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A B S T R A C T   

Furfural is a versatile platform molecule and a model compound to explore the key factors influencing activity 
and selectivity in heterogeneous catalysis. In this study, Pd and AuPd nanoparticles (average size 3.5–4 nm) were 
deposited on TiO2 by sol immobilization method and were evaluated for liquid-phase furfural hydrogenation. 
Alloying Au and Pd caused a decrease in activity, an enhancement in stability, and a change in selectivity, 
favouring the complete hydrogenation of furfural over the decarbonylation reaction. These variations in catalytic 
performance were elucidated by combining in situ attenuated total reflectance infrared spectroscopy and density 
functional theory studies.   

1. Introduction 

There has been a notable surge in scientific exploration within 
biomass valorization in recent decades [1,2]. Substantial strides have 
been achieved in pinpointing “platform molecules,” the fundamental 
building blocks derived from sugars through chemo-catalytic conversion 
[3–5]. As the significance of biomass-based industrial chemistry con-
tinues to grow, attention is increasingly focused on process optimization 
and overcoming associated challenges [6–8]. Dedicated efforts have 
been directed towards researching and refining reactive processes to 
enhance the functional versatility of these platform molecules. Chem-
icals derived from biomass have demonstrated utility across diverse 
applications, spanning pharmaceuticals, solvents, fuels, and fine 
chemicals. 

A noteworthy example of a platform molecule is furfural (FF, furan- 
2-carbaldehyde), which is emblematic of the multifaceted landscape of 
biomass-derived compounds and their potential industrial applications 
[9–16]. The multifunctionality inherent in the furfural molecule pre-
sents an outstanding opportunity for many chemical transformations, 
yielding a diverse array of high-value products. However, at the same 

time, its high reactivity poses a classic challenge in heterogeneous 
catalysis, highlighting the difficulty in achieving selectivity. An integral 
aspect of this pursuit is the design of efficient and selective catalysts, 
representing a significant goal in current research projects [17–20]. 
Furfural molecules can adsorb on catalytic surfaces through their func-
tional groups, carbonyl group and furanic ring, forming a variety of 
products (Fig. S.1) [21]. Specifically, when subjected to hydrogenation 
conditions on noble metal catalysts, the aromatic furan ring tends to 
adhere to the metallic surface firmly. Therefore, FF hydrogenation re-
sults in the dominant production of furan (F) and tetrahydrofuran (THF) 
through processes such as decarbonylation and ring hydrogenation. 
Depending on the catalyst composition and structure, reactions such as 
aldehyde hydrogenation and hydrodeoxygenation drive the conversion 
of furfuryl oxygenates to desirable fuels, furfuryl alcohol (FA) or 
methylfuran (MF) [22–27]. 

Various strategies have been employed to control selectivity in 
furfural hydrogenation over noble metal-based catalysts: From utilizing 
bimetallic catalysts [28] and fine-tuning size and shape [29] to 
leveraging support cooperative action [30,31] and incorporating surface 
modifiers [32–34]. Specifically, the synergistic interplay between Pd 
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and a second metal (e.g., Ni, Cu, Ag) has showcased tremendous po-
tential in steering selectivity towards particular products in furfural 
hydrogenation [35–48]. 

In this study, gold (Au) was incorporated into the inherently active 
palladium (Pd) catalysts to generate AuPd nanoparticles (NPs) of similar 
size, which were then supported on titanium dioxide (TiO2). The 
alloying of palladium with gold has proven effective in altering the ac-
tivity and selectivity of catalysts, thereby enhancing their stability in 
various liquid-phase oxidation and hydrogenation reactions [49–55]. 
Recent findings indicated a predominant product, 2-methyloxolan-2-ol, 
from the catalytic hydrogenation of furfural using bimetallic AuPd NPs 
supported on silica [56]. Additionally, the introduction of titanium (Ti) 
into AuPd/SiO2 promoted a ring-opening pathway, leading to the for-
mation of 1,2-pentanediol [57]. Herein, we revealed the modification 
effects of AuPd NPs on TiO2 support through in situ Attenuated Total 
Reflectance (ATR) FT-IR spectroscopy and Density Functional Theory 
(DFT) atomistic simulations. These techniques enabled the correlation of 
adsorption energies with surface species evolution, the catalytic activity, 
and the selectivity observed in batch tests. 

2. Experimental method 

2.1. Catalyst preparation 

2.1.1. Monometallic catalysts 

2.1.1.1. Au catalyst preparation. Solid NaAuCl4 * 2H2O (Aldrich, 
99.99% purity; 0.043 mmol) and polyvinyl alcohol solution (PVA, 
MWPVA = 13,000-23,000, 87–89% hydrolyzed, Aldrich; 1% w/w; Au/ 
PVA 1:0.5, w/w) were combined in 100 mL H2O. After 3 min, a solution 
of sodium borohydride NaBH4 (Fluka, > 96%; Au/NaBH4 1/4 mol/mol) 
was introduced with vigorous magnetic stirring, resulting in the im-
mediate formation of a ruby red Au(0) sol. A UV–visible spectrum 
confirmed the complete reduction of AuCl4− and the emergence of the 
plasmon peak of Au(0) nanoparticles. The colloids, acidified to pH 2 
with sulfuric acid, were rapidly immobilized by adding the support 
(TiO2, Degussa P25, 49 m2 g− 1, 80% anatase) under vigorous stirring. 
The support amount was calculated to achieve a final metal loading of 1 
wt%. Catalysts were filtered, washed, and dried at 80 ◦C for 4 h. 

2.1.1.2. Pd catalyst preparation. Solid Na2PdCl4 (Aldrich, 99.99% pu-
rity; Pd 0.043 mol) and PVA solution (1% w/w) (Pd/PVA 1:0.5 w/w) 
were mixed in 100 mL H2O. After 3 min, NaBH4 (Pd/NaBH4 = 1/8 mol/ 
mol) was added to the yellow-brown solution with vigorous magnetic 
stirring, immediately forming a brown Pd(0) sol. A UV–visible spectrum 
confirmed complete PdCl42− reduction. The colloids, acidified to pH 2 
with sulfuric acid, were rapidly immobilized by adding the carrier with 
vigorous stirring. The carrier amount was calculated to achieve a final 
metal loading of 1 wt%. Catalysts were filtered, washed, and dried at 
80 ◦C for 4 h. 

2.1.2. Bimetallic catalysts 
Bimetallic catalysts were prepared following a previously reported 

procedure. After the preparation of 0.73 wt% Au/TiO2, the material was 
dispersed in 100 mL water, and Na2PdCl4 (Pd 0.025 mol) and PVA so-
lutions (1%, w/w) (Pd/PVA 1:0.5 w/w) were added. Hydrogen (H2) was 
bubbled under atmospheric pressure and room temperature (50 mL 
min− 1). After 2 h, the slurry was filtered, and the catalyst was thor-
oughly washed with distilled water. Inductively coupled plasma (ICP) 
analyses were performed on the filtrate to verify the quantitative metal 
loading on the support. The final total metal loading was 1 wt% in all 
cases, with an Au/Pd mass ratio of 7.3/2.7 (6/4 mol/mol) for the 
bimetallic catalyst. The metal content was assessed by by ICP-OES using 
a Perkin Elmer Optima 5300 DV instrument. 

2.2. Catalytic test in batch reactor 

The hydrogenation of furfural was carried out at 50 ◦C in a stainless- 
steel reactor (30 mL capacity) equipped with a heater, a mechanical 
stirrer, a gas feed system and a thermometer. A fresh solution of furfural 
(10 mL, 0.3 M in 2-propanol) was added to the reactor with the desired 
amount of catalyst (furfural/metal = 500 mol/mol). The reaction vessel 
was rinsed three times with 3 bar N2 before it was depressurised and 
again pressurised with 1 bar H2 and sealed. The mixture was thermo-
stated at 50 ◦C before being mechanically stirred (1000 rpm) to ensure 
kinetic regime conditions. At the end of the reaction, the autoclave was 
cooled to room temperature (25 ◦C) and the pressure was released. The 
process of pressurising the vessel was repeated after taking each reaction 
sample. The reaction samples (0.2 mL) were taken at regular intervals 
and mixed with the internal solvent (2-propanol) and the external 
standard (dodecanol) before being analysed in an Agilent 6890 gas 
chromatograph (Agilent Technologies, Santa Clara, California, United 
States) using a Zebron ZBS 60 m × 0.32 mm × 1 μm column (Phe-
nomenex, Torrance, California, United States). Authentic products (e.g., 
FA and THFA) were analysed to determine retention times. Quantitative 
analyses were performed using the external standard method, 
comparing the GC peak area of each product with that of a known 
standard (dodecanol). Unidentified ether products were identified by 
gas chromatograph-mass spectroscopy (GC–MS). Aliquots of the reac-
tion mixture were analysed using a Thermo Scientific ISQ QD (Thermo 
Fisher Scientific, Waltham, Massachusetts, United States), equipped 
with an Agilent VF-5 ms column, 60 m × 0.32 mm × 1 μm (inner 
diameter thickness) (Agilent Technologies, Santa Clara, California, 
United States). 

2.3. Catalyst characterization 

A home-built batch reactor cell was used to monitor the progress of 
furfural hydrogenation both at the catalyst surface and in solution using 
attenuated total reflectance (ATR-IR) [53]. The cell modifies the one 
described in Ref. [58]. In this case, stirring was obtained with a con-
ventional laboratory magnetic stirrer integrated into the bottom plate of 
the cell. The top of the cell was then fitted with a cylindrical stainless- 
steel body and a stainless steel lid, allowing the insertion of a glass 
condenser (conical cone ground, 19/26) for experiments under reflux. 
The ZnSe internal reflection element (IRE, 30◦, 50 mm × 20 mm × 2 
mm; Crystran Ltd., Poole, United Kingdom) was coated with a powder 
film obtained by evaporating a catalyst suspension (10 mg/ 2 mL sus-
pension) and placed on the horizontal heatable bottom of the cell 
(Fig. S.2). After placing the cell body and adding 10 mL of 2-propanol as 
the solvent, the temperature was raised to 50 ◦C, and the system was 
kept under H2 bubbling for about 30 min with reflux and stirring. Before 
injection of furfural (20 mM), a background spectrum of the catalyst was 
recorded at 50 ◦C in 2-propanol. Then, a series of consecutive ATR-IR 
spectra (200 scans, about 4 min/spectrum, 4 cm− 1 resolution) were 
recorded to follow the reaction. At about 5 min after the injection of 
furfural, N2 was replaced by 1 bar H2, and the system was allowed to 
react for about two h. 

CO adsorption at 50 ◦C was followed by flowing 2-propanol satu-
rated with 5 vol% CO/Ar bubbling at 1 bar through a home-made flow- 
through ATR-IR cell equipped with a ZnSe IRE (45◦, 52 mm × 20 mm ×
2 mm). Prior to CO adsorption [53], the catalyst layer deposited onto the 
IRE was reduced with a 2-propanol solution saturated with H2 bubbling 
at 1 bar at 75 ◦C for 1 h. 

Samples for transmission electron microscopy (TEM) studies were 
prepared by depositing small amounts of dry catalyst powder onto holey 
carbon copper grids. Micrographs combined with analytical studies by 
energy-dispersive X-ray (XEDS) and electron energy loss spectroscopy 
were performed in High Annular Dark Field mode using a FEI Titan3 

80–300 microscope operated at 200 and 80 kV. Digital Micrograph, TIA, 
and INCA software were used to analyse the TEM micrographs and XEDS 
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spectra. The quantification of XEDS spectras was processed by using the 
theroretical Cliff-Lorimer factors using the Au-M and Pd-L family lines. 
The PSD, Gaussian fit, average particle diameter, and metal dispersion 
were calculated using Gauss software, assuming a truncated cubocta-
hedron particle shape. EELS data were acquired in Dual mode in order to 
have two core –loss regions for collection of the characteristic signals of 
Ti-L3,2 at 45 eV and Pd-M5,4 at 335 eV, simultaneously at high energy to 
obtained the typical signals of Au-M4,5 at 2206 Ev. Post treatment of 
these data, such as background subtraction, multiple linear least square 
(MLLS) fitting along principal component analysis (PCA), were pro-
cessed using Gatan’s Digital Micrograph. 

2.4. Computational method 

All the periodic density functional theory (DFT) calculations were 
carried out using VASP (Vienna Ab initio Software Package) [59–61]. 
The Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional 
[62] was employed to account for the exchange and correlation effects 
on valence electrons with the projector augmented-wave method used to 
represent atomic core states [63,64]. Dispersion effects were included 
using Grimme’s empirical DFT-D3 model [65]. FCC lattice constants 
were estimated to be 3.88 Å (experimental value of 3.89 Å) and 3.99 Å 
for Pd and AuPd, respectively. All lattice constants were estimated by 
fitting single-point calculations at fixed lattice constants to the Murna-
ghan equation of state. All lattice constant calculations employed the 
tetrahedron method with Blöchl corrections and a gamma-centred 
15x15x15 k-point mesh. Binding energies and activation energies 
were calculated with close-packed (111) slabs of Pd and mixed AuPd 
(with an Au:Pd ratio of 1:1) in 4 × 4 supercells (sixteen atoms in each 
layer) and a total of four atomic layers, with the bottom two layers fixed 
in their bulk positions and the top two layers and adsorbates (if present) 
allowed to relax. Slabs were separated vertically by 15 Å of vacuum 
[66]. For slab calculations, a gamma-centred Monkhorst-Pack scheme 
with a 4x4x1 k-point mesh was used. All slab calculations employed 
Gaussian smearing with a smearing parameter of 0.05 eV. The periodi-
cally repeated slabs were separated by a 20 Å vacuum layer along the Z 
direction, which is enough to avoid any spurious interaction with peri-
odically replicated images. A kinetic energy of the plane waves was set 
to 400 eV ensuring no Pulay stress. The convergence criterion was set 
such that the calculations converge when the forces are <0.02 eV Å− 1 for 
adsorption calculations, 0.001 eV Å− 1 for the bulk, and 0.01 eV Å− 1 for 
surface optimization calculations. The adsorption energy was computed 
using Eq. (1). 

Eads = Esys − (Es +Emolec) (1) 

Where Esys is the energy of the adsorbate adsorbed on the slab, Es is 
the energy of the bare slab and Emolec is the energy of the adsorbate in the 
gas phase, that is, in a cell large enough to avoid intermolecular 
interactions. 

3. Results and discussion 

3.1. Monometallic and bimetallic catalysts and their performance in the 
hydrogenation of furfural 

A 1 wt% AuPd/TiO2 catalyst (Au:Pd molar ratio 6:4, verified by ICP 
analysis) was synthesized through a two-step procedure [52]. This 
bimetallic catalyst was compared to monometallic counterparts (Au and 
Pd catalysts) with an equivalent total metal content of 1%. 

Monometallic and bimetallic catalysts exhibited comparable mean 
particle sizes ranging from 3.5 to 4.1 nm [53]. This is a typical feature of 
catalysts synthesized using the specific sol-immobilization procedure 
employed in this study [52]. 

The elemental distribution of chemical constituents in the bimetallic 
NPs was analysed using Electron Energy Loss Spectroscopy (EELS) and 
XEDS analysis. For example, the spatial distribution of Au and Pd 
resulting from Pd-M4,5 and Au-M5,4 EELS signals is illustrated in colored 
maps in Fig. S.4a. In this example, the EELS mapping revealed a ho-
mogeneous distribution of Pd and Au throughout the entire particle, 
with no discernible segregation, confirming the presence of AuPd alloys. 
Further details of the bimetallic entities are discussed in light of addi-
tional data. 

The catalytic performance towards the liquid-phase hydrogenation 
of furfural was assessed in a batch reactor utilizing 2-propanol as the 
solvent (T = 50 ◦C, 1 bar H2). Under these reaction conditions, Au/TiO2 
demonstrated low activity, achieving only a 2% conversion after 3 h 
(Table 1). In contrast, Pd/TiO2 achieved 80% conversion after the same 
time. The combination of Au and Pd (Au/Pd molar ration 6:4) resulted in 
a moderately active catalyst, ensuring a furfural conversion of 55%, 
positioned between its monometallic counterparts of Au and Pd. 

Regarding selectivity, the etherification reaction, with the formation 
of isopropryl-ether (FIE) dominated the monometallic Au catalyst, a 
characteristic often observed in furfural hydrogenation at low conver-
sion values [67]. Furfuryl alcohol (FA) emerged as the predominant 
product with Pd and AuPd catalysts, displaying selectivity values, 
calculated at 80% of conversion, ranging from 68% to 76%. However, a 
notable divergence in by-product distribution is evident from the 
selectivity data in Table 1. Monometallic Pd exhibited the production of 
deoxygenated products, 2-methylfuran (7% selectivity) and furan (5% 
selectivity). In contrast, the AuPd system facilitated the hydrogenation 
of the furan ring, resulting in a selectivity increase towards tetrahy-
drofurfuryl alcohol (THFA; ca. 20% selectivity, Fig. S.5a) and 2-methyl-
tetrahydrofuran (2-MTHF; ca. 3%), while the formation of 2- 
methylfuran and furan was negligible. 

Stability tests were carried out through eight consecutive runs 
employing the bimetallic catalyst. The catalyst demonstrated consistent 
stability, exhibiting negligible signs of deactivation throughout the 
successive runs. Intriguingly, the selectivity towards FA and THFA 
remained unaltered even after the completion of all eight runs 
(Fig. S.5b). Contrarily to the Pd/TiO2 rapid deactivates due to the gen-
eration of Pd carbide, fostering a less favourable furfural adsorption 
configuration (Fig. S.5c) [68]. The enhanced stability attributed to the 
inclusion of Au aligns with findings documented in prior literature. 

Table 1 
Catalytic results in furfural hydrogenation.  

Catalysta Particle sizeb (nm) Conversionc (%) Selectivity (%)d 

FA THFA 2-MF 2-MTHF FIE furan 

1 wt% Au/TiO2 3.7 ± 0.9 2 – – – – >99  
1 wt% Pd/TiO2 3.5 ± 0.7 80 76.2 2.3 7.1 0.4 4.8 5.2 
1 wt% Au6Pd4/TiO2 4.1 ± 1.2 55 68.2 22.1 1.2 3.1 4.2 0.2  

a Reaction conditions: Furfural = 0.3 M; FF/metal ratio = 500 wt/wt, 50 ◦C, 1 bar H2. 
b Data from Ref. [53]. 
c Conversion after 3 h. 
d Selectivity at 80% of conversion. 
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3.2. Structure of Pd and AuPd catalysts 

In the pursuit of unravelling the structural factors influencing ac-
tivity and selectivity, the influence of particle sizes can be discounted, 
given the comparable size distribution observed in both Pd and AuPd 
NPs (Table 1). 

Detailed structural features of these catalysts, as obtained through 
TEM techniques, can be found in the supporting information, particulary 
in Fig. S3, which includes HAADF-STEM and HRTEM images illustrating 
the typical morphology, size and crystalline structure of several particles 
of AuPd/TiO2 catalysts. Upon analysis of the HRTEM images, distances 
of approximately 0.23 nm have been observed, which could correspond 
to the {111} planes of the face-centered cubic (fcc) structure of gold-rich 
entities, either in pure form or as alloys. Complementary information 
provided in Fig. S4a-b confirms the presence of such particles, indicating 
the existence of both monometallic Au and AuPd alloys. 

As depicted in Fig. S4b, the catalysts exhibit a uniform distribution of 
particles ranging in size from 1 to 5 nm. Further analysis of individual 

particles reveals that the vast majority contain both Au and Pd metals, 
spanning compositions between 64 and 82 at.% Au, with only a small 
fraction being composed of pure monometallic particles. The corre-
sponding average gold content in the bimetallic particles is approxi-
mately 72%, consistent with estimates obtained via CP-AES. 

The discernible variations in activity and selectivity between sup-
ported Pd and AuPd catalysts could potentially be attributed to distinct 
surfaces, site exposure or site isolation effects arising from alloying. In 
support of this hypothesis, spectroscopic techniques such as EELS and 
XEDS analysis analysis have revealed the presence of Au-rich domains 
with random compositions on the bimetallic entities. 

Using CO adsorption, it is possible to probe the available surface sites 
and characterize the adsorption features of the catalysts. In previous 
studies, diffuse reflectance infrared Fourier transform (DRIFT) spec-
troscopy with gas-phase CO has been used to characterize the surface 
exposure on Pd/TiO2 and AuPd/TiO2 catalysts [53]. From these studies, 
CO adsorption on metallic Pd typically yielded distinct bands, including 
linearly bound CO (COL) at corners (ν̃ = 2097 cm− 1) and edges (ν̃ ≈
2080 cm− 1), bridging bonded CO (COB) to Pd(100) facets (ν̃ = 1981 
cm− 1) and to step/edges (ν̃ = 1952 cm− 1) and coordinated to partially 
oxidized Pd2+ sites. The absence of Pd2+ species in AuPd/TiO2 suggested 
that Pd was less prone to oxidation upon alloying with Au. Introducing 
gold prompted also structural changes. The elevated COL/COB ratio on 
AuPd/TiO2 agrees well with the less intense CO adsorption bands ob-
tained on AuPd/TiO2 compared to Pd/TiO2, which is attributed to the 
lower content of Pd in the bimetallic catalyst (Au/Pd = 6/4 molAu/ 
molPd) as well as to Pd species closely interacting with Au through 
alloying. 

The CO adsorption from the liquid phase (CO-saturated 2-propanol) 
on the catalysts was monitored at 50 ◦C to unravel the influence of the 
polar solvent (2-propanol) on adsorption sites and their behaviour under 
reaction conditions. As shown in Fig. 1, both spectra exhibited promi-
nent bands at 1943 cm− 1 and 2044 cm− 1 (2047 cm− 1 for AuPd/TiO2), 
attributed to COB on Pd(100) and COL, respectively. Furthermore, a 
shoulder of the COB signal indicated the presence of hollow bonded CO 
(CO3B) on Pd(111). A markedly higher COL/COB ratio in AuPd/TiO2 
than in Pd/TiO2 suggested the existence of small Pd domains, i.e., with 
decreased Pd–Pd sites. Therefore, our data confirm site isolation effects 
in the bimetallic AuPd particles, i.e., the deposition of Pd onto pre-
formed Au nanoparticles likely led to the formation of smaller and less 
continuous Pd domains. In addition, the use of CO as a probe molecule at 

Fig. 1. ATR spectra of adsorbed CO on Pd/TiO2(blue curve, left), AuPd/TiO2 
(red curve, right). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 2. In situ ATR-IR spectra during furfural hydrogenation on a) Pd/TiO2 and b) AuPd/TiO2.  
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operating conditions allowed further investigation of the decarbon-
ylation of furfural, which leads to the production of furan, observed as 
the main by-product. 

3.3. In situ ATR-IR spectroscopy 

The evolution of surface species during the hydrogenation of furfural 
was followed using ATR-IR spectroscopy on catalyst layers deposited on 
an internal reflection element on the bottom of a batch-reactor cell. In 
this setup, the catalyst layer was exposed to a 2-propanol solution of 

Fig. 3. Schematic representations of cis-furfural on (A) Pd(111) and (C) AuPd(111) and trans-furfural on (B) Pd(111) and (D) AuPd (111) model surfaces. Inset 
values indicate interatomic distances and angles in angstroms and degrees, respectively. 
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furfural (20 mM) at reflux conditions with a reaction time of 120 min, 
employing hydrogen bubbling instead of a pressurised suspension. 

The in situ ATR-IR spectra (Fig. 2) obtained for the samples showed 
signals at 1714 cm− 1 and 1584 cm− 1, characteristic of carbonyl 
stretching and furanic ring respectively, and ascribed to furfural dis-
solved in 2-propanol. The broad signal extending between 1700 and 
1500 cm− 1 is indicative of formation of adsorbed organic species whose 
nature and location (metal(s) vs support) need further analysis and ex-
periments. The decarbonylation of furfural was studied through the 
intense signals of adsorbed CO in the 1800–2000 cm− 1 region and 
compared to liquid and gas phase adsorption of molecular CO (Fig. 1) to 
unveil sites participation in the catalytic process. Specifically, in the case 
of Pd/TiO2 catalyst, two intense signals at 1921 cm− 1 and 1881 cm− 1 

can be ascribed to COB and CO3B. The bathochromic shift by 20 cm− 1 

compared to CO adsorbed from the liquid phase (Fig. 1, top curves in 
Fig. 2) might be caused by changes in the electronegativity of the surface 
as a consequence of the presence of co-adsorbed hydrides and furfural in 
the reaction environment [69]. 

In contrast to CO adsorption from liquid phase, the intensity of COL 
signals (> 2000 cm− 1) was negligible during reaction. This lack of COL 
implies that the CO was generated and adsorbed selectively on specific 
sites, potentially the Pd(111) terraces. Therefore, these Pd(111) terraces 
can be identified as preferential sites for furfural decarbonylation on the 
Pd surface. 

In the ATR-IR spectra collected over AuPd/TiO2 signals at 1881 cm− 1 

and 2020 cm− 1 can be associated with COB and COL, respectively. The 
COL/COB ratio was similar to that observed upon CO adsorption in the 
liquid phase (Fig. 1). The absence of the signal at 1921 cm− 1 indicates 
that these sites can perform total furfural hydrogenation to THFA. 

3.4. Atomistic simulations on Pd(111) and AuPd(111) surfaces 

DFT calculations were performed to explore the interaction of 
furfural with monometallic and bimetallic surfaces and to rationalize the 
changes observed in activity and product selectivity. The Pd/TiO2 
catalyst was modelled with a Pd(111) metal slab. The AuPd/TiO2 was 
modelled by a random AuPd alloy, i.e. the most stable configuration of 
several 50:50 arrangements tested, exposing the (111) surface [55]. 

The furfural initial adsorption configuration was set as η2 - (C,O) 
aligned with previous benchmarks on (111) metal slabs and at low 
substrate and H2 coverages [70,71]. On Pd(111), we observed adsorbed 
furfural to interact through the furanic ring (Fig. 3) preferentially; 
Table 2 contains the adsorption energies for both configurations, i.e. cis 
and trans, which are in entire agreement with previous reports [70]. 
Furfural adsorption on Pd leads to the activation of C1 in the ring, as 
observed from the lost planarity and the slight elongation of the C–C 
distance compared to the gas phase furfural (1.456 Å). The distortion on 
the molecule and the marked exothermicity confirm the high affinity 
observed from the experiments and explain the preferential decarbon-
ylation via the planar interaction of furfural through the entire furanic 
ring. When Au is incorporated and alloyed with Pd, the preferential sites 
are embedded in islands on the surface, as observed from in situ ATR-IR 
spectroscopy (Fig. 2), weakening the furfural binding energy indepen-
dently of the molecular configuration, i.e. cis or trans. The adsorption 
energy and negligible distortion on the carbonyl side of the molecule 
align with the limited reactivity observed in the experiments and fav-
oured ring hydrogenation on AuPd/TiO2 [70]. Besides, and contrarily to 

the Pd surface, the plane of the molecule is not parallel to AuPd alloy as 
it mainly bonds with the portion of the furanic ring carbon atoms 
furthest from the carbonyl group. 

4. Conclusions 

Using in situ vibrational spectroscopy in liquid phase and computa-
tional methods, we have comparatively studied monometallic Pd/TiO2 
and bimetallic AuPd/TiO2 catalysts for furfural hydrogenation. The Pd 
islands exposed on the surface upon alloying Au and Pd increased par-
ticle stability and suppressed C–C bond cleavage and decarbonylation 
reactions while simultaneously enhancing the total hydrogenation re-
action. Both ATR-IR and DFT studies revealed that the difference in 
product distribution between the two catalysts could be ascribed to a 
different interaction strength between the aromatic ring of furfural and 
the metal surfaces as well as the availability of particular surface sites. 
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