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ABSTRACT: A heterogeneous ruthenium catalyst consisting of
isolated single atoms and disordered clusters stabilized in a N-
doped carbon matrix has been synthesized with very good activity
and remarkable regioselectivity in the hydroformylation of 1-
hexene. The role of the nitrogen heteroatoms has been probed
essential to increase the catalyst stability and activity, enabling the
stabilization of Ru(II)−N sites according to X-ray photoelectron
spectroscopy (XPS) and XANES. Intrinsic size-dependent activity
of Ru species of different atomicity has been extracted, correlating
the observed reaction rate and the particle size distribution
determined by means of aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy, permitting
the identification of single-atom sites as the most active ones. This catalyst appears as a promising alternative with respect to its
heterogeneous counterparts, paving the way for designing improved Ru heterogeneous catalysts.
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■ INTRODUCTION

Hydroformylation is one of the most important C−C coupling
reactions employed on an industrial scale to manufacture high-
value aldehydes from syngas in a one-step process with high
atom efficiency.1,2 Regioselectivity is crucial in this process
because depending on the application, linear or branched
aldehydes are preferred. Particularly, when long-chain olefins
are used as substrates, the linear aldehyde is the desired
product either to be used directly (e.g., perfumes and flavoring
agents) or as an intermediate to produce linear carboxylic
acids, amines, or alcohols (detergents, plasticizers, and so on).3

From this perspective, highly selective hydroformylation
catalysts are required, and efforts have been made to control
the linear versus branched isomer ratio.
The first generation of cobalt catalysts4,5 used on an

industrial scale showed modest activity under harsh operating
conditions6 and required high-purity feedstocks.7 Later,
Wilkinson developed different phosphine-modified rhodium
catalysts8,9 that improved the chemoselectivity and regiose-
lectivity of the reaction while operating at much lower
pressures than the cobalt counterpart, improving the economy
of the process. A marked influence of the type of phosphine
used on the rate and n-selectivity of the catalyst has been
observed based on steric and electronic effects.10 This leads to
the development of more complex phosphine ligand-modified
cobalt11,12 and rhodium10,13−15 catalysts, the latter being
superior to cobalt for short-chain olefins feedstocks. However,

the intrinsic cost of rhodium and the degradation of the
phosphine ligand must be considered for the overall economics
and sustainability of the process.2 Recently, Stanley et al.12

discovered a highly active cationic cobalt(II) biphosphine
catalyst approaching the reactivity of a standard industrial
HRh(CO)(PPh3)2 catalyst, with a higher isomerization rate. In
this context, ruthenium has been regarded as a possible
candidate to replace rhodium and cobalt on an industrial
scale.16 Despite being more abundant than rhodium, organic
ligands are still required to ameliorate the catalytic properties
of the ruthenium complex by reducing the undesired reduction
and isomerization reaction and improving the activity toward
hydroformylation.17−19 Nevertheless, the activity of the
reported Ru catalysts is relatively low, and an increase between
one and two orders in activity will be required to consider Ru
as an alternative to the Rh hydroformylation catalyst.19

Taking into account all of the above, the preparation of a
ligand-free supported Rh catalyst and, even better, Ru catalyst
for hydroformylation would be desirable. Unfortunately,
despite major efforts being invested in developing new
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hydroformylation heterogeneous catalysts, moderate to poor
results have been obtained up to date, and the catalysts are
characterized by slow overall rates and limited regiocon-
trol.20,21

In the case of Rh metal, different approaches have been
studied for the heterogenization of Rh catalysts including the
direct immobilization of the complex on a solid support,22−27

such as supporting metallic28−30 or ligand-modified Rh
nanoparticles,31−35 immobilization in an ionic liquid
phase36−40 and, more recently, the preparation of single-
atom catalysts.41−44 Remarkable high activity and chemo-
selectivity have been recently reported on single-atom Rh
catalysts for the hydroformylation of olefins, resulting in a
promising alternative to homogeneous catalysts. In particular,
single-atom Rh catalysts supported on ZnO nanowires have
demonstrated activities comparable to those of a homogeneous
catalyst for the hydroformylation of different substrates such as
1-hexene and styrene, albeit with low regioselectivity (n/iso =
50:50) in the case of styrene.43 In analogy, a high turnover
number (TON 1496) and high chemoselectivity (88%) and
regioselectivity (n/iso = 87:13) are reported in the hydro-
formylation of 1-hexene on a xantphos-doped porous organic

polymer containing isolated Rh atoms.45 Unfortunately, in the
case of ruthenium catalysts, the use of polymeric supports
suffers from stability limitations due to the higher reaction
temperatures usually required as a consequence of their lower
intrinsic activity. Up to now, the best results have been
observed in [Ru(CO)4]n/MWNCT systems, with TON 21,
85% chemoselectivity, and regioselectivity with n/iso =
63:27.20

To our knowledge, the use of single-atom Ru catalysts in the
hydroformylation of olefins has not been reported yet,
although if they were highly active and selective, they could
represent a promising cost-efficient alternative to the present
Rh catalysts.
Herein, a new type of heterogeneous ruthenium catalysts

consisting of isolated single atoms (SAs) and clusters stabilized
in a N-doped carbon matrix has been developed for
hydroformylation of olefins. A high regioselectivity and
remarkable activity, mainly ascribed to the formation of
isolated Ru single sites, have been obtained operating at 40 bar,
150 °C, and CO/H2 ratio 1:1. These results open an
opportunity for supported Ru catalysts in the hydroformylation
of olefins.

Figure 1. Aberration-corrected HAADF-STEM images under high magnification for (a) 0.0125Ru@NC, (b) 0.025Ru@NC, (c) 0.05Ru@NC, (d)
0.1Ru@NC, (e) 0.2Ru@NC, and (f) 0.4Ru@NC. (g) PSDs for the catalyst samples. Note that more than 500 particles have been measured
automatically in each sample.
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■ RESULTS AND DISCUSSION
Synthesis and Characterization. Highly dispersed

ruthenium species were prepared by dispersing controlled
amounts of ammonium alginate (AG), 20% wt, on a
carbonaceous support (Norit CN-1) and subsequent intro-
duction of the ruthenium precursor (RuCl3·3H2O) in alcoholic
solution (1-butanol) to achieve a final Ru loading between
0.0125 and 0.4 wt %. The as-prepared samples were submitted
to a pyrolysis treatment under a N2 atmosphere at 800 °C. The
pyrolyzed catalysts are denoted as XRu@NC, where X
represents the nominal weight loading of Ru used in the
synthesis procedure. The amount of nitrogen, coming from the
alginate precursor, is around 1 wt % in all samples. Details of
the synthesis procedure and physico-chemical properties of the
catalysts are included in the Experimental Section and
Supporting Information. The idea behind using AG for the
catalyst preparation was to generate nitrogen-containing
compounds on the surface of the carbon-based support that,
by interacting with Ru, could better disperse the metal,
stabilizing SAs and small nanoclusters toward sintering and/or
metal leaching during the reaction, while modifying the
electronic characteristics of the Ru on the surface. Both effects
should impact catalyst stability, activity, and selectivity.
Aberration-corrected electron microscopy revealed the

existence of uniformly distributed Ru SAs in all samples,
which are visualized as bright spots in the high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) images, Figure 1. These SAs coexist with
Ru in the form of small subnanometric clusters of low
atomicity (∼2−8 atoms and size < 1 nm), medium-size
clusters (∼8−33 atoms and size < 1.5 nm), and Ru
nanoparticles (size >1.5 nm), Figure 1 and Supporting
Information.
From the automated analysis (as described in detail in

Supporting Information) of sets of HAADF-STEM images, the
relative population of the different forms of Ru could be
determined for all the catalysts. According to their particle size
distribution (PSDs), Figure 1 shows that the percentage of

isolated Ru atoms is roughly 40% for the catalyst with 0.0125
wt % Ru; around 20% for the intermediate loadings, that is,
0.025, 0.05, and 0.10 wt % Ru content; and 19−12% in the
catalysts with 0.2 and 0.4 wt % of Ru, respectively. In
correspondence, clusters of low and medium atomicity, with
size between 0.5-1.5 nm, predominate at intermediate Ru
loadings (0.02 to 0.2 wt % Ru), while the fraction of larger
nanoparticles, in the 2−5 nm size range, increases when
increasing metal loading, reaching around 40% for the catalyst
with the highest Ru loading (0.4 wt %).
The detailed analysis of the contrasts in the atomically

resolved HAADF-STEM images provide information about the
structure of the different types of Ru entities, Figure 2.
Denoising of the experimental HR HAADF-STEM images,
using the approach described in Supporting Information and
comparison with simulated ones, evidenced the disordered
nature of both low-atomicity and medium-size Ru clusters,
Figure 2a−c. In fact, the radial distribution functions (RDFs)
obtained from the images of these entities (details in
Supporting Information) depict a broad distribution of Ru−
Ru projected distances in both cases, in clear contrast with that
expected for a perfectly ordered cluster, Figure 2e. The most
frequent Ru−Ru projected distance determined from the first
broad maximum of the RDFs falls close to 2.42 Å, a value
larger than that expected for the projection of the bulk
structure, 2.32 Å. Moreover, the Ru−Ru projected distances
observed in the experimental images span a rather wide range,
from 1.4 Å up to 3.3 Å. Altogether, these results point out to
structurally distorted clusters in strong interaction with N, O,
and/or C atoms of the support.
The origin of bond length disorder on carbon-supported

metal clusters has been widely studied in the literature using
density functional theory calculations and has been associated
to the combined effect of cluster shape, interfacial interaction
with the support, and anisotropic relaxation within the
cluster.46 It is evident that this type of disorder is more
sensitively seen in small clusters.47 In fact, in the case of Ru
nanoparticles (NPs), the analysis of the experimental results

Figure 2. RDFs calculated from experimental HR-HAADF-STEM images of Ru clusters (a,b) and nanoparticles (c,d) and simulated HR HAADF-
STEM images for ordered (e) and highly disordered clusters (f) and ordered (g) and slightly disordered (h) Ru nanoparticles. The profile and top
views of the structural models used for the simulations are also shown.
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and simulated image in Figure 2d indicates that some of them
retain a certain degree of structural disorder (Figure 2h and
Supporting Information), with Ru−Ru distances of 1.2−3.1 Å,
but the most frequent Ru−Ru distance in the NPs is 2.31 Å,
much closer to that expected for the fully ordered bulk
projected structure.
The potential interactions between the surface N and Ru

have been studied by means of STEM−EDS analysis, X-ray
photoelectron spectroscopy (XPS), and Raman spectroscopy.
First of all, STEM−EDS results (Figure S15) clearly confirm

a uniform distribution of N on the support overlapping with
the Ru signal. Then, in order to define the electronic properties
of the ruthenium species visualized by microscopy and to
define if there is an interaction with the nitrogen adatoms, XPS
analysis has been carried out at the Ru 3d5/2 and N 1s core
lines. The detection limit at the Ru 3d core line restricts our
study to loadings above 0.1 wt % Ru. In detail, at the Ru 3d5/2
core line, ruthenium species at binding energies (BEs) of
280.1, 281.2, and 282.7 ± 0.2 eV are observed in the 0.1−
0.4Ru@NC samples (Table 1, and deconvoluted spectra in

Figure S22). The first component at 1 eV higher BE than that
of bulk ruthenium (280.0 ± 0.5 eV)48−51 may correspond to
highly dispersed Ru0 species and/or ruthenium atoms
interacting with N, as recently reported.52 In that work, Ru
atoms interacting with N atoms embedded in a carbon matrix,

characterized by ∼1 eV higher BE than that of Ru0, have been
ascribed to Ru(II) in analogy to that reported in the literature
for a ruthenium trisbipyridine complex or ruthenium catalysts
with nitrogen heterocyclic ligands.53 In addition, the higher BE
of 281.2 and 282.7 eV should correspond to the higher
oxidation state of ruthenium [Ru(IV) and Ru(VI)], likely as
ruthenium oxide clusters.48,53,54 Parallel to these data, the
interaction of Ru species with N atoms can be retrieved by
careful analysis of the N 1s XPS spectra. In detail,
deconvolution of the N1s core level in the studied samples
(Figure S24) results in five components ascribed to pyridinic
nitrogen, 398.6 eV; ruthenium-bonded nitrogen, Ru−N, 399.2
eV;55 pyrroleic nitrogen, 400.5 eV, and graphitic N, 401.1−
402.7 eV.56−58 Furthermore, the presence of Ru−N bonds is
confirmed by Raman spectroscopy, where a band at 460 cm−1

is observed, which has been reported in the literature as the
Ru−N stretching vibration59 (Figure S29). At this point,
assuming that the XPS N 1s component at 399.2 eV is due to
N adatoms in a Ru−N interaction and that the component at
280.3 ± 0.2 eV in the Ru 3d5/2 core level is associated to Ru
species in the same type of interaction, it is possible to
calculate the N/Ru atomic ratio by simply correlating both
peak areas, providing that the contribution of highly dispersed
Ru0 nanoparticles at the 280.3 eV Ru 3d5/2 peak is minimal. By
doing so, a N/Ru atomic ratio of ∼4.7 is obtained for the 0.1
Ru@NC sample. Lower values, 3 and 2.2, are obtained on the
0.2Ru@NC and 0.4Ru@NC samples, respectively, where the
possible contribution of Ru0 in the Ru 3d5/2 component at
280.3 eV affects the accuracy of the N/Ru estimation.
In accordance with the microscopy study and in good

agreement with XPS data, Ru K-edge X-ray absorption
spectroscopy clearly shows that the bulk of the material is
dominated by single-site Ru atoms, with an average formal
oxidation state60,61 of +1.2 and an average of 3−3.7
coordinating light atoms. Although the Ru oxidation state
has been extracted while analyzing the X-ray absorption near-
edge region (XANES, Figure 3 left panel), details on the local
structure have been obtained by fitting the extended X-ray
absorption fine structure (EXAFS, Figure 3 right panels) as
described in the Supporting Information. As the Ru loading in
the samples increases, the Ru−Ru scattering contribution in

Table 1. XPS Values of Ru 3d5/2 BE (eV) and the Surface
Composition of Selected Samples

Ru 3d5/2 BE (eV)a

sample Ru(II) Ru(IV,VI) C/O/N/Rub

0.4Ru@
NC

280.1
(25%)

280.8
(29%)

282.7
(46%)

94.5/4.0/1.1/0.3

0.2Ru@
NC

280.3
(21%)

281.4
(27%)

283.1
(51%)

93.3/5.5/1.0/0.2

0.1Ru@
NC

280.3
(17%)

281.4
(25%)

283.0
(58%)

95.3/3.4/1.2/0.2

0.2Ru@
NaC

281.3
(45%)

282.8
(55%)

C/O/Na/Rub 70.5/
19.2/7.8/2.6

aIn brackets, the percentage of each species. bSurface atomic ratio.

Figure 3. Ru K-edge XANES spectra of the XRu@NC catalysts compared with Ru0 and Ru4+ references (left); Cauchy wavelet transform of the
EXAFS signal allowing a visual deconvolution of the signal based on both bond distance (R) and the speciation of the scattering atom, showing
both the data (green density) and fit model (black contour), (center); and the number of neighboring Ru atoms plotted as a function of the Ru
loading (right). The inset shows the Debye-Waller value (Ru−Ru disorder parameter) as a function of the Ru loading. The Ru−Ru contribution
becomes clearly visible and increases in structural disorder by increasing the Ru loading. The suppression of the long Ru−N/O/C contribution
with increasing Ru clustering on the Cauchy wavelet transform maps comes from interfering and contrast effects.
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the EXAFS region increases, consistently with the formation of
Ru clusters. This, together with the high Ru−Ru disorder
parameter detected in the Ru clusters (inset in the Figure 3
right panel), clearly indicates the formation of small, dispersed,
and highly disordered Ru clusters in the bulk, in full agreement
with the microscopy data.
Catalytic Results. The catalytic performance of all the

samples in the hydroformylation of 1-hexene is given in Table
2 and displayed in Figure 4. Interestingly, for all the catalysts,
the hydrogenation of the olefin was almost completely
inhibited without the need of additives as in the case of
homogeneous catalysts (Table S31.1). On the other hand,
both the conversion and regioselectivity for hydroformylation
increase when the increasing ruthenium loading in the catalyst.
Particularly, for the 0.2Ru@NC catalyst, a marked selectivity
toward the hydroformylation of the terminal double bond was
observed with a n/iso ratio of 93:7 (entry 7, Table 2).
Moreover, it is possible to increase the catalyst activity while

keeping the same regioselectivity by simply increasing the
metal loading as observed in the 0.0125Ru@NC catalyst (entry
3, Table 2). Regarding the TOF number, calculated by dividing
the initial reaction rate by the total number of Ru atoms, the
highest value of ∼208 h−1 is achieved for the catalyst with the
lowest metal loading, that is, 0.0125Ru@NC (containing
predominantly single-atom and low-atomicity Ru clusters),
followed by a linear decrease when increasing the Ru content
up to a loading of 0.05 wt % Ru. When the loading is increased
further, between 0.05% and 0.2 wt % Ru, a critical point is
reached with all samples displaying a similar particle size
distribution, resulting in analogous activity per metal centre, ∼
150 h−1. Finally, when the ruthenium loading is increased
above 0.2%, a sharp decrease in activity, down to ∼78 h−1, is
observed to be linked to the formation of NPs for the 0.4Ru@
NC sample. These results indicate a strong relationship
between the catalytic activity and the size of the Ru entity,
and we will come back later to this for a deeper discussion.

Table 2. Average Value and Standard Deviations of the Catalytic Results for the Different Loadings of Ru@NCa

yield (%)

entry sample conv. 1 (%) 2 (n/iso)b 3 (n/iso)b TONc (−) TOFd (h−1)

1 Ru3(CO)12
e 19.1 3.6 (75:25) 0 (−) 651.6 180.5

2 0.0125Ru@NC 15 ± 0.8 5.7 ± 0.5 (76:24) 0 ± 0 (−) 1470 ± 129 208.3 ± 3.9
3 0.0125Ru@NCf 43.5 11.4 (77:23) 0 (−) 1104 195.3
4 0.025Ru@NC 45.5 ± 0.5 22.3 ± 1.2 (84:16) 1.3 ± 0.5 (100:0) 2311 ± 135 182.0 ± 6.7
5 0.05Ru@NC 62.8 ± 2.6 30.2 ± 1.2 (83:17) 1.7 ± 0.5 (100:0) 1647 ± 74 147.8 ± 5.7
6 0.1Ru@NC 84.0 ± 2.9 42.7 ± 3.3 (83:17) 2.7 ± 0.9 (100:0) 1336 ± 153 154.3 ± 7.1
7 0.2Ru@NC 94.0 ± 4.3 49.3 ± 3.5 (93:7) 2.8 ± 0.8 (100:0) 757 ± 68 146.3 ± 4.3
8 0.4Ru@NC 98.3 ± 0.9 46.3 ± 2.5 (93:7) 4.3 ± 0.9 (100:0) 370 ± 20 78.3 ± 4.1
9 0.2Ru@NaC 55.5 28.4 (77:23) 0 (−) 371 92.8

aReaction conditions: 3.2 mmol of 1-hexene, 0.95 mmol of cyclohexane (internal standard), 100 mg of the catalyst, 40 bar CO/H2 (1:1), 150 °C,
750 r.p.m, and 24 h. bRatio of the linear product to the branched product. cmmol of 1-heptanal/total mmol of Ru. dRate of formation of 1-
heptanal/total mmol of Ru. e5.7 ppm Ru3(CO)12; TON and TOF calculated considering all Ru as active. f210 mg of catalyst.

Figure 4. Representation of the catalytic data for different Ru@NC-loaded catalysts hydroformylation rate, black (left); turnover frequency (TOF),
orange (assuming all metal species to be active); and percentage to the linear aldehyde (n-aldehyde), blue (right).
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To study the stability of the metal species under reaction
conditions, recyclability tests were performed on two
representative catalysts (0.0125Ru@NC and 0.2Ru@NC). A
small decrease in the activity parameters (TON and TOF) was
found, but selectivity toward 1-heptanal was maintained during
all recycles (Figure 5A,B). ICP-AES analysis of the reused
catalyst (Table S29) shows practically no metal leaching into
the liquid for the different reuses.
In addition, hot filtration experiments showed negligible

activity of the liquid after removing the solid catalyst,
confirming that the reaction is heterogeneously catalyzed.
Micrographs of the 0.2Ru@NC catalyst after the fourth use
(Figure S16) reveal the maintenance of isolated single atoms
with a decrease in the percentage of clusters in favor of NPs, a
behavior also supported by EXAFS. Interestingly, some
ordering in the structure of metal clusters after reuse is
observed in the HAADF images (Figure S17), which correlates
with the clear, well-resolved feature in the Fourier transformed

EXAFS spectra resulting from an increase in the Ru−Ru
scattering contribution and a reduction in the Ru−Ru disorder
(Tables S24 and S25). Similar to the used 0.2Ru@NC sample,
the prevalence of single atoms is also observed in the used
0.0125Ru@NC sample, with a very small amount of NP
formation (Figure S18).
Particularly, because the 0.0125Ru@NC catalyst after the

fourth recycle shows mostly the presence of single atoms, an
initial approximation to the determination of the intrinsic
activity of this species could be carried out. Thus, by
considering that the experimental reaction rate is only
attributed to the single atom, a value of TOFSA = 10 536 h−1

can be obtained. This first approximation can be further
refined by applying a mathematical analytical method (more
details in Supporting Information), considering the particle
size distributions obtained from the analysis of the HR
HAADF-STEM images, the ICP-AES Ru metal loading in the
samples, and the initial reaction rate. By doing that, it should

Figure 5. Representation of the most important catalytic data for each reuse of (A) 0.0125Ru@NC and (B) 0.2Ru@NC catalysts. The TON and
TOF are calculated based on all metal species being equally active.

Figure 6. Effect of high-energy ball milling on the catalytic performance of the 0.01Ru@NC catalyst before (black) and after ball milling (orange).
TOF is calculated based on all metal being equally active.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c05737
ACS Catal. 2022, 12, 4182−4193

4187

https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05737/suppl_file/cs1c05737_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05737/suppl_file/cs1c05737_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05737/suppl_file/cs1c05737_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05737/suppl_file/cs1c05737_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05737/suppl_file/cs1c05737_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05737/suppl_file/cs1c05737_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05737?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05737?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05737?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05737?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05737?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05737?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05737?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05737?fig=fig6&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c05737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


be possible to calculate the intrinsic activity of the different
types of Ru entities detected in the HR HAADF-STEM
images. Thus, a distribution of TOF values depending on the
particle size can be achieved, resulting in a TOF of 12 000 h−1

for single sites (i.e., 0.25 nm), 702 h−1 for clusters of 1.25 nm
(i.e., 33 atoms), and 10 h−1 for nanoparticles >1.25 nm. Based
on it, the TOF values reported in Table 2 can be understood
on the basis of heterogeneity of Ru species in the samples.
Thus, the formation of bigger NPs with lower intrinsic activity
and low surface−bulk atom ratios, contributing substantially to
the catalyst metal loading, has a large negative impact on the
calculated TON and TOF when considering all the metal
atoms present in the catalyst, regardless of the metal crystallite
size.
Nevertheless, we have also considered that, due to the

nature of the pyrolysis treatment, a high amount of the loaded
ruthenium metal could be occluded inside the carbonaceous
matrix. Indeed, an XPS depth profile study of the catalysts
showed that an important fraction of the ruthenium metal is
trapped inside the carbon support (Figure S25), decreasing the
amount of accessible sites. This feature also contributes to the
discrepancy between the theoretical TOF values and the ones
included in Table 2. High-energy ball milling has been proven
to be a useful tool to modify the textural properties of different
carbon-based materials62 contributing to the breakdown of
bigger agglomerates into smaller particles62 and exposing
previously occluded metal. Supported by these findings, the
0.01Ru@NC was selected and subjected to ball milling, and
the milled catalyst was denoted as 0.01Ru@NC-PBM.
Interestingly, the catalytic activity after ball milling increased
by a factor of more than 3 (Figure 6) in accordance with a
higher fraction of surface ruthenium species being determined
in the depth profile XPS analysis (Figure S27).
Next, the activity of the herein reported catalysts has been

compared with that of a reference homogeneous trinuclear
carbonyl ruthenium cluster, Ru3(CO)12 (Table 1, entry 1),

under the same reactions conditions with an equivalent Ru
concentration as the 0.0125Ru@NC test. Notice that the
heterogeneous catalyst gives similar TOF, slightly higher
chemoselectivity to the aldehyde, and regioselectivity to the
linear isomer under identical reaction settings. Furthermore,
comparison with state of the art Ru homogeneous catalysts is
given in Table S31.1, where both the RuCl2(PPh3)3
biphenphos and the Ru3(CO)12-imidazoyl-substituted mono-
phosphine system showed remarkable activities [TOF 360 and
2040 h−1 and 15 000 and 800 TON, respectively, albeit with
other substrates (undec-10-enenitrile and 1-octene)].63,64

However, these catalytic systems required the use of complex
compounds with intricate synthesis steps, leading to very
expensive ligands and were operated under different reaction
conditions (higher pressures and the use of co-additives) or
using dissimilar substrates. Considering heterogeneous Ru
catalysts, the Ru@NC catalysts used herein exhibit markedly
higher activity than that of previously reported catalysts (see
Table S31.2 for state of the art catalysts), accompanied by a
noteworthy superior linear to branch regioselectivity. In
particular, the TOF of the Ru single atoms (12 000 h−1) in
the Ru@NC catalyst, as per the calculations described above, is
between one and two orders of magnitude higher than the
actual reported Ru catalysts.
From the point of view of potential application in a

semicontinuous operation mode, an additional experiment has
been carried out by consecutive additions of 1-hexene charges
into the batch reactor. As visualized in Figure 7 in the case of
the 0.2Ru@NC sample, the aldehyde production rate
remained constant, allowing long-term operation without any
apparent sign of catalyst deactivation.
As we said before, our original hypothesis was that the

surface N, by interacting with Ru, should stabilize and change
the electronic properties of the Ru atoms. Indeed, when Ru
was supported on the same carbon support (Norit CN-1) in
the absence of the nitrogen precursor (0.2Ru@NaC sample,

Figure 7. Kinetic data for the catalyst 0.2Ru@NC after multiple additions of 3.2 mmol of 1-hexene (dashed line) while under continuous operation
with 100 mg of catalyst.
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details in Supporting Information), the initial rate of the
reaction was 91 versus 147 h−1 of the 0.2Ru@NC sample
(Figure S32). More importantly, the rate of the reaction on
0.2Ru@NaC strongly declines with reaction time, along with
the relatively large amount of leached species in the liquid and
a marked decrease in Ru in the solid sample. Furthermore, the
regioselectivity in this sample is significantly lower than that
with the 0.2Ru@NC catalyst (n: iso ratio of 77:23 versus 93:7,
respectively, entry 9 and 7 in Table 2) and similar to that
observed with the homogeneous Ru3(CO)12 sample (Table 2,
entry 1). In fact, hot filtration experiments performed after 1 h
of reaction lead to a complete loss of catalytic activity in the
solid after filtration, while the solution remains active, revealing
that the activity can be ascribed to the metal species in solution
(Figure S34). So far, combining catalytic with spectroscopic
data, we can postulate single-ruthenium sites as the most active
ones, which according to XPS data may correspond to Ru−N
entities, where Ru may appear as Ru(II) in a N/Ru
coordination shell of ∼4.5. Clusters of higher atomicity are
less active, appearing in an oxygen environment likely as
oxidized species. The fact that the Ru species appear in
different electronic states explains their markedly different
intrinsic activity. Finally, the activity of NPs is negligible, and
their presence reduces strongly the global activity of the
catalyst.
Considering the very good catalytic performance of the Ru@

NC samples prepared herein, other substrates were explored.
Results, included in Tables 3 and S27, confirmed in all cases
excellent activity, chemoselectivity, and regioselectivity for a
variety of olefins.

■ CONCLUSIONS

In conclusion, isolated single Ru atoms and clusters have been
efficiency stabilized on a N-doped carbon-base Ru@NC
catalyst, using a simple environmentally friendly and cost-
efficient synthetic method. The synthesized catalyst shows
competitive catalytic activity compared to the state of the art
Ru-supported catalysts in the hydroformylation of olefins with
a high regioselectivity (n/iso = 93:7) and stability under
continuous operating conditions. By means of aberration-
corrected HR-STEM images correlated with initial reaction
rates, size-dependent TOF values have been calculated, with

the highest TOF value attributed to single atoms, exhibiting a
high activity (TOF 12 000 h−1). This active site has been
identified as Ru(II)−N species, which remain stable without
sintering after sequential catalyst cycles. Lower TOF values
have been calculated for Ru clusters of higher atomicity, and
NPs show a very low intrinsic activity. The role of nitrogen has
been proven essential for both the generation of the active site
and their stabilization under reaction conditions. Thus, the
very good regioselectivity and activity of single Ru atoms in the
hydroformylation of olefins represent an interesting atom-
efficient and economical alternative to be further studied.

■ EXPERIMENTAL SECTION

Synthesis of XRu@NC. The catalysts were prepared by
dispersing controlled amounts of AG on a carbonaceous
support and subsequent introduction of the ruthenium
precursor in alcoholic solution.65,66 Typically, for 1 g of
catalyst, 200 mg of alginic acid (HAG, Sigma-Aldrich) was
dispersed in 20 mL of MiliQ water to obtain the desired
alginate loading. Then, the acid was transformed into the more
soluble ammonium salt by slow addition of 2 mL of NH4OH
(Sigma Aldrich, 28%) until slightly basic pH. The activated
carbon support Norit CN-1 (Sigma-Aldrich), 800 mg, was
added, and the mixture was stirred for 1 h. Water was
eliminated under reduced pressure at 65 °C, and the dried
solids were ground until a fine powder was obtained. The
obtained dried support (AG/C) was added to 10 mL of 1-
butanol, containing the desired amount of RuCl3·xH2O
(Johnson Matthey, 40%), and kept at the reflux temperature
(117.7 °C) of the corresponding alcohol for 16 h. The Ru-
containing solid sample was filtered, washed three times with
50 mL of ethanol, and dried in vacuo overnight. Finally, the as-
prepared sample was submitted to a pyrolysis treatment at a
low rate 50 mL/min N2 at 800 °C for 2 h with a heating rate of
25 °C/min. The catalysts were labeled XRu@NC, where X is
the ruthenium loading in wt %.

Synthesis of 0.2Ru@NaC. A similar process as for the
nitrogen-doped carbon catalyst was performed, the only
difference being the use of sodium alginate instead of AG. In
this case, 0.2 g of sodium alginate (NaAG) was dissolved in 20
mL of miliQ water. The mixture was stirred for 2 h at room
temperature until the complete dissolution of the sodium

Table 3. Catalytic Results for the Hydroformylation of Different Substrates with the 0.2Ru@NC Catalysta

yield (%)

entry substrate conv. 1 (%) 2 (n/iso)b 3 (n/iso) 4 5 TONc (−) TOFd (h−1)

1 1-pentene 80 39 (93:07) <1 (−) 2 30 564 90
2 1-hexene 100 54 (92:08) 3 (100:0) 3 42 862 153
4 cis-2-hexene 66 9 (81:19) 1 (100:0) 1 55 110 20
5 trans-2-hexene 70 8 (82:18) 2 (100:0) 1 56 86 25
7 1-octene 94 38 (92:8) 3 (97:3) 3 49 650 111
8 1-nonene 92 37 (87:13) 5 (90:10) 2 46 521 97
9 1-decene 91 44 (90:10) 3 (96:4) 3 43 691 102
10 cyclohexenee 27 25 (−) 0 (−) 2 398 136
11 styrene 80 7 (80:20f 0 (−) 33 111 35

aReaction conditions: 3.2 mmol of substrate, 0.95 mmol of cyclohexane (internal standard), 100 mg of the catalyst, 40 bar CO/H2 (1:1), 150 °C,
750 r.p.m, and 24 h. bRatio of the linear product to the branched product. cmmol of 1-heptanal/total mmol of Ru. dRate of formation of 1-
heptanal/total mmol of Ru. e0.95 mmol of heptane as an internal standard. fAdditional formation of insoluble oligomers as byproducts.
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alginate salt, and then, 800 mg of Norit CN-1 carbon was
added and exactly the same steps as the ones described for the
0.2Ru@NC catalyst were repeated.
High-Energy Wet Ball Milling. The catalysts were milled

in a Retsch PM100 planetary ball mill using steel balls. 300 mg
of the 0.01Ru@NC catalyst was added to the milling jar and
milled for 2 h at 400 r.p.m, yielding the powder denoted as
0.01Ru@NC-PBM.
Catalyst Characterization. The Ru content was analyzed

by energy-dispersive X-ray fluorescence (EDXRF) employing a
PANalytical MiniPal4 spectrometer and inductively coupled
plasma-optical emission spectroscopy (ICP-OES, iCAP PRO
spectrometer, Thermo Scientific). Thermogravimetric analysis
(TGA and DTG) was conducted to determine the AG content
and study the transformation during the pyrolysis process.
TGA and DTG were carried out under a nitrogen flow with a
NETZSCH STA 449 F3 Jupiter analyzer. The range of
temperature was 25 to 800 °C with a heating rage of 10 °C·
min−1. The samples were measured as prepared without any
pre-treatment. The nitrogen content was studied by elemental
analysis. The analysis was conducted using an EA−1108
(Fisons) element analyzer. Sulfanilamide was used as a
reference pattern.
HAADF-STEM was performed on a double-aberration-

corrected, monochromated, Titan3 Themis 60−300 micro-
scope working at 200 kV at the Servicios Centrales de
Investigacioń Cientifíca y Tecnoloǵica (DME SC-ICYT),
University of Cad́iz, Spain. The aberrations of the condenser
lenses were corrected up to fourth order using the Zemlin
tableau to obtain a sub-Angstrom electron probe. A condenser
aperture of 50 μm yielding an electron probe with a
convergence angle of 18 mrad was used, and the annular
dark-field (ADF) collection angle ranged from 41 to 198 mrad.
The structural models used in the HR-HAADF image
simulation studies were built with RHODIUS, a computer
program developed at Cadiz University. TEMSIM software
was used to calculate the HR-HAADF images from these
models. XEDS acquisitions were performed using a SuperX G2
detector. In order to get a high signal-to-noise ratio, a beam
current of 0.08 nA and a dwell pixel time of 100 μs were used,
which resulted in a total acquisition time of 5s per frame,
recording a total of 240 frames. To extract XEDS elemental
maps, the C K, N K, and Ru L family lines were used. The
XEDS elemental maps were post-filtered using a 3 × 3 pixel
average to improve the visualization.
Ru K-edge X-ray absorption spectra (XAS) were acquired at

room temperature over boron-diluted samples in the form of
pellets. XAS spectra were collected in the fluorescence mode
employing a Si311 double-crystal monochromator and a six-
channel multi-element SDD detector available at the CLAESS
beamline67 of the ALBA synchrotron. Several XAS repeats
were collected to ensure reproducibility and statistics. The
averaged spectra were treated using the Athena software
package.68 The energy scale was calibrated by setting the first
inflection point of the Ru metal spectra at 22 117 eV. EXAFS
was extracted using the autobk algorithm employing a spline in
the 0 to 14.5 Å−1 region of k-space having an Rbkg of 1. The
FEFF6 code68,69 was used for scattering path generation, and
multi (k1, k2, k3)-weighted fits of the data were carried out in r-
space over an r-range of 1.0−3.2 Å and a k-range of 2.5−12
Å−1. The S0

2 value was set to 0.9, and a global E0 was employed
with the initial E0 value set to the first inflection point of the
rising edge. Single-scattering paths were fit in terms of a Δreff

and σ2, which represent the deviation from the expected
interatomic distances and the structural disorder, respectively.
Initial values of 0 Å for Δreff and 0.003 Å−1 for σ2 were
employed to explore Ru−C/N/O interactions with intera-
tomic distances of 2.05, 2.67, 3.40 Å and Ru−Ru interactions
with interatomic distances of 2.67 and 3.40 Å. To assess the
goodness of the fits, both the Rfactor (% R) and the reduced χ2

(χv
2) were minimized, ensuring that the data were not over-

fitted. An increase in the number of variables is generally
expected to improve the Rfactor; however, χv

2 may go through a
minimum and then increase, which is an indication that the
model is over-fitting the data.70 Best fit models were
determined using a grid search with fixed values for path
coordination numbers (N) by employing Larch, the Python
implementation of Artemis.71,72

The surface composition and the chemical state of
ruthenium and nitrogen were determined by XPS. Photo-
electron spectra were recorded with a PHOIBOS 150 MCD 9
analyzer from SPECS and a monochromatic Alkα X-ray energy
of 1486.60 eV under vacuum conditions (10−9mbar) and 25
°C. The relative quantification of Ru, C, O, and N has been
carried out using casa XPS software. BE has been corrected to
C1s at 284.5 eV. Depth profile XPS studies were carried out at
the NAPP end station of CIRCE BL24 at the ALBA
Synchrotron light source facility using X-ray energies of 500,
850, and 1400 eV, allowing probing sample depth of 1.6, 2.8,
and 4.6 nm, respectively. The probing depth was calculated
using QUASES-IMFP-TPP2M software.

Hydroformylation Catalytic Test. 1-hexene was used as
model reaction substrate. The reaction was carried out in a
stainless-steel autoclave reactor equipped with a PEEK
(polyether ether ketone) liner. The autoclave was modified
to allow for sample extraction under high pressure. In a typical
experiment, 100 mg of the catalyst, 2 mL of N-methyl
pyrrolidone (NMP), 80 mg of cyclohexane (0.95 mmol, as an
internal standard), and 270 mg of 1-hexene (3.2 mmol) were
added in quick succession to minimize errors by evaporation.
The reactor was sealed and purged three times at 10 bar with
the syngas reaction mixture (CO/H2 ratio 1:1) and pressurized
to 40 bar. Finally, the autoclave was heated to 150 °C.
Conversion and yield were determined by gas chromatography.
Gas chromatography was performed with a Varian 3900
apparatus equipped with an HP-5 column (5% phenyl, 95%
methylpolysiloxane, 30 m, and 0.25 mm × 0.25 μm). The
identification of the products was performed by GC−MS
analyses on an Agilent spectrometer equipped with the same
column as a chromatograph and operated under the same
conditions. Studies using different types of solvents have been
carried out, and their results are included in the Supporting
Information, in Section 3, Table S28.
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