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Highlights
e Pd/Cu bimetallic particles show more metal segregation as compared to Pd/Ni

e Pd/Ni and Pd/Cu true bimetallic/alloy particles improved conversion of tetralin
e PdsoCuaso enhanced selectivity to paraffinic hydrocarbons compared to pure Pd & Cu

¢ Alloying Pd with base metals offers viable catalysts for deoxygenation of fatty acids

Abstract

Bimetallic PdxNioo-x) and PdxCuoo-x) Structures of a wide compositional range supported on
activated carbon were synthesised via a simple, cheap and commercially relevant method. The
surface and bulk properties of both the bimetallic structures and their monometallic
counterparts were determined via STEM-EDS, TEM, XPS, powder XRD, N2 porosimetry and
ICP-OES. A close correlation between the XRD patterns and EDS elemental composition
mapping of individual metal particles established the extent of palladium-base metal interaction
in each sample. The performance of the different structures as catalysts for the selective
hydrogenation and hydrodeoxygenation of oleic acid, a prototypical fatty acid, was evaluated
using tetralin as a hydrogen donor. Catalysts displaying true bimetallic/alloy formation were
found to improve the conversion of tetralin as compared to catalysts in which compositional
segregation was observed. The PdxNioo-x) series was found to outperform the PdxCuoo-x)
catalysts in terms of hydrogen production via the dehydrogenation of tetralin, mirroring the fact
that compositional segregation occurs more for the PdxCuqoo-x) series than PdxNioo-x). The
hydrogen transfer deoxygenation of oleic acid over the monometallic and bimetallic catalysts
was found to mirror the availability of hydrogen with those catalysts liberating more hydrogen

also favouring the formation of C17 and Cais alkanes.
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Introduction

To date, catalytic hydroprocessing technologies have advanced substantially with numerous
technical breakthroughs and innovations. The catalytic hydrodeoxygenation of natural
triglycerides using sulfided molybdenum catalysts on alumina supports with nickel and cobalt
as the active metals has been well-studied in the literature.l5! It is an established technology
that is used extensively for lipid biomass conversion to ‘drop in’ replacements for petroleum-
derived transportation fuels. One major drawback in using bimetallic sulfided catalysts is the
inherent need for an external sulfiding agent such as carbon disulfide (CSz) or dimethyl
disulfide (DMDS) in the liquid feed to maintain its catalytic activity. Moreover, sulfur leaching
from the catalyst surface leads to a gradual decline in catalytic activity and eventual sulfur
contamination of the liquid products. As a result, the strong dependency of sulphide-based
catalysts on external sulfur agents has attracted considerable criticism in renewable fuel
production as it incurs additional production costs and potentially adversely affects

environment quality.®!

More recently, there have been substantial efforts to design, formulate and develop non sulfide-
based catalysts. Snare et al.[’l screened a series of metal supported catalysts (Mo, Pd, Pt, Ir, Ru,
Rh, and Os) on two different types of supports, metal oxides (including SiO2, Al20s, Cr203 and
MgO) and activated carbon in a semi-batch deoxygenation system. Among the noble metal
candidates, palladium has shown to be both highly active and selective in forming straight
chain paraffinic hydrocarbons. Despite its superior catalytic performance, the high cost of
noble metal based catalysts has hindered their large-scale industrial application. Furthermore,
previous studies have reported that palladium as the active metal site is more susceptible to
deactivation due to active site poisoning by adsorbed reaction intermediates such as heavy
organic substances, carbonaceous deposits and carbon monoxide. This results in the rapid
activity degradation of pure Pd nanomaterials, which further hinders its practical applicability
in catalytic hydroprocessing.[® ° The vulnerability of Pd-based catalysts and their tendency for
rapid deactivation, as well as their uneconomical application in large scale hydroprocessing,
have stimulated further research to identify alternative materials that are suitable for this type
of chemistry. This involves the development of non-noble based catalysts such as metal
carbides, metal nitrides and metal phosphides supported catalysts for the deoxygenation of
natural triglycerides and model compounds.l’® I All these emerging catalysts have



demonstrated superior catalytic performances and high selectivity in producing hydrocarbons
compared to sulfide-based and platinum group metal (PGM) based supported catalysts.
However, preparation of these catalysts is complicated and expensive as synthesis procedures
often involve multi-step processes and lengthy synthetic protocols, thus hindering the large

scale production of these materials.

Combining noble metals with an additional, cheaper metal is an effective low-cost, scalable
substitute, which benefits from synergistic catalytic effects (geometric and electronic) between
the two metals and decreased precious metal loadings. Pd-Ni and Pd-Cu bimetallic catalysts
have been studied extensively for many applications including: alcohol oxidation, hydrogen
separation, nitrate decomposition and electrochemical sensing.['?l The use of bimetallic
systems for the catalytic deoxygenation of fatty acid molecules has received increased attention
over the past years.[*> 4 Herein, we report a new strategy for the production of synthetic diesel
like hydrocarbons using Pd-Ni and Pd-Cu bimetallic catalysts and tetralin (1,2,3,4-
tetrahydronaphthalene). Tetralin was used as a hydrogen donor solvent in the reaction
investigated in this study. The main reason for this choice is that the use of tetralin avoids the
necessity to operate high pressure reactors with molecular hydrogen. Additionally, its excellent
solubility in carboxylic acids suits this reaction very well. Moreover, hydrocarbon compounds
like decalin and tetralin are usually used as hydrogen donors as well as stabilizing agent in fuel
processing. Primary products of fuel processing are stabilised through transfer hydrogenation
using these H-donors. Furthermore, Pd-based catalysts are known to be effective for the

dehydrogenation of tetralin.[*®]

The three metals used in this study (Pd, Ni and Cu) are well known as excellent catalysts for a
wide range of hydrogenation reactions such as upgrading biomass-derived oxygenates,!*8! CO
hydrogenation,i*”l and the hydrogenation of stearic acid.[*® 1°1 Furthermore, replacing some of
the Pd content in a hydrogenation catalyst offers the opportunity to reduce both the catalyst and
process cost. Pd-Ni and Pd-Cu have been studied in the past for a variety of reactions including
the hydrogenation of styrene and acetylene.?°! In order to be able to unequivocally attribute
improvements in catalytic performance to the Pd-base metal synergism, monometallic
supported equivalents of Pdioo, Nizoo and Cuioo were prepared at a nominal loading of 5 wt.%
and the respective deoxygenation performances were evaluated. The individual roles of Pd, Ni
and Cu metal catalysts in the deoxygenation of an unsaturated fatty acid model compound,
oleic acid, to diesel like hydrocarbons were elucidated. Furthermore, a series of bimetallic Pd-



Ni and Pd-Cu catalysts with different Pd:Ni and Pd:Cu molar ratios were synthesised in order
to ascertain the presence of a promoting effect during the catalytic deoxygenation reactions.
Paraffinic diesel hydrocarbon selectivity was determined with various metal ratios, to
determine the role of each component in the reaction. Lastly, the overall reaction pathways for
the conversion of oleic acid and tetralin were proposed based on the product distribution of

monometallic and bimetallic catalysts in different metal compositions.

Experimental

Materials and chemicals

The following chemicals were commercially available and used as received: Norit® D10
activated carbon powder (Alfa Aesar), oleic acid (CisH3402, 90%, Sigma-Aldrich), tetralin
(1,2,3,4-tetrahydronaphthalene CioHi2, anhydrous 99%, Sigma-Aldrich), copper (I1) nitrate
trihydrate (Cu(NOs)2.3H20 99%, Acros Organics), nickel (Il) nitrate hexahydrate
(Ni(NO3)2.6H20, 98%, Alfa Aesar), tetramminepalladium (I1) nitrate (Pd(NH3s)s(NOs3)2, 99.9%,
Pd 5 wt.%, Alfa Aesar) and mesitylene (CoHi2, 99%, Fluka) was used as the external standard.
Deionised water was prepared in house. All gases such as hydrogen, nitrogen and helium were
purchased in ultra-high purity (99.999%). All GC hydrocarbon standards (n-heptadecane, 1-
heptadecene, n-octadecane, 1-octadecene, tetralin, oleic acid, stearic acid) were purchased from
Sigma Aldrich and used as received.

Catalyst preparation

A series of activated carbon supported Pd, Cu, Ni, PdxCuoo-x) and PdxNi(o00-x) catalysts were
prepared via incipient wetness impregnation (IWI). The nominal metal loading of all catalysts
synthesised was kept constant at 5 wt. %. Three types of monometallic catalysts Pd/C, Ni/C
and Cu/C were prepared to serve as control materials. In a typical synthesis of Pd/C, Ni/C and
Cu/C catalysts, mesoporous activated carbon Norit® D10 (0.95 g) was impregnated with the
appropriate amount of aqueous metal salts of Pd(NH3)4(NOs)2, Ni(NOs3)2.6H20 and
Cu(NO3)2.3H20. Before adding the saturated solutions of corresponding metal salts to the bare
support, the solutions were sonicated in a water bath for 0.5 h to ensure complete dissolution.
After sonication, the solutions of corresponding metal salts were dispersed onto the support
under continuous stirring at room temperature for 2 h before heating to 80 °C and aging for 24
h. Subsequently, the catalyst slurries were collected and annealed under flowing helium at
500 °C for 2 h and thereafter reduced under flowing hydrogen at 450 °C for 2 h. Bimetallic

catalysts with different molar ratios of Pd-Cu and Pd-Ni were denoted as PdxCuoo-x) and



PdxNi(o0-x) respectively, where x is the molar percentage of Pd metal on the support and fixed
at 20%, 40% and 60%. All compositions of Pd-Cu and Pd-Ni catalysts were prepared by a
similar method. The precursor solution mixtures were prepared by dissolving the appropriate
amount of Pd(NH3)4(NOz)2 solution and Ni(NOs)2.6H20 or Cu(NOs3)2.3H20 in 10 ml of
deionised water to saturate the pores of the activated carbon support.

Catalyst characterisation

Surface areas and pore sizes were measured by N2 physisorption on a Quantachrome Nova
4000 instrument, after sample outgassing at 120 °C for 4 h prior to analysis at -196 °C. Surface
areas were calculated using the Brunauer—Emmett—Teller (BET) method over the range P/Po =
0.03-0.18, where a linear relationship was maintained. Pore size distributions were calculated
using the Barrett-Joyner—Halenda (BJH) model applied to the desorption branch of the
isotherm. Phase identification was evaluated by means of wide angle powder X-ray diffraction
(XRD) on a Bruker D8 Advance diffractometer using the Cu Ka in the range 26 = 10-80° with
a step size of 0.04°. The crystallite size of the monometallic catalysts were estimated using the
Scherrer equation applying to diffraction peaks at 46.3°, 42.9 and 44° for Pd, Cu and Ni
particles respectively. X-ray Photoelectron Spectroscopy (XPS) measurements were conducted
on a Kratos AXIS Supra employing a monochromated Al Ko X-ray source (hv = 1486.7 eV).
Spectral fitting was performed using CasaXPS version 2.3.14, with binding energies corrected
to the C 1s peak at 284.6 eV. Elemental analysis was performed using a Thermo Scientific
ICAP 7000 series ICP-OES. Samples were prepared using ~10 mg of the catalyst, 100 mg
ammonium fluoride (Sigma-Aldrich), 5 ml HNO3 (68%, VWR Chemicals), 2 ml H2SO4 (>95%,
Fisher), and 2 ml of deionised water. The mixture was stirred and digested for 0.5 h at 175 °C
using a CEM Discover-S microwave system. Subsequently, the reactively-formed HF was
neutralised using with 1 ml HCI (37%, VWR Chemicals) and 1 ml of boric acid solution (4%,
Fluka). Finally, the samples were diluted 10 times with deionised water before being analysed
on ICP-OES. Transmission electron microscopy (TEM) was performed using a JEOL 2100F
FEG TEM operated at 200 kV in either bright field or scanning TEM modes, STEM-EDS was
obtained using a JEOL dark field detector and Gatan bright field detector (latter at the entrance
aperture for the Gatan Tridiem spectrometer). We estimated the convergence angle to be ~15
mrad. As the probe would be aberration limited during the STEM-EDS measurements the
region probed during each measurement were estimated to be 3-4 nm. The instrument contains
a high resolution pole piece with 1.0 mm Cs giving 2.3 A point resolution and 1.0 A imaging

information limit. Samples were prepared by grinding to a fine powder, dispersion in ethanol



(HPLC grade) by sonication and drop casting onto either holey carbon coated Cu or Ni grids
(300 mesh, EM resolutions, grid metal selected to avoid interference with EDS signal being
measured), before evaporating to dryness under a warm lamp. For TEM imaging, images were
acquired from at least 6 areas of the grid and particle size distributions were obtained by
measuring the particle size using ImageJ software. Particle sizes obtained are for metallic
(phase contrasting) particles and therefore STEM-EDS was undertaken to provide further
insight into the extent of the bimetallic character of the particles. For the EDS measurements
the probe was moved to the individual particles seen in the STEM images and the spectra
acquired fitted using the areas under Gaussian peaks at 2.83, 7.47 and 8.05 keV, corresponding
to the Pd Lal, Ni Kal and Cu Kol transitions respectively.[?! Care was taken to ensure no
overlapping signal of the N1 K1 was present that could interfere with the Cu Kal measurement.
The intensity ratios were calibrated by also measuring spectra acquired over a large area of the
sample for each sample and referencing to the known metal contents obtained by ICP-OES.
This approach gave a consistent calibration over multiple samples and was used to calibrate
the axes of the frequency-composition plots shown. Each frequency-composition plot shows at
least 50 particles measured individually in several areas of the grid. Examples of the STEM
images and corresponding EDS measurements for the PdsoNiso sample are shown in the

supporting information.

Catalytic tests

The hydrogenation and selective catalytic deoxygenation of oleic acid was performed in a mini
autoclave reactor (Parr Instrument, 10 ml) operating in batch mode. A typical experiment was
carried out as follows: oleic acid (1 ml; 3.17 mmol), tetralin (1 ml; 7.34 mmol) and catalyst
(0.05 g) were charged into the autoclave reactor. Excess tetralin was used to ensure that the
reaction takes place in excess hydrogen. The reactor was then purged with N2 at ambient
temperature for 10 min and the pressure was subsequently adjusted to 10 bar using the inert
gas prior to the reaction. The reactor was then heated from room temperature to 330 °C where
it was kept constant for 3 h. These conditions were found to be optimal for this reaction in
previous work.? Note that at these reaction conditions, all the reactants and products remain
in the liquid/gas phase. Upon cooling down the reactor, the in-situ formed naphthalene from
the dehydrogenation of tetralin, will solidify at temperatures < 80 °C which can facilitate the
separation of naphthalene. The stirring speed was kept constant at 1100 rpm during the reaction.
After 3 h, the reactor was allowed to cool overnight. Liquid products were collected after the

autoclave was slowly vented to atmospheric pressure. The spent solid catalyst was filtered and



washed repeatedly with acetone before drying in an oven at 80 °C before further analysis. The
liquid products were analysed using a Varian 3800 GC fitted with a DB 5 (5%-phenyl-95%-
dimethylpolysiloxane) capillary column (length, 10 m; internal diameter, 0.53 mm; film
thickness, 2.65 um) and an 8400 auto-sampler. The initial temperature of the column was set
at 60 °C. The oven temperature was then ramped up at a rate of 20 °C min* to 300 °C with a
dwelling time of 2 min. The liquid product sample (100 pl) was diluted in 900 pl of toluene
and 100 pl of mesitylene solution (0.55 M) acting as an external standard. The isolated
components were further validated using a Thermo scientific Trace 1300-Gas Chromatograph
equipped with 1SQ LT quadrupolar Mass Spectrometer (MS). Acquired mass spectra were
compared with the National Institute of Standards and Technology (NIST) mass spectral library.

Results and Discussion

Catalyst characterisation

The textural properties of the synthesised catalysts were characterised by a number of
complementary techniques. N2 porosimetry (Figure Sla and Figure S1b) demonstrated that
both monometallic and bimetallic catalysts exhibit type IV isotherms, characteristic of
mesostructured materials. BET analysis of this data shows that the carbon supported metal
catalysts possess relatively high surface areas in the range of 450 to 600 m? g* (Table 1), in
the ballpark of the unmodified carbon support (660 m? g). Furthermore, the BJH pore size
distribution (Figure S1c and Figure S1d) reveals that all the samples, regardless of the metal
type, possess very similar pore diameters of about 3.8 to 3.9 nm (Table 1), again consistent
with the bare support. Also, as presented in Table 1, the elemental analysis confirms that the
metal loadings and their respective ratios are similar to those expected. An indication of the
particle size for the monometallic samples was obtained from XRD (Figure 1a and Figure 1b).
Table 1 shows that the pre-reduced Pd, Cu and Ni samples are composed of particles with an
average diameter of 4, 5, and 9 nm respectively. However, their size increased after the
reduction pre-treatment to 8, 35, and 10 nm for the Pd, Cu and Ni particles, respectively. These
values suggest that the Cu catalyst is more prone to sintering under reducing conditions as
compared to the Pd and Ni catalysts. The post-reduction metal particle sizes were further
studied by TEM (Figure 2), which produced results consistent with the XRD estimations
(noting for the Cu, one measurement is a number distribution and the other is a volume average).
The enlargement of the metal particles is attributed to sintering and agglomeration due to the
high temperature reduction treatment and is especially significant for Cu.l?® 241 For the
bimetallic particles it was not possible to use the XRD pattern to give a clear estimate of particle



size using the above approach, because multiple compositions contribute to the broadening of
reflections, as discussed below. However, TEM for each case (Figure 2) shows the particle
sizes of the reduced bimetallic catalysts (even the copper containing ones) are consistent with
both the size of monometallic Ni and Pd. Previous reports have discussed that these metals do

not undergo substantial growth during reduction. 25 261

Based on a broad similarity in size, it is often thought a broad similarity in composition will
also be present. However, it is instructive in this case to look closely at the XRD patterns and
EDS elemental composition mapping of individual metal particles to understand if this is the
case, and in turn the implications for catalysis. Figure 1a shows the XRD patterns of the Pd-
Cu family of catalysts. The diffraction patterns contain a series of sharp reflections attributable
to the carbon support (as they appear in all samples), but also broad features typical of nano-
sized metal particles. These metallic features in both pure Cu and pure Pd are in the expected
positions (allowing for strain or relaxation in the nano-sized particles) for the (111), (200) and
(220) of the face-centred cubic (f.c.c.) crystal structurel?” as indicated by the vertical dashed
lines. Figure 1b shows an expansion around the (111) region for both metals — if the bimetallic
particles were homogeneous alloys in the true sense, then it would be expected that Vergard’s
law would result in a smooth gradual shift in the (111) reflection as a function of composition.
This is clearly not the case. Instead as the Cu concentration is increased from pure Pd to
PdsoCuao, the main Pd peak is shifted slightly and also a small Cu reflection emerges (at the
same 20 value ~43° as the pure Cu sample). When the concentration is increased still further
(Pd40Cuso and Pd20Cuso), the same pure Cu reflection becomes substantially stronger and the

remaining metal appears to form a wide distribution of different compositions.

This picture is confirmed by STEM-EDS in which the elemental composition fraction of the
metal particles (%Cu / total metal) was measured for many individual particles. The results of
this are shown in Figure 1c-e, where the actual spread of compositions present in each sample
determined by EDS can be seen as a histogram. The same trend is seen with a Pd rich alloy
present in the PdsoCuaso case, but a high frequency of pure Cu particles in the Cu rich samples.
It should be noted that based on the observations from the pure Cu sample it is possible that
the Cu particles present are larger and so are observed less frequently by TEM — this is hinted
by the XRD where the peak intensity of the Cu reflection changes, but the width is similar from

its first appearance on increasing Cu content. The observation of the same general trend by



XRD and EDS is valuable, as it excludes the possibility of XRD weak or silent material (e.g.

amorphous or disordered particle coatings etc.) being overlooked.

For the Pd-Ni family of catalysts, similar trends can be observed, with Figure 3a showing the
expected reflections for the Ni f.c.c. phase as denoted by the vertical dashed lines. The
expansion in Figure 3b around the (111) metallic reflections is however distinct in that Ni is
not seen to undergo the same segregational behaviour. Ignoring the sharp reflections from the
carbon substrate, with increasing Ni content from Pdioo the Pd reflections broaden in PdeoNiao,
there is a wide spread of compositions in the PdsoNieo and then generally Ni rich compositions
in the Pd20Niso, but pure Ni doesn’t form distinctly separate phases alongside the bimetallic
particles. This is again confirmed by EDS (Figure 3c-e), which does not show the emergence
of high concentrations of pure Ni particles, but relatively broad spreads of composition around

the nominal value for all samples.

The chemical environment and oxidation state of the metal surfaces were probed by XPS. The
XPS analysis of the monometallic Pd/C material displayed the expected Pd 3d spin—orbit
doublet at 335.5 eV and 340.7 eV corresponding to 3ds/2 and 3ds2 respectively, confirming the
presence of Pd in the metallic form (Figure 4a).[?% 21t can be observed that as Pd is substituted
with Cu in the catalyst, the overall intensity of the Pd 3d signal decreases, as expected.
Moreover, there is a small increase in the binding energy of the Pd 3d signals with increasing
Cu content, indicating that the Pd in Pd-Cu catalysts was present in a different electronic
environment due to the interaction with the Cu (Figure 4a). Correspondingly, the Cu 2p signal
(Figure 4b) shows the expected doublet at 932.8 eV and 952.8 eV (for Cu 2ps;2 and Cu 2pis2
of metallic Cu respectively), and this is seen to shift to a lower binding energy as Pd content
increases. It should be noted that a high binding energy shoulder of the main Cu peak and
moderate shake-up satellite peaks centred around 942.4 eV and 962.6 eV were detected,
suggesting a small amount of oxidic Cu may also be present on the surface,% although this
could result from handling and sample transfer. The reduction process employed was clearly
sufficient for a bulk transformation to yield diffraction by Cu metal (without reflections from
Cu20 or CuO in the XRD pattern). However, the key point is the ~1 eV difference in the
binding energies at both Cu and Pd on moving from pure metals to bimetallic samples is
strongly indicative of the expected interaction in Pd-Cu particles, consistent with previous

literature observations.[3]
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Similar to the Pd-Cu catalysts, high resolution Pd 3d XPS of Pd-Ni catalysts exhibit a gradual
shift towards higher binding energies, with the largest difference in Pd 3d binding energy
observed between PdzoNiso (Pd 3ds/2 = 335.8 eV) and pure Pd (Pd 3ds;z = 335.5 eV) samples
(Figure 5a). As presented in Figure 5b, core level spectra of Ni 2p is composed of various
oxidation states, including a spin—orbit split doublet at 852.9 eV and 870 eV indicative of
metallic Ni, where prominent and broad features are centred at 856.1 eV and 873.7 eV
corresponding to Ni in oxidised (NiO), hydroxide (Ni(OH)2) and/or NiOOH forms. Strong
satellite peaks were also observed at 861.5 eV and 880 eV.[?° 32 Comparing the pure Ni catalyst
with the bimetallic Pd-Ni catalysts, it can be observed that, as expected, the Ni peak intensities
decrease with decreasing Ni loading. However, unlike the Pd species, the binding energy of Ni
species didn’t obviously change with variation in the metal loading, although this could be

masked by the presence of different oxidation states in different ratios.

Catalytic reactions

Baseline reference experiments & monometallic catalysts (Pd, Cu & Ni)

The catalytic measurements were conducted in a batch reactor as described in the experimental
section. In all cases the reaction was performed for 3 h to ensure that the oleic acid was fully
converted. Reference experiments conducted in the absence of metals showed that minimal
catalytic activity occurred in the dehydrogenation/deoxygenation system under the reaction
conditions employed when a metal catalyst is not present. Three reference experiments were
conducted: tetralin dehydrogenation with no catalyst support (activated carbon) or oleic acid
as per the scheme in Figure 6 (conversion 6 %); tetralin dehydrogenation in the presence of
the bare carbon support (conversion 8 %); and the tetralin reaction with oleic acid in the

presence of the carbon support (conversion 5 % and 4 % for tetralin and oleic acid respectively).

The three monometallic Pd-, Cu- and Ni-based catalysts were tested in tetralin dehydrogenation
and oleic acid deoxygenation at 330 °C. Figure 7 shows the performance of the monometallic
Pd, Cu and Ni catalysts in the deoxygenation of oleic acid in tetralin. It is clear that all three
metals are active for both tetralin dehydrogenation and oleic acid deoxygenation. It is
noteworthy that the oleic acid deoxygenation reported here is a complex reaction, consisting of
multiple competing reactions such as decarbonylation, deoxygenation and hydrogenation
(Figure 8). It is widely accepted that the liberation of hydrogen from the H donor molecule
and the hydrogen consumption by the acceptor molecule take place on the same active sites.[*!
Tetralin is a compound similar to naphthalene, except that one of its rings is saturated, hence

11



can be dehydrogenated to produce 2 molecules of Hz (Figure 8). Pd shows the highest activity
in tetralin conversion (68 %) followed by Cu (47 %) and Ni (33 %) catalysts (Figure 7). Figure
S4a shows the calculated amount of Hz formed and the maximum amount of Hz that can be
consumed during the reaction over monometallic catalysts. Pd and Cu were also able to almost
completely convert oleic acid (96 % for both catalysts). However, Ni exhibited slightly lower
activity in terms of oleic acid conversion with 82 %, as shown in Figure 7. It has been reported
in the literature that Pd has superior hydrogenation/dehydrogenation and deoxygenation
activity than the transition metal based catalysts due to its inherent ability to form surface
palladium hydride,  which provides an  effective  catalytic site  for
hydrogenation/dehydrogenation and deoxygenation reactions.[* 3%

As Figure 8 illustrates, according to the literature,l® in the first step oleic acid can be
hydrogenated to form stearic acid using the in situ hydrogen produced by the dehydrogenation
of tetralin (Figure 6). Stearic acid can follow three different pathways; (i) decarboxylation:
stearic acid can lose one CO2 molecule to form heptadecane (Ci7Hss), (ii) decarbonylation
which results in the formation of heptadecene (Ci7Hss) by eliminating CO and H20.
Heptadecene (CizHss4) in turn can be hydrogenated to heptadecane (CizHss). (iii)
hydrodeoxygenation: by eliminating 2 water molecules and adding 3 hydrogen molecules in
two consecutive steps, stearic acid converts into octadecane (CisHss). The intermediate stearyl
alcohol could also undergo decarbonylation to heptadecane (Ci7Hss). Figure 8 groups the
molecules produced based on hydrogen consumption or depth of hydrogenation. The extent of

hydrogenation is critically important in understanding the selectivity of the resulting catalysts.

Understanding selectivity differences observed is more complicated. Two factors are at play:
(i) the extent of hydrogenation through the reaction network containing sequential hydrogen
consuming reactions always starting with stearic acid production as per Figure 8 (we have
already seen hydrogen liberation changes Pd>>Cu>Ni); and (ii) the intrinsic differences in
catalysis behaviour over the different metal surfaces. Figure 7 shows Pd is the only catalyst
that has produced a significant amount of octadecane (CisHss, 13% selectivity), indicating
either that only Pd is active in hydrodeoxygenation of the reactively-formed stearic acid to
octadecane or there is insufficient hydrogen available to drive the reaction sequence this far on
other metals. Previous studies have suggested in the deoxygenation reaction using Cu and Ni
catalysts, Cis hydrocarbon products were either absent or negligible (below 1%) due to

decarboxylation’s or decarbonylation’s dominance over hydrodeoxygenation.l3”39 It is clear

12



for both Cu and Ni that the dominant products (steric acid and heptadecene) are those requiring
less hydrogen, however their selectivity is not simply in accordance with the availability of
hydrogen suggesting Ni has a slightly greater ability to facilitate the
decarbonylation/decarboxylation  process. The Ni also produced a higher
heptadecane/heptadecene ratio, despite the lower availability of hydrogen consistent with its
known catalytic ability in activating hydrogenation of C=C bonds.[?*l Heptadecene is
nevertheless still present, and this is consistent with the previously reported observations that
Ni catalysts favour decarbonylation over decarboxylation.[®® 41 The absence of heptadecene in
the Pd catalyst product distribution may be attributed to either the alkene’s ease of
hydrogenation over the Pd catalyst as soon as it is formed or the formation route via
decarbonylation being less favourable. These trends in the selectivity are also reflected in the
amount of Hz consumed in the reaction (Figure S4a). These observations are important in
considering the effectiveness of the different bimetallic catalysts in extending Pd like activity

to the Pd diluted bimetallic samples.

Catalysis by PdxCu(oo-x) and PdxNioo-x) sSupported bimetallic catalysts

The conversion and selectivity results above are now shown as the end members of the two
bimetallic PdxCu00-x) and PdxNi(oo-x) series in Figure 9 and Figure 10 respectively. Figure
S4b and Figure S4c show the amount of hydrogen produced and converted over both series of
bimetallic catalysts. The general trends in performance can be rationalised by the structural
results obtained from XRD and STEM-EDS and the above discussion on the performance of
the individual monometallic catalysts. Firstly, in all cases the consumption of oleic acid is near
complete. However, tetralin conversion for the PdxNi(o0-x) series is diminished going from pure
Pd across the bimetallic samples to pure Ni (Figure 10a). In the case of the PdxCuoo-x) family
(Figure 9a), the Pd rich PdsoCuao, alike the Ni bimetallics shows a slight decrease in tetralin
conversion compared to pure Pd. This decrease in tetralin conversion is much more substantial
for the two Cu rich samples. This means that there is a different amount of hydrogen available
for reaction with oleic acid in these low tetralin conversion cases. The product distribution is
overwhelmingly dominated by mono-hydrogenation products stearic acid and low
concentrations of heptadecene (produced by decarbonylation of steric acid without using
hydrogen). In contrast all the PdxNi(oo-x) catalysts produce moderate amounts of heptadecene
and octadecane (only seen as very minor products with the PdxCuoo-x) series) in addition to
more heptadecane and steric acid. This general trend again mirrors the availability of hydrogen
(based on tetralin conversions) with more hydrogenated products being present when more
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hydrogen is available. In the context of the bimetallic systems, it should be noted that hydrogen
being liberated over Pd (if this is the more effective site for dehydrogenation) is anticipated
from the literature to be able to freely spillover onto other metal sites.[?> 4 The behaviour of
the catalyst with respect to the amount of hydrogen available to react can be rationalised by the
structures seen by XRD and STEM-EDS. For the PdsoCuso and PdsoNiso in both cases it was
seen that composition distribution was that of a Pd rich alloy, with relatively little of the pure
base metal being separately detected. This appears to enable much of the reactivity of the Pd
to be maintained — consistent also with the small shift in the dominant diffraction peaks. For
higher amounts of base metal (the Pd4oCuso and Pd20Cuso) there is a segregation of a significant
fraction of the Cu (as evidenced by the strong Cu reflection by XRD) and thus a smaller amount
of metal remains to form other alloy compositions. The result is there is very likely to be a
lower Pd surface area (given the similar size of particles seen by TEM), which fits with the
much lower tetralin conversions in these cases. In contrast, the PdsoNiso and Pd2oNiso are both
seen by EDS composition distributions and XRD to exhibit genuine alloy nanoparticles with
much less segregation, presumably maximising the number of Pd containing particles. Based
on the conversions and selectivities obtained versus pure Ni, the catalytic behaviour of the
PdxNioo-x) bimetallic catalysts is more than the simple sum of the two components, even
though pure Ni was seen to favour slightly higher rates of further hydrogenation and
decarbonylation than Cu in its own right.

In terms of the reaction occurring on the surface, it is useful to keep in mind that the dominant
Pd surface species (if large organics such as fatty acid products or naphthalene ) may inhibit
surface hydrogen formation by competitive adsorption with either tetralin or result in premature
desorption of the surface hydrogen prior to reaction.®¥ Such competitive effects in transfer
hydrogenations more generally have been extensively studied.[*?l The presence of a second
metal, especially if it causes naphthalene or organic products to bind less strongly, may
therefore facilitate access of the hydrogen donor and the reaction of hydrogen with the fatty
acid, as well as catalysing the decarbonylation/decarboxylation processes. This tandem effect
allows the samples where both metals are homogeneously distributed in each particle to extend
the high hydrogenation activity of Pd to lower Pd containing catalysts. Given the higher value
of the deeply-hydrogenated products and lower cost of the base metals this points to the
attainment of such truly bimetallic materials as a key design requirement for improved transfer

hydrogenation / deoxygenation catalysts.
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Conclusions

Incipient Wetness Impregnation (IWI) which is a cheap, scalable and commercially used
method for catalyst preparation was used to synthesise two different bimetallic catalyst series;
PdxCuqoo-x) and PdxNicoo-x). Materials characterisation by XPS, TEM, STEM-EDS, ICP-OES
and XRD show that the IWI approach yields catalysts with varying degrees of Pd-base metal
interaction; the PdxCuqoo-x) series showing more segregation with increasing Cu content than
PdxNigoo-x). The true bimetallic/alloy particles consistently gave an improved conversion of
tetralin and liberation of hydrogen than the materials in which compositional segregation was
seen — the PdxNiqoo-x) series substantially outperforming the PdxCuqoo-x) catalysts despite the
slightly improved tetralin conversion of pure Cu vs pure Ni. In the hydrogen transfer
deoxygenation of oleic acid at 330 °C, over 3 h the depth of hydrogenation achieved broadly
mirrored the availability of hydrogen (those catalysts better at liberating hydrogen from the
hydrogen donor tetralin produced more hydrogenated products), but also exhibited some
characteristics of the base metal component, such as decarbonylation to form heptadecane. The
PdsoCuso catalyst exhibited enhanced selectivity toward paraffinic diesel hydrocarbons
(C17+Cas) in comparison to its monometallic counterparts (Pd & Cu). Overall, this work shows
the impact of the structures obtained from standard preparation techniques like IWI when
applied to bimetallic systems should be carefully examined as the variations that result can
substantially impact performance. It is also demonstrated that, for the hydrogen transfer
deoxygenation of oleic acid, Pd like hydrogenation/deoxygenation can be effectively extended
by alloying with a cheaper base metal and retain most of the hydrogenation performance as
long as a relatively compositional uniform alloy is formed within the catalyst. Oleic acid is a
prototypical fatty acid for which deoxygenation is a key step in upgrading biomass to valuable
fuels and chemicals, suggesting bimetallic catalysts prepared by a simple, scalable route can

be a key approach for reducing the cost of catalysts needed in such processes.
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Figure 1. XRD patterns of Pdioo, PdeoCuaso, Pd40cuso, Pd20Cuso and Cuioo Supported on

activated carbon after reduction and EDS composition distributions for the bimetallic samples

(a) wide scan XRD, vertical dashed lines denote the position of reflections in the bulk metals

(Pd, pink; Cu, black) and (b) expanded region of XRD pattern around (111) reflections of the

two metals, shown by dotted rectangle in ‘a’. (c), (d) and (e) composition distributions derived

from EDS analysis of multiple individual metal particles in each catalyst
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Figure 2. Bright field transmission electron micrographs of 5 wt. % (a) Pd, (b) Cu, (c) Ni, (d)
Pd-Cu (PdsoCua4o), (e) Pd-Cu (Pds0Cuso), (f) Pd-Cu (Pd20Cuso), (g) Pd-Ni (PdsoNiaso), (h) Pd-Ni
(PdsoNieo) and (i) Pd-Ni (Pd2oNiso) on activated carbon after reduction and their corresponding

particle size distribution.
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Figure 3. XRD patterns of Pdioo, PdsoNiao, Pd4oNiso, Pd20Niso and Niioo supported on activated

carbon after reduction and EDS composition distributions for the bimetallic samples. (a) Wide

scan XRD, vertical dashed lines denote the position of reflections in the bulk metals (Pd, pink;

Ni, black), (b) expanded region of XRD pattern around (111) reflections of the two metals,

shown by dotted rectangle in ‘a’. (¢), (d) and (e) composition distributions derived from EDS

analysis of multiple individual metal particles in each catalyst.
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Figure 4. XPS of Pd 3d (a) and Cu 2p (b) for the Pd, Cu and Pd-Cu materials supported on

activated carbon after reduction pre-treatment.
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Figure 5. XPS of Pd 3d (a) and Ni 2p (b) for the Pd, Ni and Pd-Ni materials supported on

activated carbon after reduction pre-treatment.
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Figure 7. a) Conversion of tetralin and oleic acid and b) selectivity of products in oleic acid
deoxygenation using tetralin as hydrogen source over monometallic carbon supported Pd, Cu
and Ni catalysts. Reaction conditions: 1 ml of oleic acid, 1 ml of tetralin, 50 mg of catalysts,
330 °C, 10 bar of N2, 3 h and 1100 rpm stirring.

26



ACCEPTED MANUSCRIPT

FIGURE 8
1 1xH;products CirFlas 1
Heptadecene |
Hydrogenation ,"
C47H33CO0OH H - 5
C1J7Iei3§ acid 42:_, € s COOH e |
Stearic acid ! e —
-—— - . / - bl |
N ‘Hydrodeoxygenation _Hzé’ n-Heptadecane
N ~ i
Y ~o~
\ N

N
\\\ CygH370H
\\\\Stearyl alcohol

et
|
S )
N
|Hydmdeoxygenm/\<\ 3 x H, product
o

\-------
CiaHas 1

|
n-Octadecane 4 x H, product I

|
|
|
|
|
2 x H, product |
i
|
|
|

Figure 8. Reaction pathway for deoxygenation of oleic acid in presence of Ha.

27



FIGURE 9
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Figure 9. a) Oleic acid conversion in tetralin dehydrogenation over PdxCuoo-x) catalyst series
with x = 0, 20, 40, 60 and 100. b) Liquid product selectivity/distribution of oleic acid
conversion in tetralin. Reaction conditions: 1 ml of oleic acid, 1 ml of tetralin, 50 mg of
catalysts, 330 °C, 10 bar of N2 and 1100 rpm.
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Figure 10. a) Oleic acid conversion in tetralin dehydrogenation over PdxNioo-x) catalyst series
with x = 0, 60, 40, 20 and 100. b) Liquid product selectivity/distribution of oleic acid
conversion in tetralin. Reaction conditions: 1 ml of oleic acid, 1 ml of tetralin, 50 mg of

catalysts, 330 °C, 10 bar of N2 and 1100 rpm.
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TABLE 1

Table 1. Textural properties of monometallic and bimetallic catalyst samples.

ggey;’; m,\(‘)(l)ar?irr::ilp Metal loading/ -W’[.% Surface S.rlea[b] /m? Pore dis:nweterlcl / Cr)tstallite sizel / nm - erEi'\c/:e
(Pd:Cu/Ni) Pd Cu Ni Total Pre-reduction Post -reductionfel size /nm
Norit Carbon - - - - - 660 4.0 - - -

Pd 1.0 4.8 - - 4.8 535 3.8 4 8 8.0
Cu 0:1 - 3.6 - 3.6 547 3.8 5 35 17.3
Ni 0:1 - - 4.9 4.9 562 39 9 10 8.5
PdsoCuao 3:2 3.1 1.2 - 4.4 596 39 - - 8.1
PdaoCuso 2:3 25 2.2 - 4.6 450 3.8. - - 10.6
Pd20Cuso 1:4 13 3.3 - 45 580 3.8 - - 8.9
PdeoNiao 3:2 3.3 - 12 45 575 3.9 - - 8.0
PdaoNiso 2:3 2.3 - 2.0 4.3 572 3.9 - - 7.7
Pd2oNisgo 1:4 1.4 2.9 4.3 517 3.8 - - 7.6

[a] ICP-OES, [b] BET, [c] BJH, [d] XRD and [e] Reduction of the catalysts was conducted at 450 °C for 2 h.
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