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1. Introduction

The hydroformylation of alkenes using syngas (CO/H2) for the
synthesis of aldehydes is one of the key industrial chemical trans-
formations, with annual global aldehyde manufacturing exceed-
ing 24 million metric tons year.[1–4] Up to now, homogeneous
rhodium-based catalysts are the preferred catalyst technology
in the area of hydroformylation catalysts, as rhodium has proven
to be the most active metal and the selectivity can in general be
tuned via the ligand or the reaction conditions.[5–7] However, the
use of a homogeneous catalyst involves significant technical

challenges for catalyst separation and recy-
cling to avoid the loss of precious metal.[8]

Consequently, heterogenized or heteroge-
neous rhodium-containing catalysts as
alternative candidates for oxo-chemistry,
such as anchored Rh complexes on solid
supports,[8,9] rhodium in zeolite frame-
work,[10] and rhodium-containing nanopar-
ticles,[11,12] have gained significant research
interest in the last decade.

A number of approaches in the field of
heterogeneous catalysis pursue the mim-
icking of the steric and electronic environ-
ment of an active metal in homogeneous
catalysts through the combination of
a noble metal together with another
less noble metal or non-metal to form
alloys,[11,13–19] intermetallic compounds,[12]

or other main-group containing metal
phases.[20] In this context, also Rh-based

catalyst systems, in the form of supported crystalline nanopar-
ticles, such as Rh-Zn,[12] Rh-Co,[14,21] and Rh-P,[11] have been
applied as catalysts for hydroformylation reactions. The superior
catalytic performance compared to pure metallic rhodium-based
catalyst, in liquid[16] and gas phase hydroformylations[11] was
already reported for supported crystalline rhodium phosphides,
Rh2P. Their catalytic activity was attributed to the formation of
undercoordinated Rh species on the surface of the crystalline
nanoparticles, a motif that can be compared to frustrated single
sites in homogeneous catalysis.[8,11] The inherent structural fea-
tures of Rh2P contribute to its excellent catalytic activity, but also
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The hydroformylation of alkenes is a cornerstone transformation for the chemical
industry, central for both functionalizing and extending the carbon backbone of
an alkene. In this study, silica-supported crystalline rhodium sulfide nanopar-
ticles are explored as heterogeneous catalysts in hydroformylation reactions, and
it is found that RhxSy systems (x= 17, y= 15 or x= 2, y= 3 with 1 wt% Rh on
SiO2) greatly outperform metallic Rh nanoparticles. These systems prove to be
exceptionally competitive when benchmarked against other cutting-edge cata-
lysts in terms of activity, with Rh17S15/SiO2 being the superior catalyst candidate.
By employing local environment descriptors, unsupervised machine learning and
density functional theory, the structure-performance relationships are examined.
The results highlight that the presence of S in close proximity to the catalytic site
unlocks the tunability of the surface catalytic properties. This allows for the
substrate affinity to be modulated, in particular for Rh17S15, with adsorption
energies rivalling those of pristine Rh and improved spatial resolution.
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the electronic state of rhodium is modulated, leading to optimal
weaker CO binding, which has been argued to have a positive
influence on the overall activity.[16]

Despite the fact, that sulfur is considered to be a catalyst poi-
son in many cases in catalysis and in general reduces the affinity
of the surface toward organic substrates, metal sulfide phases,
such as palladium sulfides or rhodium sulfides have been
explored as catalysts for the semi hydrogenation of alkynes[22,23]

and in the framework of electrocatalysis.[24–26] Also, metal sul-
fides have been applied in the photocatalytic energy conversion,
including H2 production, CO2 reduction, and N2 fixation,

[27] in
carbonylation reactions[28] as well as in the context of hydrotreat-
ing, for example, hydrodesulfurization, catalysis.[29] However,
this concept has not been exploited systematically and not
at all in the framework of oxo-chemistry. In this work, we
thus investigate the use of supported crystalline rhodium
sulfide nanoparticles, with a particular focus on the metal-rich
Rh17S15 and metal-lean Rh2S3 phases, toward the use in
liquid-phase hydroformylation reactions of alkenes. We demon-
strate how rhodium sulfides can be tailored to go beyond emu-
lating the activity of the parent metal with a p-loaded surrogate,
by modulating the surface composition of the catalyst and the
formation of spatially isolated metal sites to substantially
improve on the activity and selectivity in the hydroformylation
of alkenes. This study will give general guidelines for the design

of highly active heterogeneous single-site catalysts based on a
straight-forward d-block/p-block element combination strategy,
with profound implications for one of the most important
catalytic reactions in the chemical industry.

2. Results and Discussion

2.1. Synthetic Access to Supported Rhodium Sulfide
Nanoparticles

The two rhodium sulfide phases selected for this investigation
are the metal-rich Rh17S15 (Rh/S= 1.13) and the metal-lean
Rh2S3 (Rh/S= 0.66) phase. The silica-supported rhodium
sulfides particles were synthesized using an incipient wetness
impregnation method of reactive precursors. Rhodium acetate
(Rh(OAc)3) and thiourea (CH4N2S) were dissolved in water
and added dropwise to silica (Cariact). The impregnated precur-
sors were subsequently dried and brought to reaction via a ther-
mal treatment in a flowing stream of argon to obtain the
supported RhxSy phases (Figure 1a). There is a loss of volatile
sulfur during the thermal treatment, and so the addition of an
excess quantity of thiourea is required to enable the RhxSy phase
formation. Hence, 20, 30 and 50mol% excess of thiourea with
respect to the stoichiometric ratio of the corresponding sulfide,

Figure 1. a) Synthetic access to supported nanoparticles of crystalline rhodium sulfides and PXRD patterns of b) Rh17S15/SiO2 (10 wt% Rh) and
Rh2S3/SiO2 (10 wt% Rh), c) products obtained after the thermal treatment at 700 °C of the impregnated precursors for the synthesis of Rh17S15/
SiO2 (10 wt% Rh) using different argon flow rates. •Rh2S3 (ICSD: 56 882, Materials Project[56] id: mp-17 173), *Rh17S15 (ICSD: 410 838, mp-21 991).
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was impregnated on silica together with Rh(OAc)3 and the result-
ing product was heated in a flowing stream of argon at 700 °C in
order to synthesize Rh17S15/SiO2 (10 wt% Rh). Whereas an
excess of 20 and 50mol% of thiourea resulted in the formation
of metallic Rh nanoparticles and nanoparticles of the Rh2S3
phase, respectively, 30mol% excess led to the formation
of the phase-pure Rh17S15/SiO2 nanoparticles on silica
(Figure 1b and S1, Supporting Information). Beside the amount
of sulfur precursor, also the temperature of the thermal treat-
ment (Figure S2, Supporting Information) and the gas flow rate
(Figure 1c) have shown to be relevant parameters for the synthe-
sis. Rh2S3/SiO2 (10 wt% Rh) was synthesized in a similar man-
ner again via incipient wetness impregnation and a subsequent
thermal treatment in a flowing stream of Ar (450 Nl/h) at 700 °C
with 50% excess thiourea (with respect to the required stoichio-
metric ratio) to ensure the phase formation (Figure 1a). The cat-
alyst materials, as described earlier, were also prepared with a
lower absolute metal loading (1 wt% Rh) to allow for a reduced
size of the nanoparticles through limited sintering processes.

The phase purity of Rh17S15/SiO2 (10 wt% Rh) and Rh2S3/
SiO2 (10 wt% Rh) can be verified by powder X-ray diffraction
(PXRD, Figure 1b), whereby the occurrence of very broad reflexes
already indicates the formation of small Rh-S crystallites.
Subsequently, selected area electron diffraction (SAED) measure-
ments in association with transmission electron microscopy
(TEM) were performed for a detailed analysis and provided evi-
dence of Rh17S15 and Rh2S3 nanoparticles, respectively, sup-
ported on silica (Figure S9 and S10, Supporting Information).
Despite the fact that PXRD and SAED measurements can be
applied for the analyses of the 10 wt% loaded samples, the analy-
ses of the samples resulting from a 1 wt% Rh loading, were
found to be challenging due to the very small crystallite/particle
sizes of the resulting rhodium sulfides particles (Figure S3,
Supporting Information). Interestingly, when Rh/SiO2 (1 wt%
Rh) as a reference system was prepared and analyzed via
PXRD, reflexes corresponding to metallic Rh particles of compar-
atively large crystallite size can be identified despite the lowmetal
loading (Figure S4, Supporting Information). This already indi-
cates the role of sulfur as an inherent stabilization agent against
sintering processes. The elemental composition and integrity of
all samples of rhodium sulfides, could, however, be proven by
elemental mapping via energy dispersive X-ray spectroscopy
(EDXS), irrespective of whether a high or low Rh loading was
chosen. Hereby a uniform Rh and S distribution over the silica
support, with Rh/S ratios of 1.13 for Rh17S15/SiO2 (1 and 10 wt%
Rh) and 0.66 for the Rh2S3/SiO2 (1 and 10 wt% Rh, Figure 2
and S11–S15, Supporting Information), was obtained. Also,
the absence of nitrogen-containing species was confirmed
and proved the complete decomposition of the thiourea
precursor[30,31] and the cleaning of the catalyst surfaces under
the applied flowing stream of argon. Lattice fringe distances
extracted through high-resolution transmission electron micros-
copy (HR-TEM) for the RhxSy/SiO2 samples (x= 17, y= 15 or
x= 2, y= 3 with 1 and 10 wt% Rh) were well suited with the the-
oretical d-spacing of the targeted rhodium sulfide phases
(Figure S11–S15, Supporting Information).

The morphology of the supported rhodium sulfide nanopar-
ticles could be further explored by TEM. The TEM images of
RhxSy/SiO2 (x= 17, y= 15 or x= 2, y= 3 with 1 and 10 wt%

Rh) show well dispersed rhodium sulfide nanoparticles on the
silica support (Figure S11–S15, Supporting Information) and
selected images of Rh17S15/SiO2 with higher and lower Rh load-
ings are provided as Figure 2a,b. Almost spherical shaped nano-
particles can be observed in high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
images (Figure S11–S15, Supporting Information) with average
particle sizes of 2.2 and 3.0 nm for Rh17S15/SiO2 and Rh2S3/SiO2

(1 wt% Rh), respectively and 6.3 and 3.6 nm for the 10 wt%
loaded analogues. Moreover, the high-resolution HAADF-
STEM images of Rh17S15/SiO2 (10 wt% Rh) through Z contrast-
ing, indicate the formation of a Rh-based surface motif separated
spatially by S atoms (Figure 2c,d). The existence of such struc-
tural motifs or ensembles on catalysts surfaces has been identi-
fied as relevant for active sites of several types of heterogeneous
catalysts,[32] whereby the Lindlar catalyst (typically 5 wt% palla-
dium deposited on calcium carbonate or barium sulfate and
treated with various forms of lead),[33] is one of the prototypic
examples. Combined experimental and theoretical[34] works have
shown that through the alloying of Pd with Pb, Pb-induced exclu-
sion areas and consequently separated Pd-rich active sites are
being formed.[35] The concept of well-defined structural motifs
through formation of crystalline alloys and intermetallic com-
pounds could also be observed for other materials beyond the
Lindlar catalyst. Exceptional performance in alkyne semi hydro-
genation has been attributed to spatially isolated metal trimers in
Pd3S

[22] and NixPy.
[36]

To investigate the oxidation state of Rh within the supported
rhodium sulfides, X-ray photoelectron spectroscopy (XPS) analy-
ses of RhxSy/SiO2 (x= 17, y= 15 or x= 2, y= 3 with 1 and 10wt%
Rh) samples were conducted (Figures S19–S23 and Table S1–S3,
Supporting Information). The Rh 3d signals were deconvoluted
indicating the presence of two types of rhodium species. The dou-
blet at binding energies of 309.5 and 314.4 eV corresponds to 3d5/2
and 3d3/2 states and can be assigned to rhodium sulfide. This in
combination with the S 2p signals, seen in RhxSy/SiO2 (x= 17,
y= 15 or x= 2, y= 3 with 10 wt% Rh), at 161.7 and 162.7 eV,
corresponding to polysulfides, points toward covalently bound
rhodium and sulfur.[24] Further, no S 2p signals at 164 eV were
observed, which proves the absence of any elemental sulfur.
Another doublet of Rh 3d observed at 307.5 eV (3d5/2) and
312.2 eV (3d3/2) corresponds to metallic rhodium. The existence
of Rhδþ and Rh0 species from XPS analyses has also been shown
for RhxPy systems and can be considered a typical feature for rho-
dium/p-block element-based phases.[16] The XPS analyses of the
low Rh content RhxSy/SiO2 (x= 17, y= 15 or x= 2, y= 3 with
1 wt% Rh) materials have also shown the presence of Rhδþ

and Rh0, however, no sulfur signals could be observed, due to
the very low chalcogenide concentration and potentially reduced
surface S concentration. The surface chemistry of the supported
RhxSy nanoparticles was further explored via diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) using CO as
probe molecule[37] (Figure 3 and S18, Supporting Information).
In the initial DRIFT spectra of the supported rhodium sulfides
(Rh17S15/SiO2 and Rh2S3/SiO2 with 1 wt% Rh) symmetric
stretching modes of rhodium gem-dicarbonyl species
(Rh3þ(CO)2 – a highly oxidized Rh species interacting with
two CO molecules) at 2105 cm�1 for Rh17S15 and 2104 cm�1

for Rh2S3 and linearly bound CO on metallic Rh (Rh0-CO)[38,39]
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at 2067 cm�1 for Rh17S15 and 2073 cm�1 for Rh2S3 can be
assigned. On further exposure to CO, surface reduction of
Rh17S15/SiO2 and Rh2S3/SiO2 with 1 wt% Rh is taking place
and Rhδþ(CO)2 symmetric stretching modes can be observed at
2102 cm�1 for Rh17S15 and 2086 cm�1 for Rh2S3. In order to elu-
cidate the effect of the sulfur incorporation into Rhodium in more
detail, the CO adsorption behavior of Rh/SiO2 (1 wt% Rh) as ref-
erence system was investigated and a blue shift of the symmetric
and asymmetric stretches of rhodium gem-dicarbonyl species
from pure Rh samples (2098 and 2028 cm�1) to Rh17S15 (2102
and 2036 cm�1) can be seen. This finding can be attributed to
a charge transfer from Rh to S, also demonstrated by XPS
analyses, which leads to an increase in the cationic nature of
the rhodium centers in rhodium sulfides in comparison to
the metallic rhodium. The low intensity band observed at

1936 cm�1 in Rh/SiO2 (1 wt% Rh) may correspond to a bridged
CO vibrationmode on Rh0. Similar signals in this range are absent
in the DRIFT spectra of the rhodium sulfides, which points toward
the existence of isolated CO chemisorption sites on the surface,[40]

as already indicated from TEM imaging.
The oxidation state and chemical environment of the rhodium

sulfide materials were further investigated using X-ray absorp-
tion spectroscopy (XAS). The X-ray absorption near edge struc-
ture (XANES) measurements (Figure 3d) show that Rh atoms
within rhodium sulfides (RhxSy/SiO2, x= 17, y= 15 or x= 2,
y= 3 with 1 wt% Rh) seem to have a very similar oxidation state,
that lies between the Rh3þ state of bulk Rh2O3 and Rh0 of the
bulk Rh reference. This corresponds to an oxidation state of
Rhδþ based on the partial charge transfer from Rh to S, in agree-
ment with XPS and DRIFTS analyses. The characteristic broad

Figure 2. HAADF-STEM images of a) Rh17S15/SiO2 (10 wt% Rh) and b) Rh17S15/SiO2 (1 wt% Rh). c) HR-HAADF-STEM image of Rh17S15/SiO2

(10 wt% Rh) and d) magnified image highlighting the rhodium-containing structural motif. e) EDXS elemental mapping of Rh, S, and Si for
Rh17S15/SiO2 (10 wt% Rh) and f ) Rh17S15/SiO2 (1 wt% Rh) with corresponding HAADF STEM images at insets.
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white line around 23 240 eV observed in the XANES data was
already reported for diverse RhxSy species.

[41,42] The correspond-
ing Fourier transform extended X-ray absorption fine structure
(FT-EXAFS) spectra are plotted in Figure 3e and prove the exis-
tence of rhodium sulfides phases. In addition to the dominant
main feature at a backscattering distance (not corrected for scat-
tering phase shift) of 1.8 Å, which resembles Rh-S contributions,
a scattering event at a distance of 2.3 Å was observed in Rh17S15/
SiO2 (1 wt% Rh), which can be attributed to Rh-Rh scattering
events in the Rh17S15 crystal structure. The Rh-Rh feature is
hereby shifted to lower distances, when compared to the pure
Rh metal at 2.4 Å. This finding underlines the more metal-like
character of the Rh17S15 phase in contrast to the Rh2S3 counter-
part and undermines the formation of Rh-containing single sites
for Rh17S15, as shown in Figure 2d.

2.2. Heterogeneous Hydroformylation Catalysis

To assess the catalytic activity of supported rhodium sulfides
nanoparticles in the hydroformylation of alkenes, styrene was
selected as a model substrate. In this context the modulation
of the catalytic selectivity toward the aldehyde products and there-
with the reduction of the hydrogenation side reaction is one of
the major goals in the development of hydroformylation
catalysts.[11] Initial tests were performed using Rh17S15/SiO2

(10 wt% Rh) and Rh2S3/SiO2 (10 wt% Rh) as catalysts under a
syngas pressure of 40 bar (CO:H2 1:1) and a temperature of
80 °C. The conversions of styrene after 80min of reaction time

using Rh17S15 and Rh2S3 were 18% and 5% (Table 1, entry 1 and
2), respectively. An extended reaction time of 225min resulted in
higher conversions of 85% for Rh17S15% and 42% for Rh2S3
(Table 1, entry 3 and 4) with traces of (1%) or no hydrogenation
products. Subsequently, rhodium sulfide catalysts prepared with
1 wt% Rh loading on silica, were tested under similar reactions
conditions. After 80mins reaction time a styrene conversion of
87% was observed using Rh17S15/SiO2 (1 wt% Rh), whereas

Figure 3. DRIFT spectra of the synthesized catalyst a) Rh17S15/SiO2 (1 wt% Rh), b) Rh2S3/SiO2 (1 wt% Rh), and c) Rh/SiO2 (1 wt% Rh) recorded during
CO adsorption in 1% CO/Ar (100mLmin�1) at 40 °C. IR bands around 2180 cm�1 correspond to gas-phase CO signals. d) Ex situ XAS spectra recorded at
the Rh-K edge with an inset showing the XANES region and e) FT-EXAFS spectra (k2-weighted, not phase corrected). As references, the spectra of a
metallic Rh foil and a Rh2O3 pellet are shown. The contribution at 1.5 Å is most likely due to surface oxidation caused by the sample preparation and
prolonged storage in ambient conditions in a capillary prior to the XAS measurements.

Table 1. Hydroformylation of styrene using different supported rhodium
sulfide catalysts.

Cat.b) Rh [wt%] t [min] Conv. [%] Select.a) [%] n/iso

1 Rh17S15/SiO2 10 80 18 100 0.7

2 Rh2S3/SiO2 10 80 5 100 –

3 Rh17S15/SiO2 10 225 85 99.3 0.88

4 Rh2S3/SiO2 10 225 42 100 0.7

5 Rh17S15/SiO2 1 80 87 98.4 0.85

6 Rh17S15/SiO2 1 180 100 97.3 1.0

7 Rh2S3/SiO2 1 80 60 98.7 0.85

8 Rh2S3/SiO2 1 120 93 98.6 0.85

9 Rh/SiO2 1 80 40 98.8 0.91

a)Selectivity toward aldehyde products. b)Reaction conditions: 1 mmol styrene,
1.5 mL toluene, 0.2 mol% catalyst, 40 bar syngas pressure, CO:H2 1:1, 80 °C,
1200 rpm stirring speed.
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Rh2S3/SiO2 (1 wt% Rh) gave 60% conversion. From the
aforementioned results, a superior activity of the metal-rich
Rh17S15 catalyst in comparison to Rh2S3 and a tremendous activ-
ity improvement at lower metal loadings can be concluded,
which can also be seen from the syngas pressure consumption
within the reactor (Figure 4c). The enhanced performance of the
catalyst with lower Rh loadings may be due to the reduced parti-
cle size and resulting higher rhodium dispersion as concluded
from the TEM analysis (Figure S7 and S8, Supporting
Information). We assume that lower metal loadings in the syn-
thesis lead to a higher dispersion and therefore to an increased
number of exposed surface atoms on the support and available
active sites. The conversion versus time plot (Figure 4d) also
clearly emphasizes the better performance of Rh17S15/SiO2

(1 wt% Rh) in terms of activity. A reaction time of 3 h using
Rh17S15/SiO2 (1 wt% Rh) as a catalyst resulted in 100% conver-
sion of styrene (Table 1, entry 6) with an n/iso ratio of 1.0 and a
hydrogenation product (ethyl benzene) concentration of only
2.7%. The regioselectivity might be tunable via the addition of
ligands[5] or the use of confinement effects[43] in the future.
The catalytic activity of pure Rh on silica (1 wt% Rh) was
investigated as reference point and it could be shown that both
rhodium sulfide-based catalysts show superior catalytic activity
with an order of activity as follows: Rh17S15> Rh2S3> Rh.
Although the particle size significantly affects the catalytic
performance, the primary factor explaining the activity difference
between the rhodium sulfides and the pure Rh-based
reference catalysts is the electronic contribution from the sulfur
incorporation into the rhodium matrix (Figure S31, Supporting
Information).

The turnover frequency (TOF) values for the hydroformylation
of styrene at 80 °C and 40 bar syngas pressure were estimated as
2620 h�1 for Rh17S15/SiO2 (1 wt% Rh) and 1450 h�1 for Rh2S3/
SiO2 (1 wt% Rh). These estimations were performed based on
the metal dispersion calculated by using the average particle
diameter obtained from TEM imaging (Table S10, Supporting
Information). A comparison of TOF values under similar reac-
tion conditions has shown a superior TOF value for Rh17S15/
SiO2 (2620 h�1, 1 wt% Rh) in comparison to Rh2P/SiO2

(1469 h�1)[16] and Rh7Co1P4/SiO2 (2563 h�1),[44] underlining
the advanced performance of our lead catalyst candidate
(Table S10, Supporting Information and Figure 4f ).

To broaden the application scope of the catalysts, also with
respect to industrially relevant conditions, hydroformylation
reactions without additional solvent were carried out. Hereby
it was found that by using the lead catalyst candidate Rh17S15/
SiO2 (1 wt% Rh) 40% conversion could be achieved in neat sty-
rene after 120min (Table S7, Supporting Information). Further,
the substrate scope was extended, and Rh17S15/SiO2 (1 wt% Rh)
has shown to be active in the hydroformylation of 1-hexene,
1-octene, 2-octene, allyl benzene, and diisobutylene displaying
excellent activities and selectivity’s toward aldehydes (Table S6,
Supporting Information).

To explore the recyclability of the supported rhodium sulfide
catalysts, Rh17S15/SiO2 (1 wt% Rh) and Rh2S3/SiO2 (1 wt% Rh)
were recovered after the hydroformylation reaction by centrifu-
gation and were reused in the hydroformylation of styrene. This
recovery confirmed the reusability of the catalysts, as almost no
decline in activity or selectivity (n/iso consistently in the range

0.85–0.9) was observed for the catalysts even after two rounds
of recycling (Figure S32, Supporting Information). With
Rh17S15/SiO2 (1 wt% Rh) providing a reaction time of 80min,
a styrene conversion of 87% was observed with the fresh catalyst
and a slightly higher conversion of 94% in the second round of
recycling. This trend was confirmed by the determination of the
TOF values (Table S11, Supporting Information). Similarly, after
a reaction time of 120min using the fresh Rh2S3/SiO2 (1 wt%
Rh) catalysts a conversion of 93% could be achieved, whereas
97% of styrene conversion were obtained in the second round
of recycling. However, ICP AES analyses of the recovered catalyst
showed a Rh loss (from 1.02 wt% to 0.78 for Rh17S15/SiO2, 1 wt%
Rh and from 0.88 to 0.73 wt% for Rh2S3/SiO2, 1 wt% Rh,
Table S12, Supporting Information), which points towards
leaching induced by mechanical milling and subsequent
rhodium sulfide colloid formation. Similar observations were
made for other Rh-based hydroformylation catalysts.[45] To
improve the anti-leaching performance of our Rh17S15-based
lead catalyst, Rh17S15 (1 wt% Rh) was deposited on alumina
and phosphorus-modified silica[19] to enhance metal-support
interactions (Table S12, Supporting Information). A substantial
reduction in leaching of rhodium to 6% could be observed in
the case of Rh17S15/Al2O3. The catalyst stability was even
further improved, with a very low metal loss of 3%, when
Rh17S15 was deposited on 0.5 P-SiO2 (0.5 wt% P on silica),
which demonstrates the potential of support engineering in
the field of heterogeneous catalysis. However, a reduction in
catalytic activity was observed in both cases, indicating the need
for further optimization of the support choice[46] or the use of
protectants.[47] In addition to the elemental analyses of postre-
action samples, the recovered catalysts were also analyzed
via TEM imaging to identify if any changes have occurred to
the particles during the catalytic reaction (Figure S16 and
S17, Supporting Information). The HAADF-STEM images
(Figure S17 and S16, Supporting Information) of the recovered
Rh17S15/SiO2 (1 wt% Rh) and Rh2S3/SiO2 (1 wt% Rh) samples
showed well dispersed rhodium sulfide nanoparticles on the
silica support. Lattice fringe d-spacing of 0.227 nm in line with
Rh17S15 (331) and 0.259 nm corresponding to Rh2S3 (112) were
extracted for the recovered Rh17S15/SiO2 (1 wt% Rh) and Rh2S3/
SiO2 (1 wt% Rh) catalysts from the HRTEM images (Figure S17
and S16, Supporting Information) and indicate the stability of
RhxSy phases after the catalysis. The particle sizes, determined
via TEM imaging with the aim to identify sintering or aggrega-
tions, revealed a slight increase in the average particle size for
the recovered Rh17S15/SiO2 sample (1 wt% Rh) and substantial
decrease in the case of Rh2S3/SiO2 (1 wt% Rh, Table S13,
Supporting Information). The stability of the phase, besides
a minor loss in crystallinity, was also proven be PXRD analyses
of the recovered 10 wt% Rh loaded Rh17S15 and Rh2S3/SiO2 cat-
alysts (Figure S5, Supporting Information). XASmeasurements
performed for the recovered RhxSy/SiO2 (x= 17, y= 15 or
x= 2, y= 3 with 1 wt% Rh) catalysts still indicates the Rhδþ oxi-
dation state based on the analyses of the XANES region
(Figure S24, Supporting Information). However, especially in
the case of the sulfur-rich phase Rh2S3, the backscattering
contribution at 2.3 Å in the FT-XAFS spectra has increased
(Figure S25, Supporting Information). This could imply a loss
of sulfur and the partial phase transition from Rh2S3 into
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Figure 4. a) Schematic representation of styrene hydroformylation using silica-supported rhodium sulfide catalysts (red: Rh, yellow: S), b) chart showing
the conversion and selectivity after 80min reaction time, c) pressure loss of synthesis gas inside the reactor at 80 °C, d) conversion versus time plot using
RhxSy/SiO2 (x= 17, y= 15 or x= 2, y= 3 with 1 wt% Rh) catalysts at 80 °C, e) Arrhenius plots for the estimation of the apparent activation energy with
Rh2S3/SiO2 (1 wt% Rh) and Rh17S15/SiO2 (1 wt% Rh) as catalysts. Hydroformylation reaction conditions: 1 mmol styrene, 1.5 mL toluene, 0.2 mol%
catalyst, 40 bar syngas pressure, CO: H2 1:1, 1200 rpm stirring speed. f ) Schematic representation of the comparison of various turnover frequency
(TOF) values reported for different heterogeneous hydroformylation catalysts applied in the hydroformylation of styrene.[3,12,16,44,57–60] *Estimation based
on total Rh content. #Homogeneous catalyst.
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Rh17S15, which can also explain the slightly enhanced perfor-
mance of the recovered Rh2S3/SiO2 (1 wt% Rh) catalyst in com-
parison to the fresh catalyst during the catalyst recycling study

(Figure S32c, Supporting Information). On the contrary, the
crystallinity of the Rh17S15 and Rh2S3 samples could have been
affected to a different degree.

Figure 5. t-SNE derived two-dimensional map based on the SOAP representation of the (a sample of 20.000 representatives chosen from 240.000
options) enumerated sites on all terminations for all crystallographic directions up to miller index= 3 for Rh17S15 (mp-21 991) and Rh2S3 (mp-
17 173). Each point in the map represents a possible active site and close proximity of the points indicate structural similarity of the active sites.
As absolute distance between the points are not very meaningful in such analysis, the axis scales are removed as per convention.[52,54,61]

a) coloured by the material origin b) coloured by the S to Rh ratio of atoms in a 3 Å radius of the site; c) coloured by the number of Rh atoms in
a 3 Å radius of the site; d) ratio of the number of surface atoms of S/Rh versus the local (within 3 Å of the adsorbate contact atom) S/Rh ratio;
e) CO adsorption energy (ECO= E * CO–ECO–E*) plotted as a function of origin; f ) CO adsorption energy plotted as a function of local composition.
Inset bellow: top and side view of (100) Rh17S15 (mp-21 991), (001) Rh2S3 (mp-17 173), and S-doped (111) Rh (mp-74) surfaces with different
terminations. Rh (S) atoms shown as blue (yellow) spheres.
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2.3. Predicting Structural Motifs

To gain a deeper understanding of the exceptional performance
of the synthesized catalysts, we employed atomistic simulations.
Initially, we focused on investigating the atomic-scale structural
differences between the three main active phases: Rh17S15,
Rh2S3, and Rh. The structure of metallic rhodium is well-
established (cubic close-packed), and its surfaces have similar
metal centers in close spatial proximity allowing for interactions
between reaction intermediates on neighboring sites. This prop-
erty can lead to compromises in the catalyst performance.[33]

In comparison to pure metallic rhodium, we find that both
S-containing materials exhibit substantial structural diversity.
By exhaustively enumerating all surface terminations up to
the third Miller indices and identifying potential high symmetry
adsorption (active) sites (using CATKIT)[48] for both Rh17S15 and
Rh2S3 we find over 240 000 among the 2014 possible surface ter-
minations. To visually depict the structural diversity among
active sites, we generated Smooth Overlap of Atomic Positions
(SOAP)[49,50] descriptors for each identified site, considering a
3.0 Å cut-off distance (approximately one nearest neighbor) fol-
lowed by a non-linear dimensionality reduction in the descriptor
space (T-distributed Stochastic Neighbor Embedding: t-SNE)[51]

to derive a two-dimensional visual representation (Figure 5a–c).[52–55]

By color-coding the representation based on the origin, S/Rh
ratio, and Rh content, we discerned the existence of both Rh-rich
and Rh-poor sites for both materials within the S/Rh ratio range
of 1–6. We observed non-overlapping domains, indicating that while
most sites (categorized by their structural similarity) can exist on
both materials, there are distinct differences. Therefore, our subse-
quent efforts are focused on identifying and elucidating these
disparities between the two materials.[52–55]

To conduct a quantitative assessment of the energetics asso-
ciated with the multitude of potential catalytic surfaces, we
employed density functional theory (DFT, SI: Computational
Details). Although DFT is the standard tool in computational het-
erogeneous catalysis, due to its cost it enforces limits on the
number of configurations that can be sampled. This can lead
to significant under-sampling even on simple and particularly
on complex materials, such as RhxSy (Figure 5a). To overcome
this limitation, we postulate that the local composition of a site
predominantly determines its chemical affinity, and focus our
attention on the most stable crystallographic directions,[25]

(001) for Rh2S3 and (100) for Rh17S15. Remarkably, these selected
directions encompass a comprehensive range of local site S to Rh
ratios (as depicted in Figure 5b,c). A simple Rh (111) slab with an
S add-atom was included as reference material. We consider all
Rh containing sites for all terminations of these facets and find
more variety in the local composition of the Rh17S15 sites that
span local S/Rh ratios from ≈0 to 6 as opposed to 1 to 5 in
Rh2S3 (from excess of S to S depleted, considering first neighbors
to the site defined by the number of atoms in a 3 Å radius; cova-
lent radii of Rh: 1.3 Å and S: 1 Å, Figure 5d). Using DFT, we com-
pute the adsorption energy of CO (ECO, one of the substrates of
the hydroformylation reaction) to gauge their chemical affinity[14]

and find the sites of Rh17S15 as outliers of the range (Figure 5e
and S34, Supporting Information). Going from a S saturated
Rh17S15 termination to a S depleted surface we found a notable

increase in CO affinity, adsorption energy ranging from
≈�1.3 eV (Figure 5e, purple) to bellow �2.25 eV (Figure 5h,
brown), stronger than to the reference S-doped Rh slab
(Figure 5e, light blue). In fact, the local site composition appears
to have a profound impact on the CO affinity (Figure 5f ) where
the strongest binding sites were found to be pure Rh sites while
the weakest were found to be Rh sites where Rh is surrounded by
S. Thus, tuning the surface S/Rh ratio of Rh sulfides unlocks a
range of catalysts with distinct substrate affinities, Rh17S15 in
particular.

In terms of electronic effects (Figure S40, Supporting
Information), sulfur states influence the d-band of the RhxSy
materials in a predictable way. However, Rh atoms on
Rh17S15 show a broader Rh (111) - like projected density of states
explaining the high CO affinity at low surface S contents. While
some terminations of Rh2S3 have a relatively high (�1.83 vs
�2.37 metallic Rh) d-band centre, both metallic Rh and
Rh17S15 bind CO more strongly (Figure 5c) indicating the
existence of a geometrical contribution to the binding energy.
The presence of geometric effects is clearly depicted in
Figure S35–S37, Supporting Information, where the mere pres-
ence of S in the neighborhood of the active site (substrate) comes
with a substantially weaker (≈0.4 eV) interaction. A geometrical
feature uncovered on the S poor terminations of the Rh17S15
material is the spatial resolution of neighboring Rh4 sites.
While spatially isolated Rh4 sites have shown to be the most
prominent structural motif, other site-isolated Rh-based sites
have also been identified in the case of Rh17S15 (Figure S36,
Supporting Information). In contrast to metallic Rh, where Rh
hollow sites are always available, or Rh2S3 where “pure” (sites
where the adsorbate has only Rh atoms as its first neighbors)
Rh hollow sites are non-existent, terminations of Rh17S15 poor
in S, block all unselective pathways that arrise from direct inter-
ations of neighboring hollow sites (Figure S38, Supporting
Information).

3. Conclusion

To conclude, the findings of this study demonstrate that sup-
ported crystalline nanoparticles of rhodium sulfides serve as
exceptional catalysts for the hydroformylation of alkenes in liquid
environments. By employing a robust synthesis method and cap-
italizing on the tunability of the catalytic surfaces of these mate-
rials (via the choice of phase composition and the individual
surface treatment), we have discovered highly active catalysts that
far exceed the performance of several reference Rh catalyst sys-
tems. Using unsupervised machine learning, we have expanded
the range of potential active sites and determined that the com-
position of the active site plays a central role in the substrate
affinity, striking a balance between geometric and electronic
factors. Notably, Rh-rich terminations of Rh17S15 enable the for-
mation of highly reactive structure inherent spatially isolated Rh
sites with specifically tailored geometric and electronic proper-
ties, a fact that is supported by a plethora of analytical evidence.
This study showcases the effectiveness and the potential, also on
an industrial level, of the d-block/p-block element combination
strategy for engineering metal matrices, through the formation
of highly catalytically active and site-isolated metal sites via the
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introduction of p-block elements. The combined experimental
and computational search for structural surface motifs, such
as Metal4 sites in Rh17S15, will open up new avenues in the explo-
ration of alternative heterogeneous single-site catalysts. The
extensive parameter space encompassing the selection of metals
and p-block elements spanning the entire periodic table, along-
side considerations of phase compositions and tailored synthetic
methodologies, represents an extensive domain awaiting experi-
mental exploration.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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