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Abstract 

A series of carbon-supported palladium catalysts was synthesized to study the influence of binary Pd-metal 

catalysts on the selectivity of condensed phase hydrogenation reactions. Conversion of acetophenone and 

1-phenylethanol using a lab-scale plug flow reactor was used to assess how the different bimetallic systems 

altered reaction selectivity between hydrogenation of either the aromatic ring or carbonyl group versus 

hydrodeoxygenation. A variety of co-metals including alkali and alkaline earth metals and transition metals 

were screened in this study. These results showed that the Pd-metal bimetallic catalysts led to dramatic 
shifts in selectivity compared to the Pd monometallic catalysts. Most notably, with the addition of iron, 

ethylbenzene was exclusively produced as the final product, while the addition of lithium yielded more than 

80% phenyl hydrogenation products with little deoxygenation. To investigate how co-metal addition alters 

electronic states of Pd active sites various characterization techniques were employed to compare 

differences in acidity, oxidation states, oxygen affinity, and electronic properties. The experimental results 

and DFT calculations suggest the incorporation of lithium into the Pd lattice leads to the blockage of 

interstitial Pd-H formation through a higher formation energy compared to surface Pd-H and inhibits 
deoxygenation, whereas the addition of iron leads to the formation of a phase with higher affinity toward 

oxygen, thereby increasing the selectivity to deoxygenation. The findings of this work provide a model 

system to study the influence of bimetallic catalysts on reaction selectivity on carbon supports without 

introducing complicating factors such as pore size and heteroatoms that are difficult to control with 

traditional carbons used in commercial processes, and serves to provide insights that could be applied to 

additional processes such as selective hydrogenation of bio-derived chemicals. 
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Introduction 

Development of heterogeneous catalysts to selectively hydro(deoxy)genate specific functional groups for 

reactions in the condensed phase will be critical for production of commodity and specialty chemicals from 

biomass-derived molecules. Condensed phase hydrogenation and hydrodeoxygenation reactions are 

critical for various processes including bio-fuels,1-2 biochemicals,3-4 pharmaceuticals,5-7 and 

petrochemicals,8-10 with heterogeneous catalysts desired due to their economic advantages. Controlling 

such reactions could result in selective product diversification from biomass-derived mixtures such as bio-
oils, which would create new opportunities to improve the economics of biorefineries, especially in the 

context of bioprivileged molecules.11 Therefore, even if modulating the selectivity toward a specific reaction 

and particular products is not urgent at this point, it is absolutely necessary for preparing a catalytic “toolbox” 

for selective production of high-value chemicals from highly-functionalized molecules derived from biomass. 

Development of highly selective heterogeneous catalysts that can be sensibly manufactured at commercial 

scales and are resistant to deactivation is a significant technical challenge. From the perspective of 

maximizing selectivity, approaches to tether organometalics onto silica or alumina supports is often 

investigated.12-16 However, these catalysts are expensive to produce and very often suffer from deactivation 
when on stream for an extended period of time, resulting from leaching of active sites and molecular 

decomposition.3, 14, 17-19 Alternatively, supported metal nanoparticles (NPs) are more commercially viable to 

produce and are stable for longer periods on stream, but it is challenging to synthesize catalysts that provide 

control over product selectivity.3, 12 20-21  Extensive research has been devoted to understanding how to 

modulate metal NP active sites to improve catalyst properties through alteration of various factors including 

particle size and shape,22-23 metal-support interactions,24 and metal alloying effects.20, 25 In particular, 

formation of metal NP alloys can result in alterations to catalytic properties by modifying the metal electronic 
properties,26-27 metallic geometry,27-28 lattice spacing, and site morphology.20 It has been shown that models 

predicting alloying electronic effects in heterogeneous catalysis can be established and used to expedite 

catalyst design.29-30 

An additional consideration for condensed phase heterogeneous catalysts is the stability of the support 

material to resist fouling and chemical breakdown. Metal oxides such as zeolites, mesoporous silica, and 

alumina have been shown to be significantly less stable as support materials compared to carbon supports, 

which can withstand harsh hydrothermal conditions and at elevated temperatures, and resist fouling due to 

their hydrophobicity.14, 18, 31-32 For these reasons, carbon-supported catalysts are most likely required for 
further expansion of bio-based chemical processes and biorefineries.3, 32 

Systematically studying carbon-supported catalysts, however, poses unique challenges that require 

significant effort to overcome. This issue is partially because commercially available carbon supports (e.g., 

carbon black, charcoal, and activated carbon fibers) have large pore size distributions, containing a 

significant fraction of micropores that contain impurities from the precursor materials, and require polymeric 

binders to produce pellets needed for use in flow reactors. These factors introduce additional variability and 



experimental challenges that are difficult to control. To address these issues, the current work used a 

synthesis procedure that produced templated mesoporous carbon supports with controlled pore structure.31, 

33 

Bimetallic nanoparticle catalysts are a potential solution for the selective hydrogenation and hydrogenolysis 
of bio-based molecules.34 Additionally, mesoporous carbon-metal oxide supports can be synthesized and 

PdFe bimetallic NPs can be immobilized on these supports.26 The formation of these bimetallic phases 

were supported by experimental evidence showing differences in CO chemisorption, H2-TPD profiles, and 

lattice d-spacing as measured by high resolution TEM. Similarly, electron transfer from Fe to Pd was found 

to be responsible for the high yield of aromatics obtained from selective cleavage of benzyl phenyl ether.35 

This effect was also manifested as small shifts in the XRD and XPS spectra as well as significant changes 

in H2-TPR and H2-TPD profiles. Testing showed that PdFe alloy catalysts had a higher activity for 

hydrogenation of C=O bonds than a single metallic Pd catalyst, demonstrated by higher apparent turnover 
frequency of acetone hydrogenation to isopropanol under conditions similar to the current work.26 

Herein, the previous work is expanded by incorporating various metal species to investigate the role of co-

metals on the selectivity of Pd catalysts for hydrogenating ketone C=O bonds versus aromatic C=C bonds, 

and hydrogenolysis of C-O bonds under condensed-phase conditions. Acetophenone (AP) and 1-

phenylethanol (PE) were chosen as the primary model compounds for this reaction system to study the 

network consisting of multiple hydrogenation and hydrodeoxygenation reactions occurring in both series 

and parallel. An overview of the reaction network over Pd catalysts is shown in Scheme 1. 

Previously, mechanistic studies of AP hydrogenation revealed that the nature of the reactant's interaction 
with the catalyst surface leads to substantial changes in the product selectivity,36 particularly relating to the 

role of the respective carbonyl group and aromatic ring adsorptions. Related studies for furfural and 

guaiacol conversion on bimetallic PdFe showed weakening of ring adsorption disfavored ring hydrogenation 

and favored C=O hydrogenation.37-38 McEwen and coworkers observed the adsorption strength of the 

aromatic ring decreased on PdFe in comparison with pure Pd observed shifts in the Pd d-band center in 

the presence of Fe.39-40 Based on these studies, it was proposed that surface bound hydrogen is primarily 

responsible for the hydrogenation of the aromatic ring and carbonyl group. However, subsurface hydrogen 
has also been reported by Ashwell et al. to play a role in altering hydrodeoxygenation energetics of the 

carbonyl moiety.41 Interestingly, light metals such as lithium or boron can occupy interstitial sites in the Pd 

lattice denying access of hydrogen to the subsurface, and thereby restricting the hydrodeoxygenation of 

the carbonyl moiety in aromatic ketones.42-43  

Experimentally, the product distribution obtained when various carbon supported Pd-metal bimetallics 

were used as catalysts for the hydrogenation of acetophenone (AP) and 1-phenylethanol (PE) in order to 

obtain a characterization of the overarching selectivity effects caused by addition of different metals to 

the bimetallics. Density functional theory (DFT) calculations were used to elucidate fundamental 
‘ensemble and electronic effects’ governing the hydrogenation selectivity.  



 

Scheme 1. Reaction network of acetophenone over Pd catalysts at 200 °C and 5 MPa H2 (red x’s mark 
the reaction pathways that were found not to occur). 

Experimental Section 

Materials and catalyst synthesis 

Acetophenone (Alfa Aesar, 99%), 1-phenylethanol (Sigma-Aldrich, 98%), ethylbenzene (Alfa Aesar, 99%), 

cyclohexyl methyl ketone (Alfa Aesar, 95%), 1-cyclohexylethanol (Alfa Aesar, 98%), and ethylcyclohexane 

(ACROS Organics, 99+%) were used in the reaction studies or calibration standards without further 

purification. Ethanol (200 proof) was used as the solvent for preparing both the reactant feed and the 

standard solutions. 

A detailed description of the catalyst synthesis procedure is included in the Supporting Information (SI) and 

Figure S1. Briefly, the porous silica support was impregnated with a co-metal, carbon from furfuryl alcohol, 
and Pd, in that order, yielding different bimetallic catalysts. Co-metal selection was initially guided by 

differing oxophilicity as reported by Keep et al.44 Impregnation with furfuryl alcohol to form a thin layer of 

carbon on top of the silica support was adopted from Joo et al.5 The presence of the carbon coating limited 
the final catalyst annealing temperature to 300 °C. This synthesis method allowed for an easier transfer of 

the catalyst into the reaction beds as it formed of pellets rather than powder due to reduced static repulsion. 

Catalyst characterization 

A list of characterization techniques and their purposes are briefly mentioned below. These techniques are 

described in more detail in the Supporting Information. 



- Inductively coupled plasma-optical emission spectrometer (ICP-EOS) was used to determine metal 

loadings. 

- N2-physisorption analysis was used to determine the surface area and pore size distribution of the 

catalysts. 
- X-ray photoelectron spectroscopy (XPS) was used to examine on the Pd oxidation state. 

- Both CO and H2 chemisorption were performed to estimate Pd dispersion and average particle size. 

- XRD and TEM were performed to examine alloying and particle size. 

- Ammonia temperature-programmed desorption (NH3-TPD) measure the acidity of the catalysts, 

whereas hydrogen temperature-programmed desorption (H2-TPD) was used to reveal the relative 

bonding strength of hydrogen on the Pd NPs. 

- Thin-film solid-state nuclear magnetic resonance (NMR) spectroscopy was performed to provide 

additional information about the interaction of oxygenated molecules with the catalyst surface. 

Catalytic performance measurements 

The reactions were performed in a continuous up-flow stainless steel reactor with an ID of 6 mm. In a typical 

experiment, 10 mg of catalyst was packed between two layers of glass wool (Sigma-Aldrich, Silanized) 
sandwiched by silicon dioxide chips (Sigma-Aldrich, 4-20 mesh, 99.9% trace metal basis). The reactor 

typically operated at 200 °C and 5 MPa of pressure with a H2 flow rate of 100 ml/min. The catalysts were 

reduced overnight at 200 °C and 5 MPa under 50 ml/min H2. The reactor temperature was controlled using 

a benchtop controller (Omega, CSi32K) with a K-type thermocouple used to measure the temperature as 

close as possible to the catalyst bed. High-wattage heating tape over a cylindrical aluminum block 

surrounding the stainless-steel tubing was used to heat the reactor. The reactor pressure was controlled 

using a back-pressure regulator and monitored using two pressure gauges downstream and upstream. An 
HPLC pump was used to inject the feed with a typical flow rate of 0.2 ml/min. Samples were collected every 

1 h for at least 8 h and the results reported were average values from samples 2-8, unless stated otherwise. 

Product analysis 

Product analysis was done using a gas chromatograph (GC – Agilent 7890A) equipped with a mass 

spectrometer (MS – Agilent 5975C) for identification and a flame ionization detector (FID) for quantification 

of the compounds. The FID was calibrated using a 5-point calibration curve. The GC oven was programmed 

to initiate at 50 °C, hold for 5 min, and then ramp to 200 °C at 10 °C/min. A highly polar column (Agilent 

DB-WAX) was used to separate the products. 

The conversion of reactant, and yield and selectivity of products are reported on a carbon basis using the 

following equations: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛	(𝐶%) = 	 !"#$%&	("))	%*	!%&)+(,-	#,"!."&.
!"#$%&	("))	/&	#,"!."&.	*,,-

× 100%                         (1) 

𝑌𝑖𝑒𝑙𝑑	(𝐶%) = 	 !"#$%&	("))	%*	0#%-+!.
!"#$%&	("))	/&	#,"!."&.	*,,-

× 100%                           (2) 



𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦	(𝐶%) = 	 !"#$%&	("))	%*	0#%-+!.
!"#$%&	("))	%*	"11	0#%-+!.)

× 100%                       (3) 

Computational Methods 

DFT calculations were performed using the Vienna ab initio simulation package (VASP), a periodic, plane 

wave-based code.45-46 Projector augmented wave potentials (PAW-PBE) were used to describe the 
electron-ion interactions;47 van der Waals corrections were implemented through the optB88-vdW 

functional as proposed by Klimeš48-49 as dispersion effects have been shown to be significant in the 

adsorption of aromatic rings.50 The plane-wave basis set was expanded with a kinetic energy cutoff of 400 

eV and with an electronic energy precision and maximum force tolerance of 10-4 eV and 0.05 eV/Å, 

respectively, for geometry optimizations. The DFT-optimized lattice constants in Å (experimental values in 

parentheses) were 3.935 (3.890)51 for fcc Pd and 3.882 (3.852)52 for bimetallic fcc Pd3Fe. 

Geometry optimizations were performed for all surfaces using a (4x4) surface unit cell with four total atomic 

layers and the bottommost two-layers fixed at their bulk-optimized coordinates, except as noted below for 
the model with subsurface Li. All other atoms in the other modeled surfaces, including adsorbates, were 

allowed to fully relax. All surface unit cells contained a vacuum layer between successive slabs equivalent 

to six atomic layers. The surface Brillouin zones were sampled with a 2x2x1 k-point grid based on the 

Monkhorst-Pack scheme.53 Gas phase calculations were performed in a large supercell (20 Å x 21 Å x 22 

Å) using only the gamma point. 

All gas phase Gibbs free energies (𝐺) were calculated in the following manner:  

𝐺 = 𝐸 + 𝑍𝑃𝐸 − 𝑇𝑆                                                                                      (4) 

where 𝐸 is the total energy of the gas phase species, 𝑍𝑃𝐸 is the calculated zero-point energy correction 

of the gas-phase species, 𝑇 is the absolute temperature, and 𝑆 is the calculated entropy of the gas-phase 

species. 𝑍𝑃𝐸 and 𝑆 were estimated from vibrational frequency calculations, including translational, 

vibrational, and rotational modes, which were calculated by numerical differentiation of forces using 

second-order finite differences with a step size of 0.015 Å.  

Free energies of adsorbed species (𝐺"-)) were calculated relative to the free energies of gas-phase 

acetophenone, H2, and H2O, and the total energy of the clean slab (𝐸)1"$) as follows: 

𝐺"-) = (𝐸"-) + 𝑍𝑃𝐸"-) − 𝑇𝑆"-)) − 𝐸)1"$ − 𝐺23,5 −
(
6
∗ 𝐺7!,5 + 𝑛 ∗ 𝐺7!8,5     (5) 

where  𝐸"-)  is the total energy of the adsorbate on the slab, 𝑍𝑃𝐸"-) and 𝑆"-) are the zero-point energy and 

entropy of the adsorbed species calculated on Pd(111) and utilized for all the modeled surfaces, and 

𝑚	and	𝑛 are coefficients for stoichiometric balance. . 𝐺23,5, 𝐺7!,5, and	𝐺7!8,5 are the gas phase free energies 

of acetophenone (AP), hydrogen, and water, respectively. All free energies are calculated at 200 °C and 5 

MPa pressure to match the experimental reaction conditions. Additional details about bimetallic model 

construction can be found in the SI. 



Results and Discussion 

Initial screening of the reaction network 

Hydrogenation of the C=O bond in acetophenone (AP) to form 1-phenyl ethanol (PE) has been reported 

over Pd/C and Pd/Al2O3 catalysts at temperatures as low as 15 °C with slow kinetics for deoxygenation to 

ethylbenzene (EB) and almost no phenyl hydrogenation.54-56 In another example, Pd/SiO2-Al2O3 catalyzed 

C=O hydrogenation at a low temperature and H2 pressure (15 °C and 0.3 MPa)56 with only minor cyclohexyl 

methyl ketone (CMK), ethylcyclohexane (EC), or cyclohexyl ethanol (CE) at 60 °C,57 whereas at a higher 

temperature of 170 °C and 5 MPa, H2 formed measurable amounts of these products, though individual 

selectivities were not reported.58 In another work, aromatic ring hydrogenation did not happen even at 

130 °C using either Pd/C or Pd/Al2O3 as catalysts.59 

In agreement with these reports, AP hydrogenation over the monometallic Pd catalyst (i.e., 1PdC as 

described in the SI) at 160 °C showed minimal phenyl hydrogenation of AP and PE as compared to 

deoxygenation to EB and phenyl hydrogenation of EB to EC, initially suggesting C=O hydrogenation was 

more favorable than phenyl hydrogenation over this catalyst (Figure 1). At 240 °C, the selectivity of AP 
hydrogenation to CE, CMK, EB and EC products were distributed evenly; however, C-C coupling by-

products were also observed, which lowered the overall carbon balance and could increase the rate of 

catalyst deactivation. Therefore, 200 °C was chosen as the operating temperature since good carbon 

balances (~100±5%) and reasonable selectivity distributions were obtained. 

 

Figure 1. Acetophenone conversion over 1PdC at T=160-240 °C (20 mg catalyst, 100 ml/min H2, 
0.2 ml/min feed rate, 0.1 M AP/ethanol, P = 5 MPa) 

Screening experiments were done for conversion of PE to determine the effect of co-metals on product 
selectivity. A range of co-metals were examined with their oxophilicity, electronegativity and ability to alloy 



with Pd at 200 °C given in Table S1. The results showed that the co-metal addition could dramatically 
altered the selectivity observed for PE conversion (Figure 2).  , The incorporation of Li as the co-metal 
diminished conversion while selectively blocking PE deoxygenation primarily leading to the formation of 

CMK and CE. Whereas, the addition of either Fe or Ga maintained PE conversion while promoted C-O 
scission and essentially eliminating phenyl hydrogenation.  

Bimetallic PdFe was previously identified to have higher C=O hydrogenation activity than monometallic Pd 

in the conversion of acetone to isopropanol.26 In this study, PdFe was found to achieve similar PE 

conversions compared to the Pd catalyst, while considerably higher selectivity to EB and almost no phenyl 

hydrogenation was observed, which suggested enhanced interaction of the oxygen atom with the PdFe 

particles. DFT calculations on a model PdFe surface was consistent with this hypothesis that PdFe particles 

strongly interacted with the oxygen atoms of AP (see discussion below). 

 

 

Figure 2. Catalyst screening for conversion of PE over Pd-M catalysts (10 mg catalyst, 100 ml/min H2, 
0.2 ml/min feeding rate, 0.2 M PE/ethanol, T = 200 °C, P = 5 MPa). 

Given their significant difference in selectivity, incorporation of Fe or Li were used for comparison with 

monometallic Pd in further studies. To investigate the AP catalytic reaction pathway including phenyl (C=C) 

versus carbonyl (C=O) hydrogenation and C-OH cleavage, experiments were conducted using AP, PE, EB, 

CMK, and CE feeds over Pd, PdFe, and PdLi catalysts. It has been previously proposed that EB is produced 

from AP via hydrogenation of C=O bonds to C-OH followed by dehydration-hydrogenation of C-OH with 
minimal C=O hydrogenolysis over supported Pd catalysts.59 In addition to the expected formation of 

hydrodeoxygenation and hydrogenation products (i.e., EB, CE, and EC), AP and CMK were also produced 

from PE indicating the occurrence of C-OH dehydrogenation and phenyl ring hydrogenation under the 



reactions conditions (Table S2). No conversion was observed for CE and CMK over any of the catalysts at 
200 °C and 5 MPa H2, suggesting that CE and CMK were both formed directly via phenyl hydrogenation 

and were not intermediate products during AP hydrogenation (Scheme 1). This result was in contrast with 
reports proposing the hydrogenation of CMK to CE and hydrogenolysis to EC as a potential pathway over 
Pd catalysts.60-61 However, EB hydrogenation to EC occurred over all three catalysts, with 1PdC having the 

highest conversion at 10.6%, 1PdC0.4Li at 7.2%, and 1PdC3Fe with the lowest conversion at 2.6% (Table 
S2), which confirmed the impact of Fe addition in limiting aromatic ring hydrogenation even in the absence 
of oxygen moieties. Expectedly, no cyclohexane dehydrogenation was observed for CMK, CE, and EC. 

Based on these results, Scheme 1 appeared to be an accurate representation of the reaction network 
under the conditions used in this study. 

Catalyst characterization 

Table 1 presents the metal loadings, Pd particle size, and textural properties for the catalysts. The co-metal 
addition led to a decrease in pore volume relative to the Pd-only catalyst.  The average size of the Pd NPs 

calculated from CO chemisorption measurements seemed to vary slightly across the catalyst samples. The 

size dependent electronic and catalytic properties of Pd clusters arises primarily because the ratio of 
surface versus bulk H atoms will vary, as has been previously established;62-63 however, significant 

differences in such properties were generally observed for extremely small sizes: from atomic scale to ~6 

nm.64 Larger particles would act similar to bulk Pd as reported previously from CO adsorption energies.65 

While the differences in average Pd particle size and potential variations in particle size distribution could 

influence reaction selectivity, it is unlikely that these differences in the range of ~6-10 nm can account for 

the significant differences in product distribution when using either monometallic or bimetallic materials. 

The relative similarities in macroscopic properties of the Pd, PdFe and PdLi catalysts suggest that the large 
differences in product distribution should mostly be explained by other factors such as the local electronic 

structure of the active sites, adsorption energies, and/or steric hinderance effects. 



Table 1. Summary of catalyst characterization results 

 Pd a Fe a Li a SBET Pore volume b Pore size c Particle size d 

Sample wt% wt% wt% m2/g cm3/g nm nm 

C/Davisil - - - 264.2 0.603 9.9 - 

1PdC 0.7 0 0 248.8 0.587 9.7 9.4 

1PdC3Fe 0.8 2.1 0 282.6 0.461 7.6 7.4 

1PdC3Li 0.9 0 2.1 - - - - 

1PdC0.4Li 0.9 0 0.2 165.0 0.462 8.7 6.1 
a: Measured using ICP-EOS, b: Single point adsorption total pore volume of pores less than 253.5 nm diameter at 
~p/p0=0.99, c: Average pore diameter calculated from the desorption branch of the BJH method, d: Active particle 

diameter calculated from CO chemisorption data assuming hemispherical particles and a stoichiometric ratio of 1. 

Representative TEM images for the catalysts are given in Figure S2. The average particle sizes determined 

from the images were 3.4, 5.5, and, 2.7 nm for 1PdC, 1PdC3Fe, and 1PdC0.4Li, respectively. The low 

concentration of the palladium (<1%) and the placement of the particles inside the mesoporous carbon 
support created a substantial challenge in rigorous evaluation of the particle sizes from the images. The 

lower values seen from TEM relative to those determined from chemisorption analysis could be due to the 

particles being embedded within the carbon coating and selective blocking of sites in the case of Li 

incorporation. In the case of 1PdC3Fe, larger aggregates of Fe were observed along with smaller particles 

of Pd leading to a larger average particle size value. EDS analysis suggested the presence of some sub-

nanometer clusters of Fe and Pd dispersed on the support, which fell below or at the TEM resolution 

threshold. Unfortunately, the detection limitations of the instrument did not allow for precise deteremination 

of the Pd-Fe arrangement within the nanoclusters. Additionally, XRD analysis did not provide definitive 
demonstration of the crystalline state of the particles likely to the low loading and small particle sizes. 

The NH3-TPD results as shown in Figure 3a demonstrated a small quantity of acid sites on 1PdC while the 
acid sites were even lower in catalysts with co-metals. Total acidities were 281, 154, 162 µmol NH3/g for 

the Pd, PdFe, and PdLi catalysts, respectively (Figure S3). While hydrodeoxygenation over heterogeneous 
catalysts is generally believed to require both metallic and acidic sites,66-68 the reduction in acidity of PdFe 

compared to the monometallic Pd catalyst simultaneously with a higher deoxygenation selectivity over PdFe 

suggested limited contribution from the dehydration/hydrogenation pathway for deoxygenation of PE to EB. 
Additionally, PE did not react over the carbon support (i.e., C/Davisil) or over Fe or Li catalyst samples 

(without Pd); thus, PE dehydration due to support/co-metal acidity was ruled out as being important.  

Figure 3b shows the H2-TPD profiles for the Pd, PeFe, and PdLi catalysts. In these experiments, the 
reduction of the Pd catalysts was performed under flowing hydrogen at 0.1 MPa, which would likely result 

in the formation of Pd hydride phases. It is generally accepted that hydrogen stored inside the Pd lattice (in 

the interstitial sites) desorbs at or above 300 °C.69 Thus, the peak at ~430 °C likely indicated the presence 

of Pd hydrides (Pd-H), with the concentration of Pd-H species decreasing somewhat for PdFe and 



decreasing significantly for PdLi (Figure 3b).  The much lower concentration of Pd-H for PdLi could be due 
to the penetration of Li into the Pd lattice, filling the interstitial sites and denying access to hydrogen as 

postulated previously.70 

 

 

Figure 3. A) NH3-TPD (samples were reduced in-situ at 200 °C-50 ml/min H2 for 1 h before analysis) and 
B) H2-TPD (background corrected for H2 desorbed from the support) profiles of Pd, PdFe, and PdLi 

catalysts 

 

Unfortunately, the low metal loadings used here did not allow meaningful XPS results to be obtained. 

Therefore, an etching technique was used to remove SiO2 and enhance the weight percentage of metals 

in the samples as to enable data collection using XPS. Figure 4 shows Pd 3d spectra of the samples after 
etching with 10% NaOH at 80 °C to remove SiO2. A clear shift to lower binding energies of ~0.3 eV was 

observed after the incorporation of Fe. This suggested a charge transfer from Fe to Pd resulting in increased 

electron density of the Pd, which would lead to enhanced interaction with the AP/PE oxygen atoms. The 

transfer of electron density from Fe to Pd was also observed by Kim et al., though they reported a much 

larger shift in binding energies of ~1 eV for PdFe compared to the monometallic catalyst.35 A similar effect 

has been recently reported for a NiGa bimetallic system where XPS results indicated a charge transfer from 

Ga to Ni manifested as a slight shift (~0.2 eV) of the Ni 2P3/2 peak position.71 Furthermore, peak fitting 

results displayed in Figure S4 showed that, in addition to the binding energy shift, the PdFe sample had a 
higher ratio of Pd2+ to Pd0 suggesting the presence of Fe led to some oxidation of the Pd particles likely 

due to the oxophilicity of Fe. These results indicated PdFe would have a higher affinity to oxygen, which 

could at least partially explain the higher selectivity to EB during the conversion of AP/PE. 



  

 

Figure 4. Pd 3d spectra of Pd, PdFe, and PdLi catalysts after etching with 10% NaOH (XPS spectra are 
normalized and baseline corrected) 

Kim et al. used XPS to confirm the electronic effect of Fe on Pd atoms as a function of Fe/Pd ratio.72 While 

the location of the Pd 3d peaks shifted to lower binding energies from Fe addition, at Fe/Pd ratios of 0.7 
and higher, the electronic effect appeared to reach a plateau in agreement with the changes observed in 

product selectivity.72 Conversely, Geng et al. found a Pd 3d shift to higher values for carbon 

nanofiber-supported PdFe compared to Pd catalysts,73 which was in agreement with previous reports 

investigating the formation of PdFe alloys.37, 74-76 Note that in these reports Pd and Fe particles were 

typically heated to 500-900 °C whereas in our work annealing and reduction took place only as high as 

300 °C. Therefore, these differences might be explained by the formation of a different intermetallic phase 

in our study compared to those obtained in the above-mentioned investigations. 

Next, magic-angle spinning (MAS) solid-state NMR spectroscopy was used to further probe structure within 
the heterogenous catalysts. Unless noted otherwise, all catalysts were impregnated with a thin-film (~2 nm) 

of AP or PE using a (AP) 0.2 or (PE) 0.27 M solution in fully deuterated ethanol to probe binding through 
1H NMR signal linewidths. The binding of AP or PE onto the surface of the catalysts will result in broadened 
1H NMR signals due to decreased dynamics; the 1H NMR signals will narrow for weakly surface bound 

AP/PE and become solution like for AP or PE residing in the thin-film solution (~2 nm).77-78 For example, 

previous work impregnating γ-alumina with bicyclic lactone in dioxane-d8 (~130-200 mg/mL, ~2 nm film) 

showed that bicyclic lactone binds strongly to the hydrated γ-alumina surface.78 

1H MAS solid-state NMR spectra of C/Davisil (no Pd or co-metal) prepared with a thin-film solution of either 

AP or PE revealed broad 1H NMR signals, suggesting that both AP and PE bind strongly to the surface of 

the carbon support (Figure 5A and Figure S5). Furthermore, the majority of aromatic and methyl 1H NMR 



signals for AP and PE both moved to a lower 1H chemical shift by ca. 1.5-3 ppm than when just in a solution 

of ethanol-d6. One-dimensional (1D) 1H→13C cross-polarization MAS (CPMAS) solid-state NMR spectra of 

C/Davisil and 1PdC both showed a broad 13C NMR signal (FWHM ~ 20 ppm) centered at ca. 125 ppm that 

is typical of graphitic (sp2-hybridized) carbon (Figure 5B).31, 79-82 Of note is that the 13C NMR spectra 
reported here were similar to that of other carbon-coated silica supported metal catalysts.31, 81 The 1-3 ppm 

decrease in 1H chemical shift observed for AP and PE was likely caused by ring current effects that result 

from the molecules (aromatic and/or C=O groups) lying across the graphitic carbon surface. Such ring 

current effects, where there is additional shielding of the nucleus (reduced local magnetic field) caused by 

circulation of delocalized surface carbon π electrons, have previously been observed experimentally and 

theoretically for small molecules absorbed onto carbons.83-85 Therefore, it can be concluded that the 

aromatic and C=O groups of AP and PE both strongly adsorb to the graphitic carbon surface of the support, 

even in the absence of Pd or another co-metal. Not surprisingly, AP and PE also bind strongly to the 
catalysts when there is PdLi or just Pd on the support, respectively (Figure 5A and Figure S5). AP or PE 
binding onto PdFe was not probed due to the paramagnetic nature of Fe. Indeed, a 1H NMR spectrum of 

PdFe (no thin film) revealed significantly broadened surface 1H NMR signals with a large spinning sideband 

manifold that spans a breadth of greater than 500 ppm (Figure S6). The broad 1H spinning sideband 
manifold likely arose from strong nuclear-electron dipolar couplings between unpaired electrons associated 

with Fe ions and the surface 1H spins.86-88 The fact there were no narrow 1H NMR signals suggested that 

Fe ions were likely homogeneously dispersed across the surface of the catalyst. 

Unfortunately, more complex heteronuclear and/or homonuclear correlation NMR experiments could not 
be used to reliably assign the binding strength or further probe interaction of AP/PE with the carbon support 

or metal particles because ethanol-d6 started to evaporate from the NMR rotor when spinning for longer 

periods of time (Figure S7). All the thin-film 1H NMR spectra shown were recorded within ca. 10 minutes 
of spinning in order to limit solvent evaporation. However, direct excitation 7Li solid-state NMR spectrum of 

PdLi revealed two distinct 7Li NMR signals centered at ca. 0 ppm with different linewidths (Figure 5C). 
Based on the 7Li chemical shift of ca. 0 ppm, a significant fraction of Li atoms exist as diamagnetic ions. 

The two 7Li NMR signals only differed by means of linewidths. The broad 7Li NMR signal likely corresponded 
to immobilized/surface supported diamagnetic Li, while the narrow 7Li NMR signal could be attributed to 

diamagnetic Li with a higher degree of mobility on the support surface. Finally, it is noted that the lack of 7Li 

NMR signals exhibiting shifts typical of metallic Li does not imply the absence of alloying Pd, rather it is 

likely the these 7Li NMR signals could be broadened beyond detection, especially as compared to the much 

narrower signal from diamagnetic Li ions.  



 

Figure 5. (A) 1H solution NMR spectrum of AP in ethanol-d6 recorded at B0 = 14.1 T. The red # indicates 
solvent 1H NMR signals. (Lower) 1D direct excitation 1H MAS solid-state NMR spectra of C/Davisil and 
1PdC3Li impregnated with a thin-film (~ 2 nm) solution of AP in ethanol-d6 (~ 0.2 M). Note that the 1H 

MAS NMR spectra were recorded within 10 minutes of spinning the NMR rotor. (B) 1H→13C CPMAS NMR 
spectra of (upper) C/Davisil and (lower) 1PdC. (C) Direct excitation 7Li spin echo NMR spectrum of 

1PdC3Li. The (solid) black and (dashed) red lines correspond to experimental and analytical simulated 
NMR spectra. Inset shows isotropic 7Li NMR signals, while higher and lower frequency signals are 

spinning sidebands. All solid-state NMR spectra were recorded at B0 = 9.4 T (n0(1H) = 400 MHz) with 10 
kHz MAS. 

Catalytic reactions 

The results of the AP and PE reactions are shown in Table 2. As shown in Scheme 1, AP could 
hydrogenate to either PE or CMK in parallel. While CMK did not react any further, PE could dehydrogenate 

back to AP, hydrogenate to form CE, or deoxygenate to yield EB. CE would be considered a terminal 

product since it did not react further, but EB could hydrogenate to EC. Using the Pd monometallic catalyst, 

a relatively similar distribution of final products was obtained from both feedstocks. Conversely, PdLi and 
PdFe resulted in significantly different product distributions. The PdFe catalyst favored the deoxygenation 

pathway to produce EB with a selectivity of more than 95% among the final products, whereas PdLi 

noticeably favored the aromatic hydrogenation pathway with more than 93% selectivity to CMK and CE 

among the final products (i.e., EB, CMK, CE, EC). 

It should be noted that our catalytic results were not optimized, meaning that the ratio of Pd to co-metal, 

operating conditions, and the synthesis method were not tuned to maximize the selectivity. In addition to 

the mentioned parameters a potential way to further enhance the selectivity of products using the interaction 
between Pd and co-metal particles would be to use selective synthesis methods such as the one used by 

Ro et al.89 



Table 2. Conversion and product selectivity of AP and PE over Pd, PdFe, and PdLi catalysts a 
   Selectivity (C%) 

Catalyst Feed Conv. (C%) EC EB CE CMK PE / AP 

1PdC b AP 77 6.6 28.5 18.0 20.0 26.9 

1PdC3Fe b  59 0 54.3 0.3 0.8 44.6 

1PdC3Li b  62 0 1.8 9.6 27.0 61.6 

1PdC PE 53 6.1 48.5 23.7 18.7 3.0 

1PdC3Fe  53 0.5 96.6 0.2 0.1 2.6 

1PdC0.4Li  26 0.2 7.4 38.4 46.5 7.6 

1PdC3Li  17 0 5.6 35.5 44.7 14.1 
a: Reaction conditions: 10 mg catalyst, 100 ml/min H2, 0.2 ml/min feeding rate, 0.2 M AP or PE in ethanol, 200 °C, 

5 MPa. b: 20 mg catalyst was used in AP reactions instead of 10 mg. 

Although likely more complicated due to the presence of feed and solvent molecules under the reaction 
conditions, according to P-C-T relationships reported for Pd-H systems, Pd hydrides could be formed at 

200 °C and 5 MPa.69 Therefore, if Li was indeed occupying the interstitial sites of the Pd lattice as suggested 

by the H2-TPD data then it could be postulated that Pd hydrides are important for the hydrogenolysis of 

C-OH bonds in PE, whereas surface-bound H atoms were responsible for hydrogenating the π bonds in 

C=O and the aromatic ring. This was supported by similar conversions observed over PdLi and Pd catalysts 

for the AP feed (with a much higher selectivity to PE in the case of PdLi), while considerably lower 

conversions were obtained over PdLi catalysts when PE was used as the feed. The differences in reactivity 

of bulk (interstitial) and surface-bound H resulting from different energy states of these two species and 
adsorbate interaction have been previously discussed, especially in the context of selective hydrogenation 

of acetylene to ethylene.90, 91 Similarly, the Li incorporation into the Pd lattice has been reported to occupy 

the interstitial sites denying access to hydrogen and preventing the formation of Pd hydrides, resulting in 

Pd lattice expansion and modification of electronic properties of Pd NPs, which eventually affected the 

selectivity of hydrogenation reactions.70 

PdFe bimetallic catalysts have been shown to have a higher activity for hydrogenation of C=O bonds than 

a single metallic Pd catalyst, demonstrated by a higher apparent turnover frequency for acetone 
hydrogenation to isopropanol under similar conditions to this work.3 The lattice d-spacing measured by 

high-resolution TEM images and the H2-TPD profiles suggested the existence of a PdFe intermetallic 

phase. The higher intrinsic activity of Pd particles in the presence of Fe (based on CO chemisorption) was 

attributed to this electronic effect. Similarly, PdFe bimetallic systems have been identified to selectively 

catalyze hydrogenolysis reactions without aromatic ring hydrogenation for aromatic ethers typically found 

in biopolymers.35, 72, 92 Kim et al. attributed the higher selectivity of PdFe catalysts to aromatics (as opposed 

to cycloalkanes for Pd catalyst) to its modified electronic properties as suggested by XPS, XRD, H2-TPR, 

and H2-TPD results.35, 72 The addition of Fe to Pd (and its ratio) was also found to affect the selectivity of 
citral hydrogenation.92 



The duration of catalyst reduction before the reactions had no effect on conversion or product selectivity 

(Figure S8) indicating that the catalysts were reduced rapidly under the reaction conditions, i.e., 200 °C 
and 5 MPa H2 as expected from Pd NPs. 

Both conversion and selectivity to EB enhanced when 2% D2O was added to the feed solution for the Pd 
and PdLi catalysts, but no changes were observed for PdFe (Figure S9). Mass spectrometry results 
suggested that there are two hydrogenation pathways. One is hydrogenation using molecular H2 and the 

other is hydrogenation by water (D2O) molecules. The contribution from water was substantially smaller 

than molecular hydrogen but considering the low concentration of D2O (2% in ethanol) it could mean that if 

these reactions were done in water, product selectivity would have been different. 

Finally, the effect of co-metal intimacy on conversion and product selectivity was investigated by conducting 

reactions using physical mixtures of Pd (no co-metal) and Fe (no Pd) samples as well as Pd and Li samples. 

The results are presented in Figure 6. These results suggested that intimate contact between Fe or Li and 
Pd played an important role in product distribution. The results for Pd+Fe were similar to the Pd results 

suggesting that the intimacy between Fe and Pd particles was necessary for high EB selectivity obtained 

using the PdFe catalyst, which is in line with the electron transfer between Pd and Fe observed via XPS. 

In contrast, the physical mixture of Pd+Li resulted in a lower selectivity to EB compared with 1PdC but 

higher compared to PdLi. In agreement with our NMR investigation suggesting the presence of both 

anchored and mobile Li species on the support, this could indicate leaching of mobile Li particles during the 

reaction and the formation of PdLi phases leading to higher selectivity to CMK and CE. Tabular data for 

these graphs are available in the ESI (Table S3). 



 

Figure 6. The effect of co-metal intimacy with Pd on the conversion of PE (10 mg catalyst, 100 ml/min H2, 
0.2 ml/min feeding rate, 0.2 M PE in ethanol, 200 °C, 5 MPa) 

DFT calculations 

DFT calculations were conducted to evaluate the energetics of AP hydrogenation on representative Pd, 
PdFe and PdLi catalyst models. The intermediates considered in the reaction network corresponding to 

elementary hydrogenation events are depicted in Figure S11. The adsorbate orientation and binding site 
preference were controlled by the relatively strong metal-oxygen interactions. For example, in AP, the 

nearest metal (M)-O distance and the average distance of the aromatic carbon are provided (Figure S12) 
along with their respective adsorption energies on each of the metal surfaces. Due to the oxophilic nature 

of Fe, the strong Fe-O interaction enhanced the adsorption of AP on the Pd3Fe(111) surface (-2.12 eV) 

relative to PdH(111) and PdLi(111) surfaces (-2.03 eV and -1.64 eV, respectively). In the Li case, there 

was likely minor transfer of electron density from Li atoms to the Pd atoms on the top surface (~10%) as 
observed in a previous study,43 thereby stabilizing the Pd surface leading to weak chemisorption of the 

adsorbate on the surface. These variations in the adsorbate-surface interactions have important impacts 

on hydrogenation energetics and corresponding selectivities to products formed by hydrogenation of C=C 

(ring) and C=O bonds.   

In Figure 7, the free energies of elementary hydrogenation steps are compared to elucidate reasons for 
the observed reaction product selectivity based on thermochemistry on PdH(111), Pd3Fe(111), and 

PdLi(111). The free energies of all surface intermediates can be found in Table S4. Considered in the 
calculations were initial hydrogen addition to ortho, meta, and para positions of the rings; addition at ortho 
sites was found to be most favorable in all cases and is therefore reported here. 



 

Figure 7. Calculated free energies of the first elementary H-addition step of AP (green shadow), PE 
(pink), and EB (blue) ring hydrogenation; AP (yellow) carbonyl hydrogenation, and PE (grey) carbonyl 

hydrogenolysis at 200 °C and 5 MPa. 

In general, for all cases modeled, the aromatic ring hydrogenation and carbonyl hydrogenation at C in 

C=O moiety were endergonic while the carbonyl hydrogenolysis was exergonic. The PdH(111) surface 

was used as a base case for understanding the relative effects of adding Fe and Li, and to examine the 

energetics on the alloy surfaces relative to those on PdH(111). The analysis was focused on the first 
hydrogenation event of each closed-shell species, as it should be anticipated to offer a rough indicator of 

the relative difficulties of full hydrogenation. 

The Pd3Fe(111) surface demonstrated the oxophilic nature of Fe as evident from the shortened metal-

oxygen distance (Figure S12). As shown in Figure 7, the initiation of ring hydrogenation was less 
favorable than on PdH(111) (0.61 eV vs 0.49 eV), with higher free energies required to add H to any of 

the three closed-shell aromatic species. Therefore, more difficult kinetics were inferred for these H-

addition steps on PdFe, following the well-known Brønsted-Evans-Polanyi relationships in heterogenous 
catalysis,93 providing a potential explanation for the experimentally observed reduction in ring 

hydrogenation on PdFe. A higher reaction free energy was calculated for carbonyl hydrogenation and 
subsequent hydrogenolysis on Pd3Fe(111) than on PdH(111), which seemed contradictory to the 

improved experimental selectivity to EB on PdFe. We however rationalize the experimentally observed 



facile hydrogenation and hydrogenolysis considering geometric effects and subsequent kinetic 

favorability due to the exceptionally strong adsorption of the carbonyl moiety to surface Fe atoms, making 

the C=O or C-OH moieties more accessible to surface-bound H.  

Calculations of the first elementary hydrogenation on the PdLi(111), in contrast, showed enhanced 
energetic favorability for ring hydrogenation (Figure 7), consistent with the experimental results. The first 
hydrogenation of AP (toward CMK) and PE (toward CE) on PdLi(111) were notably less endothermic than 

on PdH(111), consistent with the increased production of CMK and CE on the PdLi catalyst. The first ring 

hydrogenation of EB, however, was more unfavorable than on PdH(111) (0.60 eV vs 0.29 eV), consistent 

with the lack of EC observed on PdLi. Like the Pd3Fe(111) model, the PdLi(111) surface demonstrated 

more unfavorable energetics of carbonyl hydrogenation than on PdH(111). However, in contrast to 

Pd3Fe(111), we did not observe strong binding of the carbonyl so we infer there is no kinetic enhancement 

relative to PdH(111). Together, these suggest fundamental reasons for the selectivity observed on the 
PdLi catalyst. 

Conclusion 

Chemoselective hydrogenation of aromatic ketones is of great significance in the pharmaceutical and 
specialty chemical industries. Selective hydrogenation or hydrodeoxygenation of multifunctional molecules 

is also important for product diversification from bio-based molecules. In this work, we found that through 

the addition of co-metals to Pd, the product distribution could be significantly altered. Using acetophenone 

or 1-phenylethanol feeds, the monometallic Pd catalyst produced an almost even distribution of products. 

PdFe exclusively produced ethylbenzene (95+%), which was attributed to either modified electronic 

properties of the Pd NPs (according to XPS results) or enhanced geometric effects on C=O adsorption 

(based on DFT calculations). DFT calculations additionally showed the unfavorability of initiating ring 
hydrogenation on PdFe, along with more favorable binding/activation of the carbonyl group to the surface. 

PdLi preferred the hydrogenation of the phenyl group to form cyclohexylmethylketone and 

cyclohexylethanol with an unprecedented selectivity over hydrodeoxygenation to ethylbenzene. The near 

absence of Pd hydride phases in the PdLi catalyst as evidenced from H2-TPD data simultaneously with low 

deoxygenation rates suggest the role of Pd-H phases in C-OH cleavage, which could be due to higher 

energetics of bulk H compared to surface H affecting the electronic properties of the Pd NPs. 

Our synthesis approach enabled screening of various bimetallic systems in technical grade catalysts for 

our model reaction. Further studies with model catalysts are required to more definitively validate our 
proposed mechanisms. The applicability of these bimetallic systems to other bio-based molecules could 

help in selective product diversification of biomass-derived molecules and open new venues for bio-

advantaged molecules.11 
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The hydrogenation/hydrodeoxygenation selectivity for a Pd on carbon-coated silica support catalys can be 
dramatically altered by selection of co-metal addition. 


