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Abstract 

 

Selective hydrogenation of α,ß-unsaturated aldehydes to unsaturated alcohols is a challenging class 

of reactions, yielding valuable intermediates for the production of pharmaceuticals, perfumes, and 

flavorings. On monometallic heterogeneous catalysts, the formation of the unsaturated alcohols is 

thermodynamically disfavored over the saturated aldehydes. Hence, new catalysts are required to 

achieve the desired selectivity. Herein, the literature of three major research areas in catalysis is 

integrated as a step toward establishing the guidelines for enhancing the selectivity: reactor studies 

of complex catalyst materials at operating temperature and pressure; surface science studies of 

crystalline surfaces in ultrahigh vacuum; and first-principles modeling using density functional 

theory calculations. Aggregate analysis shows that bimetallic and dilute alloy catalysts significantly 

enhance the selectivity to the unsaturated alcohols compared to monometallic catalysts. This com-

prehensive review focuses primarily on the role of different metal surfaces as well as the factors 

that promote the adsorption of the unsaturated aldehyde via its C=O bond, most notably by elec-

tronic modification of the surface and formation of the electrophilic sites. Furthermore, challenges, 

gaps, and opportunities are identified to advance the rational design of efficient catalysts for this 

class of reactions, including the need for systematic studies of catalytic processes, theoretical mod-

eling of complex materials, and model studies under ambient pressure and temperature.
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1.  Introduction 

 

Selective hydrogenation of unsaturated oxygenates remains a challenging and unsolved 

problem that requires the study and development of new catalysts. In particular, allylic alcohols − 

a subclass of naturally occurring terpenoid alcohols − comprise an important class of chemicals in 

the fine chemical industry, serving as valuable intermediates in the production of pharmaceuticals 

perfumes, and flavorings.1–5 Allylic alcohols are primarily synthesized by the reduction of the car-

bonyl group of α,β-unsaturated aldehydes. Typically, the chemoselective reduction of the carbonyl 

group is achieved using reducing agents,6 Meerwein-Ponndorf-Verley reagents,7 or organometallic 

catalysts.8–15 These processes often use costly chemicals and solvents which require separations. 

In this context, heterogeneous catalysis is viewed as an alternative, more sustainable route for the 

production of these high-value chemicals at an industrial scale.16–26 Simple heterogeneous catalyst 

preparation and recovery are desirable features for the chemical industry. 

The major challenge in developing a catalytic process is that the desired products, unsatu-

rated alcohols, are not the most thermodynamically favored, as indicated by the enthalpy of for-

mation values in Table 1. Partial hydrogenation of α,β-unsaturated aldehydes leads to two main 

products (Fig. 1): the unsaturated (allylic) alcohol via 1,2-addition; and the saturated aldehyde via 

4,3-addition. 1,4-addition leads to the enol, but it quickly isomerizes to its keto form, the saturated 

aldehyde. The saturated aldehydes are undesirable, as they are readily produced via alkene hydro-

formylation. Further hydrogenation leads to the saturated alcohols which are lower value products. 



 

The functional groups present at the α- and β-carbon determine the identity of the compound (Table 

1). 

 

 

Figure 1. Primary reaction scheme for the hydrogenation of α,β-unsaturated aldehydes (UAL) showing the 

three main products: unsaturated alcohol (UOL), saturated aldehyde (SAL), and saturated alcohol (SOL). 

The unsaturated alcohol (blue) is the desired non-thermodynamic product; the undesired products are la-

beled in red. The backbone atoms are numbered starting with the carbonyl oxygen (O1). Functional groups 

(-R) at the α- and β-carbon determine the identity of the compound (Table 1). 

 

Table 1: Names of the representative compounds considered in the hydrogenation of α,β-unsaturated alde-

hydes, according to the functional groups (-R) at the α- and β-carbon (Fig. 1), as adopted in this paper. E-

isomers are shown when stereochemically applicable. Experimental values of gas-phase enthalpy of for-

mation (kJ/mol) (liquid-phase for furfural) are listed below each compound;27–29 values in italics are estima-

tions from the Joback method.30 

R1 R2 R3 
Unsaturated 

aldehyde 
Unsaturated 

alcohol 
Saturated 
aldehyde Saturated alcohol 

H H H Acrolein Allyl alcohol Propanal n-Propanol 

   –87.7 –123.6 –188.7 –256 



 

CH3 H H Methacrolein Methallyl 
alcohol Isobutanal Isobutanol 

   –106.4 –162.5 –215.8 –283.8 

H CH3 H Crotonaldehyde Crotyl alcohol Butanal n-Butanol 

   –109.7 –160.9 –211.8 –277 

H CH3 CH3 Prenal Prenol Isovaleraldehyde Isoamyl 
alcohol 

   –124.7 –191.3 –237.4 –300.8 

H 
 

H Cinnamaldehyde Cinnamyl 
alcohol 

Hydro- 
cinnamaldehyde 

Hydro- 
cinnamyl alcohol 

   39.1 –27.6 –78.1 –144.8 

H 
 

 

CH3 
Citral 

E = Geranial 
Z = Neral 

E = Geraniol 
Z = Nerol Citronellal Citronellol 

   –120.5 –187.1 –233.2 –299.8 

 
H Furfural Furfuryl 

alcohol 
Tetrahydro- 

furfural 
Tetrahydro- 

furfuryl alcohol 

  –200.2 –276.4 –301.6 –435.6 

 

Despite widespread investigations, obstacles remain in the development of efficient heter-

ogeneous catalytic processes for the selective hydrogenation of unsaturated oxygenates. Conven-

tional monometallic catalysts favor hydrogenation of the C=C bond over the C=O bond due to the 

underlying adsorption and reaction thermodynamics.31–33 The selectivity is further degraded due to 

other competing reactions, including dehydrogenation, isomerization, and coupling among the hy-

drogenation intermediates. Bond-breaking reactions, such as hydrodeoxygenation, decarbonyla-

tion, and ring opening, are also observed with e.g. furfural, a popular biomass-derived compound. 

As such, the selective hydrogenation of α,β-unsaturated aldehydes is also an ideal case for the study 

of structure-activity relationships in heterogeneous catalysis.34–47 

Recent works indicate that bimetallic catalysts have the potential to enhance the selectivity 

in the hydrogenation of many different classes of chemicals, such as alkynes, alkenes, imines, and 

carbonyl compounds,21,26,39,46,48–66 as well as biomass-derived molecules.67–73 In particular, single-

atom alloys, in which dilute amounts of catalytically active elements, e.g. Group 8-10 (VIIIB), are 



 

embedded as well-dispersed single atoms in a more inert host, e.g. Group 11 (IB), have gained 

much attention as bifunctional catalysts capable of achieving an optimal activity-selectivity bal-

ance.74–77 In general, the presence of a secondary metal can enhance the selectivity by various 

electronic (ligand) and geometric (ensemble) effects (see section 2.1 and 3.3). Fundamental under-

standing and engineering of these variables, however, remain challenging due to the structural and 

chemical complexities intrinsic to bimetallic systems. Further complications arise from the dy-

namic nature of the surface composition and morphology under reaction conditions, such as reverse 

surface segregation in response to different pretreatments and reactive environments.78–84 

This review aims to present a compelling set of guidelines for the selective hydrogenation 

of α,β-unsaturated aldehydes in heterogeneous catalysis with a focus on the role of different metal 

surfaces. The numerous studies of powder catalysts, single crystal models, and theoretical calcula-

tions are integrated into a comprehensive picture based on the knowledge garnered from the liter-

ature of the past 20 years. An aggregate analysis of the published data is presented to establish key 

factors that influence the selectivity and to identify gaps that need to be addressed in future re-

search, in particular concerning bimetallic alloys. A systematic approach was employed, bridging 

the basic knowledge from monometallic systems with the observations from bimetallic and dilute 

alloy catalysts. 

This review is organized by summarizing the literature, culminating in an analysis of the 

catalytic performance in term of key factors that suggest the guidelines for improving the selectivity 

and the directions for future research. In sections 2 and 3, critical overviews of experimental and 

theoretical studies are given, respectively, identifying physical and chemical factors for the selec-

tivity by analyzing trends in the published data. In section 4, we present a detailed discussion of 

the literature organized by electronegativity and activity, bridging from monometallic to bimetallic 

cases whenever possible. In section 5, we summarize the established guidelines for catalysis and 



 

identify gaps and implications for future research. The synergy of this review across theoretical 

and single-crystal studies to catalytic studies under reaction conditions presents a collaborative 

effort toward a more comprehensive understanding of the selective hydrogenation of unsaturated 

aldehydes. 

  



 

2.  Experiment overview 
 

2.1.  Major strategies for selectivity enhancement 

 

 

Figure 2. Schematic showing the principal factors and strategies that influence the selectivity to the unsatu-

rated alcohol. (a) The adsorption mode of the unsaturated aldehyde (UAL) and the desorption of the unsatu-

rated alcohol (UOL) influence the hydrogenation selectivity. (b) Favorable adsorption of the unsaturated 



 

aldehyde via its C=O bond can be achieved by four main strategies: (i) confinement and steric effects; (ii) 

ligands and spectator species; (iii) formation of the electrophilic sites; and (iv) electron transfer. Bimetallic 

and dilute alloy catalysts have generally been used to achieve (iii) and (iv). (c) Promotion of the catalytic 

activity of less reactive but more selective metals can be achieved by adding a dilute amount of a more 

reactive metal. 

 

Two major factors influence the selectivity in the hydrogenation of the unsaturated alde-

hydes (Fig. 2a): (i) the adsorption mode of the unsaturated aldehyde and (ii) the desorption of the 

unsaturated alcohol. First, in general, the adsorption of the C=C bond is thermodynamically favored 

over that of the C=O bond, which can lead to the undesired saturated aldehyde. As such, various 

strategies have been employed to promote the C=O bond adsorption. Second, facile desorption of 

the desired unsaturated alcohol is necessary to prevent over-hydrogenation to the saturated alcohol. 

The desorption of the unsaturated alcohol has rarely been investigated in bimetallic systems, 

in both surface science and catalytic experiments.85 The majority of experimental studies have fo-

cused on the adsorption of the unsaturated aldehyde as a key parameter for tuning the selectivity. 

Several approaches can be used to engineer the adsorption mode of the unsaturated aldehydes (Fig. 

2b): (i) confinement and steric effects; (ii) ligands and spectator species; (iii) formation of the elec-

trophilic sites; and (iv) electronic modification of the surface. 

The confinement strategy relies on complete or partial inhibition of the C=C bond adsorp-

tion by impeding its contact with the surface (Fig. 2b i).86–89 In unsaturated aldehydes, the C=C 

bond is typically located in the middle of the molecule, whereas the C=O bond is always terminal 

and geometrically unconstrained. By creating catalysts in which the active sites (i.e. metal nano-

particles) are confined in the pores or the cavities of the support, the C=C bond can be sterically 

pushed away from the surface, allowing the C=O bond to preferentially adsorb and react. Over the 



 

years, tuning the size of the pores and the nanoparticles themselves has led to success, as demon-

strated for zeolites and metal organic frameworks.86–89 

The usage of ligands is a strategy that builds on the same principle of partial or complete 

inhibition of the C=C bond adsorption (Fig. 2b ii). A high coverage of ligands or strongly bound 

spectator species can sterically prevent the C=C bond from adsorbing on the active sites and has 

resulted in higher selectivity in reactor studies.90,91 Controlling the reactant pressure can similarly 

induce surface crowding. For example, by increasing the H2 pressure, the vertical adsorption mode 

of the C=O bond can be promoted. However, the saturated aldehydes have remained the major 

product in most surface science studies.92–96 

Electronic modification of the surface is another strategy for improving the selectivity (Fig. 

2b iv).  For example, the modification of monometallic metals has been achieved by the addition 

of sulfur97,98 and the use of various supports, such as carbon nanotubes and nanofibers,99–101 which 

have been reviewed previously.20,102 In bimetallic catalysts, the electronic properties of the active 

metal are modified via an electron transfer from a promoter metal. Because the C=C bond adsorp-

tion occurs via electron donation to the metal atoms, it is weakened when the electron density of 

the active metal increases. This decreases the probability of the C=C bond reduction relative to that 

of the C=O bond reduction, promoting the formation of the unsaturated alcohol.103,104 In low pres-

sure surface science experiments, the decomposition of the unsaturated aldehyde has predominated 

on reactive monometallic surfaces, such as Pt(111) and Pd(111), in the absence of H2.93–95,105–112 

In contrast, such C-C bond breaking is tempered significantly on bimetallic surfaces due to the 

electronic modification of the surface.113,114 

In monometallic catalysts, formation of the electrophilic sites for the preferential adsorption 

of the C=O bond via its O lone pair (Fig. 2b iii) has been achieved most notably by increasing the 

Lewis acidity of supports,115 creating O vacancies in reducible metal oxide supports (e.g. Pt/TiO2; 



 

Pt/CexZr1-xO2),116,117 or using promoters (e.g. chloride; bromide).20,102 In bimetallic catalysts, the 

promoter can act as an electrophilic/oxophilic site by presenting a local positive charge where the 

C=O bond adsorption is favored. The active metal, in close proximity to the promoter, provides the 

overall activity by functioning as the active site for H2 dissociation and thereby initiating the cata-

lytic cycle (Fig. 2c). 

Many monometallic surfaces that have high selectivity—Cu, Ag, and Au—have a limited 

ability to dissociate H2, as shown by surface science studies in ultrahigh vacuum.45,118–121 Further-

more, H atoms are bound weakly on these metals, so the desorption of H2 often occurs at temper-

atures below those required for hydrogenation. A few studies have employed atomic hydrogen 

sources to study hydrogen adsorption and hydrogenation in ultrahigh vacuum.45,92,122,123 For exam-

ple, Mullins et al. used an atomic hydrogen source to study the hydrogenation of acetaldehyde and 

propanal on Au(111). However, to the best of our knowledge, no surface science studies have been 

reported on the hydrogenation of the unsaturated aldehydes on Au(111).123,124 On the other hand, 

reactive but less selective metals, such as Pt and Pd, can readily dissociate H2, and the temperature 

for the recombination and the desorption of H2 is higher as a result.125–127 As such, the majority of 

the surface science studies reviewed here have focused on these monometallic surfaces. In reactor 

studies, it is possible to achieve H2 dissociation on monometallic Cu, Ag, and Au catalysts, most 

notably via strong interaction with metal oxide supports or at very high pressures.46,128–130 However, 

their activity remains limited compared to other metals, and their promotion with more reactive 

metals has been considered as a strategy to enhance the activity (Fig. 2c). 

In this manuscript, recent literature on the selective hydrogenation of α,β-unsaturated alde-

hydes on bimetallic and dilute alloy catalysts is systematically reviewed, focusing on studies in 

which monometallic and bimetallic catalysts were tested under identical conditions. As such, the 



 

influence of reaction conditions (temperature, pressure, and solvent) will not be addressed compre-

hensively, but instead has been well-described in the previous literature.18,20 As mentioned above, 

the support plays an important role, e.g. by electronic modifications from carbon supports or the 

creation of electrophilic sites when reducible metal oxide supports are used. Recent reviews have 

addressed the challenges and opportunities related to these support effects in the hydrogenation of 

unsaturated aldehydes.20,102 The role of the support is beyond the scope of our work, as both mon-

ometallic and bimetallic nanoparticles were supported on the same set of materials within a given 

study. Moreover, investigation of support effects remains challenging using theoretical modeling 

and surface science studies alone.131 

With this in mind, the catalytic performance from reactor studies are summarized in figures 

that plot the selectivity to the unsaturated alcohol as a function of the unsaturated aldehyde con-

version (e.g. Fig. 3). An ideal catalyst would be located in the upper right quadrant of such a plot, 

where both the selectivity and the activity are high (>50%). A clear trend emerges from such anal-

ysis when comparing monometallics and bimetallics: while monometallic catalysts rarely achieve 

high selectivity at high conversion, the addition of a secondary metal greatly improves the selec-

tivity and in ideal cases also promotes the activity (Fig. 3). Detailed analysis of the promotion 

effects is presented in section 4. 

 

 



 

 

Figure 3. A compilation of the reported selectivity to the unsaturated alcohol (UOL) as a function of the 

unsaturated aldehyde (UAL) conversion for the hydrogenation of crotonaldehyde85,132–147 and cinnamalde-

hyde133,134,136,141,142,147–159 on: (a) monometallic catalysts, showing only the ones that were directly com-

pared to a bimetallic composition in a given study; (b) bimetallic and dilute alloy catalysts, with the majority 

metal labeled and indicated in the legend. Specific dopants are discussed in section 4. High selectivity at 

high conversion is desirable, as emphasized by the bold box in the upper right quadrant of each plot. 

 
  



 

3.  Theory overview 

 

Several aspects of DFT studies warrant careful consideration when interpreting the pub-

lished results on the hydrogenation of the unsaturated aldehydes, and they are discussed prior to 

presenting the key results from the theory literature. 

 

3.1.  Categories of DFT investigations 

The DFT studies considered in this review fall into two main categories. The most common 

type of investigation is the modeling of the adsorption energetics and geometries, which involves 

ionic relaxation, or energy minimization, of adsorbates on metal surfaces. Most of these studies 

have focused on the unsaturated aldehydes, correlating the experimentally observed selectivity 

trends with the adsorption thermodynamics of different binding modes. The adsorption strength is 

quantified by the adsorption energy Eads, typically defined as the change in energy as the system 

goes from an isolated surface and a gas-phase molecule into a combined system of the adsorbate 

interacting with the surface. As such, the more negative the adsorption energy, the stronger the 

adsorption. For an unsaturated aldehyde UAL on a metal surface M, 

 

!"#$ = ! UAL("#$)/M − ! M − ! UAL . .   (1) 

 

 The second type of investigation involves the modeling of the reactivity, which goes beyond 

adsorption by mapping out the transition state pathways for the elementary reaction steps. To do 

so, transition state modeling techniques are employed, which are computationally more involved 

than simple relaxations. The resulting energy barriers, or activation energies Ea, allow identification 



 

of the rate-limiting steps and the reaction kinetics according to the Arrhenius expression of the rate 

constant k: 

 

0 = 1	exp 678
9:;

,     (2) 

 

where ν is the pre-exponential factor containing the entropy change Sa associated with the activa-

tion: 

 

1 = 9:;
=
	exp >8

9:
,     (3) 

 

thereby recovering the Eyring equation in terms of the activation free energy ?" = !" − @A": 

 

0 = 9:;
=
	exp 6B8

9:;
.     (4) 

 

A few studies of crotonaldehyde160,161 and furfural162–164 have used the calculated rate constants as 

inputs for microkinetic modeling to obtain macroscopic insights on the activity and the selectivity. 

 The majority of the DFT studies do not investigate the thermal effects beyond the internal 

energy E. To do so, entropic contributions must be evaluated using the partition functions Q of the 

relevant degrees of freedom: 

 

∆A = 0D	ln
GHIJ8K
GIJILI8K

.     (5) 

 



 

Here, the initial and the final state may refer to: (i) an adsorption process, from gas phase to the 

adsorbed state, to provide adsorption phase diagrams from ab initio thermodynamics, as done for 

acrolein;165,166 or (ii) an activation process, from the initial state to the transition state, to provide 

free energy diagrams of the elementary reaction steps, as done for crotonaldehyde31,160 and furfu-

ral.167–169 

 

3.2.  Limitations of DFT modeling 

 Several factors influence the results obtained from DFT calculations to varying degrees: 

(i) The inherent limitation in the approximations of the exchange-correlation functional 

poses a fundamental challenge to accurate prediction of a range of properties, most notably the 

electronic structures of insulators and semiconductors,170 as well as the adsorption of organic mol-

ecules on metals.171 The latter issue is particularly relevant for computational catalysis. The ad-

sorption energies calculated by DFT can deviate significantly from the experimental benchmarks, 

if rare microcalorimetry data is avaliable.171 Qualitative or semi-quantitative insights can be estab-

lished, however, with the exception of pathological cases such as CO/Pt(111).172 Typically, DFT 

uncertainties in the relative energies span ~0.15 eV for the adsorbates and ~0.2-0.3 eV for the 

transition state species.173 

A few studies have investigated the effect of van der Waals (vdW) corrections/functionals 

on the adsorption and/or reactivity of acrolein174–177 and furfural.168,178 Qualitative observations 

remained largely unaffected for a given molecule, with systematic shifts in the magnitude of the 

adsorption energy. However, no systematic comparisons were made across different unsaturated 

aldehyde species. Recent works have demonstrated that vdW interactions are needed to accurately 



 

describe the relative interactions of different substituents with the surface that ultimately influence 

the overall selectivity.179–183 

(ii) In the evaluation of free energies and/or rates, entropic contributions [Eq. (5)] contain 

the vibrational entropy. The vibrational frequencies are obtained from DFT calculation of the Hes-

sian matrix using the harmonic approximation. However, low-frequency vibrational modes, so-

called “soft” modes such as frustrated molecular rotation on the surface, are largely anharmonic. 

As a result, harmonic treatment of these modes can eventually lead to order-of-magnitude errors in 

the pre-exponential factors, highlighting the need for accurate and efficient modeling of anhar-

monic effects.184 

(iii) Validation of the physical model used in DFT is limited by the static nature of the 

method, meaning a certain surface structure and reaction mechanism must be assumed. As such, 

multiple computations are needed to discover the most relevant sets of structures and mechanisms. 

The corresponding configurational space becomes especially large for bimetallic systems with 

strong tendencies for surface segregation.83,185 Because of the large underlying degrees of freedom, 

the majority of the DFT studies considered in this review have focused on monometallic systems, 

with bimetallics limited to known ordered structures such as SnPt,103,109,110,186–189 or simple mono-

layer on bulk structures such as M/Pt(111) (M = Fe, Co, Ni, Cu).94,190,191 To the best of our 

knowledge, only one study investigated the effect of surface segregation in the presence of acrolein 

and prenal on Pt4Fe(111),104 highlighting the need for model validation of bimetallic systems with 

dynamic surface composition and morphology. 

 

  



 

3.3.  Major trends in thermodynamics and kinetics 

 Here, we present an aggregate analysis of the key observations from the theory literature to 

establish major trends in the thermodynamics and kinetics of the hydrogenation of the unsaturated 

aldehydes. DFT modeling of the adsorption energetics and geometry is discussed first in relation 

to the reactivity, followed by the reaction mechanisms. Further details can be found in section 4 

for each host metal. 

 

3.3.1.  Adsorption and reactivity 

 

Figure 4. A summary of the adsorption energies (eV) of acrolein (unsaturated aldehyde; red), allyl alcohol 

(unsaturated alcohol; blue), and propanal (saturated aldehyde; green), on transition metal surfaces as re-

ported by 19 DFT studies,32,103,104,165,166,176,190,192–203 selecting the most negative value in a given study (see 

Table S1 for full tabulation of the data). Data from 5 vdW-DFT studies174–177,204 are omitted for consistency; 

vdW corrections/functionals introduce systematic discrepancies. Each metal host consists of a column for 

the monometallic case (circular points) and an adjacent column for the bimetallic cases (elliptical points) 



 

with the promoters labeled. Shaded regions indicate Group 10 hosts (Pt, Pd, Ni); non-shaded regions indicate 

Group 11 hosts (Au, Ag, Cu). Data points indicate the face centered cubic (111) facet, unless labeled with 

a black diamond for non-(111) facets or nanoclusters. All promoters interacting with the adsorbate reside in 

the surface layer, unless labeled with a subscript “sub” for the subsurface layer. Osub refers to the subsurface 

oxygen species. 

 

The adsorption energies of acrolein and its partially hydrogenated products, allyl alcohol 

and propanal, from DFT calculations indicate that the selectivity is controlled by the adsorption 

thermodynamics on Group 10 metals but not on Group 11 metals (Fig. 4). 

On Group 10 metals (Pt, Pd, Ni), the selectivity is thermodynamically controlled. On 

Pt(111), the adsorption energy of acrolein is around –1.1 eV. Comparison of the different adsorp-

tion geometries (Fig. 5) shows that acrolein binds mainly via planar η3 and η4 configurations on Pt 

facets (Table 2), with the C=C bond binding more strongly than the C=O bond. Vertical η1 config-

uration via the carbonyl O can potentially be stabilized at the edge sites, however.201 

Upon hydrogenation, allyl alcohol has essentially the same adsorption strength as acrolein, 

whereas the adsorption of propanal is significantly weaker. The same trend holds on Ni(111),193 as 

well as Pd(111) (not shown in Fig. 4 due to a large offset associated with the functional).174 As a 

result, allyl alcohol becomes further hydrogenated into n-propanol instead of undergoing desorp-

tion. The adsorption thermodynamics of allyl alcohol hence determines the selectivity. 

In the presence of substituents at the β-carbon, the C=C bond adsorption is sterically weak-

ened. In fact, prenal shifts to a vertical η1-σ(O) configuration (analogous to Fig. 5a) at high cover-

ages, promoting the desired chemoselective reduction of the carbonyl group. Furthermore, more 



 

highly substituted unsaturated alcohols, with a larger number of substituents or more bulky sub-

stituents, have weaker adsorption, thereby favoring their desorption over further hydrogenation to 

the saturated alcohols. 

 

 

Figure 5. The adsorption modes of acrolein: (a) η1-mode (atop) via the carbonyl O; (b) η2-modes via either 

the C=C or the C=O bond, as well as a metallocycle via the terminal atoms; (c) η3-mode via the C=C bond 

and the carbonyl O; (d) η4-modes involving all backbone atoms. 

 

  



 

Table 2: Stable adsorption modes of acrolein (Fig. 5), as reported by 22 DFT studies,32,103,104,165,166,174–

177,190,193–204 organized by host metal (Group 10 vs. 11). Nanoclusters are indicated as “NC,” with the number 

of atoms in parentheses. Cases with a monolayer of promoter on a given metal are indicated as “ML.” All 

promoters interacting with the adsorbate reside in the surface layer, unless specified with a subscript “sub” 

for the subsurface layer. See sections 2-5, SI for the adsorption modes of other unsaturated aldehydes. 

Host Promoter Facet Adsorption mode Ref. 

Group 10 hosts (Pt, Pd, Ni) 

Pt  NC (24-40) 
(111) 

 
(110) 
(211) 

η1-σ(O) 
η2-diσ(CC) 

η3-diσ(CC)-σ(O) 
η4-diσ(CC)-diσ(CO) 

η2-diσ(CC) 
η4-σ(C)-π(CC)-σ(O) 

201 
32,165,174 
32,165,175 

32,104,165,190,203 
166 
202 

Pt Sn (111) η2-σ(C4)-σ(O)-OSn 
η3-diσ(CC)-σ(O)-OSn 

103 
103 

Pt Fe 
Fesub 

(111) η3-diσ(CC)-σ(O)-OFe 
η3-diσ(CC)-σ(O) 

104 
104 

Pt Co ML 
Cosub ML 

(111) η4-diσ(CC)-diσ(CO) 
η2-diσ(CC) 

190 
190 

Pt Ni ML 
Nisub ML 

(111) η4-diσ(CC)-diσ(CO) 
η4-diσ(CC)-diσ(CO) 

190 
190 

Pt Cu ML 
Cusub ML 

(111) η4-diσ(CC)-diσ(CO) 
η2-diσ(CC) 

190 
190 

Pd  (111) η2-diσ(CC) 174 
Ni  (111) η4-diσ(CC)-diσ(CO) 193 

Group 11 hosts (Au, Ag, Cu) 

Au  NC (55) 
(110) 
(211) 

η2-π(CC) 
η2-π(CC) 
η2-diσ(CO) 
η2-π(CC) 

195,204 
166 
195 

194,202 

Au In (110) η2-diσ(CO)-OIn 195 

Ag  (111) 
 

(110) 
 

(100) 
(211) 

η2-π(CC) 
η2-π(CC) + η1-σ(O) 
η4-π(CC)-π(CO) 
η2-diσ(CC) 

η4-π(CC)-π(CO) 
η4-π(CC)-π(CO) 

176,177,197 
177,197 

198 
199 
176 
176 



 

(221) η4-π(CC)-π(CO) 199 
Ag Pd (111) η2-π(CC)-Pd 200 

Ag Osub (111) η4-π(CC)-π(CO) 198 

 

Promotion of Pt with electropositive metals Sn and Fe has been modeled, showing that a 

charge transfer from the promoter to Pt weakens the C=C bond adsorption. This effect is discussed 

in section 2.1 as one of the strategies for enhancing the selectivity (Fig. 2b iv). Furthermore, ox-

ophilic promoters enable the C=O bond activation via coordination with the carbonyl O (Fig. 2b 

iii). In turn, such preferential adsorption allows Fe to segregate to the surface.104 

The effects of 3d metal monolayer (M = Co, Ni, Cu) on Pt(111) has also been modeled. 

Compared to Pt(111), a subsurface metal monolayer (Pt/M/Pt) weakens the adsorption of acrolein, 

thereby promoting the formation of allyl alcohol, whereas the opposite holds for a surface metal 

monolayer (M/Pt) (not shown in Fig. 4 due to scaling). The issue of surface segregation was not 

addressed in the study, however.190 

In addition to the charge transfer effect discussed in section 2.1, the presence of a secondary 

metal can alter the local chemical reactivity by other microscopic effects of electronic and geomet-

ric nature.205 DFT calculations have enabled quantitative investigation of how the following effects 

change the surface d-band.206,207 (i) Ligand effect: the d-band width and center of the host metal 

are altered by its hybridization with the localized d-state of the promoter that is energetically mis-

aligned. (ii) Strain effect: lattice mismatch between the host and the promoter introduces strain, 

which alters the bond distances, the orbital overlap, and hence the d-band center. (iii) Ensemble 

effect: due to the aforementioned differences in the energetics and lattice constants, the reactivity 

of an active site is determined by its local composition and size (e.g. monomer vs. dimer, trimer, 

etc., of the promoter in the surface layer of the host metal).208 



 

On Group 11 metals (Au, Ag, Cu), the activity for H2 dissociation is low because of the full 

d-shell, and the selectivity to the unsaturated alcohols is kinetically controlled. Compared to Group 

10 metals, the adsorption of acrolein is significantly weaker on Au and Ag, as evidenced by a shift 

from diσ to predominantly π binding modes (Table 2). Furthermore, the adsorption of allyl alcohol 

and propanal remain similarly weak. As a result, the desorption of allyl alcohol no longer deter-

mines the selectivity. In general, the reduction of the C=O bond is kinetically favored on Au facets 

as well as on Ag(111) in the presence of subsurface O.198 Promotion of Group 11 metals with a 

secondary metal has not been investigated systematically with DFT. 

 

3.3.2.  Hydrogenation mechanism 

The hydrogenation mechanisms have been modeled almost exclusively on monometallic 

systems. The stepwise addition of H results in two possible pathways leading to each of the partially 

hydrogenated products (Fig. 6); further hydrogenation to the saturated alcohol can occur via twelve 

pathways. Full tabulation of the energy barriers associated with the dominant pathways can be 

found in the SI. 

In general, the first hydrogenation step is the rate-limiting step, with the hydrogenation of 

the terminal atoms (O1 and C4) kinetically favored in a Markovnikov fashion. Despite the stronger 

adsorption of the C=C bond on Group 10 metals, the reduction of the C=O bond is associated with 

lower energy barriers in most cases. Nonetheless, the desorption of the resulting unsaturated alco-

hol remains difficult. On the other hand, the formation of the saturated aldehyde has been shown 

to proceed by an indirect pathway in many cases via isomerization of the enol.160,161,202,209 

On Group 11 metals, because of their low activity for H2 dissociation, the non-Horiuti-

Polyani mechanisms involving weakly bound molecular H2 have been proposed to be kinetically 



 

favored. However, the entropic contributions have not been assessed in these studies.176,194 In par-

ticular, the participation of molecular H2, which is very weakly bound, is expected be severely 

hindered by low surface residence time at the reaction temperatures and pressures. 

 

 

Figure 6. The Horiuti-Polyani mechanism for the hydrogenation of the unsaturated aldehyde (UAL), in 

which one H atom is added in each step. Partial hydrogenation (adding 2H) can result in the unsaturated 

alcohol (UOL), the enol (ENOL), or the saturated aldehyde (SAL), whereas complete hydrogenation (adding 

4H) produces the saturated alcohol (SOL). Reaction pathways are indicated by “r” with the sequence of the 

IDs of the backbone atoms that are hydrogenated in order. Only 1,2- or 2,1-addition leads to the desired 

unsaturated alcohol. 

 

  



 

3.3.3.  Furfural reduction 

The reduction of furfural is more complex due to the presence of reactions alternative to 

hydrogenation (Fig. 7). The main competitive pathways are (1) hydrodeoxygenation to methylfuran; 

(2) decarbonylation to furan; and (3) the furanyl ring opening to linear-chain species. 

In general, hydrogenation to furfuryl alcohol is kinetically favored over both decarbonyla-

tion and hydrodeoxygenation. An increase in the H coverage weakens the adsorption of furfural by 

tilting the furanyl ring away from the surface, thereby shifting the reactivity away from decarbonyl-

ation and ring opening toward the formation of furfuryl alcohol. 

The situation is complicated by the possible dehydration of furfuryl alcohol to methylfuran, 

which is promoted on Group 10 metals where the furanyl ring interacts strongly with the surface. 

On Group 11 metals, the desorption of furfuryl alcohol is facile, and the dehydration becomes 

kinetically feasible only at high temperatures. 

The effects of 3d metal monolayers (M = Fe, Co, Ni, Cu) on Pt(111) have also been con-

sidered for the reduction of furfural. Compared to Pt(111), surface deposition (M/Pt) of the more 

oxophilic metals (Fe, Co) strengthens the adsorption of furfural, thereby promoting hydrodeoxy-

genation with furfuryl alcohol as the likely intermediate.191 On the other hand, decarbonylation 

requires the formyl C-H bond scission. As such, it depends on the interaction of the carbonyl C 

with the surface, which has been shown to be weakened by Cu promoters on Pd(111).210 

 



 

 

Figure 7. Four main types of reaction considered in the reduction of furfural, a biomass-derived compound: 

(1) hydrogenation of the carbonyl or the furanyl double bond; (2) the furanyl ring opening via the C-O bond 

scission to form aliphatic compounds; (3) hydrodeoxygenation, removal of the carbonyl O to form methyl-

furan, which can occur via the dehydration of furfuryl alcohol; (4) decarbonylation, removal of the carbonyl 

group to form furan. 

 
  



 

4.  Discussions 

 

The metals used for the selective hydrogenation of the unsaturated aldehydes can be classi-

fied into three main categories (Fig. 8): (i) the electronegative metals in Groups 8-10 (Ru, Rh, Pd, 

Ir, Pt) showing high activity but low selectivity (section 4.1); (ii) the electropositive metals (Co, 

Ni) showing high activity but low selectivity (section 4.2); and (iii) the more noble and selective 

metals in Group 11 (Au, Ag, Cu) showing low to moderate activity (section 4.3). 

 

Figure 8. The metals reviewed in this work (indicated in black) can be classified into three main categories: 

the electronegative metals in Groups 8-10 (red box); the electropositive metals in Groups 9-10 (purple box); 

and the more noble metals in Group 11 (green box). The electronegativity values are indicated for each 

element, colored from blue to orange according to the magnitude of the value. Zn, In, Ge and Sn are con-

sidered as promoters. 

 

4.1.  Active electronegative metals 

The electronegative metals in Groups 8-10 include Ru, Rh, Pd, Ir, and Pt, which are con-

ventionally used in hydrogenation reactions because of their high activity for H2 dissociation. In 



 

general, these metals have led to the formation of the saturated aldehyde or the saturated alcohol 

as the main product in catalytic studies. The selectivity to the unsaturated alcohol has been in-

creased successfully by promotion with more electropositive metals (Fig. 9), which induce a charge 

transfer from the promoter to the active metal (e.g. Sn to Pt, Pd, Ru, or Rh; Co to Pt; Fe to Pt), or 

via oxidized species functioning as the Lewis acid sites (e.g. FeOx to Ir; ReOx to Pt; ZnOx to Pt; 

GeOx to Pt). Combinations of these effects have also been reported, as well as other effects which 

are described in this section. 

 

4.1.1.  Pt & Pt alloys 

Monometallic Pt catalysts have been investigated the most for the hydrogenation of the 

unsaturated aldehydes. The nature of the reactant strongly influences the degree of selectivity to 

the unsaturated alcohol (Fig. 9a). While moderate to high selectivity was generally reported at high 

conversions of cinnamaldehyde86,100,147–149,157–159,211–219 and furfural,213,220 the hydrogenation of cit-

ral221 and smaller aldehydes, such as crotonaldehyde85,116,142,214,222,223  and acrolein,213 have usually 

exhibited very low selectivity to the unsaturated alcohols. 



 

 

Figure 9. Aggregated data reporting the selectivity to the unsaturated alcohol (UOL) as a function of the 

unsaturated aldehyde (UAL) conversion, illustrating the effects of a secondary metal on: (a) Pt and Pt-rich 



 

bimetallics for the hydrogenation of crotonaldehyde,85,100,116,133,134,142,147,214,222,223 cinnamalde-

hyde,86,100,133,134,147–149,155,157–159,211–219 furfural,133,134,147,213,220,221,224–227 and citral;221 (b) Ru and Ru-rich bime-

tallics for the hydrogenation of crotonaldehyde,132,140–142,214,228–231 cinnamaldehyde,101,141,156,214,228,232 furfu-

ral,233 and citral;141,234 (c) Ir and Ir-rich bimetallics for the hydrogenation of crotonaldehyde142,145,146,229,235,236 

and cinnamaldehyde;142,153,237,238 (d) Rh and Rh-rich bimetallics for the hydrogenation of crotonalde-

hyde139,142,143 and citral;239 (e) Pd and Pd-rich bimetallics for the hydrogenation of cinnamaldehyde151,214,240–

242 and furfural.210 Dotted arrows indicate that the data are derived from the same study. 

 

Surface science studies of Pt(111) have demonstrated the challenge of linking ultrahigh 

vacuum studies with catalysis. Hydrogenation products were not observed for acro-

lein,94,95,106,107,243,244 crotonaldehyde,106,108,109,187,243,245–247 and prenal.110,248 Instead, decarbonyla-

tion dominated, yielding CO, H2, and propylene. Using DFT, the decomposition pathway was mod-

eled for prenal, which proceeded by the formyl C-H bond scission, decarbonylation, and isomeri-

zation to the highly stable η1-isobutylidyne species.248  Furfural was an exception, which underwent 

hydrogenation on Pt(111) when H atoms were adsorbed first, followed by furfural.93,111 The selec-

tivity to furfuryl alcohol could be enhanced by sterically limiting the adsorption with coverage 

effects. By first depositing high coverage of H, followed by a low coverage of furfural (i.e. a high 

ratio of H(ads):furfural), a sufficient concentration of H atoms was made available, which led to the 

formation of the desired furfuryl alcohol and methylfuran with 50% and 45% selectivity, respec-

tively.93 

To determine whether crotonaldehyde hydrogenation occurs stepwise via partially hydro-

genated intermediates, or directly to the fully hydrogenated product, an effusive collimated molec-

ular beam was used to direct the molecules onto a Pt polycrystalline film in ultrahigh vacuum.247 

All hydrogenation products were obtained, with butanal as the major product and 20% selectivity 



 

to crotyl alcohol. Dehydrogenation products such as CO and propylene were not observed, in con-

trast to the previous reports on clean Pt(111).106 In temperature programmed desorption experi-

ments, steady state is not achieved. As such, even if the surfaces are pre-dosed with H2, it recom-

bines and desorbs at low temperatures (~300 K), preventing hydrogenation.125,126 In contrast, the 

molecular beam provided a high H coverage under steady-state conditions, thereby promoting the 

hydrogenation. 

The adsorption energetics and reactivity on Pt(111) have been investigated extensively us-

ing DFT for acrolein,32,104,165,174,175,190,203 crotonaldehyde,31,32,109,160,161,186–188 and 

prenal.31,32,104,110,188,248 The experimentally observed selectivity trends were attributed to the ad-

sorption geometry of the unsaturated aldehyde in key comparative studies of the three species.31–33 

Initial results from the semi-empirical extended Hückel theory,33 followed by first-principles cal-

culations,31,32,160,161,165,174,175,203,248 have established the following. Acrolein adsorbed mainly via its 

C=C bond over a large range of coverage, promoting the formation of propanal. From ab initio 

thermodynamics,165 a mixture of cis-η3 and trans-η4 configurations were identified at low cover-

ages and finite temperatures, in agreement with sum frequency generation vibrational spectros-

copy.243 This was also the case for crotonaldehyde,243 whose C=C bond remained parallel to the 

surface at all coverages, based on near edge X-ray absorption fine structure spectroscopy.246 Sub-

stituents at the β-carbon sterically weakened the adsorption, especially for prenal.110,187 Due to the 

geometric constraints, the planar η4-diσ(CC)-diσ(CO) configuration was favored only at low cov-

erages, eventually shifting to a vertical η1-σ(O) configuration at high coverages (Fig. 10). As such, 

the chemoselective reduction of the C=O bond became much more feasible for prenal. 

Structure sensitivity of the hydrogenation of the unsaturated aldehydes has been investi-

gated in both single-crystal surface science experiments and DFT modeling of non-close-packed 



 

facets and Pt nanoclusters. From ab initio thermodynamics,166 the adsorption of acrolein on 

Pt(110)-(1×2) remained stable in the considered temperature range of 100-400 K at 0.15 atm. At 

the step edges of Pt(211), the formation of 1-propenol was kinetically favored.202 Similar to cro-

tonaldehyde on Pt(111),160,161 propanal formed indirectly via isomerization of 1-propenol. From 

surface science experiments of crotonaldehyde hydrogenation,243 crotyl alcohol formed with 60% 

and 30% selectivity on Pt(111) and Pt(100) at 35 °C, respectively. At higher temperatures, however, 

butanal was the major product, with 80% selectivity on both surfaces at steady state. 

 

 

Figure 10. Based on DFT modeling, the most stable adsorption geometry of prenal on Pt(111) undergoes a 

change as a function of coverage, from (a) the flat η4 mode at a low coverage of 1/9 to (b) the vertical atop 

mode at a high coverage of 1/4 (Pt = big white; H = small white; C = grey; O = black). Adapted with 

permission from ref. 32 (Copyright 2002, Elsevier, Amsterdam). 

 

Significant thermodynamic and kinetic effects have been observed from modeling the low-

coordination sites and the metal-support interaction in Pt13/CeO2(111) for crotonaldehyde hydro-

genation.131 Compared to Pt(111), the adsorption of crotonaldehyde was strengthened on the Pt 



 

clusters. The computed energy barriers for the reduction of the C=O bond increased on the 

nanocluster but decreased at the CeO2 interface (Fig. 11). The authors concluded that the following 

model limitations must be addressed to fully explain the selectivity to crotyl alcohol reported by 

reactor studies: (1) larger Pt nanocluster sizes; (2) reducibility of CeO2, i.e. the presence of O va-

cancies; and (3) the role of H atom spillover onto CeO2. On the other hand, strain engineering was 

proposed as a strategy to enhance the selectivity to allyl alcohol, using Pt supported on BaxSr1-

xTiO3 nanocuboids (x = 0, 0.5, 1).201 The effect of strain on acrolein adsorption was modeled using 

PtN (N = 24-40) clusters, where the vertical η1-σ(O) configuration was shown to be favored at the 

edge sites. 

Pt supported on Mn oxide octahedral molecular sieve catalysts exhibited high selectivity to 

cinnamyl alcohol in cinnamaldehyde hydrogenation.249,250 Using DFT, the selectivity was at-

tributed to the preferential adsorption of the C=O bond at the step edges of Pt(211). The hydro-

genation pathways were further mapped out on PtN (N = 6-18).216,251–253 Pt/graphene showed high 

selectivity to cinnamyl alcohol,216 which was attributed to (i) an increased concentration of Pt0 sites 

promoting the adsorption of the C=O bond; and (ii) enhanced π-π interaction between graphene 

and the phenyl group of cinnamaldehyde. The most stable adsorption mode depended on the 

nanocluster size, changing from η2-π(CC) on Pt6 and Pt10,216,253 to η2-π(CO) and η2-diσ(CO) on 

Pt13 and Pt14.216,251,252 However, arguments were made for the kinetic control of selectivity, where 

the computed energy barriers for the C=O bond reduction were always lower than those of the C=C 

bond reduction on both Pt6 and Pt14.252,253 

 



 

 

Figure 11. Based on DFT modeling, the reduction of the C=O bond in crotonaldehyde is kinetically facili-

tated at the metal-support interface of Pt13/CeO2(111), compared to the Pt cluster facet. Reprinted with per-

mission from ref. 131 (Copyright 2015, Elsevier, Amsterdam). 

 

In reactor studies, promotion of Pt with a secondary metal, such as Re,225 Fe,147,159 

Co,148,149,158 Zn,159,221 Sn,133,134,224,227 and Ge,224 has led to high selectivity at high conversion, even 

for crotonaldehyde hydrogenation, due to an electron transfer and/or the formation of the electro-

philic sites (Fig. 9a). As noted in section 2.1, multiple factors can influence the selectivity, such as 

strong interaction with the support, as well as changes in the catalyst structure and the particle size. 

However, these factors are not discussed in detail below, instead focusing on the promotion effect 

by a secondary metal. 

 

4.1.1.1.  Electrophilic sites from promoters 

In reactor studies, promotion of Pt with Re, Ge, and Zn has resulted in the formation of the 

oxidized species functioning as the electrophilic sites in close contact with Pt. The preferential 

adsorption of the C=O bond has led to higher selectivity to the unsaturated alcohols, compared to 

monometallic Pt catalysts. 



 

Re0.34Pt0.66/TiO2-ZrO2 had higher selectivity (95.7%) to furfuryl alcohol in furfural hydro-

genation, compared to In0.63Pt0.37/TiO2-ZrO2, Sn0.62Pt0.38/TiO2-ZrO2, and monometallic Pt/TiO2-

ZrO2, due to the presence of surface ReOx species that promoted the C=O bond activation.225 Sim-

ilarly, Ge0.38Pt0.62/SiO2 had higher activity and selectivity (96%) to furfuryl alcohol, compared to 

monometallic Pt/SiO2.224 No Pt-Ge alloy phase was observed. Instead, Pt remained metallic and 

Ge remained fully oxidized, thereby promoting the C=O bond activation. 

Zn0.34Pt0.66/SBA-15 showed high selectivity to geraniol/nerol in citral hydrogenation, in 

contrast to monometallic Pt/SBA-15 that exhibited no selectivity.221 The enhancement was at-

tributed to the presence of oxidized Zn species. The higher the Zn content, the lower the conversion, 

as the surface Zn decreases the number of the Pt active sites. The trend is in agreement with surface 

science studies showing decreased desorption of furfural on ZnPt(111) compared to Pt(111).111 

From high resolution electron energy loss spectroscopy, furfural was found to adsorb via the car-

bonyl group, with its O coordinated to Zn and C to Pt. Addition of Zn weakened the interaction of 

the furanyl ring with Pt, and the surface intermediate was stabilized, thereby decreasing the activity 

toward hydrogenation. 

 

4.1.1.2.  Electron transfer to Pt 

Because Co, Fe, and Ni are more electropositive than Pt, these promoters are expected to 

donate electron to Pt, thereby weakening the C=C bond adsorption and promoting the chemoselec-

tive reduction of the C=O bond as described in section 2.1 (Fig. 2b iv). 

Unsupported Co0.15Pt0.85 nanoparticles had higher selectivity (99.1%) to cinnamyl alcohol 

in cinnamaldehyde hydrogenation, compared to unsupported monometallic Pt nanoparticles of the 

same size (41.4%).148 CoPt nanoparticles were more selective than FePt and MnPt nanoparticles, 

but the latter two compositions were not studied in detail. Co atoms preferentially segregated at the 



 

low-coordination sites on Pt nanoparticles, and the C=C bond reduction was favored in the absence 

of Co based on infrared spectroscopy measurements. A charge transfer was observed from Co to 

Pt, which weakened the C=C bond adsorption and increased the Pt back-donation to the C=O π* 

orbital. This is consistent with DFT calculations showing lower energy barriers for the C=O bond 

reduction on CoPt5 compared to Pt6.253 As such, the local electronic properties of Pt were influ-

enced by increasing the Co content, much more so in smaller particles; larger particles led to a loss 

of the selectivity. 

However, a charge transfer from Co to Pt was not observed in other studies of Pt-rich CoPt 

catalysts. Co0.4Pt0.6/SBA-15 had higher selectivity (91%) to cinnamyl alcohol in cinnamaldehyde 

hydrogenation, compared to monometallic Pt/SBA-15 (42%).149 Co0.4Pt0.6 was found to be the op-

timal composition; lower Co content led to decreased activity and selectivity, whereas higher Co 

content led to decreased selectivity. The enhancement was attributed to an increase in the surface 

concentration of Pt0 species, as X-ray photoelectron spectroscopy indicated no charge transfer. 

Similarly, no notable difference was observed in the electronic structure of shaped Co0.33Pt0.67 na-

noparticles (multicubes), which had higher selectivity (50%) to cinnamyl alcohol, compared to 

monometallic Pt nanocubes (10%).158 The high activity was attributed to the high surface concen-

tration of Pt and high-index facets such as (130), whereas the high selectivity was attributed to the 

steric effects arising from the surface roughness. 

 



 

 

Figure 12. Isosurface of the charge density difference of the prenal adsorbed on Pt4Fe(111) via the η3 con-

figuration, relative to the non-interacting prenal and Pt4Fe(111), calculated using DFT: (a) clean Pt-segre-

gated surface; (b) modified surface with Fe present in the surface layer. Charge gain and loss are represented 

by dark and light shading, respectively. As evidenced by larger isosurfaces of (b), coordination of Fe to the 

carbonyl O facilitates the C=O bond activation. Reprinted with permission from ref. 104 (Copyright 2003, 

Elsevier, Amsterdam). 

 

Fe0.36Pt0.64 supported on mesoporous carbon had high activity and selectivity to cinnamyl 

alcohol in cinnamaldehyde hydrogenation.159 Similar results were obtained with Zn0.2Pt0.8, and the 

best catalytic performance was given by a ternary alloy Zn0.13Fe0.31Pt0.56. In Fe0.36Pt0.64, the oxida-

tion state of Fe was not determined; however, the binding energy of Pt0 decreased upon alloying, 

indicating a charge transfer from Fe to Pt. These results are supported by DFT modeling of acrolein 

and prenal adsorption on Pt4Fe(111).104 The surface segregation profile was modeled using the 

quasi-chemical approximation,254 which assumes an equilibrium distribution of the two metal spe-

cies across the surface layer and the subsurface layer. Pt segregated to the surface in vacuum; in 

the presence of the adsorbates, however, their preferential adsorption on electropositive Fe over Pt 

allowed a higher concentration of Fe to be stabilized in the surface layer. Both acrolein and prenal 

adsorbed via a η3-diσ(CC)-σ(O)-OFe configuration, allowing the carbonyl group to be activated by 



 

Fe (Fig. 12). This study highlights the need for accurate modeling of surface segregation profiles 

and the dynamic nature of surface composition and morphology under reaction conditions to un-

derstand hydrogenation mechanisms.78–83 

Fe0.24Pt0.76 zigzag nanowires supported on TiO2 exhibited high selectivity to the unsaturated 

alcohols in the hydrogenation of crotonaldehyde, cinnamaldehyde, and furfural, with one of the 

highest selectivity values reported for crotonaldehyde hydrogenation (80.3% selectivity at 80% 

conversion).147 However, in contradiction to other studies of FePt, the enhancement was attributed 

to a charge transfer from Pt to Fe, as indicated by the higher binding energy of Pt observed in X-

ray photoelectron spectroscopy. 

The effects of 3d metal monolayer (M = Fe, Co, Ni, Cu) on Pt(111) – in either surface (M/Pt) 

or subsurface (Pt/M/Pt) structures – have been investigated for acrolein94,95,190,255 and furfural,191 

using surface science experiments and DFT. Acrolein hydrogenation occurred readily on 

Pt/M/Pt(111) but not on M/Pt(111).190 The allyl alcohol yield was the highest on Pt/Ni/Pt(111), 

followed by Pt/Co/Pt(111) and Pt/Cu/Pt(111).94 The yield was further enhanced from 2% to 17% 

by co-adsorbed H on Pt/Ni/Pt(111). The activity trends were attributed to the electronic modifica-

tion of the surface in terms of the d-band center and the resulting decrease in the adsorption strength 

of acrolein. Nonetheless, the adsorption of the C=C bond remained stronger than that of the C=O 

bond, and propanal was the major product. However, NiPt catalysts have not yet been considered 

in reactor studies, and opportunities exist for the selectivity improvement under reactor conditions. 

Furfural underwent hydrodeoxygenation and decarbonylation on M/Pt(111).191 Compared 

to Pt(111) or Pt/M/Pt(111), M/Pt(111) exhibited higher activity for furfural hydrodeoxygenation 

because of a stronger furfural adsorption. Depositing the more oxophilic 3d metals (Fe, Co) led to 

a higher yield of methylfuran, compared to the less oxophilic ones (Ni, Cu) that led to a weaker 



 

furfural adsorption. No hydrogenation products were formed because the H2 exposure was low. 

The presence of chemisorbed O decreased the hydrodeoxygenation activity. 

 

4.1.1.3.  Concurrent electron transfer and electrophilic site formation 

In numerous reactor studies of SnPt alloy catalysts, the selectivity enhancement has been 

attributed to a charge transfer from Sn to Pt and/or the formation of the electrophilic sites. Surface 

science and DFT studies have shown that the adsorption of the unsaturated aldehydes is weaker on 

SnPt surfaces compared to monometallic Pt surfaces, and their adsorption geometries are also mod-

ified, except in the case of acrolein. 

The selectivity enhancement in furfural hydrogenation has been reported by multiple stud-

ies. SnPt/SiO2 had higher activity and selectivity to furfuryl alcohol, compared to monometallic 

Pt/SiO2.224 Metallic Pt, metallic Sn (possibly a Pt-Sn alloy phase), and oxidized Sn(II/IV) coexisted 

in the SnPt sample. The enhancement was attributed to a charge transfer from Sn to Pt. Sn0.17Pt0.83 

had the best catalytic performance, exhibiting almost 100% selectivity at 99% conversion. Higher 

Sn content led to a lower activity due to the blockage of the Pt sites. SnPt/SiO2 outperformed 

GePt/SiO2, which was attributed to the higher electropositivity of Sn and more favorable C=O bond 

activation. Sn0.3Pt0.7/SiO2 also showed high activity and selectivity (99%) to furfuryl alcohol.227 

Although the authors did not describe the effect of Sn or offered a comparison with monometallic 

Pt/SiO2, they reported high stability and higher activity than the aforementioned study224 and other 

reports on similar SnPt/SiO2 systems. From DFT models of intermetallic SnPt, the selectivity en-

hancement was attributed to the modification of the furfural binding mode to a vertical η1-σ(O)-

OSn configuration on SnPt(110) and SnPt(100), compared to a flat orientation on Pt(111).189 



 

Pyramidal Sn0.25Pt0.75 alloy-metal oxide-graphene hybrids have been shown to have high 

activity and selectivity to the unsaturated alcohols in the hydrogenation of twelve unsaturated al-

dehyde species, including crotonaldehyde, furfural, and cinnamaldehyde.133 These catalysts were 

comprised of very fine Sn0.25Pt0.75 alloy particles (0.6-1.2 nm) fabricated on SnO2 nanoparticles 

(4.8-5.8 nm) supported on reduced graphene oxide (rGO). The remarkable performances were at-

tributed to a synergistic effect between the three components (Pt3Sn, SnO2, and rGO). 

The selectivity enhancement has also been reported for other unsaturated aldehydes in var-

ious studies. Sn0.4Pt0.6 nanowires had higher selectivity (90.6%) to the unsaturated alcohols, com-

pared to Sn0.4Pt0.6 nanoparticles (86.3%) and monometallic Pt nanoparticles (39.4%), in the hydro-

genation of crotonaldehyde, prenal, furfural, and cinnamaldehyde.134 Sn0.4Pt0.6 was found to be the 

optimal composition: lower Sn content led to a higher activity but a lower selectivity. Two main 

trends were established: (i) the higher the metallic Pt0 content, the higher the conversion; and (ii) 

the higher the Sn content, the higher the selectivity due to a charge transfer from Sn to Pt. Only 

oxidized Sn species were present on the surface. 

In contrast to these observations from reactor studies, crotonaldehyde hydrogenation in a 

high pressure reactor exhibited higher activity and lower apparent activation energy on SnPt(111) 

alloys compared to Pt(111).114 Furthermore, the selectivity remained nearly the same, with butanal 

as the major product. The increased activity was attributed to a charge transfer from Pt to Sn, con-

tradictory to what would be expected based on the electronegativity difference, reducing the elec-

tron density of the Pt sites. On the other hand, SnPt alloys supported on carbon showed higher 

selectivity to crotyl alcohol with increasing Sn concentration, in agreement with reactor studies.134 

To understand the role of the oxidic species, SnPt(111) alloys were oxidized to form surface SnOx: 

the activity for hydrogenation decreased, compared to Pt(111) and reduced SnPt(111) alloys; the 

activity was restored upon reducing Sn to its metallic state under H2. 



 

The adsorption energetics of acrolein, crotonaldehyde, and prenal on SnPt(111) alloys have 

been investigated using surface science experiments109,110,186 and  DFT,103,109,110,186–188 which 

showed weaker adsorption on the alloy compared to monometallic Pt(111). Furthermore, the de-

composition of crotonaldehyde was reduced by 50% on SnPt(111) alloys compared to Pt(111), in 

agreement with reactor studies.113,134 Upon increasing the Sn concentration from Pt3Sn(111) to 

Pt2Sn(111), the adsorption of crotonaldehyde was further weakened, and the decomposition prod-

ucts were not formed. Despite the lack of hydrogenation products, the observation is consistent 

with reactor studies that showed higher selectivity at higher Sn content. 

On Pt3Sn(111), crotonaldehyde adsorbed in a η3-diσ(CC)-σ(O)-OSn configuration with its 

carbonyl O coordinated to Sn, in direct contrast to the η2-diσ(CC) configuration observed on 

Pt(111). Upon increasing the Sn coverage to Pt2Sn(111), the most stable adsorption geometry 

shifted to the vertical η1-σ(O)-OSn configuration. These binding modes allowed the C=O bond to 

be activated by Sn, while weakening the interaction of the C=C bond with the surface. On the other 

hand, prenal adsorbed via a vertical trans-η1-σ(O)-OSn configuration on both Pt3Sn(111) and 

Pt2Sn(111) (Fig. 13). This binding mode was consistent with a charge transfer from Sn to Pt and 

the resulting downward shift of the d-band center.103 In contrast to the enhanced selectivity to 

prenol observed in reactor studies, prenal underwent reversible desorption on SnPt(111) alloys in 

ultrahigh vacuum, and no hydrogenation or decomposition products were formed.110 Finally, in the 

case of acrolein, although the adsorption was weakened, the binding mode remained in the 

η2-diσ(CC) configuration (Fig. 13), the same as on Pt(111). As such, the selectivity to allyl alcohol 

remained low. 

 



 

 

Figure 13. Top and side views of the most stable adsorption modes of acrolein and prenal on Pt2Sn(111), 

calculated using DFT. Prenal prefers the vertical atop mode with its carbonyl O coordinated to Sn, whereas 

acrolein lies flat on the surface (Pt = big white; H = small white; C = grey; O = black). Reprinted with 

permission from ref. 103 (Copyright 2003, Elsevier, Amsterdam). 

 

4.1.2.  Ru and Ru alloys 

Monometallic Ru catalysts have generally shown low selectivity to the unsaturated alcohols 

and a propensity for deactivation in the hydrogenation of crotonaldehyde,132,140–142,214,228,229,231 cin-

namaldehyde,101,141,214,228,232 and citral141,234 (Fig. 9b). The only exception is crotonaldehyde hydro-

genation on Ru/ZnO containing chlorine residues from the preparation method, but this monome-

tallic catalyst was outperformed by an IrRu alloy catalyst (see below).140 Ru supported on a metal 



 

organic framework was able to selectively hydrogenate cinnamaldehyde228 but not crotonaldehyde 

under the same conditions. 

Using DFT and microkinetic modeling, the reactivity of furfural has been shown to be struc-

ture-sensitive across various Ru surfaces.164,169,256 On face centered cubic Ru(001),169 reduction of 

the carbonyl group and the furanyl ring opening were both facile and kinetically competitive. Hy-

drodeoxygenation proceeded after the ring opening, demonstrating the excellent O removal ability 

of Ru. Pentane was predicted to be the dominant product of the vapor-phase hydrogenation, con-

sistent with experimental studies of bio-oil upgrading on Ru/C.257 In contrast, on hexagonal close 

packed Ru(0001),164 strongly bound species, such as furan and furfuryl alcohol, inhibited the ring 

opening by site blockage. On oxide-terminated RuO2(110),256 the formation of furfuryl alcohol was 

facilitated by isopropyl alcohol as the Meerwein-Ponndorf-Verley reagent, where H transfer occurs 

from the hydroxyl group of isopropyl alcohol to the carbonyl group of furfural. In contrast to 

Ru(0001), bridge O on RuO2(110) acted as the Lewis base sites that prevented the activation of the 

furanyl ring in furfuryl alcohol, thereby hindering its hydrodeoxygenation. Furthermore, the for-

mation of water was found to be facile and a possible source of surface poisoning. 

From DFT modeling of cinnamaldehyde adsorption on Ru fulleride nanospheres (C60-Ru13-

C60), the η3-diσ(CC)-σ(O) configuration was found to be the most stable, both with and without 

hydrides on the small Ru cluster.258 The phenyl ring interacted strongly with one of the cluster 

facets, but only in the case of clean facets. This binding mode suggests the chemoselective reduc-

tion of the C=C bond, in disagreement with the experimentally observed selectivity to cinnamyl 

alcohol in the presence of a weak base in a methanol solvent. An implicit solvent model was insuf-

ficient to shift the adsorption energetics, highlighting the need to model dynamical solvent effects. 



 

Interestingly, promotion of Ru with a secondary metal, such as Fe,234 Ir,140,230 Pt,156 Au,141 

and Sn,132,233 has led to significant enhancement of the selectivity at high conversions in reactor 

studies, for the hydrogenation of crotonaldehyde, cinnamaldehyde, furfural, and citral. The en-

hancements were attributed to an electron transfer to or from Ru and the formation of the electro-

philic sites (Fig. 9b). Many promising bimetallic compositions have yet to be investigated for the 

selective hydrogenation of the unsaturated aldehydes using surface science and DFT methods. 

 

4.1.2.1.  Concurrent electron transfer and electrophilic site formation 

 Because Sn and Fe are more electropositive than Ru, these promoters should donate elec-

tron to Ru and thereby favor the adsorption of the C=O bond. Sn0.3Ru0.7/C had higher activity and 

selectivity (90%) to furfuryl alcohol in furfural hydrogenation, compared to monometallic Ru/C 

(47%).233 The enhancement was attributed to a charge transfer from Sn to Ru, as evidenced by a 

downward shift in Ru0 binding energy from X-ray photoelectron spectroscopy, as well as the pos-

sible presence of a Ru-Sn alloy phase. The authors also suggested that Sn reduces the adsorption 

strength of H on Ru, thereby increasing the availability of the Ru active sites. Furthermore, 

Sn(II/IV) species (coexisting with Sn0) could act as the Lewis acid sites, activating the C=O bond 

and facilitating its reduction. Because the higher Sn content of Sn0.44Ru0.56 catalysts did not im-

prove the catalytic performance, the authors concluded that an optimum exists between the dilution 

of the Ru active sites and the promoter effect of Sn. In another study of crotonaldehyde hydrogena-

tion, Sn0.12Ru0.88/SiO2 had higher selectivity (60%) to crotyl alcohol, compared to monometallic 

Ru/SiO2 that only exhibited activity for the C=C bond reduction.132 The enhancement was at-

tributed to the coexistence of intermetallic RuSn and SnOx species, resulting in a charge transfer 

from Sn to Ru. 



 

Fe0.36Ru0.64/graphite had higher selectivity (65%) to geraniol/nerol in citral hydrogenation, 

compared to monometallic Ru/graphite (35%).234 The enhancement was attributed to the formation 

of a Ru-Fe alloy. Fe acted as the Lewis acid site for the C=O bond activation, followed by a facile 

addition of H chemisorbed on a nearby Ru site. 

 

4.1.2.2.  Ru as the Lewis acid site 

Promotion of Ru with more electronegative metals, such as Ir, Pt, and Au, have led to higher 

selectivity via Ru functioning as the Lewis acid sites. Ir0.11Ru0.89/ZnO had higher selectivity to cro-

tyl alcohol (91%) in crotonaldehyde hydrogenation, compared to both monometallic Ir/ZnO (83%) 

and Ru/ZnO (75%).140 The enhancement was attributed to a charge transfer from Ru to Ir, based 

on X-ray photoelectron spectra. Higher Ir content led to a lower selectivity due to the weakening 

of the overall Lewis acidity of the surface. Although the catalyst was more stable than monometal-

lic Ru/ZnO, it still showed signs of deactivation from surface deposition of organic compounds. 

Similar findings were reported by the authors for Ir0.35Ru0.65/ZnO, previously reduced at the opti-

mal reduction temperature of 473 K in H2.230 

Au0.06Ru0.94/MCM-41 had higher activity and selectivity to the unsaturated alcohols in the 

hydrogenation of crotonaldehyde (75%), cinnamaldehyde (73%), and citral (70%), compared to 

monometallic Ru/MCM-41 (20%, 30%, and 22% respectively).141  The activity enhancement was 

attributed to the dispersion of Ru on the support, whereas the selectivity enhancement was at-

tributed to a charge transfer from Ru to Au, as evidenced by X-ray photoelectron spectroscopy. 

However, no Ru-Au alloy phase was formed; Ru and Au nanoparticles co-existed. The authors 

hypothesized that Ru nanoparticles in close contact with Au nanoparticles could act as the Lewis 

acid sites for the C=O bond activation, but no justification was provided. 



 

Pt0.3Ru0.7 supported on carbon nanotubes (CNTs) had higher selectivity (94%) to cinnamyl 

alcohol in cinnamaldehyde hydrogenation, compared to the same system supported on Al2O3 (52%) 

or SiO2 (65%).156 The enhancement was attributed to (i) the formation of a Ru-rich alloy after high 

temperature treatment; and (ii) the use of CNTs as a support assisting the cinnamaldehyde adsorp-

tion. Here, Ru can act as the Lewis acid site for the C=O bond activation, as well as the electropo-

sitive metal that inhibits the C=C bond adsorption by increasing the electron density of Pt. How-

ever, the study did not offer any comparison with monometallic Pt or Ru catalysts. 

Surface science studies of acrolein hydrogenation on Ru(001) and PtRu(001)259–261 have 

demonstrated that the coverages of acrolein and H atoms strongly influence the selectivity. In the 

absence of H2, acrolein decomposed to CO and H2 on Ru(001), similar to Pt(111).106,107 Co-adsorp-

tion of H2 and acrolein led to propanal as the major product. The addition of Pt, a reactive metal, 

formed PtRu near-surface alloys and predominantly led to decomposition on H-covered surfaces. 

Only 1 ML PtRu(001) alloys exhibited the hydrogenation activity, but the major product was pro-

panal, similar to H-covered Pt(111).259 Therefore, the addition of Pt increased the reactivity but did 

not suppress the decomposition. 

 

4.1.3.  Ir and Ir alloys 

Monometallic Ir catalysts have been used for the hydrogenation of crotonalde-

hyde,142,146,229,235,236 cinnamaldehyde,142,153,237 and citral,262 with moderate to high selectivity to the 

unsaturated alcohols but rarely at high conversions. 

 From DFT modeling of crotonaldehyde adsorption on Ir(111), a cis-η4-σ(C)-π(CC)-σ(O) 

configuration was found to be the most stable, with the C=C bond interacting with the surface more 

strongly than the C=O bond.263 In the gas phase, the trans-configuration was found to be more 



 

stable than the cis-configuration. On Ir(111), however, the two configurations were close in energy, 

suggesting their coexistence. The computed energy barriers for the cis-trans isomerization were 

lower on Ir(111) than in the gas phase. 

Although Ir has been used extensively as a promoter for other metals in reactor studies, it 

has rarely been used as a host metal for the hydrogenation of the unsaturated aldehydes. Promotion 

of Ir with Fe145,146 and Ag144 has led to enhanced catalytic performances (Fig. 9c). In particular, 

promotion with Re led to an especially selective and active catalyst.142 

 

4.1.3.1.  Electrophilic sites from promoters 

In Ir catalysts, FeOx and ReOx species have functioned as the electrophilic sites for the 

preferential adsorption of the C=O bond, with ReIr catalysts exhibiting one of the highest reported 

selectivity values to crotyl alcohol at high crotonaldehyde conversion. Fe0.05Ir0.95 supported on bo-

ron nitride (BN) had higher activity and selectivity (84.4%) to crotyl alcohol than monometallic 

Ir/BN (55%).145 Fe0.05Ir0.95 was the optimal composition with the maximum activity, compared to 

lower Fe loadings. The authors made a note of chlorine residue (~0.05%) from the preparation 

method that may have influenced the selectivity. The presence of an Ir-Fe alloy phase could not be 

confirmed due to the low amount of Fe. However, the generation of the active sites at the Ir-FeOx 

interface of contacted Ir and FeOx nanoparticles led to a higher intrinsic rate constant and cro-

tonaldehyde adsorption equilibrium. On such sites, the adsorption and the activation of crotonalde-

hyde is more facile than on a monometallic Ir surface. Similarly, Fe0.13Ir0.87/SiO2 had higher activity 

and selectivity (90.8%) to crotyl alcohol than monometallic Ir/SiO2 (78.3%).146 The enhancement 

was attributed to the interaction between Ir0 and FeOx species coexisting on the support. The cata-

lyst remained stable over 100 hours of reaction. Higher Fe content led to deactivation and loss of 



 

the selectivity due to a strong crotonaldehyde adsorption and the difficulty of the product desorp-

tion from the active sites. It should also be noted that Ir supported on bulk FeOx was inactive. 

 Re0.25Ir0.75/SiO2 catalysts had higher selectivity to crotyl alcohol (91.7%) than Ir/SiO2 

(63.7%).142 They also outperformed ReX/SiO2 (X = Rh, Pd, Ru, Pt) catalysts with the same molar 

ratio. Increasing the Re content to Re0.5Ir0.5/SiO2 led to higher activity while preserving the same 

selectivity. High selectivity was also achieved with other unsaturated aldehydes, including cin-

namaldehyde and furfural. The catalyst was comprised of Ir0 and ReOx species, and the enhance-

ment was attributed to the preferential adsorption of the C=O bond on ReOx, in close proximity to 

the Ir-ReOx interface which functioned as the active site for H2 dissociation. 

CoIr alloys have been investigated in surface science studies for furfural hydrogenation.264 

On both Ir(111) and CoIr(111), the co-adsorption of furfural and H resulted in decomposition to 

CO and H2. No hydrogenation or hydrodeoxygenation products were formed. From high resolution 

electron energy loss spectroscopy, furfural was adsorbed via its furan ring on Ir(111), and the ring 

opening occurred below 300 K. On CoIr(111), the ring opening occurred at a lower temperature of 

240 K, indicating that the addition of oxophilic Co strengthened the adsorption of furfural. As such, 

although CoIr alloys have not been considered in reactor studies, they are not expected to exhibit 

enhanced selectivity to the unsaturated alcohols under reactor conditions. 

 

4.1.3.2.  Other effects  

Promotion of Ir with Ag was investigated for crotonaldehyde hydrogenation on AgxIr1-x (x 

= 0.06-0.31) particles supported on different materials.144 The use of SiO2 and Al2O3 supports led 

to very low activity and zero selectivity to crotyl alcohol. Using a mesoporous Co3O4 support led 

to a measurable activity, but no conversion was reported. The higher the Ag content, the lower the 

activity. All AgIr compositions studied had higher selectivity than monometallic Ir/Co3O4, with 



 

Ag0.31Ir0.69/Co3O4 having the highest selectivity of ~32% to crotyl alcohol. The enhancement was 

attributed to multiple effects. (i) Weaker H adsorption on more Ag-rich systems was attributed for 

faster H spillover onto the Co3O4 support and a closer interaction between crotonaldehyde and the 

support. (ii) Using DFT, the adsorption of crotonaldehyde was modeled on small Ir ensembles 

embedded in Ag(111), as well as on Co3O4(110) (Fig. 14). While the adsorption occurred through 

the C=C bond on isolated Ir monomers via a η2-π(CC)-CCIr configuration, the η4 binding mode 

was favored on Ir-rich ensembles and Co3O4(110), allowing the C=O bond reduction to be more 

feasible. (iii) AgIr nanoparticles were larger than monometallic Ir nanoparticles. This limited the 

space in mesopores where the reagents can interact with the active sites, thereby hindering the C=C 

bond adsorption and favoring the C=O bond adsorption instead. The mass transfer limitations in-

creased the overall contact time and the probability of an indirect C=O bond reduction by H atoms 

that have spilled over onto the support. 

 



 

Figure 14. 2-dimensional energy dispersive spectroscopy maps of (A) Ir (green), (B) Ag (red), and (C) the 

overlay map of three Ag0.31Ir0.69 nanoparticles. (D) Line-scan elemental profiling of the bottom two 

Ag0.31Ir0.69 nanoparticles with the corresponding elemental counts. (E) The most favorable adsorption modes 

and binding energies of crotonaldehyde on Co3O4(110) as well as Ir1-3 surface ensembles in Ag(111), cal-

culated using DFT (Ir = turquoise; O = red; C = black; H = white; Co = navy; Ag = gray). Adapted with 

permission from ref. 144 (Copyright 2018, American Chemical Society, Washington, DC). 

 

4.1.4.  Rh and Rh alloys 

Monometallic Rh catalysts have exhibited very low selectivity to crotyl alcohol in cro-

tonaldehyde hydrogenation.139,142 Promotion of Rh with a secondary metal has remained scarce in 

the literature, with the latest reports using Sn143 and Ge.143,239 The selectivity remained low, how-

ever (<50%) (Fig. 9d). To the best of our knowledge, Rh has not been investigated by surface 

science or DFT methods for the hydrogenation of the unsaturated aldehydes. 

 

4.1.4.1.  Concurrent electron transfer and electrophilic site formation 

Sn0.32Rh0.68/SiO2 had higher selectivity to crotyl alcohol (33.5%) in crotonaldehyde hydro-

genation, compared to monometallic Rh/SiO2 (2.3%).143 The enhancement was attributed to the 

formation of a Rh-Sn alloy phase as well as SnOx species, with a charge transfer from Sn to Rh 

facilitating the C=O bond activation. 

Ge0.41Rh0.59/TiO2 had higher selectivity to geraniol/nerol (45%) in citral hydrogenation, 

compared to monometallic Rh/TiO2 (12%).239 The enhancement was attributed to the presence of 

GeOx species activating the C=O bond, as well as a strong metal-support interaction with TiO2 after 

the reduction at 773 K in H2. Higher Ge content led to a higher selectivity at high conversion when 

reduced at a lower temperature of 573 K. 



 

4.1.5.  Pd and Pd alloys 

 Monometallic Pd catalysts have exhibited low selectivity to the unsaturated alcohols in the 

hydrogenation of acrolein,200,241 crotonaldehyde,142,214,222 and cinnamaldehyde.151,214,241,242 Satu-

rated aldehydes and saturated alcohols were produced in reactor studies (Fig. 9e). 

Pd(111) and Pd nanoparticles have been investigated extensively in surface science studies 

for the hydrogenation of acrolein,96,265–268 crotonaldehyde,112,269 and furfural.105,270 Decomposition 

was the predominant pathway for all molecules, producing CO and H2, as well as propylene from 

crotonaldehyde decarbonylation and methylfuran from furfural hydrodeoxygenation. 

Remarkably, acrolein on Pd(111) led to ~100% selectivity to allyl alcohol in the presence 

of a continuous high flux H2 molecular beam at 250 K.96 From in situ infrared spectroscopy at the 

maximum conversion, oxopropyl species formed prior to allyl alcohol, whereas propenoxy species 

formed 16-24 s after the induction period (Fig. 15). This observation indicated that the propenoxy 

surface intermediates are formed only on the oxopropyl-modified surface, resulting in the geomet-

rically confined adsorption sites for the incoming acrolein molecules to adsorb via their carbonyl 

O and undergo the chemoselective reduction of the C=O bond. 

The particle size had a significant effect on the selectivity of acrolein hydrogenation on 

Pd/Fe3O4. The catalyst was studied as a function of the particle size (4, 7, 12 nm) and temperature 

(220, 250, 270 K).267,268 On 7 and 12 nm nanoparticles, the rate of the propanal formation was the 

highest at 220 K with 100% selectivity. No allyl alcohol was formed at any temperature, and no 

propanal was formed on 4 nm nanoparticles at any temperature. In contrast, the formation of allyl 

alcohol was observed on Pd(111), with the highest rate and ~100% selectivity at 270 K. At lower 

temperatures, only a small fraction of acrolein was converted to the oxypropyl intermediate, not 



 

enough to alter the adsorption geometry to form allyl alcohol with 100% selectivity. At higher 

temperatures, acrolein decomposed to CO and ethylidyne, thereby deactivating the catalyst. 

Based on DFT modeling of the hydrogenation pathways of acrolein,174 crotonaldehyde,209 

and furfural163,178,271 on Pd(111), similar thermodynamics and kinetics were observed as Pt(111). 

The formation of allyl alcohol was kinetically favored at a low acrolein coverage because the C=O 

bond required more space than the C=C bond for the reduction to occur.174 Similar to 

Pt(111),32,160,161 crotonaldehyde adopted the planar η4-diσ(CC)-diσ(CO) configuration, and butanal 

formed indirectly via isomerization of 1-butenol.209 For all dominant pathways, the first hydro-

genation steps were rate-determining. 

 

 

Figure 15. In situ infrared spectra of 1 ML of acrolein on Pd(111) at 100 K (gray trace, spectrum 1) and of 

the surface species formed on Pd(111) upon a continuous exposure to acrolein and H2 at 270 K (black traces, 

spectra 2−4). The structures of the identified surface species are shown on the right and colored to match 



 

the vibrational bands. Adapted with permission from ref. 267 (Copyright 2017, American Chemical Society, 

Washington, DC). 

 

DFT modeling of the reduction of furfural on Pd(111) has shown significant changes in the 

selectivity as a function of the H coverage. On a clean surface,271 a flat orientation was found to be 

the most stable, with the furanyl ring lying parallel to the surface. While decarbonylation to furan 

was favored thermodynamically, hydrogenation to furfuryl alcohol was favored kinetically. How-

ever, the dehydration of furfuryl alcohol was also a feasible pathway for hydrodeoxygenation to 

methylfuran. On a H-covered surface,163 the furanyl ring was tilted away from the surface, and the 

effective energy barriers for hydrogenation and decarbonylation increased. From microkinetic 

modeling based on vdW-DFT, the selectivity reversal was observed upon increasing the H cover-

age, from furan to furfuryl alcohol (Fig. 16). This study highlights the importance of the operating 

conditions on the activity and the selectivity shifts induced by the reactant conformational changes. 

The selectivity to cinnamyl alcohol in cinnamaldehyde hydrogenation depended strongly 

on the metal particle size of the Pd catalysts supported on various materials (activated C, SiO2, 

TiO2, Al2O3, SiC, and graphene oxide).241 Smaller nanoparticles formed hydrocinnamaldehyde, 

whereas larger nanoparticles formed hydrocinnamyl alcohol. The trend was consistent with DFT 

calculations: cinnamaldehyde adsorbed via its C=C bond on Pd4 representative of smaller nanopar-

ticles, whereas the C=O bond adsorption was favored on Pd(111) representative of larger nanopar-

ticles. 

 



 

 

Figure 16. Based on DFT modeling, furfural undergoes a conformational change on Pd(111) upon increas-

ing the H coverage, from a flat orientation to a tilted adsorption mode with the furanyl ring tilted away from 

the surface. The corresponding microkinetic model predicts a shift in the selectivity and the turnover fre-

quency (TOF) from furan to furfuryl alcohol. Reprinted with permission from ref. 163 (Copyright 2015, 

American Chemical Society, Washington, DC). 

 

In reactor studies, promotion of Pd with a secondary metal has been widely employed for 

the chemoselective reduction of the C=C bond to produce the saturated aldehydes, while preventing 

over-hydrogenation to the saturated alcohols. For example, AuPd promoted cinnamaldehyde hy-

drogenation to hydrocinnamaldehyde while preventing over-hydrogenation to hydrocinnamyl al-

cohol.272,273 Similarly, NiPd promoted citral hydrogenation to citronellal while preventing over-

hydrogenation to citronellol.274 Bimetallic Pd catalysts have seldom exhibited high selectivity to 

the unsaturated alcohols. Promotion of Pd with Ru151 and Au150 has led to enhanced selectivity (Fig. 

9e). 

 

  



 

4.1.5.1.  Concurrent electron transfer and electrophilic site formation 

 Sn0.6Pd0.4 supported on activated C had higher selectivity (80%) to cinnamyl alcohol in 

cinnamaldehyde hydrogenation at high conversion (96%), compared to monometallic Pd.242 The 

authors observed the formation of a Pd-Sn alloy and a charge transfer from Pd to Sn, in contradic-

tion to what would be expected based on the electronegativity difference. Using DFT models of 

crotonaldehyde on Pd(111), Pd3Sn(111), and PdSn(211), the enhancement was attributed to the 

preferential adsorption of the C=O bond via a vertical η1-σ(O)-OSn configuration. 

Fe0.5Pd0.5/SiO2 catalysts had higher selectivity to furfuryl alcohol (~50%) in furfural hydro-

genation at a low space time (the catalyst mass divided by the flow rate, commonly called the W/F 

ratio), compared to monometallic Pd/SiO2 where decarbonylation to furan dominated.275 The de-

hydration of furfuryl alcohol to methylfuran dominated at higher conversions on Fe0.5Pd0.5/SiO2. 

Changing the support from SiO2 to Al2O3 shifted the selectivity from methylfuran to furan. Using 

DFT models of PdFe(111) and Pd3Fe(111) surfaces, these trends were attributed to the following: 

(i) alloying Pd with Fe weakens the interaction of the furanyl ring with the surface, thereby disfa-

voring the ring hydrogenation and decarbonylation; (ii) strong interaction of the C=O bond and the 

-OH group with the oxophilic Fe sites promoted their hydrogenation and dehydration, respectively. 

 

4.1.5.2.  Other effects 

 Several reactor studies, in conjunction with DFT calculations in some cases, did not directly 

attribute the selectivity enhancement to an electron transfer or the formation of the electrophilic 

sites. Ru0.17Pd0.83 supported on CNTs had higher selectivity to cinnamyl alcohol (67.5%) in cin-

namaldehyde hydrogenation, compared to monometallic Pd/CNT samples (20%).151 The authors 

did not provide a detailed explanation of the enhancement. Instead, they referred to the previous 



 

literature on a possible synergy between Pd and Ru, which have similar electronegativities (Fig. 8), 

as well as the interaction of the O-containing functional groups with the CNT surface. 

Cu0.45Pd0.55/SiO2 samples had higher yield and selectivity (70%) to furfuryl alcohol in fur-

fural hydrogenation, compared to monometallic Pd/SiO2 over which decarbonylation to furan dom-

inated.210 A Pd-Cu alloy was formed, as evidenced by temperature programmed reduction, X-ray 

photoelectron spectroscopy, and diffuse reflectance infrared Fourier transform spectroscopy. The 

authors observed an increase in the Pd binding energy upon promotion with Cu, ruling out a direct 

charge transfer from Cu to Pd. Using a DFT model of PdCu(111), the enhancement was attributed 

to the weakening of the interaction of the carbonyl C with the surface in the η2-diσ(CO) configu-

ration, thereby hindering the formyl C-H bond scission required for decarbonylation and promoting 

the C=O bond reduction instead. 

Re0.5Pd0.5/Al2O3 catalysts exhibited a surface enrichment of Re (Re0.75Pd0.25) as well as 

higher activity and selectivity to furfuryl alcohol in furfural hydrogenation, compared to monome-

tallic Pd/Al2O3.276 The catalyst consisted of Re0 and ReOx clusters, in close contact with much 

larger Pd-rich nanoparticles. The enhancement was attributed to the dispersion of the surface Pd 

ensembles, inhibiting decarbonylation and promoting the chemoselective reduction of the C=O 

bond. 

Au0.48Pd0.52/SiO2 catalysts had higher selectivity (~50%) to cinnamyl alcohol in cinnamal-

dehyde hydrogenation, compared to monometallic Pd/SiO2 (~5%).150 Conversions were not re-

ported, and the promotion by Au was not examined in detail. In surface science studies of cro-

tonaldehyde hydrogenation, AuPd alloy surfaces did not exhibit any selectivity to crotyl alcohol, 

but the decomposition pathway was suppressed. In contrast to Pd(111) where decomposition was 

predominant, crotonaldehyde underwent reversible desorption on 4 ML Au/Pd(111) at 180 K, sim-

ilar to prenal on SnPt(111).110 On Au0.56Pd0.44(111), a saturation exposure of crotonaldehyde led to 



 

decomposition, albeit at a lesser extent than on Pd(111) because Au reduced the number of large 

Pd ensembles that facilitate the C-C bond cleavage.269 Such geometric effects have been employed 

in many other bimetallic systems to enhance the coke resistance and as such warrant further inves-

tigation in reactor studies.277–282 

 

4.2.  Active electropositive metals 

Co and Ni are Group 9 and 10 metals, respectively, with similar electronegativities (Fig. 8). 

Although they do exhibit some activity for H2 dissociation, they are more electropositive and thus 

not as active as the conventional hydrogenation catalysts described in section 4.1. The activity 

and/or the selectivity has been enhanced successfully by using Co as an electron donor to Pt, 

whereas Ni has been promoted with more electropositive metals, such as Fe, Cu, or In (Fig. 17). 

 

 



 

Figure 17. Reported selectivity to the unsaturated alcohol (UOL) as a function of the unsaturated aldehyde 

(UAL) conversion on: (a) Co and Co-rich bimetallics for the hydrogenation of crotonaldehyde,85,283 cin-

namaldehyde,157,215 furfural,226 and citral;284,285 (b) Ni and Ni-rich bimetallics for the hydrogenation of cro-

tonaldehyde,135,136,286–289 cinnamaldehyde,136,152,237,290,291 and furfural.61,135,136,292–298 Dotted arrows indicate 

that the data are derived from the same study. 

 

4.2.1.  Co and Co alloys 

Monometallic Co catalysts have been used for the hydrogenation of crotonaldehyde,283 cin-

namaldehyde,157,215,299 and citral,284 and low conversions were reported (<30%) due to the low ac-

tivity of Co for H2 dissociation. Promotion of Co with Pt85,157,226,285 has generally led to higher 

conversions while also enhancing the selectivity (Fig. 17a). To the best of our knowledge, Co has 

not been investigated by surface science or DFT methods for the hydrogenation of the unsaturated 

aldehydes. 

 

4.2.1.1.  Electron transfer from Co 

 Pt0.1Co0.9/SiO2 catalysts exhibited higher selectivity (76%) to cinnamyl alcohol in cin-

namaldehyde hydrogenation, compared to monometallic Pt/SiO2 (52%).157 The enhancement was 

attributed to the electronic modification of Pt by Co, where the electropositive Co acts as an elec-

tron donor to increase the electron density of Pt. The same observations were made in the hydro-

genation of citral with Pt0.15Co0.85/C and Pt0.3Co0.7/C, which had higher activity compared to more 

Pt-rich compositions as well as monometallic Pt/C and Co/C.285 Pt0.3Co0.7/C catalysts had higher 

selectivity (65%) to geraniol/nerol than the monometallic samples, which was attributed to the 

formation of a Co-Pt alloy and a charge transfer from Co0 to Pt0. 



 

Pt0.23Co0.77/C samples exhibited 100% selectivity to furfuryl alcohol at 100%  furfural con-

version, outperforming monometallic Pt/C and Co/C.226 A Co-Pt alloy phase was identified from 

X-ray diffraction, along with a charge transfer from Co to Pt and the presence of oxidized surface 

Co from X-ray photoelectron spectroscopy. Based on these observations, the authors proposed the 

following: H2 is activated by electron-rich Pt0, and the C=O bond is activated by oxophilic Co(II). 

Lastly, Pt0.35Co0.65/La2O2CO3 catalysts prepared by different impregnation strategies had higher 

activity and selectivity (34.8%) to crotyl alcohol in crotonaldehyde hydrogenation, compared to 

monometallic Pt/La2O2CO3 (17.7%) and Co/La2O2CO3 (0%).85 Co-impregnation of the metal pre-

cursors led to a high degree of alloying between Pt and Co, and a charge transfer from Co to Pt was 

also demonstrated by X-ray photoelectron spectroscopy. 

 

4.2.2.  Ni and Ni alloys   

Ni-based catalysts are promising because of their low cost compared to the noble metals, in 

addition to their ability to activate H2. In reactor studies, monometallic Ni catalysts have primarily 

led to the C=C bond reduction as well as over-hydrogenation to the saturated alcohols in the hy-

drogenation of cinnamaldehyde,152,237,290,291 citral,300 and crotonaldehyde (Fig. 17b).286–289 An ex-

ception was the case of Ni/TiO2 that exhibited high selectivity (65%) to crotyl alcohol at high 

crotonaldehyde conversion (75%).286 

Decarbonylation was the predominant pathway for acrolein95 and furfural301–303 on Ni(111) 

in ultrahigh vacuum. In the presence of pre-adsorbed H, neither the activity nor the selectivity was 

significantly affected because the intermediates were bound too strongly, preventing the desorption 

of the desired hydrogenation products. Both the furanyl ring and the carbonyl group of furfural 



 

were oriented parallel to the surface, promoting the C-C and the C-O bond scission to form the 

decomposition products.301 

 Based on DFT modeling of the acrolein hydrogenation pathways on Ni(111), the formation 

of allyl alcohol and propanal were found to follow the Langmuir-Hinshelwood mechanism, with 

the latter favored both thermodynamically and kinetically.193 Further hydrogenation to n-propanol 

followed the Eley-Rideal mechanism, in contrast to the results of a separate study that only con-

sidered the Langmuir-Hinshelwood mechanism for propanal hydrogenation on Ni(111).192 

The reduction of furfural was also modeled on Ni(111) and Ni(211), where hydrogenation 

to furfuryl alcohol was kinetically favored over hydrodeoxygenation to methylfuran, even in the 

presence of step edges.168 However, because of the strong interaction of the furanyl ring with the 

Ni surface, the dehydration of furfuryl alcohol became competitive with its desorption as an alter-

native route to the formation of methylfuran. Upon increasing the H coverage on Ni(111), the re-

activity shifted from the furanyl ring opening to the formation of furfuryl alcohol and furan.167 This 

trend is consistent with a previous first-principles microkinetic modeling of the effect of the H 

coverage on Pd(111).163 

In reactor studies, promotion of Ni with various secondary metals, such as Fe,293–295 

Co,293,295 Cu,152,295,297,298 Ag,152 Au,152 In,135,293 and Sn,61,136,292 has led to enhanced selectivity to 

the unsaturated alcohols, which has been attributed to an electron transfer in many cases (Fig. 17b). 

 

4.2.2.1.  Electron transfer to Ni 

Ni has been promoted with more electropositive metals to increase the electron density of 

Ni sites and enhance the selectivity to the unsaturated alcohols. In most cases, the observations 

from reactor studies are supported by surface science experiments and DFT calculations that show 



 

changes in the adsorption geometries as well as the stronger interaction of the C=O bond with the 

bimetallic surfaces. 

Unsupported MNi nanoparticles (M = Fe, Co, In) exhibited higher selectivity to furfuryl 

alcohol in furfural hydrogenation, compared to monometallic Ni nanoparticles.293 Fe0.33Ni0.67 was 

found to be the optimal composition, where a Fe0.25Ni0.75 alloy phase coexisted with a Ni phase, 

based on X-ray diffraction. From Fourier transform infrared spectroscopy, furfural adsorbed 

mainly on Fe via its C=O bond, i.e. the η1-σ(O)-OFe configuration. The results are consistent with 

a charge transfer from Fe to Ni as established in a similar study.304 Introduction of supports (TiO2, 

Al2O3, CeO2, SiO2) did not affect the selectivity, which remained high (>90%), but increased the 

conversion, except for the case of SiO2. On the other hand, the selectivity was very low in the 

hydrogenation of other unsaturated aldehydes, such as citral and cinnamaldehyde, because of the 

isomerization of the unsaturated alcohols. 

Supported FeNi nanoparticles also outperformed other bimetallic compositions in a study 

of MNi/SiO2 (M = Fe, Co, Cu).295 Fe0.25Ni0.75/SiO2 had higher selectivity (91.7%) to furfuryl alco-

hol at high furfural conversion, compared to monometallic Ni/SiO2 (67.3%) as well as Fe/SiO2 

which showed no activity. CoNi had the same performance as monometallic Ni. CuNi had high 

selectivity but low conversions. Fe0.25Ni0.75 was found to be the optimal composition: the lower the 

Ni content, the lower the activity. 

A similar enhancement was observed in Fe0.38Ni0.62/SiO2, which had higher selectivity 

(74%) to furfuryl alcohol at 100% furfural conversion, compared to monometallic Ni/SiO2 (2%).294 

After the reduction in H2 at 973 K, the nanoparticles were found to be an FeNi alloy with the outer 

shell enriched in Fe. No monometallic Fe nanoparticles were detected. 



 

Fe0.5Ni0.5/SiO2 had higher selectivity to furfuryl alcohol at a low temperature, compared to 

monometallic Ni/SiO2 over which decarbonylation to furan dominated.305 However, at higher tem-

peratures and conversions, methylfuran from hydrodeoxygenation became the major product, sim-

ilar to the results of FePd/SiO2 (section 4.1.5.2).275 Using a DFT model of NiFe(111), the trends 

were attributed to the stronger interaction of the C=O bond with the oxophilic Fe, which promoted 

hydrogenation to furfuryl alcohol and its subsequent dehydration to methylfuran. 

Furfural reactivity was investigated on 1 ML Fe/Ni(111) and FeNi/SiO2.301 From DFT cal-

culations, furfural adsorbed via its C=O bond with the furanyl ring tilted away from the surface, 

primarily resulting in hydrodeoxygenation to methylfuran with furfuryl alcohol as the likely inter-

mediate. Surface science experiments also confirmed that the C-C bond cleavage was suppressed 

on Fe/Ni(111) unlike on Ni(111), thereby forming methylfuran as the major product. 

Cu0.25Ni0.75/C, prepared via pyrolysis of a benzene-1,3,5-tricarboxylic acid based metal or-

ganic framework, had higher activity and selectivity (93.8%) to furfuryl alcohol, compared to mon-

ometallic Cu and Ni catalysts.297 The formation of a Ni-Cu alloy phase was confirmed by X-ray 

diffraction. From DFT calculations, the catalytic enhancement was attributed to a downward shift 

of the d-band center upon alloying with Cu. This electronic effect offered two benefits: (i) The 

desorption of H2 was facilitated on Ni, promoting the adsorption of furfural and thus the activity; 

(ii) the tilted adsorption geometry was favored via the C=O bond, promoting the selectivity, in 

contrast to the flat orientation adopted on monometallic Ni. 

 Cu0.08Ni0.92/SiO2 with a high metal loading (>50 wt.%) exhibited high selectivity (96%) to 

furfuryl alcohol at 100% furfural conversion.298 However, no comparisons were made to monome-

tallic Ni or Cu catalysts. A strong dependence on the catalyst reduction temperature was observed: 

the best performance was achieved after the reduction at 573 K, resulting in a full reduction of Cu 



 

and a partial reduction of Ni. Lower reduction temperatures resulted in a higher Ni oxide content 

and led to the formation of isopropyl furfuryl ester. 

In surface science studies of furfural hydrogenation, 1 ML Cu/Ni(111) exhibited selectivity 

to methylfuran, in contrast to the dilute alloys that had high selectivity to furfuryl alcohol in reactor 

studies. The alloy surfaces were prepared by thermal evaporation of Cu at room temperature; the 

growth mechanism was previously reported to be layer-by-layer.306 On Ni(111), the co-adsorption 

of H2 and furfural led to the formation of propylene from the ring opening, in addition to CO and 

H2 from decomposition.302,303 On 1 ML Cu/Ni(111), methylfuran formed via hydrodeoxygenation, 

in addition to ethylene, CO, and H2. 

Intermetallic In0.33Ni0.67/Al2O3 catalysts had higher selectivity to the unsaturated alcohols 

in the hydrogenation of six different unsaturated aldehydes, including crotonaldehyde and furfu-

ral,135 compared to monometallic Ni/Al2O3. The enhancement was attributed to a charge transfer 

from In to Ni, which promotes the C=O bond adsorption, as evidenced by DFT calculations. 

M0.1Ni0.9/TiO2 (M = Cu, Ag, Au) had slightly higher activity and selectivity to cinnamyl 

alcohol, compared to monometallic Ni/TiO2.152 An alloy phase was formed for CuNi, but not for 

AgNi and AuNi. The selectivity was similar for the three systems, with AuNi being slightly more 

selective. The enhancement was attributed to a weaker H adsorption compared to monometallic Ni, 

as well as a possible charge transfer from Cu, Ag, and Au to Ni, which would destabilize the C=C 

bond adsorption. 

 

4.2.2.2.  Concurrent electron transfer and other effects 

The selectivity enhancement upon promotion of Ni with Sn was attributed to the presence 

of intermetallic Ni-Sn phases. Sn0.3Ni0.7/AlOH had higher selectivity to the unsaturated alcohols in 

the hydrogenation of various unsaturated aldehydes, including crotonaldehyde, cinnamaldehyde, 



 

and furfural, compared to Raney Ni/AlOH.136 A Ni-Sn alloy phase was formed, facilitating the 

C=O bond adsorption. 

In a similar study, SnNi/Al2O3, prepared at different Sn/Ni ratios via the layered double 

hydroxide precursor method, had higher selectivity (61.2%) to furfuryl alcohol in furfural hydro-

genation, compared to monometallic Ni/Al2O3 (8.1%).61,292 Sn0.4Ni0.6 was found to be the optimal 

composition. The surface composition remained close to Sn:Ni = 1:1, resulting in isolated Ni sites 

as well as a charge transfer from Sn to Ni. As such, the addition of Sn altered the furfural adsorption 

geometry to be tilted away from the surface. Due to these geometric and electronic effects promot-

ing an intermediate furfural adsorption, high selectivity at high conversion was achieved on 

Sn0.4Ni0.6. Higher Sn content led to a higher selectivity but a lower activity, due to a much weaker 

furfural adsorption and the furanyl ring tilting farther away from the surface.292 Using DFT models 

of various facets and Sn/Ni ratios—including Ni(111), Ni3Sn2(101), Ni3Sn2(112), Ni3Sn(100), 

Ni3Sn(101), and Ni3Sn4(401)—the preferential adsorption via the vertical η1-σ(O)-OSn configura-

tion was confirmed, promoting the chemoselective reduction of the C=O bond.61 

 

4.3.  More noble and selective metals 

Because of their full d-shells, Au, Ag, and Cu of Group 11 exhibit lower activity for H2 

dissociation than the conventional hydrogenation catalysts described in section 4.1. Nonetheless, 

moderate to high selectivity to the unsaturated alcohols have been reported, but promotion with 

more active metals (Pd, Pt, Rh, Ni, Ir) was needed to achieve higher conversions (Fig. 18). 

 



 

 

Figure 18. Reported selectivity to the unsaturated alcohol (UOL) as a function of the unsaturated aldehyde 

(UAL) conversion on: (a) Au and Au-rich bimetallics for the hydrogenation of crotonaldehyde,137,214,307–312 

cinnamaldehyde,141,153,154,214,217,238,307,313 furfural,314 and citral;262 (b) Ag and Ag-rich bimetallics for the hy-

drogenation of acrolein200,315 and crotonaldehyde;137,138 (c) Cu and Cu-rich bimetallics for the hydrogenation 

of crotonaldehyde,128,139 cinnamaldehyde,128,154,155 and furfural.296,297,316–320 Dotted arrows indicate that the 

data are derived from the same study. 

 

4.3.1.  Au and Au alloys 

 Monometallic Au catalysts have been investigated extensively in reactor studies for the 

hydrogenation of cinnamaldehyde141,153,154,214,217,238,307,313 and crotonaldehyde,137,214,307–312 and, to 

a lesser extent, acrolein321 and citral262 (Fig. 18a). While monometallic Au catalysts have exhibited 

the selectivity to the unsaturated alcohols as high as 80%, the conversions have remained generally 



 

below 50%. High selectivity at high conversions were reported in rare cases when e.g. a CeO2 

support was used.307 To the best of our knowledge, Au has not been investigated in surface science 

studies for the hydrogenation of the unsaturated aldehydes. 

The adsorption energetics and reactivity on Au have been investigated using DFT, mostly 

on non-(111) facets and nanoclusters.b From ab initio thermodynamics,166 acrolein desorbed from 

Au(110)-(1×2) at temperatures above ~230 K at 0.15 atm, in contrast to the case of strong adsorp-

tion on Pt(110)-(1×2). The weaker adsorption was evidenced by a shift from the η4 to the η2 con-

figuration involving the π(CC) binding mode. The authors highlighted the need to interpret the 

computed phase diagrams with care, however, given the uncertainties arising from the exchange-

correlation functional and the configurational entropy. 

On Au(111) and Au(211),194 the formation of allyl alcohol was kinetically favored, in con-

trast to 1-propenol formation on Pt(211).202 Because of the low activity of Au for H2 dissociation, 

the non-Horiuti-Polyani mechanisms involving weakly bound molecular H2 have been proposed to 

be kinetically favored. The entropic contributions were not assessed in the study, however. Fur-

thermore, the surface residence time of molecular H2 is expected to be low, given the positive 

reported adsorption energies of +0.12 and +0.03 eV on Au(111) and Au(211), respectively. On the 

other hand, the geometric and electronic effects were considered using different structures with 

simple defects. At the lower-coordination sites, the computed energy barrier for the C=O bond 

reduction became lower when molecular H2 was involved, but the opposite was observed when 

atomic H was involved. 

                                                
b Several DFT studies of crotonaldehyde on Au(111)355–357 and M/Au(111) (M = Co, Ir, Ni, In)356,358 have been ex-

cluded due to inconsistencies in the data. See Table S2 for details. 



 

Modeling of the acrolein adsorption on AuN (N = 1-5; 20)196,322 showed that the η2-π(CC) 

configuration was favored at the low-coordination sites in all cases, thereby promoting the C=C 

bond reduction. The hydrogenation pathways were further mapped out on both Au20 and 

Au(110).196 Similar to Pt(111),203 the reduction of the C=O bond was kinetically favored over that 

of the C=C bond on Au(110). However, the selectivity to allyl alcohol was achieved kinetically on 

Au(110) because of the weaker adsorption of allyl alcohol. In contrast, the energy barriers for the 

C=C and the C=O bond reduction became close to each other on Au20, detrimentally affecting the 

selectivity. Another study modeled the effect of secondary phosphine oxide ligands on Au55.204 The 

ligands provided a cooperative effect, where heterolytic H2 dissociation was followed by a con-

certed H addition into the C=O bond to form allyl alcohol. The activity was correlated to the ba-

sicity difference between the ligand and the reactant, as well as the number of the available surface 

sites. 

Modeling of the cinnamaldehyde hydrogenation pathways on Au(111)323 showed signifi-

cant differences in the thermodynamics and kinetics compared to Pt. On Pt nanoclusters, the com-

puted energy barriers for the C=O bond reduction were lower than those of the C=C bond reduc-

tion;252,253 the opposite was observed on Au(111), however.323 Furthermore, the η4 binding mode 

was favored on Au, in contrast to the η2 configurations on Pt.249–251 More studies are needed to 

better understand these discrepancies in the hydrogenation of cinnamaldehyde across Au and Pt 

model systems. 

In reactor studies, promotion of Au with a secondary metal has been widely employed to 

enhance the activity. However, the selectivity was lower in most cases, producing the saturated 

aldehydes via the reduction of the C=C bond, albeit without over-hydrogenation to the saturated 

alcohols. This has notably been the case for Au promoted with Pd.312,324,325 In other cases of Au 



 

promoted with Ir,153 Pt,262 Ag,137 and In,321 the activity and/or the selectivity has been enhanced 

(Fig. 18a). As noted in section 2.1, the strong interaction of Au with metal oxide supports can also 

promote the activity. However, this factor is not discussed in details below, instead focusing on the 

promotion effect by a secondary metal. 

 

4.3.1.1.  Promotion of activity 

Promotion of Au with more reactive metals, such as Ir and Pt, has led to enhanced activity 

while maintaining high selectivity. An important role of these active metals is to enable the disso-

ciation of H2. 

Ir0.13Au0.87/TiO2 exhibited a rate of hydrogenation five times higher than that of monome-

tallic Au/TiO2, while preserving the same level of selectivity (83%) to cinnamyl alcohol in cin-

namaldehyde hydrogenation.153 The enhancement was attributed to the possible promotion of H2 

activation by the strong Au-Ir interaction in the Au-Ir alloy surface, including a charge transfer 

from Ir to Au. Ir0.23Au0.77/TiO2 catalysts had higher activity and selectivity (90%) to geraniol/nerol 

in citral hydrogenation, compared to monometallic Au/TiO2 (74%).262 The samples were not ho-

mogeneous; monometallic Ir and bimetallic IrAu nanoparticles coexisted on the support. The en-

hancement was attributed to the presence of Irδ+ species promoting the chemoselective reduction 

of the C=O bond. 

Pt0.05Au0.95/SiO2 catalysts exhibited ten times higher activity than monometallic Au/SiO2, 

while preserving the same level of selectivity (>99%) to furfuryl alcohol in furfural hydrogena-

tion.314 The enhancement was attributed to the presence of surface Pt as the active sites for H2 

dissociation. However, the same catalyst did not exhibit high selectivity to cinnamyl alcohol in 

cinnamaldehyde hydrogenation. The observed low selectivity is consistent with DFT modeling of 

cinnamaldehyde hydrogenation pathways on PtAu19.326 The adsorption occurred preferentially on 



 

the Pt dopant through the C=C bond via the η2-π(CC)-Pt configuration. Similar to Au(111),323 the 

reduction of the C=C bond was kinetically favored. 

 

4.3.1.2.  Other effects 

 Upon promotion of Au with Ag and In, multiple effects have been proposed to explain the 

observed selectivity enhancement. Ag0.1Au0.9/SBA-15 had higher activity and selectivity (72.3%) 

to crotyl alcohol in crotonaldehyde hydrogenation, compared to monometallic Au/SBA-15 

(55.3%).137 As expected, higher Ag content led to a lower selectivity. The enhancement was at-

tributed to the formation of a Au-Ag alloy phase. The authors hypothesized that H2 dissociation 

would mostly occur on the Au sites, followed by H spillover to the neighboring Ag sites where the 

preferential adsorption and the activation of the C=O bond would occur. However, these effects 

are not fully understood; in particular, H2 dissociation is unlikely to occur on Au, as noted in section 

2.1. 

In0.05Au0.95/ZnO had high selectivity (60%) to allyl alcohol in acrolein hydrogenation. The 

conversions were not reported, but the rate of hydrogenation was half that of monometallic 

Au/ZnO.321 The observed high selectivity is consistent with DFT modeling of the hydrogenation 

pathways on In/Au(110).195 Because of the strong Au-In interaction, In preferentially decorates the 

terraces rather than the edge sites. Compared to the η2-π(CC) binding mode on Au(110)166 and the 

edge sites,194,202 acrolein adsorbed more strongly on the In dopant through the C=O bond via the 

η2-diσ(CO)-OIn configuration. As such, In actively stabilized and activated acrolein on the terraces, 

thereby promoting the chemoselective reduction of the C=O bond. 

 

  



 

4.3.2.  Ag and Ag alloys 

Monometallic Ag catalysts have been investigated for the hydrogenation of crotonalde-

hyde,137,138,327 acrolein,200,328,329 and cinnamaldehyde241,330 in reactor studies (Fig. 18b). Moderate 

selectivity to the unsaturated alcohols has been reported, e.g. ~54-72% to crotyl alcohol and ~37-

48% to allyl alcohol. 

In surface science studies of Ag(111), the adsorption geometry strongly influenced the se-

lectivity in the hydrogenation of acrolein92 and crotonaldehyde122 (Fig. 19). The co-adsorption of 

H and acrolein at low coverages led to the formation of allyl alcohol and propanal with 35% and 

65% selectivity, respectively. The selectivity to allyl alcohol increased with the acrolein coverage 

and was the highest at 1.0 ML acrolein coverage (~45% selectivity) due to the steric effect that 

caused the C=C bond to tilt 12° away from the surface, thereby promoting the reduction of the 

C=O bond. As such, the adsorption geometry of acrolein and the ensuing selectivity were highly 

dependent on its coverage on Ag(111), in stark contrast to Pd(111) and Pt(111) where decomposi-

tion was dominant at all coverages. 

In contrast, the selectivity to crotyl alcohol was higher than that of allyl alcohol at all cov-

erages of H and crotonaldehyde (Fig. 19b). At a low coverage of both H and crotonaldehyde, the 

C=O bond was nearly parallel to the surface at a tilt angle of 5°, whereas the C=C bond was tilted 

31° away from the surface.122 This adsorption geometry led to 95% selectivity to crotyl alcohol 

because the C=O bond was activated and accessible to the adsorbed H. At a high crotonaldehyde 

coverage, the C=C bond became nearly parallel to the surface, resulting in the formation of crotyl 

alcohol and butanal with 85% and 15% selectivity, respectively. At a high H coverage, the C=C 

bond remained parallel to the surface, increasing the selectivity to n-butanol. 

 



 

 

Figure 19: Summary of the selectivity to the unsaturated alcohol, the saturated aldehyde, and the saturated 

alcohol as a function of the H2 dose for 0.3, 0.6, and 1.0 ML of (a) acrolein and (b) crotonaldehyde on 

Ag(111). Adapted with permission from refs. 92 and 122 (Copyright 2009 & 2012, American Chemical 

Society, Washington, DC). 

 

Based on DFT modeling, acrolein was oriented parallel to the surface of Ag(111) in the η2-

π(CC) configuration.177,197 At a high coverage, however, a complex network of two stable super-

structures was obtained, driven by the dipole alignment. The model provided an alternative inter-

pretation of the near edge X-ray absorption fine structure spectroscopy data. On Ag(110) and at 

the step edges of Ag(221),199 the computed adsorption energies were in the range of –0.10 to –0.25 

eV, with a slight preference for the η2-π(CC) binding mode, but too weak to explain the high se-

lectivity to allyl alcohol reported by reactor studies. 

To resolve this, a follow-up study mapped out the acrolein hydrogenation pathways on 

Ag(110) and Osub/Ag(111) surfaces, which demonstrated that the presence of subsurface O species 

led to enhanced selectivity.198 The formation of allyl alcohol was kinetically favored on 



 

Osub/Ag(111) but not on Ag(110). Both allyl alcohol and propanal desorbed easily from both sur-

faces at the reaction temperatures of interest, indicating that the selectivity is kinetically controlled. 

However, the exact nature of the O species responsible for the selectivity enhancement was not 

examined in the study. 

The reactivity of acrolein was also modeled and compared across Ag(111), Ag(100), and at 

the step edges of Ag(211).176 The higher-coordination sites led to higher selectivity. Similar to a 

previous study of Au(111) and Au(211),194 the non-Horiuti-Polyani mechanisms involving weakly 

bound molecular H2 have been proposed to explain the selectivity trend. The entropic contributions 

were not systematically assessed in the study, however. Free energy barriers were reported for only 

one elementary step in their Supplementary Information,176 specifically the second step of 1,4-

addition to form the enol via molecular H2. Compared to the corresponding internal energy barriers, 

the entropic contributions more than doubled the barriers (> 1 eV). Moreover, the free energy bar-

riers were not reported for the same elementary step involving atomic H. As such, further system-

atic analysis is needed to evaluate the viability of the non-Horiuti-Polyani mechanisms. 

From DFT calculations, hydrogenation of furfural to furfuryl alcohol was kinetically fa-

vored over hydrodeoxygenation to methylfuran on Ag(111) and Ag(211), even in the presence of 

step edges.168 Furthermore, in contrast to Ni(111) and Ni(211), the weaker adsorption on Ag fa-

vored the desorption of furfuryl alcohol instead of its dehydration to methylfuran. 

 In reactor studies, promotion of Ag with secondary metals such as Pd enhanced the activity 

and the selectivity,200 whereas the addition of In has led to enhanced selectivity.138,315,331 In partic-

ular, promotion with In resulted in one of the highest reported selectivity values to crotyl alcohol 

at high crotonaldehyde conversion (Fig. 18b). 

 

  



 

4.3.2.1.  Promotion of activity 

Pd0.001Ag0.999/SiO2 catalysts had higher activity and selectivity (33%) to allyl alcohol in 

acrolein hydrogenation, compared to monometallic Ag/SiO2 (15%).200 At such a low Pd concen-

tration, the surface consisted of isolated Pd atoms interspersed in Ag, functioning as the active sites 

for H2 dissociation as confirmed by DFT calculations (Fig. 20). However, the Pd dopant strength-

ened the adsorption of the C=C bond much more so than that of the C=O bond. As such, the selec-

tivity was instead attributed to a possible H spillover to Ag(111). This discrepancy highlights the 

need for reliable surface model validation, as well as modeling of dynamical and entropic effects 

that are at play in reactor studies. 

 

4.3.2.2.  Electrophilic sites from promoters 

Promotion of Ag with In has led to enhanced selectivity at high conversions, which has 

been attributed to the presence of oxidized In species functioning as the Lewis acid sites. 

In0.07Ag0.93/SiO2 had high selectivity to allyl alcohol (61% and 75% in the gas and liquid phase, 

respectively) at high acrolein conversions (>90%), representing one of the highest reported selec-

tivity values to allyl alcohol at such high conversions.315 From in situ X-ray absorption spectros-

copy, In was oxidized under reaction conditions and remained so even in a strongly reducing H2 

environment. The oxidized In promoted the C=O bond adsorption, in addition to strengthening the 

interaction of acrolein with Ag and enhancing its coverage.328 



 

 

Figure 20. The potential energy diagram of H2 dissociation, calculated using DFT. On Ag(111), the process 

is significantly activated and endothermic (left). On Pd(111), the process is practically barrierless, but the 

H atoms are too strongly adsorbed (right). On Pd monomer embedded in Ag(111), both the energy barrier 

and the resulting adsorption are moderate (center). Reprinted with permission from ref. 200 (Copyright 2015, 

American Chemical Society, Washington, DC). 

 

In0.23Ag0.77/SBA-15 catalysts exhibited a remarkable performance for liquid-phase cro-

tonaldehyde hydrogenation.138 At nearly full conversion, selectivity to crotyl alcohol was 87%, in 

comparison to 54% on monometallic Ag/SBA-15. The enhancement was attributed to the reduced 

nanoparticle size of InAg compared to monometallic Ag. This resulted in a larger concentration of 

the low-coordination sites or the positively charged Ag sites, which favored the adsorption and the 

activation of the C=O bond as suggested by infrared reflection absorption spectroscopy.332 In ad-

dition, oxidized In in the form of In2O3 functioned as the Lewis acid sites, enhancing the selectivity 

to the unsaturated alcohol. 



 

In0.07Ag0.93/SiO2 was also selective to geraniol/nerol (76%) in citral hydrogenation, with 

and without solvent.331 While the study did not provide a detailed analysis of the catalytic perfor-

mance, the selectivity and the conversion were comparable to those of the industrial catalysts that 

require a basic additive. 

 

4.3.3.  Cu and Cu alloys 

Monometallic Cu catalysts have been investigated in reactor studies for the hydrogenation 

of crotonaldehyde128,139 and cinnamaldehyde128,154 which exhibited moderate selectivity (~50%), 

in addition to furfural316–318 that showed a wider range of selectivity (0-90%) (Fig. 18c). The high-

est selectivity to crotyl alcohol was achieved with a reducible CeO2 support.128  

Surface science studies have shown high selectivity in the hydrogenation of crotonalde-

hyde,97,98 furfural,302,303 and cinnamaldehyde155 on Cu, unlike on the more reactive metals of 

Groups 8-10. In the presence of sulfur, 100% selectivity to crotyl alcohol was achieved for κ = 

0.16, where κ = 1 corresponds to the surface atom density of Cu(111) (1.77 × 1015 Cu atoms/cm2). 

From near edge X-ray absorption fine structure spectroscopy, the C=C and the C=O bond were 

tilted 36° and 23° away from the surface, respectively. As such, sulfur perturbed the C=O bond 

while tilting the C=C bond farther away from the surface, promoting the chemoselective reduction 

of the former.97 Furthermore, the C=C bond remained tilted even after crotyl alcohol formation, 

preventing over-hydrogenation to n-butanol. The difference in the selectivity between Ag(111) and 

Cu(111) was explained by X-ray photoelectron spectroscopy data.122 Specifically, the 1s binding 

energies of the carbonyl C in crotonaldehyde were 287.9 and 288.2 eV on Ag(111) and Cu(111), 

respectively. The larger value on Cu(111) indicated a greater degree of charge transfer from Cu to 

the C=O π* orbital, thereby activating the bond for reduction. On Cu(110), 100% selectivity to 



 

cinnamyl alcohol was obtained in cinnamaldehyde hydrogenation, based on both regular (linear 

temperature ramp) and isothermal (desorption intensity plotted as a function of time at a constant 

temperature) temperature programmed desorption.155 

 Based on DFT modeling of furfural reduction, hydrodeoxygenation to methylfuran and sub-

sequent desorption were kinetically favored over the dehydration of furfuryl alcohol on Cu(111),333 

similar to Ag(111).168 As such, the selectivity shifted from furfuryl alcohol to methylfuran only 

upon increasing the temperature. 

 In reactor studies, promotion of Cu with a secondary metal, such as Pd,319 Rh,139 Ni,296 and 

Pt,155,334 has led to higher activity by providing the active sites for H2 dissociation, while preserving 

moderate to high selectivity (Fig. 18c). Promotion with Co320 and Au154 has led to enhanced cata-

lytic performances due to a combination of effects described below. 

 

4.3.3.1.  Promotion of activity 

Pd0.38Cu0.62/MgO and Pd0.38Cu0.62/C catalysts had higher activity and selectivity (99% and 

91.2%, respectively) for furfuryl alcohol in furfural hydrogenation, compared to monometallic 

Cu/MgO that exhibited zero selectivity.319 Pd0.38Cu0.62/MgO slightly outperformed Pd0.38Cu0.62/C. 

Cu(I/II), Pd0, and a Pd-Cu alloy phase were found to coexist in Pd0.38Cu0.62/C, and the enhancement 

was attributed to the electronic modification of Pd by Cu. In the Pd0.38Cu0.62/MgO catalyst, no Pd-

Cu alloy phase was identified; Pd0 and Cu2O phases coexisted. The enhancement was attributed to 

the following: (i) Pd0 provided the active sites for H2 dissociation; and (ii) Cu(I) functioned as the 

Lewis acid sites for the preferential adsorption of the C=O bond. 

Pt0.005Cu0.995/SBA-15 catalysts had higher selectivity (56%) to cinnamyl alcohol in cin-

namaldehyde hydrogenation, compared to both monometallic Cu/SBA-15 and Pt/SBA-15 (Fig. 

21).155 The enhancement was attributed to the preferential adsorption of the C=O bond on Cu. At 



 

such a low Pt concentration, the Pt atoms remained isolated and interspersed in the Cu nanoparticle. 

Previous investigations of PtCu single-atom alloys have demonstrated a mechanism by which H2 

is activated on isolated Pt atoms embedded in the Cu surface layer, followed by H spillover and 

selective hydrogenation on Cu.335–337 However, the authors of the current study reported that the 

surface was mainly comprised of a thin oxidized Cu film with no Pt atoms. Two hypotheses were 

proposed: (i) the active site for H2 dissociation consists of small ensembles containing Pt, possibly 

in the subsurface; or (ii) Pt segregates to the surface reversibly during the reaction. A follow-up 

kinetic study confirmed Pt0.005Cu0.995 as the optimal composition, and the authors concluded that 

isolated Pt atoms could affect the electronic structure of the entire Cu nanoparticle, or at least that 

of the ensemble of Cu atoms in close vicinity.334 

 

 



 

Figure 21. (a) Scanning transmission electron microscopy images of Pt0.005Cu0.995/SBA-15. (b) Energy dis-

persive spectroscopy image from a Pt0.75Cu0.25/SBA-15 sample, with Pt and Cu atoms colored in red and 

blue, respectively. (c) The total conversion after 2.5 hours of reaction (purple circles, right axis) and the 

selectivity (bars, left axis) for cinnamaldehyde hydrogenation on CuPtx/SBA-15 as a function of the catalyst 

composition (CMO = cinnamyl alcohol; HCMO = hydrocinnamyl alcohol; HCMA = hydrocinnamaldehyde). 

Adapted with permission from refs. 155 and 334 (Copyright 2019 & 2020, American Chemical Society, 

Washington, DC). 

 

Ni0.3Cu0.7/MgAlO catalysts, prepared from the reduction of a spinel, had higher activity and 

selectivity to furfuryl alcohol in furfural hydrogenation, compared to monometallic Cu/MgAlO and 

Ni/MgAlO.296 Ni0.3Cu0.7 was found to be the optimal composition. Catalyst reduction at 573 K led 

to higher conversion and selectivity compared to the reduction at 493 K, indicating the important 

role of Cu0. Ni oxide species would still have been present, based on a much higher reduction 

temperature of ~1073 K on Ni/MgAlO; however, the promotion effect of Ni was not analyzed in 

detail. 

In contrast to the reactor studies of dilute NiCu alloys, the formation of furfuryl alcohol was 

not observed in surface science studies of Cu(111)303 and 1 ML Ni/Cu(111).302 Because Cu(111) 

does not dissociate H2 in ultrahigh vacuum, no hydrogenation products were formed upon co-dos-

ing H2 and furfural, and furfural underwent reversible desorption as well as decomposition to CO 

and H2. On 1 ML Ni/Cu(111), furfural underwent decomposition and hydrodeoxygenation to 

methylfuran. Selectivity to furfuryl alcohol was not observed, possibly due to the presence of large 

Ni ensembles on the surface where decomposition may still be facilitated. These results were sup-

ported by high resolution electron energy loss spectroscopy and DFT calculations showing stronger 

adsorption of furfural on 1 ML Ni/Cu(111) via the η2-diσ(CO) configuration, compared to Cu(111). 



 

Rh0.33Cu0.67/SiO2 had higher activity and selectivity (74%) to crotyl alcohol in crotonalde-

hyde hydrogenation, compared to monometallic Cu/SiO2 (55%).139 The enhancement was at-

tributed to an increased dispersion of Rh and a possible charge transfer from Cu to Rh. 

 

4.3.3.2.  Other effects 

CoxCu1-x/C (x = 0-0.5) catalysts, prepared by pyrolysis of benzene-1,3,5-tricarboxylic acid 

based metal-organic frameworks, had higher selectivity to furfuryl alcohol in furfural hydrogena-

tion, compared to monometallic Cu/C.320 Both the selectivity and the conversion increased upon 

promotion with Co. Co0.3Cu0.7 was found to be the optimal composition, reaching 97.7% selectivity 

at nearly full conversion. Metallic Cu, metallic Co, and Co oxide phases coexisted. The enhance-

ment was attributed to the following: (i) the spatial dispersion of Cu and the reduced nanoparticle 

size of CoCu compared to monometallic Cu, resulting in an increased number of the active sites; 

and (ii) H2 activation on Co and Cu, followed by the preferential adsorption and the reduction of 

the C=O bond on Cu0 and/or CoOx. 

AuCu/SiO2 catalysts had higher conversion and slightly higher selectivity (55%) to cin-

namyl alcohol in cinnamaldehyde hydrogenation, compared to monometallic Cu/SiO2 (49%). It 

was found that the higher the Au content, the higher the conversion.154 Au0.06Cu0.94 was found to 

be the optimal composition. The Au sites were postulated to function as the active sites for H2 

dissociation (enhancing the activity), while Cu+ sites promoted the adsorption and the activation of 

the C=O bond (enhancing the selectivity). 

 

 

  



 

5.  Conclusions and prospects 

 

The studies reviewed here demonstrate the great promise of bimetallic and dilute alloy cat-

alysts to achieve high selectivity to the unsaturated alcohols in the hydrogenation of α,ß-unsatu-

rated aldehydes. Reactor studies have clearly demonstrated the viability of bimetallic catalysts un-

der reaction conditions, and combined theoretical and surface science studies have provided fun-

damental understanding of the electronic and geometric effects on adsorption strength, binding 

modes, and reactivity of these systems. 

Aggregate analysis of the published data was used to establish several guidelines for en-

hancing the selectivity to the unsaturated alcohols over the saturated aldehydes. Promotion of an 

active electronegative metal (Ru, Rh, Pd, Ir, Pt) with an electropositive metal typically leads to two 

different electronic effects that may be concurrent. The first is an electron transfer from the pro-

moter to the active metal, which destabilizes the C=C bond adsorption while also strengthening the 

C=O bond adsorption. The second effect involves the promoter metal functioning as an electro-

philic site, sometimes in the form of an oxide species, where the C=O bond can preferentially 

adsorb in close proximity to the active metal where H2 dissociation occurs. 

On the other hand, promising results have been reported upon promotion of a more noble 

and selective metal (Au, Ag, Cu) with an active metal (e.g. Ni, Rh, Pd, Ir, Pt), but the mechanisms 

of H2 activation and the formation of the unsaturated alcohol are not yet fully understood on most 

of these systems. 

There remains an unmet need for a systematic investigation of effective catalysts for the 

selective production of the unsaturated alcohols. While high selectivity has been achieved over 

bimetallic catalysts in the hydrogenation of the unsaturated aldehydes with substituents at the C=C 



 

bond that hinder its reduction, such as cinnamaldehyde, more work is required for smaller mole-

cules such as acrolein and crotonaldehyde. In particular, this review unequivocally highlights the 

need for more theoretical and surface science studies to advance the rational design of more effi-

cient alloy catalysts. Of all metal combinations investigated in the reactor studies considered in this 

review, ~40% of the corresponding model surfaces have been investigated with DFT calculations, 

and only ~20% were investigated using surface science experiments. Furthermore, more than half 

of these theoretical and surface science studies were dedicated to bimetallic Pt-based surfaces alone, 

leaving out many compositions that would benefit from fundamental investigations. 

Surface science models can provide detailed information about the binding sites, adsorption 

energies, and reaction mechanisms and kinetics, serving as important benchmarks for theoretical 

calculations. However, surface science studies have remained scarce for certain metal compositions. 

One challenge is the construction of extended single crystal models that mimic the high-surface 

area catalysts with high fractions of edges and defect sites. Another limitation lies with the noble 

and selective metals (e.g. Au, Ag, Cu) that have high energy barriers for H2 dissociation—a key 

step in hydrogenation. As a result, it is difficult to produce a significant coverage of atomic hydro-

gen on these metals at low pressures (ultrahigh vacuum). Under steady-state conditions of higher 

pressures and temperatures used for catalysis, sufficient H2 dissociation may proceed. This limita-

tion in the surface science experiments can be circumvented by using a source of atomic hydrogen. 

Moreover, the recent development of single-atom alloy catalysts74,75 has been promising in this 

regard, in which a reactive minority metal (e.g. Pt, Pd, Ni) is dispersed as isolated atoms in a ma-

jority host metal (e.g. Au, Ag, Cu) that exhibits selective chemistry.335,338–340 The reactive metal 

acts as the atomic hydrogen source by activating H2, which may subsequently migrate to sites on 

the host metal where selective hydrogenation can occur. These systems not only represent an op-

portunity for understanding structural and mechanistic fundamentals using surface science studies, 



 

but also as new catalyst architectures in reactor studies as seen in the case of PdAg single-atom 

alloys for the hydrogenation of acrolein to allyl alcohol.200 

Carbonaceous deposits have been shown to influence the catalytic performance in hydro-

genation reactions, such as olefin hydrogenation and semi-hydrogenation of alkynes. Among var-

ious hypotheses, the most widely accepted one is that the presence of these surface species alters 

the adsorption mode of the reactants by blocking specific active sites, thereby altering the selectiv-

ity.34,341,342 For example, similar to the strongly bound ethylidyne species that poison the surface in 

acetylene hydrogenation,343 prenal has been shown to decompose into highly stable isobutylidyne 

species on Pt(111).248 To the best of our knowledge, however, comprehensive and systematic in-

vestigation of carbonaceous deposits has yet to be conducted for the hydrogenation of the unsatu-

rated aldehydes. Here, surface science studies can also play a critical role in the design of new 

catalysts by observing and quantifying the presence of strongly bound carbonaceous deposits, in-

termediates, and their effect on surface reactions. 

Surface science studies face another challenge when the recombination and the desorption 

of H2 have a lower energy barrier than the hydrogenation steps. Since there are no reactants in the 

ambient gas phase in ultrahigh vacuum, hydrogenation may not be observed even when there is a 

significant amount of hydrogen initially adsorbed on the surface. This challenge can be overcome 

by investigating crystalline models, especially single-atom alloys, at ambient pressures and higher 

temperatures. The recent development of ambient pressure methods, including ambient pressure 

X-ray photoelectron spectroscopy and polarization modulation infrared reflection absorption spec-

troscopy, provide tools for bridging low-pressure single crystal studies to those of complex cata-

lysts. As such, there exists a clear opportunity to investigate well-defined Au, Ag, and Cu-based 

dilute and single-atom alloy model systems for the selective hydrogenation of the unsaturated al-

dehydes. 



 

Theoretical calculations have provided crucial insights on the selectivity enhancement ob-

served in numerous reactor studies, correlating the adsorption modes of the unsaturated aldehydes 

with their reactivity. However, distinct gaps exist in the types of model systems that have been 

investigated. Out of all DFT studies considered in this review, the majority have focused on acro-

lein (~40%) and furfural (~23%) on Pt (~34%), predominantly on monometallic systems with (111) 

facets (~70%). This imbalance is primarily due to the structural and chemical complexities intrinsic 

to bimetallic systems, making it challenging to explore the large configurational space. Depending 

on the miscibility of the constituent metals, the thermodynamically favored structure may range 

from a random solid solution to more ordered configurations such as core-shell nanoparticles344 

and intermetallics.345 In particular, due to their well-defined stoichiometry and long-range order, 

intermetallics are promising model systems as noted in this review (e.g. Sn-Pt, Sn-Pt, Sn-Ru, In-

Ni).50,65,135,189,292 Overall, approaches beyond conventional static methods, such as recent studies 

using accelerated machine-learning molecular dynamics and automated mechanistic characteriza-

tion,83,185 are needed for model validation as well as accurate modeling of entropic and dynamical 

effects under reaction conditions (see section 3.2 for the discussion of the limitations of DFT mod-

eling). 

Assessment of new and emerging catalysts has long been an issue in heterogeneous cataly-

sis due to the lack of both benchmark catalysts and established standard reaction conditions.346 

Rigorous comparison of monometallic and bimetallic catalysts should be carried out with critical 

factors in mind, such as particle size effects and mass transfer limitations, even when catalysts are 

evaluated under the same reaction conditions using the same experimental set-up. While it is clear 

from this review that bimetallic catalysts generally lead to better selectivity than monometallic 

catalysts, identifying the best bimetallic composition is not straightforward. The large diversity of 



 

metals, molecules, reaction conditions (pressure, temperature, and reactor set-up, i.e. gas/liquid 

flow or batch) encountered in this review makes comparison of different studies very challenging. 

Evaluation of new catalysts against a standard catalyst would greatly benefit the discovery 

of catalysts for the selective hydrogenation of the unsaturated aldehydes. Unequivocally, the liter-

ature lacks this kind of benchmarking. With this in mind, we propose that standard conditions be 

cconsidered. Based on our review of the literature, a standard for liquid-phase hydrogenation of 

cinnamaldehyde in batch mode at 20 bar with isopropanol as a solvent is a potential option; a 

standard for gas flow reactors would be crotonaldehyde hydrogenation at atmospheric pressure 

with a 20:1 molar ratio of H2 to crotonaldehyde. A commercial catalyst, 5 wt.% Pt on C, could be 

used as a benchmark as it should yield a mixture of cinnamyl alcohol and other products.349 These 

proposed standards would need to be tested to determine if they are widely applicable; therefore, 

agreement in the community would need to be established. 

Our review highlights an emerging opportunity for Ru-based catalysts. Although Ru is rel-

atively rare and monometallic Ru catalysts are prone to deactivation, reactor studies have demon-

strated that combining Ru with other metals such as Ir, Pt, and Au can lead to high selectivity 

(section 4.1.2.2; Figs. 3 and 9b) as well as enhanced resistance to deactivation in some cases. How-

ever, to the best of our knowledge, there have been no theoretical studies of bimetallic Ru surfaces. 

As such, there exists a tremendous opportunity to investigate the adsorption and reactivity of un-

saturated aldehydes on Ru-based materials, as a step toward the development of active, selective, 

and stable Ru-based bimetallic catalysts. 

Contradictions were noted in various instances regarding the effect of electron transfer from 

one metal to another (e.g. PtCo, PtFe, PtSn in section 4.1.1). Most electron transfer effects in reac-

tor based catalyst studies are investigated only with ex situ X-ray photoelectron spectroscopy. Bet-

ter agreement between studies could be established by recognizing that catalyst supports are well-



 

known to be prone to charging artifacts that change the binding energy of investigated species.348,349 

Using better references for calibration could lead to less such contradictions. The binding energy 

of the C 1s electron in the adventitious carbon is commonly used as a reference in the studies 

considered in this review and the scientific community in general, but this has been shown to result 

in discrepancies.348,350 Furthermore, more comprehensive understanding of the electron transfer 

effect could be achieved by employing a combination of techniques. 

While this review highlighted the synergy between reactor studies, surface science, and 

theory for most metal compositions, discrepancies were noted in some cases as indicated above. A 

crucial factor in achieving better consistency and agreement between model studies (both theory 

and surface science) and catalytic experiments is to ensure that the same state of matter is being 

investigated. Theoretical and surface science studies investigate very well-defined, pristine model 

surfaces. However, catalytic materials are considerably more complex, and the effects of supports, 

metal particle size, and solvents are all important factors that should also be studied systematically. 

Hence, defining the active state of the surface during the reaction is challenging, but of key im-

portance. 

In particular, the surfaces of bimetallic and dilute alloy catalysts are highly dynamic, and 

restructuring has been shown to occur readily during pretreatments and under reaction condi-

tions.78–84,351–354 Pretreatment is a crucial part of catalytic processes undertaken to transform the 

catalyst surface into an active—ideally the most active—state. In bimetallic and dilute alloy cata-

lysts, exposure to a reactant feed under high hydrogen pressure and temperature can induce restruc-

turing that considerably changes the surface composition and morphology. Moreover, spectators 

or modifiers may build up over the course of reaction, as seen historically in the case of acetylene 

hydrogenation where carbonaceous spectator species such as ethylidyne have been shown to alter 



 

the overall performance of the catalyst.34 However, in the studies considered in this review, char-

acterization was performed predominantly on ex situ samples before pretreatment and reaction. As 

such, there is an undeniable need for better descriptions of working catalytic surfaces by means of 

both ambient pressure methods on single crystal models and operando or in situ characterization 

of working catalysts. 

In the final analysis, there exists a major opportunity for improving the selectivity of the 

hydrogenation of the unsaturated aldehydes by using bimetallic and dilute alloy catalysts. Promis-

ing future directions would combine advanced characterization of high-surface area catalysts under 

operating conditions, investigation of single crystal models in ultrahigh vacuum and at ambient 

pressure and temperature, and theoretical modeling of multicomponent and dynamical systems. 

Such synergy across the three major research areas would provide a powerful platform for estab-

lishing the design principles of bimetallic catalysts for the selective hydrogenation of α,ß-unsatu-

rated aldehydes to unsaturated alcohols. 
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4. Cinnamaldehyde hydrogenation 

5. Furfural hydrogenation 
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