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A B S T R A C T

Olefin hydroformylation is one of the most significant examples of homogeneously catalyzed conversion pro
cesses. However, developing chemo/regio-selective and stable solid catalysts has remained a persistent challenge 
in heterogeneous catalysis. Particularly the design of solid catalysts for the hydroformylation of light, gaseous 
olefins, such as ethylene and propylene, has been extensively researched, given that the products from these 
processes are key players in the oxo-chemicals market. Additionally, developing selective, continuous gas-solid 
C2–3 olefin hydroformylation processes prospectively offers a reactive separation alternative to conventional and 
massively energy-intensive cryogenic distillation separation methods. In this review, we first assess the potential 
of reductive olefin hydroformylation as a cost-effective alternative to conventional cryogenic distillation pro
cesses for recovering value from industrial gas mixtures of ethylene and propylene. Taking a conventional 
ethylene splitter as a reference case, a reactive separation through ethylene reductive hydroformylation to 1- 
propanol is predicted to provide significant savings in terms of utility costs. Next, major advances in the 
design and development of solid catalysts for ethylene and propylene hydroformylation are surveyed, with an 
emphasis on single-atom catalysts (SACs) and supported metal nanoclusters. These catalysts have recently 
achieved hydroformylation activity and chemo/regio selectivity comparable to, or even surpassing, those 
traditionally exclusive to free molecular catalysts in solution. Different catalyst design strategies, including the 
heterogenization of metal coordination complexes in supported ionic liquid phase (SILP) catalysts and porous 
organic ligands (POLs), as well as the tuning of oxide-supported catalysts via the adjustment of metal-oxide 
interfacial effects or through nanoconfinement within zeolitic frameworks, are systematically reviewed and 
compared. Finally, conclusions are provided, alongside a critical perspective on fundamental and practical as
pects that require particular attention to ensure rational and systematic progress toward optimized catalysts and 
reaction settings, ultimately paving the way for the heterogenization of light olefin hydroformylation processes.

1. Introduction

Hydroformylation (HF), also known as "oxo-synthesis," is a reaction 
of central industrial significance for converting Cn olefins into their Cn+1 
aldehyde derivatives by reaction with syngas (CO+H2). Discovered by 
the German chemist Otto Roelen in the late 1930s, this reaction has since 
become foundational in the chemical industry. Roelen’s work was built 
on earlier research with Franz Fischer on the Fischer-Tropsch synthesis 
(FTS) at the Kaiser Wilhelm Institute für Kohlenforschung (Mülheim an 
der Ruhr). They observed an increased formation of condensed 
oxygenated products when recycling olefins onto cobalt FTS catalysts. 
Later, Roelen refined this serendipitous discovery, and as research 

director at Ruhrchemie AG (Germany), he systematically transformed it 
into a landmark chemical process. Today, this technology is the largest 
example of industrialized homogeneous catalysis, employing molecular 
catalysts in solution [1]. Olefin hydroformylation is the dominant 
technology for the industrial production of aldehyde compounds, which 
are highly-demanded ingredients for chemical formulation in sectors 
spanning from the food, fragrances and flavors industry to pharma. 
Besides their end-use applications, aldehydes also play a key role as 
intermediates in the synthesis of other relevant chemicals such as al
cohols, amines, carboxylic acids or esters, among other. It is estimated 
that the annual production for all these compounds, or “oxo-chemicals”, 
stands currently at around 10 Mt y− 1 [2–6].
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Commercial hydroformylation processes are catalyzed either by Rh 
or Co-based (hydride)carbonyl coordination complexes in solution. A 
major challenge in HF processes is the design of catalysts offering high 
chemoselectivity to aldehyde products. An important side-reaction to 
inhibit is direct olefin hydrogenation, which is thermodynamically 
favored over hydroformylation and results in the formation of low- 
added value and chemically inert paraffin side-products. Therefore, 
achieving kinetic control is central to steer olefin conversion through 
hydroformylation pathways [7,8]. In specific cases, a second challenge 
is the control over regioselectivity. With the exception of ethylene and 
unfunctionalized cycloalkene substrates, hydroformylation products 
encompass a mixture of aldehyde isomer products, which correspond to 
Markovnikov and anti-Markovnikov additions of a formyl group to a 
C––C bond, as schematically illustrated in Fig. 1. Besides, increasingly 
complex mixtures of aldehyde products may be obtained when C––C 
bond isomerization reactions precede hydroformylation.

So far, the requisite activity and selectivity levels for commercial 
deployment have only been met using organometallic molecular com
plex catalysts in solution. The application of suitable organic ligands has 
long been the strategy to stabilize and tune the electronic and steric 
properties at the metal centers, affecting the energetics of transition 
states and thus providing means to adjust both activity and (regio) 
selectivity [3,5,9,10]. Several studies based on experiments and 
first-principle Density Functional Theory (DFT) calculations have pro
posed CO insertion into alkyl-metal bounds as the reaction’s rate 
determining step (RDS) in the widely-accepted Heck-Breslow mecha
nism with neat Rh catalysts [11,12]. Various approaches, including 
ligand selection/engineering, the addition of co-catalysts and the 
modification of catalyst formulations with promoter compounds, have 
been successfully exercised to decrease the energy barrier for CO 
insertion. Thereby, higher reaction rates have been attained [13], and 
the need for high CO partial pressures for the development of HF-active 
metal (hydride)carbonyl species has been alleviated [14].

In its current technical implementation, olefin hydroformylation 
stands out as a prominent example of homogeneous catalysis. However, 
the development of solid-catalyzed HF processes represents an 
appealing endeavor, as it promises technically facile catalyst recovery 
and reuse. Minimizing net losses of catalyst in post-reaction sludges is 
generally a priority to prevent product contamination and maximize 
metal efficiency. This is especially critical in present times, which are 
marked by heightened price and marked cost volatility for metals like 
rhodium, which saw a staggering 40-fold increase in cost over the 
quinquennium from 2017 to 2021 [15,16]. Moreover, the realization of 
effective and stable solid catalysts opens the door to continuous 

vapor-solid processes in the gas-phase, particularly for volatile, light 
olefins.

Given their prospective potential to bridge the gap between tradi
tional domains of homogeneous and heterogeneous catalysis by stabi
lizing active molecular motifs on solid matrices, single-atom catalysts 
(SACs), low-nuclearity sub-nm supported metal cluster catalysts, and 
materials based on supported liquid thin films have attracted significant 
attention in recent years as versatile platforms for developing (macro
scopically) solid hydroformylation catalysts [17–19]. For reasons which 
shall be discussed in the following section, this review focuses on 
research efforts on the design of these families of materials as catalysts 
for the selective hydroformylation of light olefins, i.e. ethylene (C2

=) and 
propylene (C3

=), which currently represent around 70 % of the com
mercial oxo-synthesis processes.

Previous revisions have addressed hydroformylation catalysis using 
solid catalysts [7,12,21–24]. However, for gaseous C2–3 olefins, we 
consider that the process shows important particularities. Firstly, the 
irrelevance of olefin C––C isomerization side-reactions eliminates these 
concerns in catalyst development. Secondly, the process transcends its 
traditional conceptualization as an oxo-functionalization route. There
fore, it warrants specific attention in the present review article, which is 
organized as follows. Firstly, the potential of continuous, gas-solid het
erogeneous catalysis in hydroformylation processes is highlighted as an 
alternative technology for recovering value from industrial gaseous 
mixtures containing ethylene/propylene (Section 2). Subsequently, a 
critical review of scientific literature is presented in Sections 3 and 4, 
focusing on the design and development of solid catalysts for ethylene 
and propylene hydroformylation based on supported low-nuclearity 
metal species. Finally, the authors provide their conclusions and per
spectives on future research priorities in this area.

2. Gas-solid (reductive) olefin hydroformylation as a reactive 
separation method

Processes for converting ethylene and propylene into propanal and 
butanals, respectively, constitute the majority of today’s industrial 
hydroformylation practice. Propylene hydroformylation is predominant 
in the sector due to the importance of butanals as intermediates in the 
synthesis of n-butanol and 2-ethylhexanol, which are highly demanded 
precursors for solvents and plasticizers, respectively. In the case of 
ethylene hydroformylation, the installed capacity represents approxi
mately 2 % of the global oxo-chemicals supply. Given the gaseous nature 
of the olefin reactants, adopting heterogeneous catalysis could enable 
continuous gas-solid conversions. However, achieving high chemo- and 

Fig. 1. General view of olefin hydroformylation or oxo-synthesis. Left, photograph of Otto Roelen in front of Ruhrchemie AG industries. Photograph extracted from © 
LVR Industriemuseum. Right, olefin conversion reactions, including hydroformylation and the undesired double-bond isomerization and hydrogenation pathways.
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(in the case of propylene) regio-selectivity has proven challenging due to 
the increased reactivity of these short-chain olefins compared to longer- 
chain aliphatic olefins [12].

Currently, olefins are primarily generated through cracking pro
cesses like steam cracking (SC) and fluid catalytic cracking (FCC). 
However, the olefin yield from these processes tends to be relatively 
modest, typically falling below 70 % for ethylene and below 20 % for 
propylene production, depending on the specific hydrocarbon feedstock 
utilized [20,21]. Refinery off-gases are a relevant showcase, in which 
valorization is often economically unfeasible, leaving in many instances 
flaring, for heat production, as the sole alternative [22,23]. The recovery 
of light olefins from the outlet streams of crackers is challenging due to 
the complex mixture of hydrocarbon by-products in which they are 
diluted, necessitating additional separation units. One of the most 
challenging separations involves isolating olefins from their alkane 
counterparts, such as ethylene from ethane and propylene from propane. 
These separations are particularly difficult due to the similar molecular 
sizes (ranging from 4.16 to 4.50 Å) and boiling points (169 K and 184 K 
for the ethylene-ethane pair, and 225 K and 231 K for the 
propylene-propane pair, respectively). Attaining the stringent purity 
specifications required for further olefin use in various sectors, e.g. 
>99.5 % purity for polyolefin manufacture, adds to the complexity of 
these downstream separation processes [24,25].

Industrially, cryogenic distillation is the prevailing technology used 
to accomplish these separations. Ethylene-ethane and propylene- 
propane distillation columns, also known as C2/C3 “splitters” or “frac
tionators”, are typically massive columns, comprising over 100 trays, 
each with an approximate cost of ca. 500 USD million. These columns 
are normally operated at pressures above atmospheric and cryogenic 
temperatures, approximately 2.3 MPa and 248 K for C2, and 0.3 MPa 
and 243 K for C3 splitters, respectively. Such operating conditions incur 
significant compression and cooling costs. In fact, the global energy 
demand linked to these separation processes was estimated to be ca. 
1015 BTU y− 1 (ca. 106 TJ y− 1) in the 90 s, roughly equivalent to the 
energy needs of a small country like Singapore [24–30].

In addition to their importance as an olefin oxo-functionalization 
route, continuous olefin (reductive) hydroformylation processes are of 
interest as a prospective reactive separation method for recovering 

chemical value from industrial gas streams where ethylene and/or 
propylene are diluted with low-value alkanes. This interest is primarily 
due to the significantly lower vapor pressure of the Cn+1 oxygenated 
products compared to the initial olefinic substrates and their alkane 
counterparts. As depicted in Fig. 2.a under normal pressure conditions, 
the boiling point differences are relatively minor for C2 and C3 alkane/ 
alkene pairs. However, for the corresponding C3 and C4 aldehyde olefin 
derivatives, the boiling points are significantly higher—specifically, 
139 K and 117 K higher, respectively—compared to their corresponding 
paraffins. This boiling point difference is further increased if aldehydes 
are hydrogenated to the corresponding alcohol products, either in a 
separate selective hydrogenation stage, or via the coupling of hydro
formylation and carbonyl selective hydrogenation in a single-step 
“reductive hydroformylation” (RedHF) process [31,32]. These marked 
differences in volatility could significantly facilitate the separation of 
the oxygenated olefin derivatives from the corresponding low-value 
alkane compounds, which would remain unreactive under (Red)HF 
conditions.

To illustrate the potential benefits of this alternative reactive sepa
ration, a simplified process simulation and techno-economic evaluation 
were performed, with the results presented in Fig. 2 and Table 1. An 
ethylene-ethane splitter was chosen as the base case, as this is one of the 
most energy-intensive separations in a conventional cryogenic distilla
tion plant and a major contributor to the overall utility costs. The feed 
stream considered is an ethylene/ethane gas mixture with a molar 
composition of 85:15 ethylene to ethane, at a flow rate of 2385 kmol h− 1 

(equivalent to 500 kt of ethylene per year) [33]. Two case studies have 
been simulated: (i) a conventional ethylene-ethane splitter column, 
operating at representative conditions (feed conditions: P=2.1 MPa, 
T=249 K); and (ii) a gas-solid catalytic reductive hydroformylation 
process, operated in a fixed-bed reactor (P=2.1 MPa, T=383 K), at full 
ethylene conversion to n-propanol per reactor pass, followed by alcohol 
recovery.

For the case of a conventional splitter, utility costs have been esti
mated based on the heating and cooling duties at the reboiler and 
condenser, respectively. Propylene, sourced from the cascade refriger
ation cycle at temperatures of 271 K and 238 K, is employed as the heat 
transfer fluid [33–36]. In the case of the RedHF process, the 

Fig. 2. a) Boiling point (at atmospheric pressure) for C2-4 paraffin, olefin, n-aldehyde and n-alcohol compounds as a function of the carbon chain-length. b,c) 
Schematic process design and d) comparison of utility costs estimated for the separation of ethylene from a mixture with ethane using b) conventional cryogenic 
distillation and c) ethylene reductive hydroformylation (RedHF) to n-propanol as a reactive separation process, followed by n-propanol recovery in a flash separation 
step. On panel c, the temperature of those streams marked on the process scheme is as follows: T1= 249 K, T2=T3=T4=T5=383 K, T6=313 K, T7=T8=T9=303 K. 
Further details on the simulations performed are provided in Table 1. Additional details on the process flow diagrams and streams are provided in Fig. S1 in the 
Supporting Information.
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ethylene-ethane stream is initially preheated to a reaction temperature 
of 383 K, in a heat exchanger using low-pressure steam. The reaction 
temperature of 383 K was selected for the reductive hydroformylation as 
it has been identified as optimal for highly selective solid Rh/SnO2 
single-atom-ethylene hydroformylation catalysts [37]. This stream is 
then combined with syngas (H2:CO=2) in appropriate proportions to 
achieve a CO:ethylene molar ratio of 5. The resulting mixture serves as 
the feed stream to the RedHF reactor, which is assumed to operate at full 
ethylene conversion. The effluent from the reactor, comprising n-prop
anol, ethane, and unreacted syngas, is cooled down to 313 K in a first 
heat exchanger using cooling water at 303 K, and further down to 303 K 
in a second heat exchanger fed with chilled water at 278 K. Under the 
resulting stream conditions (P= 2.1 MPa, T= 303 K), over 97 % of the 
produced n-propanol can be readily recovered in a flash drum, attaining 
an alcohol purity >99.4 %.

As summarized in Fig. 2.d and Table 1, utility costs predicted for the 
alternative RedHF process are approximately four times lower than 
those incurred in the conventional cryogenic distillation. Additionally, 
the former potentially offers savings in terms of capital costs, as the 
recovery of n-propanol from the reaction mixture would not require a 
distillation column, in contrast to the massive tower which is charac
teristic of conventional ethylene-ethane splitters. While additional pro
cess integration aspects have not been considered, this simplified in silico 
comparison sufficiently underscores the potential advantages of gas- 
solid continuous RedHF processes as a reactive separation for the 
valorization of olefin-containing streams.

3. Solid catalysts for ethylene hydroformylation

Ethylene hydroformylation produces propanal as a single product. 
Under specific reaction conditions and depending on the nature of the 
catalyst, propanal may react further, in situ, to n-propanol or 2-methyl-2- 
pentenal (and derivatives thereof) via secondary aldehyde hydrogena
tion and self-aldol condensation reactions, respectively. Low-value 
ethane can also form via the thermodynamically favored olefin hydro
genation pathway. In the absence of additional considerations, such as 
regioselectivity, which is not of concern in ethylene hydroformylation, 
attaining sufficient chemoselectivity via the inhibition of olefin hydro
genation has long remained a central goal, but also a substantial chal
lenge, for the development of solid ethylene hydroformylation catalysts.

3.1. Rh-based ethylene hydroformylation catalysts

Commercial processes for light (C4-) olefin hydroformylation pri
marily use Rhodium (Rh) molecular catalysts due to their superior ac
tivity and selectivity at milder temperatures and lower pressures 
compared to alternative Co-based catalysts. Consequently, rhodium has 
also emerged as the preferred active metal in research efforts aimed at 
developing solid catalyst alternatives.

The Supported Ionic Liquid Phase (SILP) concept provides a strategy 
to heterogenize molecular catalysts without renouncing their most 
active free-standing state, in a liquid environment [38]. This class of 
materials is macroscopically solid, and thereby associated to technical 
benefits in terms of catalyst handling and amenability for continuous 
processes, while the free molecular catalyst is solubilized within a thin 
liquid film (ca. 1 nm) of an ionic liquid [39], i.e. with essentially null 
vapor pressure, coated on a solid carrier. Olefin hydroformylation has 
been a central process to showcase the SILP concept in continuous 
gas-solid conversion processes [38,40,41]. Weiß et al. synthesized a SILP 
catalyst bearing a Rh-Xantphos coordination complex dissolved in a thin 
film of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide 
([EMIM][NTf2]) coated on a nitrogen-doped carbon carrier [42]. The 
performance of this catalyst was evaluated in a packed-bed reactor for 
ethylene HF. Good hydroformylation activity (TOF=100 h− 1) was 
registered at 393 K, remarkably alongside full selectivity to hydro
formylation. Ha et al. reported an alternative system consisting in a 
silica-supported Rh complex coordinated with TPPTS-Cs3 (triphenyl
phosphine trisulfonate cesium) and dissolved in the [BMIm] 
[n-C8H17OSO3] (1-butyl-3-methylimidazolium octylsulfate) ionic liquid 
[43]. This catalyst attained a substantially higher TOF of 800 h− 1 and 
selectivity of 90 % at 363 K, marking, to the authors’ knowledge, the 
best performance reported for the SILP-catalyzed ethylene hydro
formylation. While conceptually very elegant and fundamentally suc
cessful, the SILP technology has also been shown to face some challenges 
for a large-scale implementation, including the technically-complex 
handling of the supported liquid, sluggish reactant and product mass 
transfer across the ionic liquid film, as well as catalyst deactivation 
driven by the accumulation of heavy oxygenate side-products which, 
due to a limited vapor pressure, do not evaporate easily from the sup
ported liquid film [7].

The desire to circumvent those limitations inherent to supported 
liquid films, while retaining the stabilization and promotional roles of 

Table 1 
Power consumption and utility costs estimation, per process unit, in a process of e conventional cryogenic distillation of a gas mixture of ethylene and ethane (C2H4: 
C2H6=85:15, molar), and a reactive recovery of the added-value compound from said mixture based on the reductive hydroformylation (RedHF) of ethylene to n- 
propanol. The estimation of the power consumption was obtained via simulation with Aspen-Hysys v.12.1, using the Peng-Robinson-Stryjek-Vera (PRSV) equation of 
state. For the cryogenic distillation process option, a tower of 140 ideal trays was simulated with the feed entering in tray 100 at T=249 K and P=2.1 MPa, assuming a 
total condenser. The condenser and reboiler are assumed to operate at T=243 K, P=1.93 MPa and T=265 K, P=1.95 MPa, respectively. The column was solved for an 
ethylene recovery and purity in the distillate of 99.9 %. In the case of the RedHF reactive recovery process, heater and cooler modules were considered for the 
estimation of the power consumption of the preheater and chillers after the reactor. The coolant demand for the RedHF reactor was estimated using a conversion 
reactor operating at 100 % ethylene conversion, with full selectivity to n-propanol, per pass. For the flash drum recovery of 2-propanol from inert ethane, a 2-phase 
separator has been considered.

Conventional cryogenic distillation process Q (kW) Thermal fluid Mass/Volumetric Flowrate Individual costd Annual cost (million USD)

Condenser 1.98•104 Propylene, 238 K n.a.a 10.6 USD GJ− 1 6.6
Reboiler 1.34•104 Propylene, 271 K n.a. 5.4 USD GJ− 1 2.3

​ ​ ​ TOTAL 8.9
Reactive RedHF recovery process ​ ​ ​ ​ ​
Preheater 4.80•103 LP Steam (0.103 MPag, 393 K) 2.2 kg s− 1b 29.3 USD t− 1 2.01•10− 3

Reactor coolant 1.14•105 Cooling water, 303 K 2.71•103 kg s− 1c 0.0148 USD m− 3 1.3
Chiller 1 4.24•104 Cooling water, 303 K 1.01•103 kg s− 1c 0.0148 USD m− 3 0.5
Chiller 2 3.54•103 Chilled water, 278 K n.a. 4.4 USD GJ− 1 0.5

​ ​ ​ TOTAL 2.2

a n.a: “ Not applicable”, as for the cost estimation only the heating/cooling duty and cost per GJ was employed.
b Estimated from the preheater duty and the latent heat of vaporization for saturated steam at P=0.2 MPa and T=393 K (i.e. 2201 kJ kg− 1).
c Estimated from the corresponding chiller duty, the specific heat of water at constant pressure (i.e. 4.18 kJ kg− 1 K− 1 assuming constant value within the relevant 

temperature range) and the temperature gradient of the coolant across the heat exchanger, assumed to be 10 K as a well-accepted value in literature [105].
d Individual costs, as previously reported in [106,107].
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organic ligands in molecular Rh catalysts, has turned the attention to 
soft-matter porous solids as hosts for supported Rh catalysts. The 
resulting solid catalysts are intended to integrate a full solid character 
with the mimicry of effective ligand-Rh coordination at the molecular 
level. The use of Porous Organic Polymers (POPs) is one of the strategies 
that has been explored for the stabilization of isolated Rh sites as olefin 
hydroformylation catalysts. Jiang et al. reported a Rh single-site catalyst 
supported on a Porous Organic Ligand (POL) synthesized via sol
vothermal polymerization of vinyl-functionalized triphenylphosphine 
(PPh3) ligands [44]. Catalytic results for the gas-phase hydroformylation 
of ethylene revealed remarkably high activity (TOF>104 h− 1) and 
selectivity (SPROPANAL=95.4 %) at 393 K, comparable to those perfor
mance figures characteristic of optimized molecular Rh catalysts in so
lution. On the basis of this remarkable performance, a demonstration 
site has been reportedly constructed and operated by Ningbo Juhua 
Chemical Technology Co., LTD (People’s Republic of China), with a 
yearly capacity of 50 kt ethylene. In this process, ethylene is first con
verted to propanal by hydroformylation on the newly developed Rh-POL 
solid catalyst, followed by subsequent hydrogenation to n-propanol in a 
downstream, Ni-catalyzed hydrogenation step [45,46].

While SILP and soft-matter solid catalysts have provided good per
spectives to effectively heterogenize olefin hydroformylation processes, 
inorganic solid catalysts are generally preferred for industrial deploy
ment, owing to their cost-effective and established manufacture pro
cedures, and greater thermal, chemical and mechanical stabilities. 
However, most oxide-supported Rh catalysts reported for ethylene 
hydroformylation have only partially addressed the challenge of 
attaining technically relevant chemoselectivity. This is exemplified in 
Fig. 5, which shows a survey of performance indicators reported for 
several ethylene hydroformylation catalytic systems. Particularly for 
those inorganic solid catalysts which have shown greater activities, e.g. 
metal-specific reaction rates >20 h− 1, the selectivity to propanal has 
remained <70 %, limited by the higher activity of these catalysts for 
ethylene hydrogenation compared to their molecular counterparts.

The consideration that olefins can form pi-bonded adspecies on 
extended metallic surfaces, coupled with the presumed central role of 
this adsorption mode in olefin hydrogenation catalysis [47], has shifted 
the focus to low-nuclearity metal active centers, such as isolated metal 
atoms and few-atom clusters. Unlike metal nanoparticles, these centers 
do not provide metal facets for olefin activation. Catalyzed by the 
emergence of higher precision catalyst synthesis methods as well as a 
wider access to X-ray absorption spectroscopy (XAS) and 
aberration-corrected (scanning) transmission electron microscopy 
(AC-(S)TEM) structural diagnostic methods, the last two decades have 
witnessed significant advances in the stabilization and engineering of 
low-nuclearity Rh species onto solid carrier materials. The extensive 
interfacial interaction of these ultrasmall metal motifs with the support 
confers the latter a role which extends beyond that of a carrier, and it 
conceptually approaches that of a solid ligand, by analogy with organo
metallic catalysts [48–51].

Amsler et al. studied oxide-supported Rh SACs as olefin hydro
formylation catalysts, with complementary computational and experi
mental approaches [52]. The active site was modelled as a Rh 
hydride-dicarbonyl complex adsorbed on selected oxide surfaces. 
Using high-level DLPNO–CCSD(T) calculations, high ethylene hydro
formylation rates were predicted for a Rh1/CeO2 catalyst. In contrast, 
Rh1/MgO was predicted to display lower reactivity, in view of the higher 
energy barriers computed for CO insertion into the Rh-alkyl bond. 
Experimentally, XAS and AC-STEM results suggested that the lower 
activity of Rh1/MgO, which was experimentally verified in the hydro
formylation of styrene, could be ascribed to a higher degree of 
confinement of the mononuclear Rh sites by the MgO support, i.e. a 
higher average Rh-O coordination number. Collectively, the theoretical 
and experimental results suggested the potential of oxide-supported Rh 
SACs for olefin hydroformylation. Additionally, they underscored the 
importance of striking a trade-off between the stabilization of the Rh1 

centers by coordination to lattice oxygen “ligands” and a certain 
conformational flexibility at the metal atom to achieve olefin hydro
formylation activity.

In a series of studies, Christopher and co-workers reported on Rh1- 
MOx interfacial sites supported on γ-Al2O3. In a first study, Rh1-ReOx 
sites were studied [53]. Interaction with the rhenium oxide clusters was 
found to modify the electronic properties of the Rh centers, leading to 
enhanced hydroformylation performance as evidenced by a correlation 
between the CO stretching frequencies in the Rh(CO)2 species and HF 
activity. Periodic DFT calculations (PBE-D3) conducted on Rh1 and 
Rh1-Re1Ox model sites on γ-Al2O3(110) [54], indicated that the neigh
boring ReOx Lewis acid site weakened rhodium’s π-donor ability and 
consequently diminished Rh-CO binding. This attenuation of the Rh-CO 
binding was anticipated to significantly impact the rate-limiting step in 
the HF mechanism, transitioning from CO insertion into the ethyl-Rh 
bond for the Re-free comparative site to the coordination of a second 
CO molecule to Rh for the Rh1-ReOx bimetallic site. In a subsequent 
investigation, Rh1-WOx pair sites were examined [55]. The findings 
revealed that, unlike Rh1-ReOx sites, surface tungstate species in prox
imity to atomically dispersed Rh experienced partial reduction upon 
exposure to ethylene and CO reactants. This observation suggested the 
potential for a bifunctional mechanism, involving both tungsten 
reduction and ethylene hydroformylation cycles. In this mechanistic 
proposal, the Rh-WOx pair sites facilitated the transfer of ethylene from 
tungsten to rhodium without the need to desorb a CO molecule (Fig. 3). 
In addition, H2 dissociation was predicted to occur at the interface be
tween the Rh atom and the partially reduced tungstate species, lowering 
the hydrogen coverage on Rh and enabling the coordination of a third 
CO molecule which lowers the energetics for CO insertion. These 
mechanistic effects were in line with the high activity (TOF=32 h− 1) and 
propanal selectivity values (93 %) observed experimentally.

Independently, Farpón et al. studied metal oxide support effects in 
Rh SACs and exploited them to attain a selective ethylene hydro
formylation in the gas-phase [56]. Out of a set of atomically dispersed 
Rh1/MO2 catalysts, the study illuminated the unconventional perfor
mance of Rh1/SnO2. This catalyst exhibited excellent ethylene hydro
formylation activity (TOF=100–225 h− 1) while simultaneously offering 
nearly full selectivity to hydroformylation (95–99 %), through an 
effective inhibition of ethylene hydrogenation. By combining catalysis 
experiments with in situ spectroscopic investigations (CO-FTIR, XAS, 
Raman) and periodic DFT calculations (PBE-D3), the unique perfor
mance of Rh1/SnO2 was ascribed to its capacity to form oxygen va
cancies in the direct vicinity of the Rh sites at remarkably mild reaction 
temperatures (ca. 383 K). Partial de-ligation of the Rh center upon de
parture of lattice oxygen, alongside interfacial H2 dissociation, were 
predicted to facilitate the development of a Rh-monohydride complex 
(structure 1 in Fig. 4), which was experimentally detected with CO-FTIR. 
This resting active site was proposed to show a coordination pliability at 
the Rh atom resemblant of that in organometallic complexes. This 
feature enables its involvement in a classical Heck-Breslow reaction 
mechanism, characterized by low free energy barriers (47 kJ mol− 1) for 
oxidative ethylene addition into Rh-H and for CO insertion into Rh-ethyl 
species (57 kJ mol− 1) and a comparatively higher barrier for hydrogen 
insertion (105 kJ mol− 1), which account for the exceptionally high ac
tivity and selectivity observed in the gas-phase hydroformylation of 
ethylene.

Alternatively to regular oxides, zeotype molecular sieves, notably 
zeolites, have also received a significant attention as hosts for the sta
bilization of low-nuclearity metal species such as isolated metal atoms 
and clusters [57–59]. The use of zeolites as a host provides an exceed
ingly regular architecture, and a well-defined nano environment which 
may be exploited to induce stability to the confined metal species, and 
steric effects by the establishment of dispersion force interactions be
tween reactants and reaction intermediates and the pore walls of the 
inorganic host. Qi et al. investigated the use of Rh sites grafted on 
–––SiOM− OH (M=Zn or Co) nests generated in a dealuminated BEA 
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zeolite [60]. The fraction of atomically dispersed Rh species scaled up 
with increasing amounts of the second metal M, indicative for the role of 
the latter to stabilize isolated Rh atoms. The ethylene hydroformylation 
rate per unit total Rh atom also increased. When M=Co, TOF values up 
to 153 h⁻1 were achieved, albeit with a moderate selectivity to propanal 
(69 %). In contrast, selecting Zn as the second metal increased selec
tivity propanal selectivity to 79 %, at expense of a decreased activity 
(TOF=12 h⁻1). Zhao et al. [61] reported a (phosphorus-modified-) 
Rh/MFI catalyst. To overcome the inherent instability of Rh sites, the 
authors suggested a one-pot synthesis. In this method, a 
Rh-ethylenediamine complex and tetraethylphosphonium hydroxide, 
acting as a phosphorus-sourcing organic structure-directing agent 
(SDA), are simultaneously introduced into the aqueous media used for 
the crystallization of the MFI zeolite support. Following air-calcination 
of the organic SDA and catalyst thermal activation under either 
hydrogen or syngas flow, the samples were exposed to ethylene HF 
conditions. This resulted in the formation of phosphate species confined 
to the zeolite micropores, which stabilized the metal centers via 
Rh-O––P or Rh-O(H)-P interactions. The Rh/P-MFI catalyst achieved an 
Rh-specific ethylene hydroformylation rate of ca. 70 h− 1, in combina
tion with a selectivity to propanal of 95 %. The authors attributed the 
catalytic performance to the phosphorus-assisted stabilization of 
high-oxidation (Rh3+) species, acting as active sites for 

hydroformylation. This challenges the prevailing notion that oxidative 
additions onto the Rh center, often assumed to be formally Rh1+ in its 
resting state (e.g., a Rh (hydride)dicarbonyl), are essential early reaction 
steps for olefin hydroformylation.

Fig. 5 summarizes the current state of Rh-catalyzed ethylene 
hydroformylation. Additional details can be found in Table S2 in the 
Supporting Information. While the primary focus of this data survey is 
on catalysts comprising supported sub-nanometric Rh species, catalysts 
containing metal aggregates, such as nanoparticles, have also been 
considered for comparison. Additionally, relevant examples of molecu
lar catalysts, including those dissolved in SILP thin-film layers or sta
bilized within POP soft matter frameworks, have been included as a 
benchmark. As illustrated, lower hydroformylation activities have been 
commonly observed for inorganic solid catalysts (yellow-shaded area on 
the plot). Among those, catalysts bearing metal aggregates have faced an 
activity/selectivity interdependence, wherein activities higher than 
20 h− 1 have been achieved only at the expense of reducing the selec
tivity to hydroformylation to <80 %. In contrast, recent examples of 
supported low-nuclearity Rh catalysts, which are marked with the 
dashed red frame in Fig. 5, have served to showcase Rh-normalized 
reaction rates >30 h− 1 concomitantly with hydroformylation selec
tivity >90 %, e.g. TOF>200 h− 1 and SHF>95 % for Rh1/SnO2 [56]. The 
latter performance figures contribute to bridging the gap with those 

Fig. 3. a) Proposed mechanism of W6+ reduction by CO and catalytic cycles for ethylene hydroformylation and hydrogenation on a Rh-WOx pair site supported on 
γ-Al2O3. In contrast to Rh/Al2O3, activation of the catalyst does not require desorption of a CO ligand, and H2 activation occurs at the Rh–W interface. b) The 
activated state of the catalyst after ethylene migration from W to Rh, formation of Rh–W bond (Rh–W ≈ 2.7 Å) and H2 coordination at the Rh–W interface (left); the 
cooperative binuclear H2 dissociation transition state (middle); dissociated 2 H* on Rh atom and Rh–W interface (right). c) Comparison of kinetic parameters from 
experiment and microkinetic simulations: apparent activation energy, Eapp (top left); reaction order with respect to (w.r.t.) CO for product formation (top right); 
selectivity to propanal at 1 and 1.0 MPa total pressure on Rh/Al2O3 and Rh-WOx/Al2O3 at 403 K (bottom).
Reproduced from [55], copyright (2022), with permission from Springer Nature.
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Fig. 4. a) DFT-predicted surface oxygen vacancy (Ov) formation energies for selected metal oxides (no oxygen scavenger consider). b) Initial TOF and hydro
formylation selectivity obtained for a series of Rh1/MO2 single-atom-catalysts (M=Zr, Ce, Sn) at 423 K and 2.0 MPa. c-d) DFT mechanistic calculations showing: c) 
the reaction scheme proposed for initiation through the formation of a Rh monohydride dicarbonyl and for the investigated ethylene hydroformylation catalytic cycle 
and (d) the free energy diagram for the depicted mechanism at T=423 K and PCO––PH2=PC2H4 =0.62 MPa reference pressures. Structures resulting from rear
rangements or adsorption are not in all cases shown in the scheme and are labeled 7, 7′, etc.
Adapted from [56], copyright (2023), with permission from Wiley-VCH.
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previously only achievable with molecular coordination complex cata
lysts, either in solution (region shaded in pink in Fig. 5) or stabilized in 
an ionic liquid or a porous organic ligand (region shaded in blue).

3.2. Alternative ethylene hydroformylation catalysts based on cobalt and 
other active metals

Known since the inception of the hydroformylation catalysis, Co- 
based catalysts constitute the main alternative in olefin hydro
formylation processes in general, and ethylene hydroformylation in 
particular. Already the pioneering work by Roelen and his team revealed 
the critical need for high PCO (typically corresponding to syngas pres
sures above 15 MPa) to stabilize active cobalt carbonyl species and 
avoid the formation of metallic cobalt black. In the 1960s, significant 
advancements were made with alternative catalyst formulations based 
on coordination complexes featuring phosphine ligands (HCo 
(CO)3(PR3), where R substituents are typically alkyl or aryl groups. 
These complexes facilitated electron back-bonding to the metal site, 
allowing for stable catalysts at lower operational syngas pressures, 
however, often necessitating higher temperatures around 473 K, which 
are known to promote secondary reactions like aldehyde and olefin 
hydrogenation. At present, Co catalysis represents around 20–25 % of 
the industrialized HF processes, mainly for the hydroformylation of 
propylene and mid-long chain aliphatic olefins (C8-C16), being the rest of 
the oxo-chemicals sector dominated by Rh catalysts [62–64]. While 
reaction rates with Co-based catalysts can generally not rival those 
offered by Rh catalysts at milder operation conditions, the high cost and 
price volatility experienced in recent years by precious metals like Rh, at 

present ca. 151 USD g− 1 Rh vs 0.03 USD g− 1 Co, provides impetus for a 
renaissance of cobalt HF catalysis.

Only few research works have studied solid cobalt catalysts the gas- 
phase hydroformylation of ethylene. Among those, several studies 
report bimetallic systems wherein Co acts in combination with Rh or Ru, 
which casts doubts about the actual catalytic role of cobalt itself [65]. 
Takeuchi et al. presented in the 1990s one of the few studies using 
monometallic Co solid catalysts for light olefin hydroformylation [66]. 
The effect of the metal precursor was addressed on the performance of 
SiO2-supported catalysts. The use of Co2(CO)8 as precursor led to 
particularly small Co nanoparticles of ca. 1 nm at a total metal surface 
loading of 1.5 Coat nm− 2. The resulting catalyst delivered a Co-specific 
hydroformylation rate of 5.1 h− 1 and a total selectivity of 36 % to ox
ygenates. Navidi et al. studied Al2O3-supported Co catalysts. At 473 K 
and 2.0 MPa, a maximum reaction rate of 13 h− 1 and a selectivity of 
19 % were attained [67]. These performances are significantly poorer 
than those offered by Rh-based catalysts, particularly those based on 
single- and few-atom active centers, as discussed above.

Ruthenium is a third active metal increasingly considered in olefin 
hydroformylation. Albeit less marked than in the case of Co, there are 
also economic motivations to replace Rh by Ru in HF catalyst formula
tions, as the current mass-specific market Ru price is ca. 10 times lower 
than that of Rh. Following the pioneering report by Evans, Osborn, 
Jardine, and Wilkinson in 1965 [68], numerous Ru-based coordination 
complex catalysts have been developed. However, as in the case of Co, 
only few works in the scientific literature have addressed the synthesis of 
Ru-based solid catalysts for the gas-phase hydroformylation of ethylene. 
Huang and Xu explored the synthesis of silica-supported Ru catalysts 

Fig. 5. Comparison of the catalytic performance of different state-of-the-art Rh-based catalysts for gas-phase ethylene hydroformylation, including inorganic solid 
catalysts (yellow scatter symbols and shaded area), Rh molecular complexes dissolved in the thin liquid film of supported ionic liquid phase (SILP) catalysts or 
stabilized within a porous organic ligand (POL) (blue scatter symbols and shaded area) and benchmark Rh molecular complexes in solution (pink scatter symbols and 
shaded area). Recent instances of supported low-atomicity catalysts exhibiting performance akin to that achieved by molecular catalysts are delineated by the dashed 
red frame. See Table S1 for further details on catalyst composition, reaction conditions and literature references.
Adapted from [56], copyright (2023), with permission from Wiley-VCH.
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from various metal precursors [69,70]. Despite limited Ru-specific re
action rates of 4–8 h− 1, full chemoselectivity was reported, essentially 
irrespective of the Ru precursor used for catalyst synthesis. Interestingly, 
when Co was additionally incorporated, hydroformylation activity 
surged to 30–150 h− 1; however, this increase was accompanied by a 
notable decrease in selectivity to 30 %. No activity was registered with a 
reference monometallic Co catalyst under the same operating condi
tions, highlighting the significance of bimetallic synergism.

Although the above catalysts based on alternative metals attain 
hydroformylation activities comparable to those of supported Rh-based 
catalysts, chemoselectivity remains a major challenge. This may be 
tentatively ascribed to the presence of Co and/or Ru metal aggregates, 
primarily metal nanoparticles with average diameters >1 nm. The 
exposure of extended metallic surfaces to reactant activation might 
promote direct olefin hydrogenation. As it shall be discussed below in 
Section 4.2 , few studies have reported the stabilization of low- 
nuclearity Co and Ru as a plausible approach to develop hydro
formylation catalysts for propylene and particularly higher olefins
[71–73]. Expanding upon these catalyst design strategies is anticipated 
to improve chemoselectivity in ethylene hydroformylation too.

4. Solid catalysts for propylene hydroformylation

The industrial significance of propylene hydroformylation surpasses 
that of ethylene. Propylene hydroformylation products, including 1- 
butanal (butyraldehyde) and 2-methylpropanal (isobutyraldehyde), 
command global markets of approximately 260 and 200 million USD 
y− 1, respectively. These compounds find applications across various 
sectors, from plasticizer production to the synthesis of synthetic flavors 
and fragrances, as well as polymer manufacturing, among others. Pro
pylene activation has been reported to be noticeably more difficult to 
activate than ethylene in the context of hydroformylation catalysis [65, 
74]. Mao et al. compared ethylene and propylene hydroformylation 
reactions on a RhCo/MCM-41 catalyst [65]. Through the combination of 
catalytic experiments and in situ spectroscopy studies, these authors 
observed that both propylene hydroformylation and hydrogenation 
rates were about an order of magnitude lower than those registered for 
ethylene, which they ascribed to a more difficult oxidative addition of 
propyl (vs ethyl) groups to a M-H bond. In addition to differences in the 
intrinsic reactivity of both olefins, propylene hydroformylation is con
cerned with product regioselectivity, i.e. the formation of iso
butyraldehyde, in line with Markovnikov’s regioselectivity rule for acyl 
additions, or butyraldehyde, following an anti-Markovnikov formyl 
addition. A regioselective propylene hydroformylation may alleviate 
downstream separation costs for the two product isomers, which exhibit 
similar boiling points (348 K vs 337 K at Patm, for the linear (l) and 
branched aldehyde (b), respectively).

4.1. Rh-based propylene hydroformylation catalysts

As for ethylene hydroformylation, the application of molecular cat
alysts dissolved in SILP thin films or stabilized within POP soft matter 
architectures have been explored as means to heterogenize molecular 
catalysts while retaining the benefits of a coordination chemistry with 
well-defined organic ligands. Ding and coworkers proposed the use of 
Rh/POL catalysts for propylene hydroformylation. Porous ligand 
matrices were synthesized by the copolymerization of vinyl function
alized biphephos ligands with tris(4-vinphenyl) phosphane and a series 
of co-ligands [75]. After incorporating Rh as the active metal, the cat
alysts achieved initial TOF >1200 h− 1, coupled with aldehyde selec
tivities surpassing 93 %. Notably, this was accompanied by a 
butyraldehyde linear-to-branched (l:b) molar ratio exceeding 24, indi
cating >96 % selectivity to butanal within the C4 aldehyde products. 
Furthermore, the system demonstrated remarkable stability, maintain
ing TOF >800 h⁻1 and its chemo/regio-selectivity for over 1000 h of 
continuous operation. Rh-based SILP catalysts were investigated by 

Riisager et al.[76,77] A molecular coordination complex of Rh with 
sulfoxantphos (C39H30O7P2S2Na) was dissolved in a thin film of the 
[BMIM][n-C8H17OSO3] ionic liquid coated on a SiO2 carrier. A screening 
of operational conditions ̶ total and propylene partial pressure, tem
perature and gas-solid contact time ̶ identified optimal conditions at 
which a Rh-based TOF >60 h− 1 was sustained for more than 180 hours 
on-stream. The system delivered essentially full selectivity to hydro
formylation products, with a butyraldehyde l:b ratio >19 [76].

Rhodium has also been the metal of most frequent choice to develop 
solid inorganic propylene hydroformylation catalysts. Conventional 
supported catalysts, i.e. those containing nanocrystals of either neat Rh, 
Rh-based bimetallics or rhodium phosphide have shown only modest 
hydroformylation activity, with TOF<5 h− 1. Interestingly, chemo
selectivity values often exceeded those reported for ethylene hydro
formylation, while the butanal l:b molar ratio was lower than 5 [74,78].

The capacity to stabilize low-nuclearity Rh species on solid matrices 
provides prospects for better performances. Recently, Zheng et al. syn
thesized Rh1/CeO2 single-atom catalysts [79]. Calcination temperatures 
>1073 K fostered the formation of oxygen vacancies on the ceria carrier 
and increased the density of low-coordination Rh sites. The latter species 
appeared to maximize the rate of propylene hydroformylation in the 
liquid phase, using n-heptane as a solvent. TOF values as high as 
5174 h− 1 were attained, along with full chemoselectivity, indicative for 
an effective inhibition of propylene hydrogenation. The butyraldehyde l: 
b ratio was approximately 1, which is similar to that observed with 
unmodified Rh carbonyl catalysts in solution [80]. These observations 
reinforced the existence of an activity/regioselectivity inverse depen
dence as discussed by Liu et al.[12]

Ligand selection has traditionally been the central design aspect for 
molecular HF catalysts in the search for high product regioselectivity. 
Generally, steric hindrance is considered to be the dominant phenom
enon steering regioselectivity, although electronic effects on the central 
Rh atom have also been asserted influential to a certain extent [81]. 
With solid, inorganic catalysts, however, inducing regioselectivity has 
long remained a challenge and various strategies have been pursued, as 
schematically illustrated in Fig. 6.

One of the earliest proposed approaches involves modifying sup
ported Rh nanocrystals through the adsorption of organic ligands. In 
2005, Yan et al. modified SiO2-supported Rh catalysts with triphenyl
phosphine (PPh3) and tested the effects of such modification in the gas- 
phase hydroformylation of propylene [82]. A combination of FTIR, XPS, 
31P NMR and thermogravimetric analyses pointed to the development of 
HRhCO(PPh3)3 and HRh(CO)2(PPh3)2 species on the catalyst surface 
under reaction conditions, similar to those present in molecular catalysts 
operating in solution. This system delivered an Rh-specific reaction rate 
of 230 h− 1, together with almost full chemoselectivity (99.5 %) to al
dehydes. Moreover, the butyraldehyde l:b ratio was 8.8, significantly 
higher than that observed with the unmodified Rh/SiO2 catalyst (3.1). 
Few years later, Bell and co-workers adopted a similar catalyst modifi
cation strategy, expanded the list of organic ligands/surface modifiers, 
and studied the influence of reaction conditions [83,84]. These authors 
observed marked similarities in the optimal ligand:Rh molar ratio with 
different ligands, suggesting a common promotional principle. More
over, they confirmed that apparent activation energies for propylene 
hydroformylation in the gas-phase resembled those previously deter
mined by the same authors with molecular catalysts in liquid media. 
Butyraldehyde l:b molar ratios >15 were attained in this case.

A second strategy relies on the engineering of low-nuclearity metal 
centers. Wang et al. observed a 94.4 % regioselectivity to butanal, i.e. 
corresponding to a butyraldehyde l:b ratio of 17, in the liquid-phase 
hydroformylation of propylene on atomically dispersed Rh1/CoO solid 
catalysts, using 2-propanol as solvent [85]. Remarkably, this 
anti-Markovnikov regioselectivity was attained in conjunction with high 
hydroformylation activity (TOF=2065 h− 1) at 373 K. Based on periodic 
DFT mechanistic calculations, the authors attributed the unconven
tionally high regioselectivity to a limited number of adsorption 
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configurations on the Rh center partially confined to the lattice of CoO. 
As illustrated in Fig. 7, reactant co-adsorption configurations which 
favor a terminal CO insertion, and thus a terminal butyraldehyde 
product, were found to be ca. 0.06 eV (ca. 6 kJ mol− 1) more stable than 
those eventually leading to a Markovnikov hydroformylation. While this 
energy difference is typically within the accuracy of periodic DFT cal
culations at the applied theory level (DFT+U, PAW-PBE) it was 
considered by the authors to be sufficient to steer the reaction mecha
nism preferentially towards the formation of the linear aldehyde 
product.

A third approach successfully demonstrated to control regiose
lectivity is the exploitation of electrostatic and dispersive forces in 
nanoconfined reaction spaces, such as those provided by microporous 
molecular sieves. Molecular-sized void spaces in zeotype materials, i.e. 
channels and cavities of molecular dimensions, are known to contribute 
to stabilizing even un-charged reaction transition states and in
termediates through dispersion forces, thereby influencing the dynamics 
of elementary conversion steps along reaction mechanisms [86–88]. 
Conceptually, this working principle has been associated to that at play 
in enzymatic catalysis, wherein biocatalysts feature active centers 
within pockets decorated by specific amino acid residues, which are 
central to stabilize substrates and transition states, predominantly 
through non-covalent interactions. With inorganic zeolite catalysts, 
these effects have been long proposed to underlie shape selectivity in 
reactions occurring on Bronsted acid centers associated to the zeolitic 
silicoaluminate frameworks [89,90]. Extending such host-induced 
shape selectivity to metal catalysis, through the encapsulation of 
low-atomicity metal species within the microporous architecture of 
zeotype materials, has been a matter of research over the last years.

Zhang et al. proposed the use of K-doped Rh clusters, entrapped 
within the microporous structure of silicalite-1 zeolite (MFI), as catalysts 
for the hydroformylation of propylene in liquid phase, using toluene as 
solvent [91]. These authors observed a profound impact of K-doping on 

catalytic performance, identifying an optimum K:Rh molar ratio of 20, 
for which a maximum hydroformylation activity, corresponding to 
TOF=7328 h− 1, was attained at 358 K and 5.0 MPa total pressure 
(Fig. 8). Moreover, this activity was accompanied by a butyraldehyde l:b 
molar ratio of about 5 (83 % abundance of butanal in the C4 aldehyde 
products). This performance was ascribed to the capacity of the K cat
ions to modify Rh clusters in the confinement of the zeolite host, both 
electronically as well as sterically, favoring a terminal adsorption 
configuration of propylene on the metal active centers. Interestingly, the 
same catalyst delivered much lower reaction rates (2.5 h− 1) when the 
process was performed in the gas-phase, using a packed-bed reactor at 
412 K and 1.0 MPa. While no regioselectivity data were reported in the 
latter case, the dramatic change in hydroformylation activity suggests an 
important role of the solvent and/or propylene partial pressure for 
performance.

In a recent study, Zhang et al. achieved the encapsulation of few- 
atom Rh clusters and isolated atoms within the micropore architecture 
of medium-pore zeolite MEL using a one-pot synthesis approach. This 
method involved the incorporation of an ethylenediamine Rh(III) com
plex into the zeolite crystallization gel [92]. These catalysts were tested 
for the hydroformylation of propylene in liquid phase, using toluene as 
solvent. Moreover, these authors demonstrated the addition of 2, 
4-dimethylbenzenethiol (DMBT) to the reaction media as an ingenious 
approach to selectively poison Rh sites which may have remained 
accessible on the outer surface of the zeolite crystals (Fig. 9). Rh sites in 
the confinement of the micropores remained intact, as the bulky DMBT 
molecule cannot access intracrystalline void spaces. At 363 K and a total 
pressure of 4.0 MPa (H2:CO:propylene:Ar 47:47:2:4) these catalysts 
exhibited a remarkably high hydroformylation TOF of ca. 6500 h− 1. 
Most notably, this activity was combined with an impressive regiose
lectivity to butanal, corresponding to butyraldehyde l:b molar ratios 
>100. The role of DMBT to restrict activity to the inner space of the 
zeolite crystals, by inhibiting insufficiently unconfined Rh sites, was 
demonstrated by the observation of a much lower butyraldehyde l:b 
ratio of 4.9 in the absence of this thiol poison. Periodic DFT calculations 
(using PAW-PBE-D3) indicated that CO insertion into the Rh-propyl 
bond is the rate-determining step. Furthermore, these calculations 
revealed an approximately 0.43 eV higher energy barrier for this step in 
the mechanism leading to the branched 2-methylpropanal product. This 
implies that dispersive force interactions with framework oxygen atoms 
in the zeolite stabilize the transition state along the alternative reaction 
path leading to linear butanal, driving the remarkable regioselectivity 
observed.

Fig. 10 provides an overview of state-of-the-art solid Rh catalysts for 
propylene hydroformylation. See Table S2 in the Supporting Informa
tion for additional details. Different catalyst systems are organized on 
the basis of three performance indicators, i.e. Rh-specific hydro
formylation rate (corresponding to TOF in those cases wherein all Rh 
atoms are considered to act as active centers), chemoselectivity to al
dehydes and regioselectivity, captured by the butyraldehyde l:b molar 
ratio in the products. As illustrated on the plot (yellow scatter symbols), 
conventional supported catalysts bearing Rh in nanoparticulate form 
have shown only moderate activities (<4 h− 1) and regioselectivity, with 
l:b=1–5. A substantial improvement in performance has been attained 
by modifying Rh nanoparticles with phosphine organic ligands/adsor
bates (pink data points on the plot), reaching reaction rates >200 h− 1 

with excellent chemoselectivity >99.5 % and notably enhanced butyr
aldehyde l:b ratio in the range of 9–15. As discussed above, the stabili
zation of low-atomicity Rh species, i.e. few-atom clusters and single 
atoms, has proven a successful strategy to dramatically enhance pro
pylene hydroformylation rates by more than an order to magnitude, up 
to >7000 h− 1 while simultaneously achieving essentially full chemo
selectivity, through the effective inhibition of propylene hydrogenation 
(see green symbols on the graph). For the latter type of supported cat
alysts, further exploitation of confinement and shape-selectivity effects 
within zeotype hosts has recently enabled essentially full 

Fig. 6. Schematic illustration of strategies proposed for steering regiose
lectivity with Rh-based solid catalysts in the hydroformylation of propylene: a) 
surface modification of supported metal nanoparticles with organic ligands 
(triphenyl phosphine shown as an example); b) partial confinement of isolated 
Rh sites within the surface of metal oxide supports in single-atom catalysts; and 
c) confinement of Rh active sites (a Rh2 cluster shown as an example) within 
zeolite channels of molecular dimensions. In the figures the netted sphere il
lustrates the direct coordination sphere of the Rh centers, which is believed to 
induce steric effects on propylene activation and affect hydroformylation 
product regioselectivity.
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regioselectivity to the linear butyraldehyde product (l:b>100). This 
evidence renders low-atomicity supported Rh catalysts the most prom
ising class of inorganic catalyst alternative to approach those perfor
mances typically offered by classical homogeneous catalysis systems. As 
illustrated in Fig. 10 (red scatter symbols), the latter typically attain 
turnover frequencies in the range of 900–9000 h− 1, chemoselectivity 
values >98 % and butyraldehyde l:b ratios in the range of 13–50.

It is noteworthy that propylene hydroformylation experiments with 
solid catalysts have been conducted using a slurry-type reactor with a 
solvent in some studies, while in other instances, continuous gas-solid 
operations have been demonstrated in packed-bed reactors. Only in a 
limited number of works have both reaction conditions been compara
tively assessed, revealing remarkable differences in performance for the 
same catalyst. Solvent media often do not play an innocent role in 
catalysis. For supported solid catalysts, they may provide additional 
“ligation” effects on the metal active centers or facilitate product 
desorption via solvation phenomena. In the case of catalytic metal 
species encapsulated within molecular sieve hosts, the effective molec
ular size of the solvent molecules may determine whether the latter 
infiltrates the pore system of the catalyst and, therefore, the nature of 
the direct environment around the metal active centers under reaction 
conditions. Further research is needed to fully rationalize these phe
nomena and progress to optimal hydroformylation performance and 
catalyst stability under the preferred continuous gas-solid operation 
settings.

4.2. Alternative propylene hydroformylation catalysts based on cobalt 
and other active metals

For reasons discussed above, the pursuit of alternative hydro
formylation active metals to replace Rh represents a highly appealing 
research area. Similarly to the case of ethylene, only a limited number of 
literature studies have addressed alternative metals for propylene 
hydroformylation. This likely stems from the fact that propylene is 
intrinsically difficult to activate under reaction conditions mild enough 
to prevent side-hydrogenation to propane, and Rh has proven to be the 
most effective metal to attain hydroformylation activity under mild 
operation settings.

Few studies have considered Co-based catalysts. In the 1970s, Ichi
waka [74] studied series of Rh and Co-based solid catalysts supported on 
different metal oxides. Under gas-phase propylene hydroformylation 
conditions, a Co/ZnO catalyst synthesized by deposition of Co4(CO)12 on 
ZnO, followed by thermal decomposition of the metal carbonyl pre
cursor, offered full chemoselectivity with a butyraldehyde l:b ratio of 9. 
However, this selectivity was accompanied by a notoriously low 
Co-specific reaction rate of 0.12 h− 1. In a more recent work, Wei et al. 
developed a Co catalyst atomically dispersed on b-Mo2C, which showed 
Rh-like performance, i.e. a Co-based TOF of ca. 750 h− 1 alongside 90 % 
selectivity, and a butyraldehyde l:b ratio of 1 [93]. Electronic modula
tion exerted by the molybdenum carbide on the isolated Co sites was 
posited to explain this unconventional performance. Also gold, which is 
conventionally not considered as a relevant active metal in HF catalysis 
has been studied. Wei et al. reported that, while Au aggregates (nano
clusters and nanoparticles) show the inefficiency which is presumed for 
this metal, cationic gold atoms isolated within the inner micropore 

Fig. 7. Catalytic performance results showing a) TOF and product yields obtained with 0.2 %Rh/CoO, 1.0 %Rh/CoO, and 4.8 %Rh/CoO catalysts in the hydro
formylation of propylene at 273 K after 2 h and b) product yield over consecutive catalyst recycling tests with 0.2 %Rh/CoO at 273 K. c,d) DFT calculations on a Rh1/ 
CoO propylene hydroformylation catalyst. c) Structural model for the atomically dispersed catalyst. d) Four different co-adsorption configurations for hydro
formylation reactants and their corresponding total energies, relative to most stable configuration I.
Adapted from reference [85], copyright (2016), with permission from Nature Springer.
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network of the silicalite-1 (MFI) zeolite deliver propylene hydro
formylation activity [94].

5. Conclusions and perspectives

The design of solid catalysts for selective olefin hydroformylation has 
made significant strides in recent years, motivated by the technical and 
economic benefits anticipated in replacing state-of-the-art homogeneous 
catalysis technologies. There has been notable emphasis on designing 
catalysts for ethylene and propylene hydroformylation, which collec
tively represent over 70 % of the current oxo-chemicals market. The 
development of light-olefin hydroformylation processes offers avenues 
for simplified catalyst recovery, diminished or circumvented precious 
metal losses, and enables continuous operation.

Beyond yielding higher added-value C3–4 aldehyde and alcohol 
chemicals, the (reductive) hydroformylation of light olefins may provide 
the basis for a reactive separation to recover ethylene and propylene 
from diluted gas streams containing low-value alkanes. Our preliminary 
techno-economic assessment exemplifies this by comparing a conven
tional, cryogenic distillation ethylene/ethane splitter with a reactive 
separation using selective ethylene reductive hydroformylation to 1- 
propanol. Evaluation of utility costs revealed significant savings for the 
latter process.

Research efforts have been particularly concentrated on designing 
solid catalysts for ethylene hydroformylation, aiming to tackle the 
challenges posed by the high reactivity of this C2 olefin and the pro
nounced thermodynamic preference for olefin hydrogenation side 

reactions. Strategies for heterogenizing hydroformylation (HF) catalysts 
have sought to mimic the structure and performance of conventional 
molecular complexes used in free form or solution. Innovative ap
proaches, such as Supported Ionic Liquid Phase (SILP) and Porous 
Organic Ligands (POLs), have demonstrated remarkable performance in 
gas-phase ethylene hydroformylation. However, the development of 
fully inorganic catalysts holds greater appeal due to their easier 
handling, superior stability, and lower cost.

Among the reported approaches, utilizing low-nuclearity metal sites, 
such as single-atom catalysts (SACs) and sub-nanometer clusters, 
dispersed on suitable supports like metal oxides with carefully selected 
redox properties or within the microporous architecture of certain ze
olites, has recently led to breakthroughs. These advancements have 
achieved ethylene hydroformylation performances previously only 
attainable with molecular catalysts. In propylene hydroformylation, 
achieving control over regioselectivity introduces additional 
complexity. Recent research has shown that stabilizing isolated metal 
atoms and clusters within molecular-sized environments, such as zeolitic 
channels, is an effective strategy. This approach has demonstrated high 
activity, as well as chemo- and regioselectivity, occasionally out
performing benchmark molecular catalysts.

In spite of the significant achievements discussed here, further 
research is needed in the field to gain a deeper understanding of certain 
aspects. This includes exploring the role of solvents in slurry-phase 
hydroformylation processes. Solvents are generally considered crucial 
in catalytic processes, and assessing their contribution to reaction rates 
poses a complex problem due to various potentially involved 

Fig. 8. a) Product yield for the hydroformylation of propylene with Kx
^ Rh@S-1 catalysts, as a function of the molar K:Rh ratio. Reaction conditions: catalyst (0.1 g, Rh 

= 0.2 wt%), propylene (0.5 MPa), CO:H2 = 1:1 (5 MPa), toluene (5 mL), 358 K, 3 h. b) Stability assessment for the gas-phase hydroformylation of propylene 
K20

^ Rh@S-1. Reaction conditions: Catalyst 3 g, propylene:CO:H2 = 1:1:1, 1 MPa, 15 mL min− 1, 413 K. c) HAADF-STEM micrographs and the corresponding EDS 
elemental mappings for K20

^ Rh@S-1. The inset to the STEM micrograph shows the Rh cluster size distribution.
Adapted from [91], copyright (2020), with permission from Elsevier.
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phenomena. These include alterations in reagent solubility and/or mass 
transfer coefficients, thermodynamic non-idealities, competitive 
adsorption with substrate molecules for active sites, and the stabilization 
of transition states for reaction/desorption elementary kinetic steps 
through solvation phenomena [95]. The level of complexity becomes 
even more pronounced in meso- and particularly microporous solid 
catalysts, where capillarity and steric exclusion effects may arise, further 
altering the packing, mobility, and thus the action of solvent molecules 
in the confinement of pores [96]. In the current literature, only a few 
studies have methodically compared the performance of solid catalysts 

in gas- and slurry-phase processes, typically indicating a decline in 
catalytic performance under solvent-free operation. Therefore, there 
remains a knowledge gap that necessitates systematic studies to assess 
the role of solvents, especially as a function of the structural properties 
of the solid catalyst. Such studies would ideally facilitate a rigorous 
assessment of solvation and mass transfer effects on heterogeneous 
hydroformylation catalysis.

The use of solvents in liquid-phase processes exacerbates the issue of 
metal leaching. Under hydroformylation conditions, the high CO 
fugacity typically promotes the formation of labile metal polycarbonyl 

Fig. 9. a) Schematics of the selective inhibition of unconfined Rh sites on the outer surface of the zeolite crystals by chemisorption of 2,4-dimethylbenzenethiol 
(DMBT). b) Evolution of the propylene hydroformylation turnover frequency (TOF), determined per unit total Rh atoms, and the butyraldehyde product regiose
lectivity as a function of the DMBT concentration for 0.17RhOD@MEL-catalysed propylene hydroformylation. Reaction conditions: 20 mg of catalyst, 4 mL of 
toluene, 4 MPa of H2/CO/propylene/Ar (47:47:2:4, vol), 363 K, 30 min. c) Dependence of propylene conversion and (regio)selectivity with the reaction time over the 
DMBT-selectivated 0.17RhOD@MEL catalyst. d) Representations of the DFT-identified transition states for the CO insertion mechanistic step along the formation 
pathways for n- and iso-aldehyde products, showing predicted distances to zeolite framework oxygen anions.
Adapted from [92], copyright (2024), with permission from Springer Nature.
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species. Depending on the reaction conditions, these species may 
mediate reductive metal agglomeration processes into larger and more 
stable metal aggregates or leave the catalyst surface, leading to unde
sired metal losses and product contamination. On the contrary, a high 
olefin fugacity has been reported to have a positive impact on catalyst 
stability, by suppressing Rh agglomeration and leaching. This effect has 
been ascribed to the competitive adsorption of the olefin substrate on 
supported Rh sites, hindering excessive metal reduction into labile Rh 
polycarbonyl complexes [97]. Leaching becomes particularly of concern 
with low-nuclearity metal catalysts, which expose more reactive species 
to ligand molecules. In gas-solid processes, the finite vapor pressure of 
metal polycarbonyl compounds[98] may result in permanent desorption 
of active metal and its entrainment with the gas flow. However, leaching 
is generally believed to be favored by the extra stabilization provided by 
coordination ligands or dispersive forces with solvent molecules in 
liquid media. Given that a minority of dissolved species may signifi
cantly influence the overall hydroformylation performance, overlooking 
or improperly assessing leaching could severely undermine the estab
lishment of reliable catalyst structure-performance relationships. Solid 
catalysts can maintain recyclability, even when they serve solely as a 
source of active species in solution, at very low concentrations 
(ppb/ppm) during each reaction run. Conducting dedicated tests, such 
as hot-filtration experiments followed by assessing reactivity in reaction 
liquors, is generally recommended to ascertain the heterogenous nature 
of the catalysis. While the practice of hot-filtration experiments appears 
to be declining in current research practices, it is crucial to uphold 
rigorous experimental protocols to minimize the risk of overlooking 
metal leaching phenomena and ensure accurate identification of the true 
active species. This is particularly essential in slurry-phase hydro
formylation catalysis, where metal, e.g. Rh, Co, Ru polycarbonyl coor
dination compounds exhibit both significant solubility and 
hydroformylation reactivity.

Another critical aspect closely linked to identifying active species 
and establishing catalyst structure-performance relationships with solid 
catalysts is site heterogeneity. Synthesis routes aimed at stabilizing low- 

nuclearity metal species on solid carriers can result in a variety of spe
cies, varying in their nuclearity, such as mixtures of single atoms and 
metal nanoclusters, or differing in their direct chemical environments. 
Once again, even a small fraction of supported metal centers can 
significantly influence macroscopically observed catalytic performance. 
Moreover, these metastable species may exhibit particularly strong dy
namics under reaction conditions, complicating the task of identifying 
the true active sites. Therefore, the application of operando character
ization methods, which interrogate the catalyst (nano)structure while 
exposed to high CO, H2, and olefin partial pressures and, where relevant, 
also solvent conditions pertinent to hydroformylation catalysis, along 
with systematic investigations using model catalysts displaying well- 
defined active centers, is virtually essential for rigorously identifying 
and rationally maximizing the active centers in solid catalysts. For 
hydroformylation-relevant metals like Rh and Ru, which form particu
larly stable polycarbonyl coordination complexes, CO-driven oxidative 
cluster/crystallite disruption[99,100] and adatom migration/ag
gregation[101,102] phenomena need to be carefully considered. 
Changes in aggregation state, e.g. switching between isolated supported 
metal complexes and clusters may proceed reversibly, as demonstrated 
for Rh and other transition metals within zeolites and on metal oxide 
carriers [103,104]. These processes are strongly influenced by factors 
such as the starting metal aggregation state, temperature, and the 
composition of the surrounding gas atmosphere, which in the specific 
case of hydroformylation catalysis dictates CO and olefin surface cov
erages on the active sites. They may emerge as part of the catalyst dy
namics and could potentially obscure site identification if catalyst 
characterization conditions depart from those of significance for catalyst 
usage.

CRediT authorship contribution statement

Marcos G. Farpón: Writing – original draft, Methodology, Investi
gation, Conceptualization. Gonzalo Prieto: Writing – review & editing, 
Supervision, Project administration, Funding acquisition, 
Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work has received funding from the European Research Council 
(ERC-CoG, TANDEng, Grant Agreement Nr. 864195). Parts of this work 
have received support by the Spanish Ministry of Science and Innova
tion, through grants CEX2021-001230-S and PID2022-140111OB-I00, 
funded by MCIN/AEI/10.13039/501100011033. M.G.F acknowledges 
support by the Ministry of Education of Spain through his predoctoral 
grant FPU17/04701. J. Prieto is acknowledged for his contributions to 
artwork design.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.cattod.2024.115052.

Fig. 10. Comparison of the catalytic performance of different state-of-the-art 
Rh-based catalysts for propylene hydroformylation. The plot includes conven
tional solid catalysts (yellow points), phosphine-modified supported catalysts 
(pink points), Rh molecular complexes dissolved in the thin liquid film of 
supported ionic liquid phase (SILP) catalysts or stabilized within porous organic 
ligand (POL) frameworks (blue points), promising single-atom and sub- 
nanometric cluster-based Rh oxide/zeolite supported catalysts (green points) 
and benchmark Rh molecular catalysts in solution (red points). See Table S2 for 
further details on catalyst composition, reaction conditions and litera
ture references.
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