in this work.
Representative TEM images, shown in Figure 1, show the 10—
20 nm domain size of Fe,O; and sub-5 nm sized Pd
nanoparticles in the SPd/Fe,O; sample. Apparently, even the
sample with S wt % Pd featured a significant 3D structure,
rather than a complete surface layer. Therefore, the actual
coverage is expected to be much less than 1 ML for all Pd/
Fe,O; samples. It is expected that samples with lower Pd
loading will lead to smaller Pd nanoparticles, as confirmed by
the absence of Pd diffraction peaks in the XRD pattern (Figure
2).

3.1.2. Surface Characterization of Pd/Fe,0; Samples. The
effect that the presence of Pd has on the Fe,Oj; surface has been
investigated here via theoretical adsorption, partial density of
states (PDOS), differential charge density, Bader charge
analysis, and core level binding energy calculations along with
experimental XPS studies. These studies quantify the method
by which Pd both binds to and modifies the oxide surface.

To begin this analysis, all possible adsorption and
coadsorption sites for surface Pd coverages of 1/2 and 1 ML
were investigated from theory and are shown in Figure 3. These

dx.doi.org/10.1021/cs500565e | ACS Catal. 2014, 4, 3381-3392
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Figure 1. Representative TEM (accelerating voltage = 200 kV) images
for SPd/Fe,0; sample. The dark patches show the location of Pd on
the sample.

Fe;0,
Fe (110) 1Pd/Fe,0,-Red-300
3l
s
Ty Fe,0;
)
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k) 1Pd/Fe,0,
£
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26 (%)

Figure 2. XRD patterns of fresh and reduced (in flowing 50 vol % H,/
N, at 300 °C) 1Pd/Fe,O; samples measured with Cu Ka source
operated at 40 kV and 50 mA.

coverages are achieved when first one and then two Pd atoms
are adsorbed onto the (0001) surface in the p(1 X 1) unit cell
as the a-Fe,0; system has two distinct Fe atoms.

These various adsorption sites are identified by the Fe,O,
surface elements that the Pd is positioned above. For example,
in the 1/2 ML coverage case, the Pd can adsorb atop three
separate Fe atoms (Fe,, Fe,, and Fe;) along with atop a surface
oxygen (Or), bridging two Fe atoms (Feg), bridging two
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oxygen atoms (Og), and in a hollow site surrounded by surface
oxygen atoms (Oy). Previous work done by Kiejna et al.*®
examined the adsorption of Pd on this same oxide surface using
DFT; however, their study was limited to the Fe top sites for
the 1/2 ML case and the Fe,Fe, site for the 1 ML case. Our
work here expands upon that work by studying all possible
adsorption sites for both coverages. Each adsorption site was
evaluated using the adsorption energy, as defined by

E. = ETotal B ESurface - NPdEPdAtom
‘Ads — N
Pd

(1)

where Eryup Esufacer a0d Epg aom are the energies of the total
system, the a-Fe,O5 (0001) surface, and a single, gas phase Pd
atom, while Npy is the total number of Pd atoms in the total
system. When using this definition, a negative E, 4, means that
the adsorption is an exothermic process, and the resulting
energies and Pd—O bond lengths for all possible Pd adsorption
sites at the two coverages are presented in Table 2.

For both Pd coverages studied, the Pd preferentially adsorbs
onto the a-Fe,O; (0001) surface through oxygen dominant
sites as evident by the adsorption energies. For the 1/2 ML
case, the strongest adsorption energy occurs when the Pd
adsorbs into the Oy site followed by the O and Fe; sites.
These sites all have similar Pd—O bond lengths, while the
additional Fe top sites show both a significant increase in the
Pd—O bond length and decrease in the adsorption energy. This
trend continues for the 1 ML Pd case as the O;Or site is the
most favored adsorption site with the smallest Pd—O bond
distance. In addition to the above results, the adsorption
energies for the Fe), Fe,, Fe;, and Fe,Fe, sites agree well with
those presented by Kiejna et al>® Also, it is clear that the
adsorption energy per Pd atom significantly increases with Pd
coverage. This shows that the Pd—Pd lateral interactions are
attractive and that the formation of bulk Pd patches on the
Fe,O; surface is favorable, which is in good agreement with the
experimental TEM images (Figure 1).

The electronic effect of the adsorption of Pd on the a-Fe, 05
(0001) surface was first examined using the electron density
difference, as calculated by

Ap = Protl ~ Psuface — Ppd (2)
where Py Psuaco a0 Ppg are the charge densities of the total
system, the clean a-Fe,O; (0001) surface, and the adsorbing Pd
in the same unit cell. This analysis allows us to visualize how
the valence electrons in the system have transferred upon the
adsorption of Pd at the 1/2 and 1 ML coverages, as shown in
Figure 4.

The adsorption of Pd under both coverages appears to have
similar electron exchange with the surface where the Pd and
surface Fe significantly exchange electrons with more minor
electron exchanges between the adsorbing Pd and surface
oxygen. This electron exchange was verified by examining the
PDOS for the surface Fe’s d-orbital, the O’s p-orbital, and the
Pd’s d-orbital. The PDOS for each of the above-mentioned
elements in the 0, 1/2, and 1 ML Pd coverage cases are shown
in Figure Sa. The Fe PDOS shown for all systems in Figure S is
the Fe(+1) atom (see Figure 3) as the differential charge
density results show the bonding between the Pd and Fe in the
oxide surface to be exclusively with the Fe(+1) atom. For the
oxygen PDOS, the oxygen in the clean Fe,O; surface were all
found to be equivalent, while the surfaces with adsorbed Pd
showed a slight electronic difference between the surface

dx.doi.org/10.1021/cs500565e | ACS Catal. 2014, 4, 3381-3392
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Figure 3. All possible adsorption configurations for Pd on the a-Fe,O; (0001) surface at Pd coverages of 1/2 and 1 ML. These sites are defined
based on the adsorbing Pd’s relation to the surface Fe and O (e.g, Fey, Fe,, and Fe; all have Pd adsorbing atop a surface Fe atom while the Oy site
has Pd bridging two surface O atoms). The various oxide layers are labeled as Fe (+1), O, and Fe (—1) with the O; layer as the reference with the
Fe (+1) being either above or below that layer, respectively. Also, the adsorbing Pd is labeled as Pd (+1).

Table 2. Adsorption Energies and Pd—O Bond Length for
Pd in All Possible Adsorption Sites on the a-Fe,0; (0001)
Surface for Coverages of 1/2 and 1 ML%?

sites E,q4 (eV/Pd) dpy_o (A)
1/2 ML Pd
Fe, ~1.59 226
Fe, ~134 242
Fe, —099 3.05
Feg unstable
Op ~1.69 223
Oy unstable
Or —1.66 2.08
1 ML Pd
Fe,Fe, -2.09 2.35, 2.62
Fe,Fe, —227 2.37, 3.39
Fe,Feg unstable
Fe,Fe, 213 2.50, 3.38
FesFey -2.19 3.27, 2.585
Fe;0p unstable
FegOrp unstable
OOy unstable
070 ~230 212

“Adsorption energy, E, 4, and Pd—O bond length, dpg_o. bStructures
of each configuration are shown in Figure 3.

1/2 MLPd : 1MLPd

Figure 4. Electron transfer due to Pd adsorption on the a-Fe,0;
(0001) surface calculated via the electron density difference. The site
examined for the 1/2 and 1 ML cases shown above were the Oy and
OOy sites (Figure 3), respectively. The isosurface level was set at 0.01
/A% and the green (blue) areas represent a gain (loss) of electrons.
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oxygen atoms that were and were not bonded to the adsorbed
Pd. Here, the oxygen PDOS shown is for the Pd bonded
oxygen. It was also found that the Pd in the 1 ML coverage case
were equivalent.

Initially, the a-Fe,O; (0001) surface shows a strong
semiconductor profile with a band gap of ~2 eV which is
consistent with previous theoretical and experimental re-
sults.***” The adsorption of Pd on this surface at both
coverages creates peaks in both the Fe and oxygen PDOS in the
original band gap, and there is a significant overlap between
both the Pd and Fe and the Pd and O valence states, supporting
the electron exchange observed in Figure 4. Also, as the
coverage of Pd on the surface is increased, the Pd d-states
become more continuous and metallic in character.

Furthermore, we performed a Bader charge analysis*® on the
a-Fe,0; (0001) surfaces with 0, 1/2, and 1 ML of Pd (the Oy
and O;Oy sites were studied for the 1/2 and 1 ML cases,
respectively). The Bader charge results were fully converged
relative to each system’s fast Fourier transform (FFT) grid, and
the change in the surface element’s charge for the complete
surfaces discussed above is relative to gas phase Pd and the
clean a-Fe,0; (0001) surface. These results are presented in
the top half of Table 3. From these results, it is clear that the
electron exchange between the adsorbing Pd and surface Fe is
not completely equal. For the 1/2 ML case, the adsorbing Pd
gains a partial positive charge due to the donation of ~0.3 e to
the adjacent surface Fe. This trend is consistent with the charge
transfer observed for the 1 ML case, where each adsorbed Pd
loses ~0.1 e to the topmost Fe in the oxide surface.

Thus far, our theoretical results predict that the adsorption of
Pd on the Fe,O; surface will preferentially occur through
oxygen sites with the adsorption energy increasing with a
decrease in the Pd—O bond length. While Pd adsorbs strongest
at oxygen sites, it is clear from our electronic analysis that the
strong adsorption of Pd is due primarily to the exchange of
electrons between the Pd and exposed Fe with minor electron

dx.doi.org/10.1021/cs500565e | ACS Catal. 2014, 4, 3381-3392
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Figure S. PDOS for the surface Fe’s d-orbital, O’s p-orbital, and Pd’s d-orbital for the (a) complete a-Fe,O; (0001) surfaces (Op and OO
adsorption sites used for the 1/2 and 1 ML coverages) and (b) a-Fe,0; (0001) surfaces containing a single oxygen vacancy (O-2 site) with varying

Pd coverages. The Eg,.,,; has been set to zero.

Table 3. Change in the Bader Charge (e) on the Surface
Elements of the a-Fe,0; (0001) Surfaces with Varying Pd
Coverages”

Surfaces without Vacancies

element 0.0 ML Pd 0.5 ML Pd 1.0 ML Pd
Pd (+1) ~03 —0.1
Fe (+1) 0.0 03 02
0, 0.0 0.0 0.0
Fe (1) 0.0 0.0 0.0
Single Oxygen Vacancy (O-2 Site)
element 0.0 ML Pd 0.5 ML Pd 1.0 ML Pd
Pd (+1) 04 02
Fe (+1) 0.4 02 04
0, 0.0 0.0 0.0
Fe (—1) 03 03 02

“The changes in the surface charges for the complete surfaces are
relative to the gas phase Pd and the clean a-Fe,O; (0001) surface,
while the change in the surface charges for the single oxygen vacancy
surfaces are relative to the Fe,O; and Pd/Fe,O; surfaces without
vacancies. For the complete surfaces with 1/2 and 1 ML Pd coverages,
the Og and O; Oy sites were studied, respectively.

exchange occurring between the adsorbing Pd and surface
oxygen. In order to confirm the bonding between surface Fe
and O with the adsorbing Pd predicted by theory, the surface
electron status of Pd/Fe,O; samples were characterized with
XPS, and the resulting shifts in the spectra were com})ared to
theoretically calculated core level binding energy shifts.””° The
detailed spectra for the unreduced Pd/Fe,O; samples’ Pd 3d,
Fe 2p, and O 1s electrons are displayed in Figure 6.
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The detailed spectrum in the Pd 3d region (Figure 6a) for
the SPd/C sample shows the typical Pd 3d 5/2 binding energy
value (335 eV) for metallic Pd.>" Slight shifts toward higher
binding energy were evident for the Pd 3d electrons in the Pd/
Fe,0; samples, especially for samples with high Pd loading (1
and S wt % Pd loading), compared with the SPd/C sample.
The ca. 1 eV shift in the Pd 3d binding energy suggests that the
Pd electron status is changed via the Pd—Fe,O; interaction. For
the spectra in the Fe 2p region (Figure 6b), a less distinct blue
shift of ca. 0.1 eV can be found on the 5Pd/Fe,O; sample
compared with that of Fe,O;. This blue shift indicates that the
Fe in the Pd doped Fe,O; has a higher electron affinity, thus
having a higher reducibility. A blue shift in the electrons in the
Fe spectra means that the electrons bind more strongly to the
Fe. In this case, the gain of electrons on the Fe is both more
feasible and has been shown to be true from theory (Table 3),
thus allowing the Fe to be more readily reduced. The binding
energy for O 1s electron (Figure 6c) also shows a moderate
blue shift (ca. 0.2 eV) for the Pd/Fe,O; samples compared with
Fe,0;, indicating a modification of the electron status of
oxygen by addition of Pd. The blue shift in both the Pd and Fe
XPS spectra indicates that we have no evidence of surface Pd—
Fe alloy formation in the unreduced samples, and all the
features of the Pd and Fe are likely modified by the presence of
oxygen in the oxide.

We have calculated similar shifts in the core level binding
energies for the above orbitals from theory on the 1/2 ML Pd
covered a-Fe,O; (0001) surface (O site), and the results are
shown in Table 4 (additional calculation details presented in
the Supporting Information). The DFT calculated core level
binding energy shifts are in agreement with the experimental
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Figure 6. XPS spectra of fresh Pd/Fe,0; samples in the Pd 3d (a), Fe
2p (b), and O 1s (c) regions measured with Al Ka source and
calibrated with C,, = 285.00 eV.

Table 4. Core Level Binding Energy Shifts for the Pd 3d, Fe
2p, and O 1s Electrons Calculated in the Pd/Fe,O; System
Relative to the Pd/C and Clean Fe,O; Catalysts,
Respectively”

excited electron theory (eV) experiment (eV)
Pd 3d 0.75 1.0
Fe 2p 051 0.1
O 1s 0.59 0.2

“Theoretical results calculated from the 1/2 ML Pd coverage system
(site Op) and experimental results calculated from the XPS spectra.

shifts determined from the XPS spectra with the major
differences seen in the Fe 2p and O 1s shifts due to the
higher Pd surface coverage seen theoretically (higher Pd—O
and Pd—Fe interaction from theory). This confirms that the
adsorption of Pd on the Fe,O; surface results in bonding
between Pd and surface Fe and Pd and surface O and that the
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subsequent electron exchange between the Pd and Fe and Pd
and O results in the measured XPS energy shifts (Figure 6).

Overall, it is clear that the surface Pd both modifies the
Fe,0; surface’s electronic structure and is in turn modified by
the electronic interactions occurring within the surface and
adsorbate. These interactions lead to a significant blue shift in
the Pd 3d spectra with smaller blue shifts in the Fe 2p and O 1s
spectra suggesting that the Fe in the oxide has a higher electron
affinity and that electronic interactions occur between the Pd
and both the Fe and O. The increased electron affinity on the
surface Fe is also seen from the Bader charge analysis which
shows that the surface Pd adsorption partially transfers
electrons from the Pd adsorbate to the Fe oxide. This donation
of electrons from the Pd to the surface partially delocalizes the
electrons in the surface of the oxide, as can be seen in the
PDOS by the appearance of Fe and oxygen states within the
band gap. Also, as the Pd loading is decreased, the modification
of Pd on the electron status of Fe and oxygen, as seen from
XPS results, significantly decreases. This suggests that the
influence of Pd will be restricted to its neighboring area.
Therefore, the presence of Pd on the Fe,O; surface delocalizes
the surface electrons in the area surrounding the surface Pd
which likely decreases the strong on-site Coulombic
interactions (which are the cause of the band gap and electron
localization within oxides) that occur between the surface Fe
and oxygen, allowing the electrons to more freely transfer
between the surface elements.

3.1.3. Reducibility of Pd/Fe,O; Samples. Up until now, we
have focused on characterizing the effect that surface Pd has on
the Fe,O; surface. Here, we present both experimental and
theoretical results concerning the effect that surface Pd has on
the reduction of the Fe,O; surface in the form of TPR profiles
and by creating oxygen vacancies within the model oxide
surface with varying Pd coverages.

Figure 7 shows the TPR profiles of Pd/Fe,0; and Fe,O;
samples. The peak (either negative or positive) at ca. 60—80 °C

w
1.0Pd/Fe,0,

0.5PdIFe,0,

0.1Pd/Fe,0,

Fe O

23

TCD intensity (a.u.)

100 200 300 400 500 600 700

800
Temperature (°C)
Figure 7. TPR profiles of the Pd/Fe,O; samples. TCD signal was

normalized by sample loading, recorded in 10 vol % H,/Ar with
ramping rate = 5 °C/min.

can be attributed to PdO, reduction and/or PdH, decom-
position.>” The two step reduction of Fe,O; (Fe,05 to Fe;0,
and Fe;0, to Fe) was evident in all samples tested.>® The
overall chemical equations for the two major reduction steps
are as follows:
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1/2Fe,0; + 1/6H, — 1/3Fe;0, + 1/6H,0 3)

4)

Based on these equations, the ideal ratio of hydrogen atoms to
reduce a single Fe atom (H/Fe) in the Fe,O; system is 1/3,
while the ideal H/Fe ratio in the Fe;O, system is 8/3. The peak
at low temperature (ca. 200 °C for Pd/Fe,0 samples and 345
°C for Fe,0, sample) was ascribed as reduction of Fe’* to Fe’"
during the transformation of Fe,0; to Fe;O,, as the H/Fe ratio
for this peak is ca. 1/3 (Table 5), which is consistent with the

1/3Fe,0, + 4/3H, — Fe + 4/3H,0

Table S. Quantitative TPR Analysis Results (Calibrated by
Quantitative Reduction of Ag,0 Standard)

zone 1 zone 2
sample peak temp (°C)  H/Fe  peak temp (°C) H/Fe
Fe,0, 345 0.34 572 148
0.1 Pd/Fe,0; 202 0.32 582 1.75
0.5 Pd/Fe,0,4 202 0.33 583 1.95
1.0 Pd/Fe,0; 203 0.35 590 2.17
5.0 Pd/Fe,0,4 209 0.32 592 2.48

reaction stoichiometric ratio of 1/3 for Fe,O; reduction to
Fe;0,. The peak at ca. 570 °C with a broad shoulder was
assigned to the reduction of Fe;O, to Fe. However, the
reduction of Fe;O, to Fe was not completed for all samples
under TPR test conditions (10 vol % H, in Ar) for the low H,
partial pressure as the H/Fe ratio for this peak (1.48—2.48 in
Table 5) was less than its chemical stoichiometric ratio of 8/3.

The doping of Pd on the surface of Fe,0; shows two major
changes in the TPR of the Fe,Oj; surface. First, the reduction of
Fe,0; to Fe;0, is significantly facilitated by the presence of
surface Pd as seen in the temperature decrease from 345 °C on
the clean Fe,O; surface to ca. 200 °C on the Pd covered
surfaces. Second, the reduction of Fe;0, to Fe was enhanced by
surface Pd as the H/Fe ratio was shown to increase with
increasing Pd loading. These changes in the TPR results show
that the presence of surface Pd facilitates the reduction of
Fe,0; to metallic Fe by reducing the temperature of the first
reduction step and by promoting the overall formation of a
greater amount of metallic Fe. Similar g)henomena were
extensively reported in the literature.”> >">**> Most of the
attention was paid to the Pd facilitated H, dissociation and
associated H, spillover,”> >’ while the “intrinsic” aspect of the
reducibility of oxides with dopants, i.e. the formation energy of
oxygen vacancies, has been performed mainly from theory and
with little experimental corroboration.”'™>* The creation of
these oxygen vacancies has been shown to be essential in
several catalytic reactions.*®™>’

This intrinsic effect of Pd on the reduction of Fe,O; was
investigated from theory by calculating the energetic and
electronic changes to a-Fe,O; (0001) surfaces with a single
oxygen vacancy with the addition of Pd at coverages of 0, 1/2,
and 1 ML. The possible oxygen vacancy sites in these surfaces
were identified by examining the PDOS for the surface oxygen,
and it was clear that the surface oxygen species in the clean
Fe,0; surface were all electronically equivalent while the Pd/
Fe,0; systems have two electronically different oxygen species.
This difference in surface oxygen in the Pd/Fe,O; surfaces is
due to whether they are free or directly bonded to the
adsorbing Pd and they have been designated O-1 and O-2,
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respectively. These possible oxygen vacancy sites in the
complete a-Fe,0; (0001) surfaces are identified in Figure 8.

-

~

e

-

~

-
e

Figure 8. Possible oxygen vacancy sites in the a-Fe,O5 (0001) surface
with Pd coverages of 0, 1/2, and 1 ML. The general color coding is as
in Figure 3 with the different surface oxygen sites identified with either
green (O-1) or yellow (O-2) spheres.

A single oxygen vacancy created at the O-1 and O-2 sites by
the formation of water was modeled using the following
chemical equation

nPd/Fe,0,(s) + xH,(g) — nPd/Fe,0,_,(s) + xH,0(g)
()
where 7 is the number of surface Pd atoms, and x is the number

of oxygen atoms removed from the surface layer. These systems
were evaluated using the reaction energy as defined by

Epw = Eproducts ~ Ecactants

= Epatre,0, , T *En,0 — Euparre,0, — ¥En,

(6)
where E,pgsre,0, » Ewpdrre,0y Emyor and Eyy, are the energies for

the system with a single oxygen vacancy, the complete surface,
and gas phase water and hydrogen, and x is the number of
oxygen removed from the surface. If E, is negative, it means
that the reaction which creates a surface oxygen vacancy and
water from the Pd/Fe,O; surfaces and hydrogen is exothermic
and, therefore, energetically favorable. The energy required to
purely break the bonds holding the surface oxygen in place is
defined as the oxygen bond energy and is performed by fixing
the position of all of the atoms in the nPd/Fe,O; surface,
removing a single oxygen, calculating the total energy of the
fixed system, and determining the oxygen bonding energy using
the following definition

_ pfixed
Ebond - EnPd+Fe,_O3,x + xEHZO - EnPd+FezO3 - xEHz

(7)
where Eﬁ%ed‘lpezoh is the energy for the fixed system with a single

oxygen vacancy. All other quantities are identical to those in eq
6. The calculated Ey,4 allows us to determine the relative
energy required to break the oxygen free from the oxide surface
to form a water molecule and provides a rough approximation
of the energy barrier required to reduce the oxide surface as this
calculated energy does not include any of the energy gained by
the system due to the relaxation of the surface after the vacancy
has been created but is purely a measure of the energy required
to break the surface oxide bonds. The resulting oxygen bond
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energy and reaction energy for vacancies created at the O-1 and
O-2 sites for the three a-Fe,O5 (0001) surfaces (Figure 8) are
shown in Figure 9.

2.0
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Figure 9. Energies of reaction (solid line) and oxygen bond (dashed
line) for the creation of oxygen vacancies in a-Fe,0; (0001) surfaces
with increasing Pd surface coverage.

First, for an oxygen vacancy created at site O-1, it is clear the
adsorption of Pd on the a-Fe,O, (0001) surface decreases the
reaction energy (E,,,) by ~0.3 to 1.1 €V. For this free surface
oxygen site, there is no overall trend in the reaction energy with
Pd coverage as the initial 1/2 ML coverage sees a more
significant drop in energy relative to the 1 ML coverage case.
This result suggests that the addition of Pd to the Fe,O; surface
facilitates the reduction of that surface even when the Pd is not
directly bonding with the oxygen being removed. Contrary to
these results, as the Pd coverage increases, we see a slight
increase in the energy required to purely break the bonds
holding the oxygen in the surface (Eyqnq). These trends would
appear to contradict each other as the E,, suggests that surface
Pd promotes the creation of oxygen vacancies even when the
Pd and oxygen are not bonding, while E,,4 suggests the
opposite effect. This contradiction is resolved by examining the
overall stability of the surface using the surface energy defined
by

Fe, 04 Pd No
ETotal - NFeZO3EBu]k - NPdEBulk + TEOZ

2A

E

surf —

(8)
where E,, ngfu? *, Ehdy, and Eo, are the energies of the surface
of interest, the bulk a-Fe,O; system, a Pd atom in bulk fcc Pd,
and molecular oxygen. Also, Ng, o, Npgy No, and A are the

number of a-Fe,O; units in the surface, the number of Pd
adsorbates, the number of oxygen vacancies created, and the
surface area of the unit cell. The surface energies for all the
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surfaces studied here (complete and with a single oxygen
vacancy) were calculated and are presented in Table 6.

Table 6. Calculated Surface Energies for the a-Fe,0, (0001)
Surfaces with Varying Pd Coverages Both Complete and
with a Single Oxygen Vacancy

Surface Energy (meV)

system 0.0 ML Pd 0.5 ML Pd 1.0 ML Pd
complete 734 142.0 168.9
vacancy O-1 86.8 136.9 176.7
vacancy O-2 86.8 135.7 153.9

From the surface energy results, it is clear that the presence
of surface Pd on the oxide initially destabilizes the complete
Fe,0; surfaces by increasing the surface energy by ~96 meV/
A% at the 1 ML Pd coverage case. As oxygen vacancies are
created in the Fe,O; surface, the surface energy of the clean
Fe,0; surface increases by ~13 meV/A2, which shows that the
Fe surface becomes less stable as the surface oxygen are
removed. However, the presence of Pd on the Fe,O; surfaces
stabilizes the reduced oxide surfaces relative to the complete
Pd/Fe,0; surfaces. Specifically, at the O-1 site, the 1/2 ML Pd
coverage system shows that as a surface oxygen is removed, the
surface energy decreases by ~S meV/A”. While for the 1 ML
Pd coverage system in the O-1 site the surface energy increases
by ~8 meV/A2, which is consistent with the E,,, results shown
in Figure 9. Overall, these results show that the decrease in E_,
with increasing Pd coverage up to 1/2 ML is likely due to the
general stabilization effect that Pd has on the Fe,O; surface due
to the delocalization of the oxide surface electrons.

Second, for an oxygen vacancy created at site O-2, the
vacancy reaction and oxygen bonding energies significantly
decrease with increasing Pd surface coverage and the presence
of surface Pd reduces the surface energy of the reduced oxide
surface. Specifically, as the Pd coverage increases from 0 to 1
ML, the vacancy reaction and oxygen bonding energies
decrease by 1.7 and 1.0 eV. The surface energy trends show
that while the creation of an oxygen vacancy at site O-2 in the
clean Fe,O; surface decreases the stability of the surface by ~13
meV/A2 the surface energy decreases by ~6 meV/A? and ~15
meV/A? for the 1/2 and 1 ML Pd coverage systems relative to
their complete Pd covered oxide surfaces. The surface energy
results for the O-2 site are in agreement with the O-1 surface
energy results which show that the presence of surface Pd on
Fe,0; stabilizes the reduced oxide surface. While the results for
a vacancy created at the O-1 site showed that Pd facilitates the
creation of oxygen vacancies through its general surface
stabilization effect, the results for a vacancy created at the O-
2 site suggests that the binding between surface oxygen and
adsorbed Pd also weakens the bonds holding the oxygen within
the oxide surface. Also, the creation of a second oxygen vacancy
in the a-Fe,O; (0001) surfaces with varying Pd coverages was
studied, and the above thermodynamic trends were found to be
true for the removal of the second oxygen as well (see the
Supporting Information).

To further elucidate the effect of the Pd—O bonding on the
creation of oxygen vacancies as seen in site O-2, we have
calculated the PDOS (Figure Sb) and change in Bader charge
relative to the complete oxide surfaces (Table 3) for the Fe, O,
and Pd in the single oxygen vacancy a-Fe,O; (0001) surfaces
presented above (Figure 8). After an oxygen vacancy has been
created at the O-2 site and the surfaces have been relaxed, it
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Figure 10. (a) Structure of the a-Fe,O; (0001) surface with 1/8 ML Pd coverage and (b) the change in the vacancy formation energy (E,,,) and
surface oxygen bonding energy (E},q,q) with the Pd—O distance. The general color coding for the structure is as in Figure 3 with the different surface
oxygen sites identified with either green (G), yellow (Y), purple (P), light blue (LB), or dark blue (DB) spheres. Note that the unit cell in (a) has
been expanded from the p(2 X 2) system for ease of viewing and the all edge atoms are repeated on the opposite edges due to the periodic boundary

conditions.

was found that the remaining oxygen in the clean a-Fe,0O;
(0001) surface were both symmetrically and electronically
equivalent, while the two remaining surface oxygen in the Pd
covered a-Fe,O; (0001) surfaces were not symmetrically
equivalent (see Figure S1). Furthermore, a comparison of the
PDOS of the two oxygen showed that these two oxygens were
electronically not equivalent. Therefore, the PDOS for the
surface O with the smallest Pd—O bond distance was chosen
for the PDOS analysis, as shown in Figure 5b. From the PDOS
analysis (Figure Sb), it is clear that the removal of a single
oxygen from the system further delocalizes the electrons in the
surface, allowing them to move more easily between elements
and energy levels and presenting a more metallic surface
characteristic. This delocalization of electrons is constrained
primarily to the surface metals (Fe and Pd), as shown in the
changes of the Bader charge on these metals (Table 3). As the
oxygen is removed, the surface metal elements gain electrons
with an even distribution between the three exposed metals,
while the surface oxygen shows no change in their Bader
charge.

From the XPS results (Figure 6), the surface Pd has a limited
range of effectiveness on the Fe,O; surface. To model this and
determine the Pd’s effective range, the creation of oxygen
vacancies in the a-Fe,O; (0001) surface with a 1/8 ML Pd
coverage was studied. For the model system, the 1/8 ML Pd
coverage was created by increasing the model unit cell size to a
p(2 X 2) supercell, and a single Pd was adsorbed onto one of
the available Og sites. The model system and resulting Pd
distance effect is shown in Figure 10. The energetic analysis
performed here was accomplished using eqs 6 and 7 to
calculate the oxygen bonding energies and the overall reaction
energies.

As the distance between the Pd and surface oxygen being
removed increases, we see an increase in both the E_, and E 4
of the system toward the clean a-Fe,0; (0001) surface limit.
This is consistent with the experimental XPS results (Figure 6)
which show that Pd only has an effect on the nearby surface’s
electronic structure. From Figure 10D, it is clear that oxygen
within ~3 A of the adsorbed Pd will be significantly easier to
remove, with an overall exothermic reaction energy, while those
in the ~3—4 A Pd—O distance range will be mildly effected by
Pd’s stabilization effect, with a switch in the reaction energy
from exothermic to endothermic. At Pd—O distances of greater
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than ~4 A, the creation of oxygen vacancies will be unaffected
by Pd’s stabilizing effect and behave like the clean Fe,O;
surface.

In addition to the work presented here, the presence of H,
on the model oxide surfaces was studied, and the results are
presented in the Supporting Information. Overall, it is clear that
the presence of Pd on the Fe,O; surface not only stabilizes the
oxide and reduced oxide surfaces but also promotes the
formation of water over hydroxyl groups. This result is
consistent with work performed by Wang et al."” who showed
that the formation of water from hydrogen and oxygen was
significantly more energetically favorable on Pd single crystal
surfaces as compared to Fe single crystal surfaces.

Thus far, our theoretical results show that the adsorption of
Pd on the a-Fe,O; (0001) surface decreases the energy
required to form oxygen vacancies in said surface through two
mechanisms, general surface stabilization and direct Pd—O
bonding, and there is good qualitative agreement between the
theoretical and experimental results. A greater degree of
quantitative agreement between TPR and theory can be
achieved by modeling the creation of oxygen vacancies using
first order desorption kinetics®®" as defined by

9 _Vo
o =
Pl kT

where df/dT is the change in vacancy coverage within the first
monolayer of the oxide with temperature, 8 is the vacancy
coverage, @ is the heating rate (5 °C/min), A is the pre-
exponential factor, V is the vacancy creation activation energy,
ky is Boltzmann’s constant, and T is temperature. From the
experimental conditions, we know that the temperature linearly
increases with time at a constant heating rate (S °C/min). With
this model, we assume that the pre-exponential factor remains
constant with temperature at 10" s™'. We solved this
differential equation using a simultaneous fourth and fifth
order Runge—Kutta method with variable step size and found
that the experimental reduction temperatures for the Fe,O; and
Pd/Fe,O; surfaces related to reduction energies of 1.62 and
1.25 eV, respectively, with an overall energy difference of 0.37
eV. These values are consistent with the oxygen bonding
energies predicted from theory using DFT+U, where the Fe,0;
and 1/2 ML Pd/Fe,O; surfaces resulted in oxygen bond

o 1

T« ©)
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energies of 1.38 and 0.62 eV (Figure 9), respectively, with an
energy difference of 0.72 eV. These energies show that there is
good qualitative agreement between theory and experiment,
even with these simplified models.

Overall, we have shown here that there is a strong
quantitative agreement between experimentally and theoret-
ically determined oxygen bond energies in the Pd/Fe,O;
system. Our work shows that the presence of Pd on the
Fe,O; surface delocalizes the oxide surface electrons. This
electron delocalization stabilizes the reduced Fe,O; surface and
significantly decreases the energy required to reduce the oxide
surface to within a ~4 A radius of the surface Pd atom, which
agrees with the XPS results showing the Pd has a limited range
of effect. The addition of H, to the surface does not alter our
findings from the clean Pd/Fe,O; system but shows that the
presence of Pd on the oxide surface stabilizes the formation of
H,0 molecules over surface hydroxyl groups (Supporting
Information). Therefore, the presence of Pd on the Fe,O,
surface enhances the reducibility of that surface by promoting
the formation of water and by delocalizing the electrons within
the oxide surface, stabilizing the reduced Fe surface. This
stabilization of the reduced Fe surface by surface Pd likely
protects the Fe surface from oxidation during the HDO
reaction.

4. CONCLUSIONS

We have presented a combination of experimental and
theoretical work concerning the effect of Pd on the reducibility
of Fe,O;. Both our TPR and theoretical work show that the
addition of Pd to the Fe,O; surface results in a significant
decrease in the energy required to reduce the oxide surface.
From the XPS and theoretical studies, the interaction between
Pd and the surface of Fe,O; was found to occur through
electron exchange between the topmost Fe and O elements
with the preferential Pd binding sites occurring in sites with
smallest Pd—O bond lengths. This surface Pd was found to
partially donate electrons to the topmost surface Fe which
allowed the oxide surface electrons to become more delocalized
as seen in the appearance of O and Fe states in the original
Fe,0; band gap. The delocalization of surface oxide electrons
resulted in the stabilization of the reduced oxide surface when
surface Pd was present. Based on these results, it is likely that a
significant portion of the synergistic effect found in the Pd/
Fe,0; catalyst is due to Pd’s protection of the active metallic Fe
from oxygen poisoning through the facilitated reduction of
FeO, species and promotion of water formation.
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