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Abstract

Palladium-iron bimetallic catalysts were synthesized using carbon-coated silica supports that
provided high hydrogenation activity relative to monometallic palladium under condensed-phase
hydrothermal conditions. The catalysts were applied to the hydrogenation of carbonyl groups in
acetone, 2-pentanone, and propionaldehyde. While Fe incorporation independent of Pd-to-Fe ratio
gave enhanced activity, the catalysts having more Fe than Pd gave more than a three-fold increase
in hydrogenation activity relative to the Pd only counterpart. The activity enhancement appeared
to be related to the influence of Fe on the Pd as Fe under the condensed-phase reaction conditions
was inert. The catalysts were also tested for hydrogenation of unsaturated carbon-carbon double
bond and aromatic rings in which more moderate activity enhancement was observed. Through
evaluating the influence of Pd-to-Fe ratio on catalyst properties and catalytic performance for the
range of molecules, it is proposed that the turnover frequency enhancement can be attributed to
the formation of Pd®> via Pd-Fe interaction.
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1. Introduction

The conversion of biomass to chemicals and fuels commonly introduces the need for
hydrogenation catalyst technology relevant to the condensed phase[1]. A significant gap still exists
between understanding hydrogenation catalyst activity under condensed phase versus vapor phase
conditions. However, an increasing number of catalyst properties including metal particle size[2,3],
catalyst morphology[2], metal electronic state[4-6], support effects[7,8] and surface polarity[9]
have been examined. In addition to properties associated with monometallic supported catalysts,
the incorporation of multi-metals has also been explored to tune catalytic properties as reviewed
by several groups[9-12].

Bimetallic catalysts can show distinct performance from that of the respective monometallics due
to tuned electronic and chemical properties of the alloy[13] or synergic effects of noncompetitive
adsorption[14]. For example, Huber et al. [15] studied the aqueous-phase reforming of ethylene
glycol over alumina supported Pd and Pt bimetallic catalysts. They found that Fe promoted Pd
gave a turnover frequency (TOF) that was 39-46 times higher than Pd alone. Not only can a
secondary metal improve catalyst activity, but the stability of the catalyst against leaching, even
in acidic aqueous solutions, as shown by Tang et al.[16] for the oxygen reduction reaction (ORR)
can be enhanced. After synthesis of the carbon supported Pd-Fe catalyst, the authors treated the
catalyst with sulfuric acid to remove Fe. It was found that the Fe dissolved except those forming
alloys with Pd, which suggested the alloyed Fe had high resistance to the acidic aqueous solution.
Analysis of the catalyst with EDS and X-ray diffraction were used to suggest that the Pd-Fe
particles was partially covered by non-alloying Fe that could be removed by the acid treatment.

Pd-Fe bimetallic catalysts have been reported to be effective in a diverse set of reactions including
water-gas shift[17], nitro reduction[18,19], hydrodechlorination[20,21], and hydrogenolysis[12].
In contrast, results for hydrogenation reactions with Pd-Fe bimetallic catalysts have shown
differing performance as summarized in Table 1. Higher activity was reported for condensed phase
hydrogenation of propionaldehyde, xylose, and furfural[22] and aliphatic aldehydes and ketones[23]
and for gas phase hydrogenation of styrene[24] and carbon monoxide[25], while lower activity for
the Pd-Fe bimetallic compared to Pd was reported for condensed phase hydrogenation of
phenol[26], and 1-hexene[27], and gas phase hydrogenation of 1,3-butadiene[28], and
benzo[a]pyrene hydrogenation in supercritical carbon dioxide[29].

The goal of the current work was to more extensively examine the hydrogenation activity of Pd-
Fe bimetallic catalysts in condensed phase reactions by testing their performance with multiple
molecules containing diverse functional groups including aldehyde, ketone, carbon double bond
and aromatic. More extensive hydrogenation testing was performed with acetone to examine the
impact of the Pd-to-Fe ratio and longer-term reaction performance of the catalysts.

Catalyst Support Reactant Solvent/Phase Bimetallic Activity® Reference

ferric oxide aliphatic aldehydes, ethanol + [23]
ketones

alumina styrene gas + [24]




alumina propionaldehyde, xylose,  water + [22]

furfural
silica carbon monoxide gas + [25]
iron powder benzo[a]pyrene supercritical - [29]
carbon
dioxide
carbon 1-hexene n-heptane - [27]
alumina 1,3-butadiene gas - [28]
alumina phenol water - [26]

a. “+’indicates higher activity on Pd-Fe bimetallic compared to Pd monometallic catalysts, while ‘-’ indicates
lower activity

Table 1. Hydrogenation reactions studied with Pd-Fe bimetallic catalysts

2. Experimental
2.1 Chemicals

Davisil grade 646 silica gel (1504, 35-60 mesh), propionaldehyde (=97%), 2-pentanone (99%), 5-
hexen-2-one (99%), phenol (> 99.0%), ferrous acetate (95%), palladium (Il) acetate (>99.9%),
furfuryl alcohol (98%) were used as purchased from Sigma-Aldrich. Acetone (99.7%), isopropanol
(99.9%) and 1,4-dioxane (99%) were purchased from Fisher. Benzene (99.0%) was purchased from
Alfa Aesar. Industrial grade hydrogen and nitrogen used in the synthesis as well as ultra-high
purity hydrogen used in the hydrogenation reactions were purchased from Airgas.

2.2 Catalysts synthesis and characterization

Prior to use, the Davisil silica was washed with nanopure water until the rinse liquid was clear and
then dried at 120°C. The desired amount of furfural alcohol was impregnated on Davisil silica as
to form two molecule layers. After drying at 80°C for 3 hours, the furfuryl alcohol impregnated
silica was heated to 120°C for 12h to oligomerize the coating. Then, the coated material was put
under nitrogen flow in a quartz tube at 800°C (1°C/min) for 10 hours to obtain the final carbon
coated silica, which is referred to as the support in this manuscript. Fe and Pd were loaded onto
the support by sequential incipient-wetness impregnation, using an aqueous solution of ferrous
acetate and an acetone solution of palladium acetate. After drying in an oven at 120°C for 12h, the
metal-impregnated support was reduced at 200°C in Hz flow. The loading of Pd on all catalysts
was 1 wt%, while the relative molar concentration of Pd in the Pd-Fe bimetallic was varied from
10%, 20%, 45%, 75%, and 100%, denoted as Pd1o, Pd2o, Pdas, Pd7s and Pdioo respectively.

The overall metal loading in the catalysts were analyzed using inductively coupled plasma-optical
emission spectroscopy (ICP-OES) with a Perkin Elmer Optima 8000 instrument. Catalysts were
dispersed in ethanol and mounted on holey carbon grids for examination in a JEOL 2010F 200 kV
transmission electron microscope equipped with an Oxford Energy Dispersive System (EDS) for
elemental analysis. The Pd concentration in individual particles was analyzed in high angle annular
dark field (HAADF) mode.



Pd dispersion was determined using CO chemisorption with a Micromeritics ASAP 2920 analyzer.
The catalyst was first reduced by 50 ml/min 10% Ha-Ar at 200°C for 1 h. Then 20 ml/min He was
introduced to purge the sample at 200°C for 1 h before the catalyst was cooled to room temperature.
The catalyst was heated at a rate of 10°C/min to 35°C. After the baseline was stable on the thermal
conductivity detector, a series of pulse streams of 10% CO-He was injected onto the catalyst until
the injected gas volume emerged from the sample tube unchanged and the detected peaks were constant in
area. The stoichiometry factor for CO adsorption was assumed to be 1.

Pd particle size distribution and mean surface diameter were obtained from the high angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) images. In addition to
analysis in the HAADF mode, bright field HRTEM was performed to identify the phases of the
metal nanoparticles by their lattice fringes. The size of each individual particle was measured
manually using ImageJ software and the Gauss-averaged diameter were calculated by fitting the
data with a Gaussian distribution curve using the software Origin.

To examine the relative bonding strength of hydrogen on the materials, hydrogen temperature
programmed desorption (TPD) was performed with a Micromeritics ASAP 2920. The method was
adapted from that reported previously[30]. Specifically, 50 mg of catalyst was reduced at 200°C
for 1h with a heating rate of 10°C/min under 10% Hz-Ar flow (50 ml/min) and then it was purged
with an Ar flow (50 ml/min) for 15 min. After cooling the reduced catalyst to 35°C under Ar flow
(50 ml/min), a 10% H2-Ar mixed gas (50 ml/min) was injected for 60 min at 35°C. The sample
was purged under Ar flow (50 ml/min) to remove physisorbed hydrogen, and subsequently the
furnace temperature was increased from 35°C to 200°C at a heating rate of 10°C/min under Ar
flow (50 ml/min) and held at 200°C for 30 minutes. The desorbed hydrogen was detected using a
thermal conductivity detector (TCD). The data reported were smoothed using a MATLAB
‘rlowess’ method with span of 10% of the data points.

X-ray powder diffraction (XRD) and x-ray photoelectron spectroscopy (XPS) were performed in
an attempt to understand the chemical environment of the metals in the bulk and on the surface.
Experiment conditions used are given in the supplementary information.

2.3 Catalyst testing

Acetone hydrogenation was tested in a fixed-bed at 180°C under 60 bar hydrogen with a flow of
40 ml/min. Prior to reaction, the catalyst was reduced in situ at 200°C under 60 bar hydrogen at
100 ml/min. A 0.1 mol/L acetone aqueous solution was fed from the bottom of the reactor at 0.5
ml/min. The liquid products were collected from a 5°C effluent condenser and analyzed with a
GC-MS equipped with HP-1701ms column (60x0.32x0.25) and a flame ionization detector. The
conversion and selectivity were based on carbon concentrations. For each reaction test, the amount
of catalyst was fixed at 30 mg to maintain a constant palladium loading within the reactor.

Additional hydrogenation reactions were performed with propionaldehyde, 2-pentanone, 5-hexen-
2-one, benzene, and phenol using the same reactor set-up and GC-MS analysis. However, the
reaction conditions for the different molecules were adjusted so as to obtain comparable
conversion levels. The reaction conditions for these molecules are given in Table S3.



3. Results and discussion
3.1 Characterization of catalysts

The overall Pd and Fe compositions for the range of catalysts synthesized, as determined by ICP-
MS, are given in Table S1. From this measurement, they all had about 0.7 wt% of Pd, so that the
reaction results could be compared for equivalent Pd loading. The Pd weight percentage reported
corresponds to the mass of Pd divided by the total catalyst mass. Also determined was the Pd
molecular percentage, which was defined as the following:

the moles of Pd

0fy — X 0,
Pd mol% the moles of Pd + the moles of Fe 100%

In addition to the overall metal elemental composition, average elemental compositions for the
individual particles was determined using EDS/HAADF-STEM. Table 2 gives the mol%
composition measured in the particles as well as the overall concentration in the catalysts. Although
the overall Pd composition was in agreement with the nominal composition, the average of the Pd
mol% was significantly higher for the measured particles. Therefore, it appeared that the majority
of Pd was in contact with Fe within the particles, leaving some of the Fe to form separate iron
species with no nearby presence of Pd. HRTEM and EDS images showed homogeneous contrast
within the same particle indicating the Pd and Fe were well mixed in each alloy particle, rather than
partially segregated. The HRTEM images and detailed elemental concentrations are provided in the
supporting information.

Catalyst Average mol% in Particles® Overall mol% in Catalyst °
Pd7s 86+18 70
Pdas 85+15 44
Pd2o 5019 16
Pd1o 3717 9

a. determined by EDS and averaged among measured particles; b. determined by ICP
Table 2. Pd concentration in bimetallic catalysts

The Pd dispersion and active surface were measured by CO chemisorption. No background CO
adsorption was detected on either the carbon-coated silica support or the supported monometallic
Fe, so it was assumed that the chemisorption only occurred on the surface Pd. The Pd dispersion
values for the different catalyst are shown in Figure 1. The apparent dispersion of Pd decreased
with increasing Fe until reaching a plateau when the Pd mol% reached 45%.

Shown in Figure S1 are representative STEM images for the catalysts and Figure S2 are the
corresponding particle size distributions. There were several observations from multiple images
for each sample. For Pdioo, the particles had a narrow range of particle sizes between 1-2nm. In
contrast, the bimetallic catalysts showed a wider range of particle sizes. While particle sizes
between 1-2 nm dominated, both smaller particles down to 0.5 nm and larger particles up to 5.5-6
nm were also observed. With increasing Fe content, the fraction of smaller and larger particles
increased slightly.

Table 3 gives the calculated metal particle sizes based on surface-averaged diameter, Gauss-
averaged diameter, and number-averaged diameter from the STEM images. Since larger particles
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have higher weight in calculating surface-averaged diameter than the small particles, the surface-
averaged diameters for the bimetallic catalysts were larger than the Gauss-averaged diameters or
number-averaged diameters, which was also consistent with the wider range of particle sizes
observed for the bimetallic catalysts compared to the monometallic catalyst. The trend for surface-
averaged dimeter was also consistent with the trend for metal dispersion as determined by CO
chemisorption.

45 . ' ' '

Dispersion (%)

PCI‘IOO Pd75 |:)d45 |:)d20 Pd10

Catalysts

Figure 1. Palladium dispersion from CO chemisorption

Catalyst Surface-Averaged Gauss-Averaged Number-Averaged
Diameter (nm)? Diameter (nm)® Diameter (nm)°

Pd100 1.7 1.6 1.6

Pd7s 2.1 1.5 1.6

Pdas 3.0 1.1 1.5

Pd2o 2.9 14 1.8

Pd1o 2.7 1.5 1.7

a.Surface-averaged diameter = %, b. Built-in curve fitting function in Origin, c. Number-averaged diameter =

nii

Xnid;
n

Table 3. Particle sizes from STEM images

To examine the interaction of the Pd and Fe in the particles, HRTEM was performed. Shown in
Figure 2 is a representative image for Pdio where the lattice fringes of 0.202 nm and 0.213 nm
corresponded to a metallic Fe phase and an ill-defined Pd-Fe alloy, respectively. A d-spacing of
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0.23 nm for metallic Pd(111) has been reported and the incorporation of Fe into the Pd lattice
would reduce this value to between 0.20-0.23 nm since an Fe atom is smaller than a Pd atom.[31]
Therefore, the existence of the 0.213 nm lattice fringe suggested the existence of a Pd-Fe alloy,
i.e., Pd in intimate contact with Fe, which was in agreement with the calculation from elemental
analysis. Except for the PdFe alloy, which does not currently have reliable data, the phases were
identified using the American Mineralogist Crystal Structure Database. The structures of the
metals on the catalysts were evaluated by XRD and XPS as shown in the supporting information
for representative samples. No distinguishable peaks were observed for either the Pd or Fe phases,
which indicated that the particles were too small for the XRD limit or they were an ill-defined
phase found from with the HRTEM images. Similarly, no information was obtained from the XPS
results due to the low metal content on the catalysts surface.

0.202 nm

0.213 nm

PdFe

Figure 2. HRTEM image of Pdio

The potential interaction between Pd-Fe was also examined using Ho-TPD of the catalysts as
shown in Figure 3. With increasing Fe content, the peak hydrogen desorption temperature
increased from 88°C with Pdigo to 194°C with the iron-rich Pdio, indicating a stronger interaction
between Pd and adsorbed hydrogen in the presence of Fe. A reference H>-TPD on a supported
monometallic Fe material gave no adsorption of hydrogen. The difference in interaction strength
might be attributable to an electronic density change for the Pd caused by a Pd-Fe interaction. This
trend of desorption temperature shift was in agreement with the Ho-TPD of bimetallic Pd-Fe
catalyst supported on ordered mesoporous carbon reported by Kim et al.[30] They also performed
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XPS analysis of their catalysts, which suggested an electron transfer from Fe to Pd to form a
partially negatively charged palladium (Pd®). Although CO chemisorption of the current materials
gave a similar number of active sites for the Pdio, Pd2o, and Pdss catalysts, the H2-TPD indicated
that the binding energy of hydrogen on these sites were different. As such, the surface potential of
the sites and their binding energy were different.

Intensity (A.U.)

— Pd, .. Pd, -—Pd, sasa Pd,, . Pd

10

40 60 80 100 120 140 160 180 200
Temperature (°C)
Figure 3. H>-TPD of the catalysts
3.2 Liquid phase hydrogenation of acetone

For reference, monometallic Fe supported on the carbon-coated silica was screened in the
condensed phase acetone hydrogenation reaction. Within the high carbon balances achieved (95-
102%) no acetone conversion was observed. This result contrasts with gas-phase acetone
hydrogenation reaction results, which gave acetone hydrogenation in a temperature range of O-
98°C[32].This difference in reactivity is likely due to the significant difference in reaction
conditions resulting from the gas phase reaction versus the condensed aqueous phase reaction
system. Most significantly, Fe remained in its metallic oxidation state in the vapor phase studies,
but was likely oxidized in the aqueous phase reaction given its ease of oxidation in water[33,34].

With the Pd containing catalysts, the only product detected in the acetone hydrogenation reaction
was isopropanol and the total carbon balance for acetone and isopropanol was >95% for the
reaction studies. The <5% carbon loss could be attributed to measurement accuracy limits. The
GC analysis was more sensitive to the low concentration compound, so the isopropanol



concentration was more accurate than the acetone concentration for the low conversion studies
performed. As such, the isopropanol yield was used for calculation of the apparent turnover
frequency (TOF, s™), which was the amount of isopropanol produced per second per surface
palladium atom.
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Figure 4 Yield of isopropanol on different catalysts as a function of time-on-stream

The isopropanol yields with the different catalysts are shown in Figure 4. Yields for Pd1o, Pd2o,
Pdss and Pd7s were averaged from two replicate runs and the yield values for each run are given in
Table S3. Each catalyst showed good reproducibility, especially during the first 8 hours. Therefore,
the differences in yield seen for the different catalyst could not be simply attributed to
quantification errors. With monometallic Pd, the yield gave a stable value of approximately 5 mol%
for 12 hours. The addition of Fe, independently of the amount, at least doubled the yield. While
different Fe levels gave relatively similar values, the Fe-rich catalysts (Pdio, Pd2o, and Pdass) had
higher yields than for the Pd-rich catalyst (Pdzs).

Given the multiple synthesis steps for the bimetallic catalysts on carbon-coated silica, variants of
the base synthesis condition used for Pdss were also examined. CPdss and HPdss had the same
composition, with 1 wt% Pd and a Pd to Fe ratio of 45:55, but they used a different synthesis
sequence. CPdss was synthesized by Fe impregnation on silica followed by furfural alcohol
impregnation, pyrolysis, and then Pd impregnation. HPdss was synthesized the same way as Pdas,
except the Fe precursor was reduced at 200°C in hydrogen before impregnation of the Pd precursor.
The variation in performance of these three catalysts was within margin of error for the catalyst
testing.



While the incorporation of Fe appeared to enhance the reactivity, it was useful to calculate the
TOF for a more direct comparison of the activity of the Pd sites. The number of Pd sites, as
determined by CO chemisorption, used for the TOF calculation are given in Table S2. The
calculated TOF values are shown in Figure 5 with the baseline Pdigo catalyst maintaining a TOF
of 0.05 st for the 12 h run. Similar to the yield values, the Pd-Fe catalysts all gave higher TOF
values than did the Pdioo catalyst. However, the TOF results could be placed in three groupings
with the lowest value for Pd1oo, and intermediate value for Pdzs and similar higher values for all of
the Fe-rich Pd-Fe catalysts. In fact, the TOF values for the Fe-rich catalysts were an order of
magnitude larger than that for the Pd10o catalyst. The small differences in TOF values between the
Fe-rich catalysts were within the experimental error for the study. As the significant yield
enhancement was observed for a range of Pd-Fe ratios, the reaction rates were not simply
determined by the mass transfer rate, and the TOF difference could not be attributed solely to the
differences in active surface area.
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Figure 5. Apparent turnover frequencies (s) as a function of time-on-stream

To further probe potential mass transfer limitation, a range of additional rune with the Pdi0o Were
performed as summarized in Table S3. By increasing the acetone residence time and H. flowrate,
the yield of isopropanol increased from approximately 5% to about 32%. As illustrated in the
supplementary information, the yield of these two runs roughly matched with the Kinetic
calculation, indicating that the external mass transfer should not be rate determinative. The
existence of internal mass transfer limitation was also evaluated by running the reaction with the
Pd1o0 catalyst ground into a finer powder. The powder Pdio yield was approximately the same as
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that for the granular Pdzi00 and much smaller than that for the PdFe bimetallic catalysts. Therefore,
the reaction on Pdioo did not appear to be internal diffusion limited. Although it was possible the
more active PdFe bimetallic could have been mass transfer limited, the apparent TOFs on the these
catalysts were still an order of magnitude higher than with Pdigo, confirming the PdFe bimetallic
catalysts were indeed more active than the Pd1oo.

Taken together the characterization and reaction results suggested that an amorphous Pd-Fe alloy
or clusters of intimately mixed Pd and Fe were formed during the synthesis process. While the
interactions between the metals were not observed from XRD or XPS, the d-spacing from the
HRTEM images as well as the Ho-TPD analysis support their existence. From the Pd-Fe phase
diagram[35], Pd between 0-55 mol% in Pd-Fe equilibrium mixtures leads to two stable phases
consisting of metallic Fe and Pd:Fe; phase. The HRTEM results were consistent with these phases
as particles were found to contain well mixed Fe and PdiFe; phase. As the Pd content was held
fixed for all of the catalysts, the amount of the Pd:Fe; phase in the Fe-rich catalysts (Pdio, Pd-o,
and Pdss) would be the same if that alloy was formed. While the characterization results did not
provide direct evidence of an equivalent amount of the Pd:Fe; phase for these catalysts, they did
have the same amount of active surface area as measured from CO chemisorption. For the higher
Pd content, the Pd-Fe phase diagram[35] shows that a PdsFe; phase could be formed instead of
PdiFes1. Therefore, it is possible that the lower TOF associated with Pd7s relative to Pd1o, Pd2o, and
Pdss could be related to the existence of different Pd-Fe phases.

The Fe in the Pd-Fe alloy may have altered the electron density of the Pd thereby modifying the
activity of the Pd sites. A Pd-Fe alloy, as reported previously[30,36], can lead to a partially
negatively charged Pd, described as Pd®. In the metallic state, Pd° bonds with C=O through a o-
bond with the carbon and back donation of electrons from the filled Pd =-orbitals to the empty
oxygen orbitals[37]. If the adsorption of the C=0 moiety is the rate limiting step in the
hydrogenation reaction, it is possible that the presence of Pd® reduced the adsorption energy by
forming a stronger attractive force with C>*. Given the higher electron density of Pd®, the energy
of the O-n-bond-Pd® could be higher than that of the O-n-bond-Pd, which would mean the
activation energy for hydrogen addition on carbonyl would be lower leading to a higher overall
reaction rate.

While the potential alloying effect in Pd-Fe catalysts was consistent with the reaction results, the
complexity of bimetallic catalysts requires evaluation of additional factors that could have
contributed to the different catalytic performance compared to the monometallic counterpart, such
as particle size effects, alteration of reactant adsorption, and hydrogen availability due to a
spillover effect. These possible effects were each examined from the characterization and reaction
results.

The TEM images showed that the number-averaged particle sizes for the Pd and bimetallic Pd-Fe
catalysts were similar. However, a particle size effect could not be definitively excluded, since
metallic Fe and the Pd-Fe alloy were well mixed in the same particle. It was reported that on Fe;O3
supports, Pd formed smaller islands[31]. Therefore, it is possible that in the bimetallic catalysts
the Pd-Fe alloy was segregated by the metallic Fe forming smaller clusters. However, this should
have been accounted for in the CO chemisorption characterization.
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In addition to affecting the reaction through Pd modification, Fe could also affect the reaction more
directly by adsorbing oxygen through the C=0 group, since Fe is an oxophilic metal. This assisted
adsorption by Fe has been proposed to explain the increased selectivity of C-O bond cleavage in
gas-phase hydrogenolysis reactions[14,30]. However, this factor relates to oxygen adsorption on
metallic Fe, which likely does not exist with the current agqueous phase conditions. Phua et al.[33]
and Stein et al.[34] reported significant deactivation of iron catalysts upon oxidation by water.
Although multiple groups observed increased reducibility of Fe species in the presence of
Pd[19,38], Kim et al.[30] examined the temperature programed reduction of Pd-Fe bimetallics
supported on ordered mesoporous carbon and found the lowest reduction temperature to be 239°C,
which is higher than either the reduction temperature or reaction temperature used here.

Hydrogen spillover enhancement due to the presence of Fe was likely not a factor for the increased
reaction rate because the reaction rate did not continue to increase as Fe loading increased. If the
enhanced reaction rate was primarily caused by a hydrogen spillover effect, both the product yield
and TOF would be expected to increase with Fe loading, since increased Fe content would provide
more sites for adsorbed hydrogen leading to higher hydrogen coverage and apparent reaction rates.
The potential for enhanced hydrogen adsorption rate with lower activation energy will be
subsequently discussed below in the liquid phase hydrogenation of other molecules, but the results
suggested that Fe addition impacted hydrogen adsorption.

While still a postulate, the experimental results suggested that it is the Pd> in Pd-Fe alloys that
was the primary effect for the enhanced reaction rate upon Fe addition. Since the elemental analysis
showed that the majority of the Pd was in close contact with Fe, the active surface area quantified
by CO chemisorption represented the alloyed Pd surface very well. The similar values of the active
surface area for the Pdas, Pd2o, Pd1o (Table S2) was in good agreement with the postulate.

3.3 Liquid phase hydrogenation of other molecules

To further explore the impact of Fe addition to Pd catalysts in condensed phase reaction systems
the hydrogenation of 2-pentanone, propionaldehyde, 5-hexen-2-one, benzene and phenol were also
performed. Unfortunately, several of these molecules did not have selective conversion to a single
hydrogenation product as was the case with acetone to isopropanol. As such, an apparent TOF was
calculated based on the molar rate of consumption of the reactant per mole of active sites.
Additionally, a TOFy,was calculated using the following equation:

consumption rate of H,

TOFy, = mole of active sites

where the consumption rate of H> was calculated from the production rate of all hydrogenation
products. As the TOFy, is based on the formation of hydrogenated products, it is specifically a
measurement of the hydrogenation activity. It should be noted that both the apparent TOF and the
TOFy, have the same values for acetone hydrogenation as the TOF discussed previously results
from a reaction only yielding a single product.

3.3.1 Hydrogenation of carbonyl groups
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Figure 6 shows the comparison of the apparent TOF values for 2-pentanone, and propionaldehyde.
The conversion and selectivity values are given in Table S5. Similar to acetone hydrogenation, the
bimetallic catalysts also showed a significantly higher activity than with the monometallic catalyst,
although the activity did appear to decrease somewhat as the Fe content increased. The apparent
TOFs for monometallic Pdioo Were similar for all of the carbonyl containing species acetone, 2-
pentanone, and propionaldehyde (0.05s™, 0.04 s?, and 0.04 s, respectively), suggesting the
mechanism for converting the carbonyl group in these molecules proceeds through a similar
mechanism. In contrast, the magnitude of rate enhancement with Fe content differs suggesting that
this rate enhancement was related to the reactant rather than hydrogen.
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Figure 6. Apparent TOFs of hydrogenation for 2-pentanone and propionaldehyde hydrogenation

The products in the propionaldehyde reaction included 1-propanol, 2-methyl-pentanal, and 2-
methyl-pentanol. Therefore, to compare the propionaldehyde hydrogenation activity of the
catalysts the TOFy, values were also calculated. Table 5 compares the apparent TOF
and TOFy, values for the reaction. Given the definitions for these two values, the ratio of TOFy,
and apparent TOF effectively provides the hydrogenation product selectivity. Since the
conversions with the PdFe bimetallic catalysts were considerably higher than with Pd1go, and the
TOFs for 2-pentanone and propionaldehyde were both lower than for acetone, any mass transder
limitation would be in the opposite direction of the observed activity enhancement. The low carbon
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balance for the Pdi00 was likely due to the decarbonylation reaction leading to gaseous products.
As shown in the table, Fe addition specifically enhanced the hydrogenation rate as the selectivity
to the hydrogenation products was significantly increased. The hydrogenation selectivity
enhancement for propionaldehyde suggested that the rate limiting step was hydrogenation of the
adsorbed reactant, which would be consistent with the Pd® postulate discussed above.

Liao et al.[36] synthesized Pd-Fe bimetallics on Fe2Os. They reported, based on XPS and EXAFS
results, that the electron density of Pd had a reverse trend with the number of neighboring Fe atoms.
As the amount of Fe in the catalysts increased, the electron density of the Pd increased, leading to
a higher H> desorption temperature in TPD analysis, which agreed with our H>-TPD results. The
electron density dependency on the local Pd-Fe ratio could explain the activity differences
observed for 2-pentanol and propionaldehyde hydrogenation.

Catalyst TOF(s') TOFy, (s Hydrogenation Selectivity ~ Carbon Balance
Pd100 0.043 0.024 56% 7%
Pdss 0.17 0.165 96% 97%
Pd2o 0.139 0.118 85% 90%
Pd1o 0.13 0.104 80% 87%

Table 5. Reaction results for propionaldehyde hydrogenation

3.3.2 Hydrogenation of 5-hexen-2-one, benzene and phenol

The next set of molecules tested were selected to examine the impact of Fe addition on the
hydrogenation of unsaturated carbon-carbon bonds in the condensed phase. To focus on the
reactivity of its unsaturated carbon-carbon double bond, 5-hexen-2-one was tested at 40°C, which
was too low of a temperature for hydrogenation of the carbonyl bond.
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Figure 7. Apparent TOFs for 5-hexen-2-one, benzene and phenol hydrogenation

Figure 7 compares the apparent TOFs for 5-hexen-2-one, benzene and phenol based on the
consumption rate of the reactants. As seen in Table S6, Pdioo had a considerably higher conversion
than with Pdao for all three of the molecules, indicating that mass transfer limitation did not dictate
the rates of the reactions. As with the carbonyl hydrogenation, the apparent TOFs for the C=C
bond and aromatic rings increased with Fe inclusion, but to a significantly lower degree than for
the C=0O group with the previous reactants. The apparent TOFs for 5-hexen-2-one and benzene
with Pd2o were about twice that with Pdioo, whereas the apparent TOF for phenol with Pd2o was
only marginally higher than with Pdio0. However, the product selectivity for both 5-hexen-2-one
and phenol changed. The reaction products from 5-hexen-2-one hydrogenation included 2-
hexanone, and isomers, 3-hexen-2-one and 4-hexen-2-one. For phenol with Pdioo, the selectivity
for cyclohexanone and cyclohexanol was 81.4 mol% and 18.6 mol%, respectively, while the values
were 25.5 mol% and 74.5 mol% on Pdz. The only product detected from benzene hydrogenation
was cyclohexane for both Pdigo and Pd2o. For direct comparison of the hydrogenation activity,
TOFy, values were also calculated for 5-hexane-2-one, benzene and phenol as given in Table 6.
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Catalyst ~ Pdio Pd2o  TOFy,0n Pdzo/ Reaction

Reactant TOFy, on Pdioo Temperature(°C)
Propionaldehyde 0.024 0.118 4.9 180
5-Hexen-2-one 0.349 0.739 2.1 40
Benzene 0.106 0.230 2.2 180
Phenol 0.064 0.100 1.6 180

Table 6. TOFy, (s1) values for the hydrogenation reactions

It is commonly accepted that the reactivity of functional groups towards catalytic hydrogenation
follows the order of C=C > aldehyde > aromatics, which was the same trend observed in the current
work as seen clearly in the high TOFy, of 5-hexen-2-one even when the reaction temperature was
lower than in the other reactions. As the C=C and aromatic bonds are not oxygen-containing, the
higher apparent TOFs for the bimetallic catalysts could not be attributed to the adsorption of
oxygen on oxophilic iron, which further supported the postulate that the enhanced activity for C=0
hydrogenation needed to be attributed to other reasons.

The adsorption of C=C moieties on Pd surfaces is often described as having a n-character[37],
which would be expected to have inhibition by repulsion between the C=C and Pd®. However, this
repulsion could also weaken the adsorption strength of the C=C on Pd surface, which could
facilitate the surface reaction rate as suggested by mechanistic studies in the system reported by
Katano et al.[39] and Ohno et al.[40] for 1,3-butadiene and 2-butene, respectively. They each
reported in their reaction systems that several adsorbed species with different adsorption energies
were present the on Pd surface. They proposed the weakest bonded species desorbed, the moderate
bonded species hydrogenated, and the strongly bonded species stayed on the surface and
decomposed leading to catalyst deactivation. By analogy, it is possible that the existence of the
Pd® increased the number of moderate bonded species. Similarly, the gas-phase hydrogenation of
benzene on Pd studies suggested the rate-limiting step for benzene hydrogenation is the sequential
hydrogen addition to the adsorbed reactant, which is in competition with decomposition and
coke[41]. The doubled TOFy,value found here for benzene would be consistent with the postulate
that Pd® accelerates the surface reaction.

In previous studies of phenol hydrogenation on Pd the reaction sequence proposed is shown in
Figure 8[4,42,43]. For this sequence, the aromatic ring is first partially hydrogenated with
hydrogen, forming 1-cyclohexen-1-ol, which then isomerizes to cyclohexanone instantaneously in
step 2 yielding a carbonyl group that is hydrogenated to a hydroxyl group in the final step. In
agreement with the facilitated hydrogenation rate of the carbonyl group observed with Pdao, the
improved selectivity to the full phenol hydrogenation product was consistent with the Pd-Fe
catalysts enhancing hydrogenation of the carbonyl bonds to a greater extent than the hydrogenation
of C=C and aromatic bonds.
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Figure 8. Proposed hydrogenation route for phenol

It has been established that saturated aldehydes and ketones can isomerize to an enol, forming a
carbon-carbon double bond and an adjacent hydroxyl group[44]. As observed for 5-hexen-2-one
hydrogenation, the C=C hydrogenation rate was increased less than that of C=0, so the smaller
increase in TOFy, value with Pdzo was likely due to a smaller increase in hydrogenation rate for
the enols (allyl alcohol for propionaldehyde and 3-pentan-2-ol for 2-pentanol). Taken together, the
significant increase in carbonyl hydrogenation rate and modest increase in C=C hydrogenation rate
would be expected to result in an overall TOFy, enhancement for propionaldehyde and 2-
pentanone between that for acetone and the C=C bond, which was consistent with the observation
in this study.

4. Conclusion

Bimetallic Pd-Fe catalysts were found to have significantly increased TOFs for the condensed-
phase hydrogenation of carbonyl, C=C and aromatics compared to monometallic Pd catalyst. The
extent of the activity enhancement varied by the moiety being hydrogenated as well as the Pd-to-
Fe ratio. The optimal Pd-to-Fe ratio appeared to be 45 mol% of Fe relative to Pd. The increased
activity of the bimetallic catalysts relative to the monometallic catalyst was proposed to be due to
modification of the Pd by Fe leading to formation of Pd®" as Fe was found to have no reactivity
under the reaction conditions used. An important basis for this postulate was the much greater
increase in carbonyl hydrogenation activity than for C=C and aromatic hydrogenation, which
would be consistent with the formation of a Pd®> species. Unfortunately, the low metal loadings
used in the catalysts limited direct observation of this proposed species, but HRTEM and CO
chemisorption analyses supported the reaction results.
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