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ABSTRACT 

One of the major challenges in science is the development of solid materials able to act as catalysts 

for chemical reactions that are commonly carried out using homogeneous molecular catalysts. In 

this sense, Rh2P nanoparticles (NPs) have been identified as suitable mimics of [RhI(Ph3P)3]+, the 

benchmark of homogeneous catalysts in liquid-phase hydroformylation. For this reason, a fitted 

synthetic strategy is required to develop catalysts based exclusively on Rh2P NPs. In order to 

attain it, carbon-supported Rh2P NPs have been prepared using two synthetic pathways, which 

differ in the Rh and P sources. In the first one, two separate sources of Rh and P were used. In the 

second one, the Wilkinson complex was employed as a unique source of Rh and P in order to 

probe the positive influence of the well-defined molecular organization on the preparation of 

dispersed and controlled Rh2P nanoparticles after a pyrolysis treatment, which favours the 
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formation of carbon patches around the nanoparticle that stabilize it. In addition, metallic Rh 

nanoparticles were also synthesized to be used as reference. All catalysts have been compared by 

means of diverse characterization techniques such as transmission electron microscopy, X-ray 

diffraction and X-ray adsorption spectroscopy. The application of XAS to the study of Rh2P NPs 

is unusual and has been essential in the discussion of the results. 

Starting with a well-defined metal precursor leads to the exclusive formation of Rh2P NPs with 

excellent catalytic activity for the liquid-phase hydroformylation. The role of P is to modulate the 

particle size and the electronic configuration of Rh species, resulting in the improvement of the 

catalytic performance and the obtention of turnover frequencies (TOFs) of 5236 h-1 at 60 ºC and 

17788 h-1 at 100 ºC . Furthermore, the carbon present in the phosphine ligand favours nanoparticle 

stabilization by carbon patches during catalytic reaction. 

Keywords: Rh2P nanoparticles, heterogeneous catalysis, liquid-phase hydroformylation, 

XAS characterization, HRTEM. 

Introduction 

Hydroformylation, discovered in 1938 by Otto Roelen, is the transformation of olefins into 

aldehydes by H2 and CO addition.1 This reaction is an example of an atom economic process, in 

which all the starting materials are converted to products. Besides, it is one of the most important 

homogeneously catalysed industrial reactions. Aldehydes are valuable chemicals not only as final 

products but also as feedstock for the synthesis of amines, carboxylic acids and alcohols.2,3 

Catalyst separation and recovery4 together with the high and voluble price of rhodium,1 have 

boosted the research into heterogeneous catalysts able to carry out competitively the 

hydroformylation reaction. Important efforts have been performed on the development of 

heterogenous catalysts for this process. For instance, heterogenization of homogeneous 

hydroformylation catalysts on different supports, as porous organic polymers (POPs) made of 

vinyl functionalised phosphorus ligands5,6 and composites of silica and organic polymers.7  

Besides, catalysts based on single atoms and nanoparticles supported on inorganic oxides such as 
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Al2O3,8 CeO2,9 CoO,10 mainly of metallic rhodium as active species, have shown promising 

results. Despite the significant role of phosphorus ligands in hydroformylation homogeneous 

catalysts,11 little research has been done on the application of Rh phosphide catalysts  in the 

mentioned reaction. Rh2P nanoparticles have been used previously in catalysis, mostly in 

reactions involving hydrogen, such as hydrodeoxygenation,12,13 hydrodesulfurization,14–17 and the 

hydrogen evolution reaction.18–20 In contrast to this, only two research works were found 

regarding the application of Rh2P nanoparticles in hydroformylation, one in gas phase,21 and 

another in liquid phase.22  

Rh2P has an antifluorite structure with a high metal to phosphorus ratio, which, compared to other 

phosphides, results in more metallic features, such as a Rh-Rh distance closer to metallic Rh. This 

effect has been theoretically proved after obtaining, with DFT calculations, projected density of 

states  (PDOS) of surface Rh atoms, where the d-band centers of Rh, Rh2P and RhP2 have values 

of -1.40, -1.68 and -2.47 eV, respectively.22 In these PDOS, Rh2P showed peaks similar to those 

for [RhI(Ph3P)3]+, revealing the similarity between the electronic structures of both species and 

shedding light on the potential of Rh2P as heterogeneous catalysis in the hydroformylation of 

olefins.22 

Although the synthesis of Rh2P NPs has been attempted employing several approaches based on 

a rhodium metal precursor together with a phosphorus source under reducing atmosphere (H2), a 

single Rh2P phase was unfortunately never obtained.21-22 Besides, these interesting works have 

widely studied the fresh catalytic material, but deeper insights into the stability of the spent 

catalyst with post-catalysis characterization are still needed. Based on that, herein, we report a 

straightforward, efficient and robust synthesis of exclusively Rh2P nanoparticles, promoted 

through a commercially available source of Rh and P, the Wilkinson complex. Rh2P nanoparticles 

were formed after incipient wetness impregnation on a carbon support and followed by pyrolysis 

under N2 atmosphere, as we have achieved recently with a Co complex.23  In this work, the aim 

is to report a selective and alternative method for forming nanoparticles based on single Rh2P 

phase from a well-defined single precursor and contribute to the reported strategies for their 
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synthesis. In fact, these Rh2P nanoparticles have shown a catalytic activity for hydroformylation 

comparable to the benchmark homogeneous catalyst with excellent stability of Rh2P nanoparticles 

based on deep post-catalysis studies. In this sense, the XAS technique applied here to study Rh2P 

NPs has been pivotal to prove the homogeneity of the fresh and spent materials. 

Results and discussion 

Carbon-supported Rh2P nanoparticles with different Rh loadings were obtained after employing 

the Wilkinson complex as metal and phosphorus sources (Rh2P@C). The preparation process of 

Rh2P@C NPs is outlined in Scheme 1. Alternatively, another strategy was applied using 

RhCl3·xH2O and PPh3 as rhodium and phosphorus sources, respectively (Rh-PPh3@C). 

Supported Rh0 nanoparticles were also synthesized from RhCl3·xH2O for comparison purposes 

(Rh@C). Catalyst preparation is described in the Supporting Information and the characterization 

results are presented below. 

Scheme 1. Preparation process of Rh2P@C NPs from the Wilkinson complex as single source of Rh 

and P 

 

High-Angular Angle Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM) 

was used to study crystallinity, particle size and distribution for all catalysts, as these features 

may impact the catalytic performance. In Figure 1, representative STEM images are shown for 

1%Rh2P@C, 1%Rh-PPh3@C and 1%Rh@C. Average particle sizes for these catalysts are very 

close: 2.1 nm for 1%Rh2P@C, 2.1 nm for 1%Rh-PPh3@C and 2.2 nm for 1%Rh@C. It should be 

noted that here, the pyrolysis temperature (800 ºC) did not seem to foster the formation of bigger 
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nanoparticles. This is consistent with our previous work, where materials were prepared at 

different temperatures of pyrolysis (400-800 ºC) and there were no evidence of particle growth at 

the highest temperature.23 On the contrary, when the thermal treatment was performed in a stream 

of H2 in Ar from 250 ºC to 900 ºC, Rh2P particles in the range of 2 to 5 nm were obtained at lower 

temperature, while at the higher temperature, the average diameter raised up to 12 nm.21 

In our case, HAADF-STEM results show that for Rh2P@C at 5%, 1%, 0.5% and 0.3% Rh 

loadings, the particle mean sizes are 4.8, 2.1, 1.8 and 1.3 nm, respectively (Figures S1, S3, S4 and 

S5). There is a gradual decrease in the average diameter of Rh2P@C materials when lowering the 

Rh content, and at 0.3% metal loading, the mean diameter became smaller and the particle size 

distribution was the narrower. Regarding catalysts prepared at 5% rhodium loading, the presence 

of phosphorus seems to promote the formation of smaller particles because 5%Rh@C particles 

have a diameter of 17.1 nm on average, with some of them as big as 30 nm; while 5%Rh2P@C 

and 5%Rh-PPh3@C (Figures S10, S3 and S8) underwent a less pronounced growth. This was also 

observed in a previous work of our group with nitrogenated ligands, which promoted the 

formation of smaller NPs than those without electron-donating ligands.23 The catalyst preparation 

methods described here result in a better metal dispersion than reported before.21-22  

Energy dispersive X-ray (EDX) and High-Resolution Transmission Electron Microscopy 

(HRTEM) revealed the presence of both phosphorus and rhodium in the same nanoparticles with 

12.2% of phosphorus and 87.8% of rhodium for 1%Rh2P@C, and 14.3% of P and 85.7% of Rh 

for 1%Rh-PPh3@C (Figure S19 and Table S1). Among the possible rhodium phosphides that can 

be formed (Rh2P, RhP2, Rh3P2, Rh4P3, RhP3), the result rules out the species RhP2 and RhP3, with 

theoretical weight percentages for Rh of 62.4% and 52.5%, respectively. Regarding Rh3P2, the 

weight percentages of Rh and P (83% and 17%) approach the values obtained here for 

1%Rh2P@C. However, the percentages of P and Rh determined experimentally are closer to the 

theoretical values for Rh2P (13.1% of P and 86.9% of Rh) and the XRPD diffractogram of 

5%Rh2P@C discards the presence of Rh3P2 (Figure S25). HRTEM images were taken for 

1%Rh2P@C, 1%Rh-PPh3@C, 1%Rh@C and 5%Rh2P@C (Figure 1b and Figures S13-S18). 
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These images allowed d-spacing measurements of labeled lattice fringes, and in the case of 

1%Rh2P@C, distances were 1.4 Å, 2.0 Å and 2.8 Å, that were assigned to Rh2P (400), (220) and 

(200), respectively. In order to prove that 1%Rh2P@C and 5%Rh2P@C share the same rhodium 

species, lattice spacing were also measured for the later and distances of 2.0 Å (220) and 2.8 Å 

(200) were obtained. Lattice measurements acquired for 1%Rh-PPh3@C have values of 2.8 Å 

(200) and 1.2 Å (420), which correspond to Rh2P species and are consistent with the results of 

EDX analysis (Table S1). Finally, 1%Rh@C HRTEM images show lattice spacings of 2.3 Å 

corresponding to the plane (111) of metallic Rh (Figures S13-S18). 

 

Figure 1. HAADF-STEM images and histograms for: (a) 1%Rh2P@C, (c) 1%Rh@C, (d) 1%Rh-PPh3@C. 

At least 200 nanoparticles were measured for the statistical study. HRTEM image (b) of 1%Rh2P@C. 
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XRPD patterns were measured for all catalysts at 1%, but samples at this metal loading barely 

showed any diffraction peaks related to Rh species due to small particle sizes (<4-5nm),24 for this 

reason, catalysts with higher metal loading were also prepared, such as 5%Rh@C (Figure S20), 

which presents characteristic XRD diffraction peaks at 2θ = 41.0, 47.8, 69.7 and 84.6º for the fcc 

Rh0 facets (111), (200), (220) and (311), respectively.25 The peak at 2θ around 25º corresponds to 

(002) of graphite and the broad peak between 40-46º to (100) plane of disordered graphite. This 

confirms that the support has a turbostratic structure, which is a mixture of amorphous and 

graphitic carbon, something typical in carbon blacks.26,27,28 Conversely, 5%Rh2P@C (Figure S20) 

displayed peaks at 2θ = 32.4, 46.6, 57.9, 68.1, 77.6 and 86.9º, which indicates the presence of 

Rh2P nanocrystals with (200), (220), (222), (400), (420) and (422) facets being this in 

concordance with TEM data.18,29 It appears that the Wilkinson complex is a good source for both 

metal and phosphorus and that it can promote the selective formation of Rh2P nanoparticles.  

To shed light on the effect of phosphorus on the process, isotopic H/D exchange experiments have 

been performed on Rh@C and Rh2P@C, and it was observed that the dissociation of H2 is faster 

in Rh2P@C than in Rh@C. These tests allowed the obtention of HD and H2 mass signals at room 

temperature and the ratios between them for catalysts 1%Rh@C and 1%Rh2P@C, with values of 

0.138 and 0.245, respectively. Besides, the role of carbon that comes from the organic ligand has 

been elucidated by Raman spectroscopy. In order to remove carbon signals caused by the support, 

Rh2P@SiO2 was synthesized and its Raman spectrum (Figure S31) is in agreement with our 

previous observations,30 consisting in the formation of graphitic carbon layers around the Rh2P 

species. This fact could be key in the stabilization of these NPs during catalytic reactions and 

against overoxidation when in contact with air.30,31 Finally,  to elucidate if carbon in Rh2P@C 

material is surrounding the whole Rh2P nanoparticle in a core-shell or partially covering it in 

patches, we have carried out CO chemisorption. This experiment shows that only 5% of total Rh 

is accessible for CO molecules; therefore it indicates that Rh2P particles are partly enveloped by 

carbon. 
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X-ray Photoelectron Spectroscopy (XPS) characterization has been used to provide information 

about the electronic properties,24 however, in our case, for the 1% metal loading, signals were 

hard to detect due to the low metal content. For 1%Rh2P@C, the Rh region in the XPS spectrum 

(Figure S26) showed only two 3d characteristic peaks at 307.9 and 314.6 eV. The binding energy 

of Rh0 is usually between 307.0-307.4 eV,14 while Rh3+ in Rh2O3 is about 308.5 eV, which means 

that the value for Rh 3d5/2 at 307.9 eV is too high to be Rh in metallic state and too low to be Rh3+. 

Since the binding energy is shifted towards higher values, it indicates that Rh in Rh2P holds a 

partial positive charge (Rhδ+). The peak at 314.6 eV was assigned to Rh3+ 3d3/2. In the P 2p region, 

three peaks are shown. Two of them are just slightly above the background noise and have 129.5 

and 130.7 eV binding energies, which were assigned to 2p3/2 and 2p1/2, respectively. 14,19 P 2p3/2 

has a binding energy of 130.2 eV20 in the neutral state, suggesting that the peak at 129.5 eV 

appears because P is partially negatively charged (Pδ-) in Rh2P.32 The XPS results indicate that in 

1%Rh2P@C in where the Rh is positively and the P is negatively charged, an electron density 

transfer may occur from Rh to P. Regarding the third peak in the P 2p region at 133.7 eV, it is 

assigned to oxidized P species formed on the surface of the particle when exposed to air, as also 

occurs with Rh3+. In the case of 1%Rh@C, Rh 3d5/2 peak at 307.2 eV was assigned to the metallic 

state of Rh and the Rh 3d3/2 peak at 314.6 eV to Rh3+. 

The developed materials were characterized by X-ray Absorption Spectroscopy (XAS) at Rh K-

edge to gain insights into the electronic structure of Rh atoms and their local environment in the 

catalyst prepared by different synthesis methods (Figure 2 and Table S3). At first glance, the 

spectra of the catalysts show different shapes in comparison with Rh foil (Figure 2a), ruling out 

the presence of metallic nanoparticles in the samples prepared using Rh and P sources. The 

position of the absorption edge in the catalyst prepared from the Wilkinson complex is 0.5 eV 

shifted towards higher energies with respect to the Rh foil (23220 eV), pointing out that Rh atoms 

are discretely oxidized (δ+), as already indicated by XPS results. Differently, the catalyst prepared 

by the mixture of RhCl3 and PPh3 displays mixed spectra between Rh2P and Rh2O3, with 

absorption edge shifted 1.4 eV to higher energies with respect to the Rh2P catalyst due to the 
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presence of the oxidic phase in the sample. Linear combination analysis estimated that Rh-

PPh3@C catalyst is composed of 76% of Rh2P and 24% of Rh2O3 phases (Figure 2a). The 

Extended X-ray Absorption Fine Structure (EXAFS) spectra of Rh2P catalyst (inset of Figure 2a) 

shows mainly three contributions at 1.94, 2.49 and 3.65 Å related to Rh-P, Rh-Rh and Rh-Rh 

bonds. The Rh-PPh3@C sample also shows three contributions at the magnitude of the Fourier 

transform |FT|, namely Rh-O (from Rh2O3 phase) at 1.60 Å, a shoulder around 1.9 Å of Rh-P 

bond and a third one at 2.45 Å from Rh-Rh bond. The near-edge spectra of Rh@C catalysts 

(Figure 2b) resemble that of Rh0 standard but with flattened intensity of the first two oscillations 

beyond the edge (related to Rh fcc crystalline phase), which is typical of finite size effects in 

nanostructured materials. 

Notwithstanding, the spectrum of 1%Rh@C sample displays a slightly increased whiteline in 

comparison to Rh0 and 5% Rh@C spectra, suggesting that Rh atoms are partially oxidized. This 

can be further validated by looking at the magnitude of Fourier transform (inset of Figure 2b) of 

this sample, which, apart from the main Rh-Rh contribution between 2-3 Å, presents a shoulder 

at ~1.7 Å related to the Rh-O contribution. Moreover, significant flattened EXAFS peaks can be 

perceived when comparing this spectrum with that of Rh metal, supporting the results from STEM 

images about the nanosize character of Rh species. More details on EXAFS fittings can be found 

in Table S3. The quantitative results confirm the formation of an exclusive single phase of Rh2P 

in Rh2P@C material (in agreement with crystallographic data), while Rh-PPh3@C consists of a 

mixture of Rh phases particular Rh2O3 and Rh2P. Therefore, the employment of a well-defined 

metal precursor drives the formation of better materials based on homogeneity, distribution and 

metallic nature. 
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Figure 2. Normalized XANES spectra at Rh K-edge and k2-weighted |FT| (inset) of Rh2P@C (a) and Rh@C 

(b) catalysts. 

Rh2P nanoparticles developed by the two synthetic strategies were assessed in liquid-phase 

hydroformylation of olefins. The difference between the two of them lies in the Rh and P source, 

as stated before. In addition, the effect of phosphorus on the catalytic activity and the stability of 

the material has been studied as opposed to metallic Rh as active species. Finally, these 

heterogeneous catalysts are compared to a benchmark homogeneous catalyst, the Wilkinson 

complex. 
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Figure 3. Graphs on the left correspond to RhCl(PPh3)3 as catalyst at 60 ºC (a), 80 ºC (b) and 100 ºC (c) 

and to 1%Rh2P@C on the right at 60 ºC (d), 80 ºC (e) and 100 ºC (f). Plots in red indicate aldehyde 

selectivity, in black the yield of the linear product, in blue the yield of the branched product, in green the 

yield of isomerization reaction and in yellow the 1-hexene conversion. Reaction conditions: Rh/olefin 

1:500, 1-hexene 1.5 mmol, 1.5 mL toluene, p = 40 bar, H2/CO = 1:1.  

Reactions were performed under 40 bar of syngas pressure (CO:H2, 1:1) in reaction times of 5 

hours, with 1-hexene as model substrate. In our case, apart from isomerization, no hydrogenation 

products were detected in any case. Reaction kinetics were studied with respect to 1-hexene with 

1%Rh2P@C and the Wilkinson complex as catalysts (Figures 3 & 4, and entries 1-11 of Table 1), 

and a first-order reaction was determined in both cases. Our first thought was to establish the 

molecular catalytic result as a benchmark for next tests, nevertheless, it exhibited an activity lower 

than expected at 60 ºC, with a conversion of 82% and a selectivity of 67% in five hours, which, 

as kinetic studies revealed, could be caused by longer induction times as it also occurred at 80 ºC. 
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This induction time of one hour was not observed at 100 ºC. These induction times could be 

caused by the activation of the Wilkinson complex in the reaction, which needs to undergo ligand 

exchange between PPh3 and carbon monoxide, hydrogen addition, apart from the complexation 

of the alkene. 33 

Regarding 1%Rh2P@C, no induction times were observed at any temperature within the times on 

stream considered here, and TOFs were 17788 h-1 (0.25 h) at 100 ºC and 5236 h-1 (0.5 h) at 60 ºC.  

These TOF values indicate the high activity of accessible metal centers, which as CO 

chemisorption tests showed, constitute only the 5% of total rhodium in the material. In 

comparison with the molecular catalyst, the catalytic result obtained for the heterogeneous 

catalyst with just a 5% of available rhodium equals (or improves depending on the reaction 

temperature) the Wilkinson complex with all the metal available. Apparent activation energies 

(Ea) of 30.8 kJ/mol and 38.5 kJ/mol were obtained for the processes catalysed with 1%Rh2P@C 

and the Wilkinson complex, respectively (Figure 4b). The calculation of apparent activation 

energies is explained in Section 3.8 of the SI together with the values of kinetic constants at 

different temperatures (Table S5). The similarity in Ea clearly proves that Rh2P phase is a suitable 

mimic of [RhI(Ph3P)3]+, which could be pivotal in replacing homogeneous catalysts in the 

hydroformylation of olefins. In this sense, 1%Rh2P@C is a material with an activity comparable 

to homogeneous systems with the added advantages of having better conversions at lower 

temperatures (Figure 4a) and being easily recovered. Ratios of l/b regioisomers are not too high, 

even at low temperatures, but the l/b ratio decreases when the reaction temperature increases 

because of the isomerization of 1-hexene to the internal olefin, which leads to the formation of 

the branched product (Table 1 and Figure 3). In fact, the hydroformylation of internal alkenes is 

also favoured when the temperature is increased, which helps to enhance the yields to aldehydes 

(Figure 3). Moreover, at 60 ºC Rh2P catalyst is more efficient than the Wilkinson one for 

hydroformylation of these internal alkenes since olefin isomerization is detected during the 

reactions, but it is consumed, as it has been extracted from kinetic experiments (Figures 3). 
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Figure 4. a) Yield to aldehydes using 1%Rh2P@C and the Wilkinson complex at different temperatures: 

Wilkinson complex at 100 ºC (black circle), 80 ºC (black triangle) and 60 ºC (black square); 1%Rh2P@C 

at 100 ºC (red circle), 80 ºC (red triangle) and 60 ºC (red square). b) Plot for the determination of the 

apparent activation energy for 1%Rh2P@C (red) and the Wilkinson complex (black). 

Besides, the heterogeneous catalysts developed here were studied and compared with each other 

(Table 1 and Figure 5). Considering that 1%Rh@C, 1%Rh-PPh3@C and 1%Rh2P@C have similar 

Rh particle sizes and that the last two catalysts show higher conversions than 1%Rh@C (Figure 

5a and entries 4-15 of Table 1), we can assure that the difference in the catalytic behaviour cannot 

be produced by variations in the metal crystalline size but to the presence of phosphorus and its 

positive effect on the reaction. This could be explained by the fact that in Rh2P species, Rh holds 

a partial positive charge that could facilitate the coordination of nucleophilic molecules during 

the reaction, such as alkenes and CO, which does not apply for the neutral state in metallic Rh, as 

has been theoretically proposed.22 In terms of rhodium phosphide catalysts, 1%Rh2P@C shows a 

higher yield to aldehydes than 1%Rh-PPh3@C, this catalytic result is consistent with what was 

observed in XAS measurements, since 1%Rh-PPh3@C showed mixed spectra between Rh2P and 

Rh2O3 phases, whereas 1%Rh2P@C has revealed a unique Rh2P phase. Although both synthetic 

methods provide the formation of Rh2P nanoparticles active in hydroformylation, the one using 

Rh(PPh3)3Cl as a precursor is the one that selectively generates the Rh2P active species (Figure 

5a). 
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Table 1. Hydroformylation of 1-hexene on Rh catalysts.a 

 

Entry Catalyst Tª 

(ºC) 

Rh:C6H12 Conversion 

(%) 

Selectivity 

(%) 

ratio 

l/b 

TOFb  

(h-1) 

TONb 

1 RhCl(PPh3)3 60 1:500 82 67 70:30 33c 306c 

2 RhCl(PPh3)3 80 1:500 100 88 47:53 109c 484c 

3 RhCl(PPh3)3 100 1:500 95 95 41:59 674c 506c 

4 1%Rh2P@C 60 1:500 96 94 67:33 3422 9724 

5 1%Rh2P@C 60 1:1000 99 86 57:43 5236 18030 

6 1%Rh2P@C 80 1:500 97 95 47:53 5727 9828 

7 1%Rh2P@C 100 1:500 100 94 41:59 5883 9724 

8 1%Rh2P@C 100 1:1000 100 99 44:56 17788 10241 

9 0.5%Rh2P@C 60 1:1000 100 84 63:37 3000 17379 

10 0.3%Rh2P@C 60 1:1700 98 75 67:33 2865 25862 

11 5%Rh2P@C 60 1:500 77 69 69:31 155 1427 

12 1%Rh-

PPh3@C 

60 1:500 100 83 55:45 1178 4770 

13 5%Rh-

PPh3@C 

60 1:500 67 61 69:31 334 701 

14 1%Rh@C 60 1:500 63 72 67:33 308 1241 

15 5%Rh@C 60 1:500 4 - - - - 

a Reaction conditions: 40 bar (CO/H2 = 1:1), 60 ºC, 1.5 mL toluene, 5 hours; b TOFs and TONs were 

calculated considering accessible Rh obtained by CO titration unless otherwise stated, and TOFs were 

calculated at conversions lower than 20%. c TOFs and TONs were calculated based on all the metal present. 

 

After testing Rh2P catalysts at 1, 0.5 and 0.3% metal loadings, a pattern was observed (Figure 5b 

and Figure S32); although the rhodium content has been halved and diminished to the third part, 

the catalytic activity in terms of conversions have not been dramatically affected. This tendency 

could be explained by the fact that a reduction in the rhodium content causes a decrease in the 

nanoparticle mean diameter with 2.1 nm, 1.8 and 1.3 nm for 1%Rh2P@C, 0.5%Rh2P@C, 

0.3%Rh2P@C, respectively (Figures S1, S4 and S5). The percentage of nanoparticles with an 

average size below 1 nm is higher at 0.3%, which means that this catalyst could show a different 

interaction with substrates than its larger counterparts.34 In fact, a diminution in particle size is 

usually associated with an increase in the ratio of surface atoms in vertices and edges with regard 
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to atoms in planes, which could be reflected in the rise of available rhodium atoms for 

hydroformylation (Figure 5b).35 In order to shed it, the initial rates for these catalysts normalized 

to the surface metal atoms have been obtained (Figure S32b); this comparison provides similar 

values supporting that this reaction is not sensitive to crystal particle size at the metal loadings of 

1, 0.5 and 0.3%. 

Figure 5. Reaction conditions: Rh/olefin 1:500, 1-hexene 1.5 mmol, 1.5 mL toluene, p = 40 bar, H2/CO = 

1:1, 60ºC. (a) Yield to aldehydes using: 1%Rh2P@C (red circle), 1%Rh-PPh3@C (grey circle), 1%Rh@C 

(purple circle), 5%Rh2P@C (red triangle), 5%Rh-PPh3@C (grey triangle). (b) Reaction profiles for 

1%Rh2P@C (red), 0.5%Rh2P@C (blue), 0.3%Rh2P@C (green) and 5%Rh2P@C (yellow). 

 

To go further on the research of the suitability of the material for the liquid-phase 

hydroformylation reaction and to cover the scope of most studied alkenes (Table 2), besides 1-

hexene, 1%Rh2P@C was tested with other olefins: propylene as short-chain alkene; cyclohexene 

as internal cyclic and non-isomerizable substrate; styrene as aromatic compound and n-octene as 

a longer chain olefin. 1%Rh2P@C showed almost total conversion for styrene and propylene, and 

in the case of the latter, yields for linear and branched products were practically identical because 

of the absence of steric hindrance in the molecule and thereby, no preferred orientation. On the 

styrene side, at 60 ºC, the branched aldehyde is predominant, which is in agreement with 

observations found in other studies, both in molecular and heterogeneous catalysis.9,22,36,37 In 

general, yields are excellent, except for cyclohexene, whose result is caused by its internal alkene 

nature resulting in an added difficulty of approaching the catalytic site, as has been previously 

detected by other authors. In fact, this is the lowest temperature described up to date for achieving 
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alkene hydroformylation in liquid phase with heterogeneous catalysts keeping excellent TOF 

values.  

Table 2. Hydroformylation of different olefins using 1%Rh2P@C as catalyst.a 

 

Substrate Yield to aldehydes (%) Conversion (%) l/b 

1-hexene 94 96 67:33 

Cyclohexene 51 51 - 

Styrene 99 99 21:79 

1-octene 84 97 62:38 

Propylene 98 98 50:50 

a Reaction conditions: substrate (1.5 mmol), catalyst (30 mg), toluene (1.5 mL), 40 bar (CO:H2), 60 ºC, 5 hours.  

 

In hydroformylation reactions metal leaching is common. In fact, in the presence of CO, metals 

can be converted into metal carbonyls and be transferred from the support to the solution.38,39,40 

This issue has attracted the attention of researchers in the last years. Fujimoto et al. reported the 

amounts of metal leached from catalysts supported on active carbon at different syngas pressures. 

Their results showed leaching dependence on syngas pressure with 20% of metal leached under 

3.0 MPa of syngas, and about 50% under 5.0 MPa.41 Beller et al. reported conversions and 

quantities of metal leached for catalysts prepared on different supports that proved its influence 

on leaching.42 Wen and coworkers recently reported leaching suppression with citric acid, formic 

acid and oxalic acid as protectants. Leaching was dramatically reduced but at the expense of part 

of the catalytic activity.43  

Some studies on Rh nanoparticles applied on hydroformylation and their results from leaching 

tests were found, but none on Rh2P nanoparticles. To determine the Rh leaching in our catalysts, 

solutions were filtered while hot and after sample treatment, the amount of leached Rh was 

obtained by Inductively Coupled Plasma Mass Spectrometry (ICP-MS analyses), which are 
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residual quantities for the analysed samples. Then, considering conversion rates, the catalytic 

activity can be assigned to the heterogeneous component. 

Besides, in order to support the heterogeneous nature of the catalysts, twin reactions were carried 

out. After one hour, one of them was stopped, filtered while hot and put into the reactor again. 

Samples were taken simultaneously in both filtered and non-filtered reactions at reaction times of 

1 and 5 hours. Then, progress in the reaction after 4 hours (Figure 6a), is marginal when compared 

to the conversion rate obtained for the non-filtered reaction (Figure 6a). 

 

Figure 6. Reaction conditions: Rh/olefin 1:500, 1-hexene 1.5 mmol, 1.5 mL toluene, p = 40 bar, H2/CO = 

1:1, 60 ºC (a) Reaction profiles of 1%Rh2P@C (red) and 1%Rh@C (black) with (dot line) or without 

(straight line) hot filtration. (b) Conversions for 1% Rh2P@C over the course of four reaction cycles. 

 

Studies on the stability of the material were completed with recycling tests; in Figure 6b, yields 

for the successive reaction runs are represented. 1%Rh2P@C shows good yields during four 

catalytic cycles and an unchanged selectivity. However, there is a decline in the catalytic activity 

at the third run, with a product yield of 72% instead of 94% in the first use. One of the possible 

reasons for this fact is particle growth, however, particles only underwent a slight growth after 

three catalytic cycles from 2.1 nm to 2.3 nm, so this is unlikely to be the cause for the decrease in 

the catalytic activity (Figure 7). Another reason that can explain this behaviour is the adsorption 

of reaction products on the catalyst surface, which was later confirmed when the catalyst 

recovered the initial activity after calcination at 300 ºC under air (Figure 6b).31 Nevertheless, to 

ascertain that there are no changes in the structure during catalytic conditions, 5%Rh2P@C, 

1%Rh2P@C, 1%Rh-PPh3@C and 1%Rh@C were characterized by XRD, HAADF-STEM, 
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HRTEM, XPS and XAS after catalysis. 5%Rh2P@C XRD pattern shows high crystallinity after 

catalysis (Figure S21), and the diffractograms obtained for the catalyst at 1% metal loading do 

not reveal any significant particle growth, which is in agreement with particle size measurements, 

since the material that experienced more particle development is 1%Rh@C, from 2.2 to 2.8 nm 

(Figure 7). However, in the XRD diffractogram of post-catalysis 1%Rh-PPh3@C (Figure S23), 

there is a little peak at 48.7º attributed to Rh2P (220), which could reveal some formation of small 

aggregates during catalysis that were not observed in HRTEM images (Figure 7b). Regarding 

XPS measurements of the materials after catalysis, they did not present any changes. In addition, 

HRTEM post-reaction images of 1%Rh2P@C, 1%Rh-PPh3@C and 1%Rh@C showed no 

alterations in the crystalline structure (Figures S14, S16 and S17). 

 

Figure 7. HAADF-STEM images of: 1%Rh2P@C before (a) and after three catalysis runs (b), 1%Rh-

PPh3@C before (c) and after one catalysis run (d); 1%Rh@C before (e) and after one catalysis run (f). 

 

Figure 8 shows the XAS results of Rh2P@C and Rh@C catalysts before and after catalysis. The 

spectrum of 1% Rh2P@C slightly changed post-reaction with almost no perceptible differences 
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in XANES while that of 1% Rh-PPh3@C showed an increased whiteline which indicates that Rh 

atoms are even more oxidized after reaction conditions (Figure 8a). Linear combination analysis 

showed that Rh2O3 fraction increased from 24 to 28% in the Rh-PPh3@C sample after reaction 

(Figure S27). A slight increase of the higher-shell contributions in the |FT| of 1%Rh2P@C catalyst 

spectrum can be seen (Figure 8), suggesting some minor particle sintering. This is also observed 

in the spectrum of 1%Rh-PPh3@C, which also displays a minor increase in the magnitude of |FT| 

peaks, which is correlated with its XRD spectra (Figure S24). The absorption edge in the XANES 

spectrum of 1%Rh@C after catalysis (Figure 8c) slightly shifts towards higher energies (from 

23220.5 to 23221 eV) as well as the intensity of whiteline increases, indicating that a portion of 

Rh atoms is being oxidized after reaction. Linear combination analysis (Figure S28) shows an 

increase of ~12% in this oxidized phase with respect to the sample before catalysis. This can also 

be observed in the |FT| where the first-shell peak at ~1.6 Å, related to Rh-O contribution, gain 

intensity with respect to the as-prepared sample, supporting Rh atoms are being oxidized. 

Moreover, the Rh-Rh contribution at 2.4 Å slightly flattens in intensity (from 3.17 to 2.55 Å-3) 

due to the decrease of the metallic character in the sample. These results reinforce the role of 

phosphorus in the stability of the catalysts presented herein once very subtle changes are observed 

in the XAS spectra after hydroformylation reactions. 
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Figure 8. Normalized XANES spectra at Rh K-edge (a,c) and k2-weighted |FT| (b,d) of Rh2P@C and 

Rh@C catalysts before and after catalysis. 

Conclusions 

This study demonstrates that it is possible to obtain well-defined supported Rh2P nanoparticles 

by introducing Rh and P from a definite Rh-P transition metal complex (the Wilkinson complex), 

followed by pyrolysis in a N2 atmosphere. The surface species formed are ascertained by a 

combination of spectroscopic techniques, including XAS, whose application to the 

characterization of Rh2P species is uncommon and whose results reveal the high purity of the 

synthesized Rh2P nanoparticles and their stability during reaction conditions. The species formed 

here are very active and selective for catalysing the hydroformylation of olefins at low 

temperatures, as the outstanding TOFs have shown. Remarkably, the catalytic results achieved 

with the supported Rh2P nanoparticles are in the same level of transition metal complexes. This 

indicates that we have a high-performing Rh heterogeneous catalyst for hydroformylation 

reactions. The key point for this outperforming catalytic behaviour is the Rh and P interaction 

when conforming the Rh2P catalytically active species.  
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In this work, single phase Rh2P nanoparticles stabilized by patches of carbon layers are obtained 

by the employment of a well-defined molecular complex as unique source of phosphorus and 
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