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The ultimate target in heterogeneous catalysis is the achievement of robust, resilient and highly efficient ma-
terials capable of resisting industrial reaction conditions. Pursuing that goal in liquid-phase hydroformylation
poses a unique challenge due to carbon monoxide-induced metal carbonyl species formation, which is directly
related to the formation of active homogeneous catalysts by metal leaching. Herein, supported heteroatom-
incorporated (P and N) Co nanoparticles were developed to enhance the resistance compared with bare Co
nanoparticles. The samples underwent characterization using operando XPS, XAS and HR electron microscopy.
Overall, P- and N-doped catalysts increased reusability and suppressed leaching. Among the studied catalysts, the
one with N as a dopant, CONx@NC, presents excellent catalytic results for a Co-based catalyst, with a 94%
conversion and a selectivity to aldehydes of 80% in only 7.5 h. Even under milder conditions, this catalyst
outperformed existing benchmarks in Turnover Numbers (TON) and productivity. In addition, computational
simulations provided atomistic insights, shedding light on the remarkable resistance of small Co clusters inter-
acting with N-doped carbon patches.

primarily because cobalt heterogeneous catalysts present leaching issues
[11-14]. Cobalt carbonyl species are formed under reaction conditions

1. Introduction

Hydroformylation transforms olefins and syngas into aldehydes, a
crucial feedstock for alcohol, amine, and ester manufacture. These
compounds, in turn, are essential for producing polymers, surfactants,
and plasticizers [1-4]. The current production of 12 million tons un-
derscores the immense significance of this process [5-8].

The hydroformylation process is industrially executed using ho-
mogenous catalysts based on cobalt or rhodium complexes, [9,10]

and detach (leach) from the solid phase (supported material) into the
solution. Thus, mitigating metal leaching is of paramount importance as
it adversely impacts the catalyst’s performance and durability.
Furthermore, these cobalt carbonyl species can form deposits on reactor
surfaces and clog valves [15]. Regarding environmental issues, cobalt is
a recognised pollutant in water that can lead to serious health problems
in humans, hence the concern about its releasing [16,17]. Fujimoto et al.
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pioneered the research of leaching in solid catalysts for hydro-
formylation and reported a pressure-dependent decrease in Co loading
of 20 % at 3.0 MPa and 50 % at 5.0 MPa [18]. Recently, Beller, Wen and
Hou groups have carefully addressed the problem with cobalt leaching
in hydroformylation [19-21]. The former studied the effect of the sup-
port and N-containing precursors (ligands with 1 or 2 nitrogen atoms:
chitosan, tryptophan, and phenanthroline) on a comprehensive library
of catalysts. They concluded that both the precursor and the support
influence metal leaching and that more profound research on the topic is
still needed [19]. Wen et al. found that protectants like formic acid,
oxalic acid or citric acid can compete with CO and block Co leaching, but
at the expense of catalytic activity, since total suppression of 34.5 % Co
leaching led to a drop-off in conversion from 61.0 % to 22.1 % [20].
They also claimed that CoGa alloys can also decrease Co leaching in
hydroformylation [22]. Finally, Hou et al. demonstrated that the
incorporation of phosphorus helps to stabilize cobalt single atoms in
ZrP-supported Co materials. In this regard, a recent review from from
Pan et al. indicated that many studies have shown that Co-based cata-
lysts suffer from low activity and poor cycling stability, highlighting the
importance of exploring new robust cobalt heterogeneous catalysts for
this reaction [23].

Interestingly, combining the use of metal complexes as particle
precursors and N-doped carbons has been shown to be beneficial for
stabilizing and distributing carbon-supported cobalt-based nano-
particles applied in the reduction of nitro compounds [24-26]. In
particular, our recent work demonstrated that the precursor [Co(tpy)2]
(NO3)2, where Co is coordinated to six nitrogen atoms, leads to the
formation of N-doped graphitic carbon layers around metallic nano-
particles [27]. This structural feature is particularly appealing due to the
high stability of these carbonaceous materials, offering a potential so-
lution to mitigate intrinsic leaching problems in hydroformylation
processes.

On the other hand, the phosphine cobalt catalytic system, HCo
(CO)3(PR3)3, has been used industrially as an alternative to HCo(CO)s, to
carry out hydroformylation reactions at lower pressures [9,28]. However,
the introduction of phosphorus in cobalt-based heterogeneous catalysts
remains largely unexplored. In fact, only two studies approaching the
hydroformylation of olefins promoted by catalytic systems with both P and
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Co have been reported. In one study, they show that cobalt acts as dopant
in Rh phosphide species, while in the other, phosphorus was integrated
into a zirconium phosphate support [21,29]. Interestingly, unlike cobalt,
whose pure phosphide species have never been used in hydroformylation,
rhodium phosphide nanoparticles have proved their superiority over those
of metallic rhodium in this process [30] (Scheme 1).

In this work, we investigate the utility of N and P heteroatom-
containing ligands as precursors for synthesizing durable carbon-
supported cobalt nanoparticles. The resulting materials have been
thoroughly characterized using HRTEM/STEM, XPS, XAS studies, and
isotopic exchange tests, with a focus on their leaching during the
catalysis of 1-hexene hydroformylation. All synthesized catalysts have
been systematically compared with bare Co nanoparticles, exhibiting
significant leaching mitigation and oxidation resistance, affirming their
enhanced durability. Notably, among the ligands used, terpyridine
formed protective carbon layers around the particles, effectively pre-
venting Co leaching without significantly compromising catalytic ac-
tivity. Furthermore, the application of PPhs as a ligand has led to the
development of Co phosphide species which, to the best of our knowl-
edge, constitutes a novel addition to this reaction. The insights under-
pinning the leaching phenomenon have been rationalized using
atomistic simulations based on the Density Functional Theory.

2. Results and discussion
2.1. Synthesis of catalysts

The synthesis procedure aimed to create different cobalt-based ma-
terials, including CONy@NC, CosP@C, Co2PNy@NC, and Co@C. Cobalt
(II) nitrate hexahydrate always served as the cobalt source, and specific
ligands (2,2:6',2"-terpyridine for CoNy@NC; triphenylphosphine for
CooP@C and mixture for CooPNy@NC) were added or omitted in
varying ratios. The process involves initial stirring of cobalt compounds
and ligands in ethanol, then adding carbon powder (VULCAN® XC72R)
and overnight stirring. After ethanol removal, the solid is dried, grinded,
and subjected to pyrolysis at 800 °C under Ny, with subsequent cooling.
Complete details for the synthesis can be found in the ESI.
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2.2. Characterization of catalysts

All catalysts synthesized in this work were exhaustively character-
ized by different techniques to better understand the cobalt species’
nature. First, X-ray fluorescence spectroscopy was used to determine the
cobalt loading of materials (CONx@NC 1.3 % Co, Co2P@C 1.4 % Co,
CoyPN,@NC 1.8 % Co and Co@C 1.6 % Co). High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM), high-
resolution transmission electron microscopy (HRTEM), and energy-
dispersive X-ray spectroscopy (EDX) investigations were conducted to
explore the structural differences between the catalysts (Fig. 1).

Fig. 1 illustrates representative HAADF-STEM images of all catalysts.
It can be seen that CooP@C and CoPNy@NC catalysts present a sig-
nificant fraction of nanoparticles with a rectangular prism shape in the
size range of 20-40 nm (Fig. 1b, c). For these catalysts, close-up HRTEM
images of one single nanocrystal show lattice fringes with d spacings of
2.2 A, which may be ascribed to the (112) plane of the Co,P (Fig. 1f, g)
(JCPDS: 01-089-3030). As also observed in Fig. 1c, the particles show
two distinct, rounded, and elongated morphologies. STEM-XEDS anal-
ysis of CoaPNy@NC indicated that, in both types of nanoparticles, Co
and P are mixed at the atomic level (Figure S1) in a phosphide-type
phase. The intensity line profiles across the section of this nano-
structure evidenced compositional differences in the core-shell struc-
ture observed in the HAADF-STEMimage. In fact, P is concentrated
within the core areas, where the overall Co:P molar ratio amounts to
roughly 2:1 in both examples (Figure Sle, j). The shell is composed
mainly of Co and O, in a ratio of about 1:2.5, indicating oxidation of the
inner, phosphide-type core. Therefore, these results strongly support the
formation of CoP nanocrystals in on the P-containing catalysts
(Table S1). An examination at high magnification of the support,

Co,P@C

CoN,@NC

100 nm

% Co 727
% P 27.3
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Figure S2a, confirms that a small fraction of cobalt is present as species
dispersed at the atomic level, as metal clusters. The XEDS analysis on
those areas, Figure S2b, clearly shows the Co-K signals and the quanti-
fication of the Co content, in the form of ultra-highly dispersed species,
is roughly 0.1-0.15 %. In addition, the presence of N in these areas was
confirmed by XEDS analysis (Figure S2b).

The HAADF-STEM images of the Co@C catalyst (Fig. 1d and 1) show
nanoparticles around 20 nm in size with a core-shell structure. Two
different interplanar distances can be observed in the HRTEM image: 2.5
and 1.5 Z\, which match with CoO (JCPDS: 00-048-1719) and metallic
Co (JCPDS of Co: 00-015-0806), respectively (Fig. 1h). The detailed
XEDS analyses of representative Co nanoparticles, Figure S3, reveal the
presence of an oxide layer, 10-12 nm thick, covering its surface,
Figure S3c-f.

Finally, CoNy@NC exhibits a large area without any noticeable Co
particles supported on the matrix (Fig. 1a) besides sporadic 20 nm Co
particles. Fig. 2 gathers the most relevant results of a aberration-
corrected HAADF-STEM study of the CoNx@NC catalyst. Co is present
mainly in the form of an ultra-dispersed phase consisting of sub-
nanometer clusters. Since the contrast in HAADF-STEM images de-
pends roughly on the Z? values in the imaged area and the atomic
number of Co (Z = 27) is much larger than those of C (Z =6) or N (Z =
7), the Co-containing species appear as brighter areas in these images.
Moreover, in the case of the highly dispersed species, the corresponding
Co-K peaks could be detected in the XEDS spectra, Fig. 2d, also
evidencing the presence of N in the XEDS and EELS spectra (Fig. 2d-e,
Fig. S4).

The XRD patterns of the as-synthesized Co-based catalysts shown in
Figure S5 are consistent with the formation of different species. The
analysis of the patterns reveals that, besides the broad contribution

Co,PN,@NC Co@C

% Co 75.8
%P 24.2

Bl

ol

Fig. 1. HAADF-STEM images of a) CONx@NC, b) Co.P@C, c) CooPN,@NC, and d) Co@C. HRTEM images of ) CONy@NC, f) CooP@C, g) Co,PN,@NC and h)
Co@C. HAADF-STEM image and elemental mapping with EDX of i) CONx@NC, j) CooP@C, k) Co,PN,@NC, and 1) Co@C.
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Fig. 2. a-c) High Resolution HAADF-STEM images of areas showing ultradispersed Co species in CONy@NC. d) XEDS and e) EELS spectra were taken from the inset at
¢), showing the typical signals found in this sample (Nitrogen, Cobalt, Oxygen, and Carbon).

attributed to the carbon-based support, CONx@NC contains mainly
metallic Co, while CooP@C and CoaPNx@NC primarily consist of Co,P,
in good agreement with HRTEM and STEM observations (See SI).

X-ray absorption spectroscopy was used to study the local environ-
ment and the electronic properties of Co-based materials. Fig. 3a shows
the XANES spectra at the Co K-edge of the samples. The spectra of
CoNy@NC and Co@C present similar features to those of the Co foil but
with a higher whiteline intensity, indicating some degree of metal
oxidation. This oxidation can be further observed from the low-R
contribution characteristic of Co-L (L. = C, N, O) bonds at the Fourier
Transform (FT) of these catalysts (Fig. 3b). Notwithstanding, the XANES
of these two catalysts show flattened oscillations beyond the edge,
pointing out a reduction in nanoparticle size with respect to the Co bulk
(discussed later in the EXAFS part). As expected, the CooP@C sample
exhibits the same XANES features as the bulk Co,P.

However, as for the samples with metallic features, the whiteline of
the CooP@C spectrum is higher in intensity than its standard counter-
part, suggesting further oxidation. Lastly, the Co2PNy@NC spectrum
presents features of both metallic and CosP phases, with oscillations
beyond the edge encompassing the two phases. The moduli of FT of the
samples are represented in Fig. 3b, with the inset showing the EXAFS
signal in k-space. The reduction in particle size for the Co®-containing
samples can be observed by a significant decrease in the intensity of the
Co-Co contribution at ~ 2.19 A (CN¢o.co = 5.4, Table S2). CoP@C
displays a first shell split between the Co-P and Co-Co bonds with lower
intensity than the bulk counterpart, pointing to a nanoscaled cobalt
phosphide phase. The most complex sample, composed of CosP and Co®
phases (CoaPNy@NC), presents mixed contributions from the two
crystalline phases, which can be better observed in the inset of Fig. 3b.
Its features with higher k-values overlap with those of the Co foil, while
those at lower k-values start to overlap with bulk CoyP. The distances
obtained from EXAFS fittings for Co%- and CoyP-based are in good
agreement with those obtained by TEM with reported literature of
similar systems [27,31].

The Continuous Cauchy Wavelet-Transforms (CCWT) presented in
Fig. 3(c—f) can further support the previous discussion. In the Co%-rich

catalysts, CONx@NC and Co@C, a main scattering lobe (red circle be-
tween 2.0 and 2.5 A of Y-axis) related to Co-Co distance was seen beside
a faint Co-L blue scattering lobe between 1 and 2 (Y-axis). The CoaP@C
catalyst displays the same contour plot as its reference counterpart, as
shown in Figure S6. Notwithstanding, the CooPNx@NC system contains
a mixture of scattering signals from Co® and Co,P, with the red Co-Co
scattering lobe shifted to higher k-values and much less intense Co-P
scattering lobe than Co2P@C, endorsing the coordination numbers ob-
tained by EXAFS fitting. Overall, these results suggest that phosphorus is
intercalated in the metallic structure as Co,P while N is on the Co sur-
face. In this context, NAP-XPS quantification (Table S3) reinforces this
conclusion.

2.3. Catalytic activity

The catalysts prepared in this work were evaluated in the hydro-
formylation reaction of 1-hexene as a substrate to study the effect of N
and P on Co-based catalysts (Table 1). Conversions and yields vary
considerably between catalysts, which are also affected by a reduction
treatment before testing. Co@C did not show any catalytic activity for
20 h without the in-situ reduction (Table 1, entry 5) as opposed to the 77
% conversion of CONx@NC (Table 1, entry 2). However, reduction of
Co@C for 2 h removed the cobalt oxide layer around the particle and
achieved complete conversion with excellent selectivity to aldehydes
(Table 1, entry 6). Such reducing treatment was not a requirement of
CoNx@NC to obtain high conversions with good chemoselectivity to-
wards the aldehydes and regioselectivity towards the linear aldehyde
(Table 1, entry 3). In addition, a conversion of 94 % and 80 % of
selectivity towards aldehydes was achieved with this catalyst in only 7.5
h by increasing the temperature to 120 °C. In this regard, hexane from
the reduction process is not observed, and the isomerization products of
1-hexene are minimized, which improves the ratio of linear aldehydes.
The difference between these two samples proves that the incorporation
of N brings crucial protection against oxidation and eliminates the ne-
cessity for a reducing step during catalyst activation.

On the other hand, the catalytic activity of CooP@C was drastically
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Fig. 3. a) XANES spectra at Co K-edge, b) kz—weighted, no phase corrected, |FT| of Co-based samples and standards, (c-f) Continuous Cauchy Wavelet-Transforms of

the EXAFS signal of Co-based catalysts.

reduced compared to Co@C and CoNy@C, even when the reduction
treatment was applied (Table 1, entries 9, 10). The material with N-
doped carbon coating around CogP particles (CooPNxy@NC) showed
lower conversions than CoNy@NC but the same trends upon the
mentioned reduction treatment (Table 1, entries 9, 10). Compared with
RhyP-based catalysts, incorporating phosphorus within the particle does
not boost the Co catalytic performance [30]. The partially positive

charge on Co and the partially negative charge on P, linked to an elec-
tron transfer from Co to P, are not beneficial for the reaction develop-
ment. Nonetheless, these first catalytic tests proved how a N-doped
carbon layer around the particle protects it against further oxidation,
streamlining the overall process.

H/D exchange tests at different temperatures (25, 60, 90, and
120 °C) were used to study the impact of nitrogen and phosphorus on Hy
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Table 1
Hydroformylation of 1-hexene on cobalt catalysts .
Cobalt catalyst
AANNNF Totone CO){H NN CcHO + W
s , CHO
Linear Branched
Entry Catalyst Pretreat. Conversion (%) Aldehyde (%) Aldehyde Alkane Isomerization (%)
I:b (%)

1 [Co(tpy)2]1(NO3)> - 0 - - - -
2 CoNy@NC - 77 85 3.3:1 - 15
3 CoNy@NC Ha, 200 °C, 2 h 88 75 2.4:1 - 25
4 CoN,@NC " - 94 80 1.8:1 - 20
5 Co@C - 0 - - - -
6 Co@C Ha, 200 °C, 2 h 95 99.5 3.5:11 - 0.5
7 CoP@C - 3 100 0.6:1 - -
8 CoP@C H,, 200 °C, 2 h 43 88 3.2:1 - 12
9 Co2PN,@NC - 30 80 3.3:1 - 20
10 Co2PN,@NC Ha, 200 °C, 2 h 32 94 3.8:1 - 6

@ Reaction conditions: cobalt catalyst at 1 wt%, Co:CgHj2 ratio 1:300, 1-hexene 1.5 mmol, 100 °C, p = 40 bar CO:Hj (1:1), 1.5 mL toluene, 20 h.
b Reaction conditions: cobalt catalyst at 1 wt%, Co:CgH; ratio 1:300, 1-hexene 1.5 mmol, 120 °C, p = 40 bar CO:H; (1:1), 1.5 mL toluene, 7.5 h.

dissociation efficiency. Consistently, CONx@NC exhibited the fastest Hy
dissociation, followed by CoaPNx@NC, Co2P@C, and Co@C. This trend
was confirmed by the evolution of HD/Hj ratios during the experiments
(Figure S7). The higher HD formation rate in CONx@NC may explain its
superior catalytic activity in hydroformylation reactions. Additionally,
kinetic analyses at different temperatures (100, 120, and 140 °C) were
carried out with the CONx@NC catalyst (Figure S8). An excellent alde-
hyde selectivity (>85 %) was found at 100 °C. An even more rapid 1-
hexene conversion (94 %) with high aldehyde selectivity (80 %)
occurred in 7.5 h at 120 °C. Finally, at 140 °C, the conversion took only
3 h but with reduced aldehyde selectivity (58 %). The analysis provided
an activation energy of 89.4 kJ/mol (Figure S8d). Other substrates be-
sides 1-hexene were employed with CONy@NC as catalyst to determine
activity limitations in some cases (Table S4).

2.4. Operando studies on the catalytic system: Near ambient pressure XPS

Operando X-ray photoelectron spectroscopy was employed to
investigate the surface chemical state of the catalysts, both as-
synthesized and under conditions resembling those of the reaction
(Fig. 4 and Fig. S9). The C 1 s spectra of the four prepared catalysts
(Fig. 4d) are similar; they present three components with maxima at ca.
284.5, 285.3 and 286.2 eV. These contributions can be attributed to
graphitic, aliphatic (-CHy), and oxidized carbon species (carbon atoms
with -C-N, and -CHOH or —COH groups, respectively) [32]. Regarding
the Co 2p core level spectra, Co oxide and Co-N species present close
binding energies values which makes determination of oxidation state
challenging.

The Co 2ps,, signal (Fig. 4a) reflects two broad peaks at ca. 780.5 +
0.2 eV and 786.0 + 0.2 eV associated with the main feature and satellite
signal of Co®", what could correspond to Co 3+.0, Co ¥"-N or Co ®*-P
species in the studied catalysts [33,34]. It is worth noting that the peak
of the Co@C sample presents a slightly different shape, including an
additional feature at ca. 779.5 eV, typically associated with Co®t, which
may indicate the presence of Co304 on the surface of the particles [35].
In addition, a narrower feature (FMWH 1.1 eV) is clearly observed at
lower binding energies in the heteroatom-doped samples with maxima
at ca. 778.5 & 0.1 eV. This feature could be associated with metallic Co,
but also be consistent with the presence of Co cobalt phosphide in the P-
doped samples [26,31,33,34,36,37]. The N 1s spectra (Fig. 4b) pre-
sented contributions at ca. 398.8 and 400.2 eV, respectively, attributed
to pyridinic nitrogen and N-Co species [33,38]. A similar situation has
been observed in the P 2p spectra (Fig. 4c), where two 2p3,5 and 2p; 2
doublets with P 2p3 5 values at ca. 129.6 and 133.3 eV are observed, that
are assigned to P as phosphide and as phosphate, respectively
[31,37,39].

The NAP XPS spectra confirmed the presence of C-N patches on
CoNy@NC and CoPNy@NC samples, while the CoP@C and
CooPN,@NC spectra also support the presence of the CopP phase.
Interestingly, the Co is partially reduced on N-containing samples,
which aligns with the inhibition of Co atoms’ leaching and the
enhancement of the activity seen for the as-synthesized samples.

2.5. Stability and heterogeneity Co-based catalysts

It is crucial to study the stability of the material during the catalyst
development for hydroformylation. In the present section, the leaching
of the active phase was investigated to reveal suppression of metal loss
when introducing the heteroatom. At this stage, the difference in
leached Co between CoNy@NC (Table 2, entries 1, 2) and Co@C is
tentatively ascribed to the N-doped graphitic carbon layers over Co
nanoclusters in CONx@NC. These layers are supposed to anchor the Co
species and avoiding a strong Co interaction to carbon monoxide as in
bare NPs in Co@C (Table 2, entry 3), mitigating the formation of soluble
cobalt carbonyl species. This last statement has been corroborated
through CO and H; chemisorption studies over CONx@NC [27]. For this
catalyst, chemisorption did not occur, which supports that this synthesis
methodology promotes metal centers which are less accessible. Hj
chemisorption experiments were also performed on CoyP-based cata-
lysts and on the unmodified Co@C catalyst (Table S5). These results
reveal the higher accessibility of metal centres for the uncovered Co
nanoparticles in Co@C as opposed to the ones in CooPNy@NC and
CooP@C. This, in turn, indicates the higher coverage and protection of
the N-doped carbon layer in CooPNy@NC first, and in CosP@C, sec-
ondly, in comparison to Co@C.

Metal leaching was also reduced for CooP@C and CoyPNy@NC
catalysts (Table 2, entries 4, 5). In the case of CooaPNy@NC, the reason is
the presence of an N-doped carbon layer like in CoNx@NC, and in
CooP@C, it is likely due to a non-nitrogenated carbon covering. How-
ever, the greater leaching observed in this sample (6.2 %) reinforces the
positive role of nitrogen in anchoring cobalt. Remarkably, all catalysts
prepared with a stabilizing ligand, either nitrogen or phosphorus-based,
have successfully reduced cobalt leaching, demonstrating the efficient
protection of carbon layers. Table 2 (entries 6-9) provides a crucial
comparison with the leaching results of other cobalt catalysts [19-22].
Notably, when evaluating Turnover Numbers (TON) and productivity,
CoNy@NC stands out with markedly higher values than the best-
performing heterogeneous cobalt catalyst reported in the literature
[19-22]. Impressively, this superior performance holds even when the
reaction temperature is lower by at least 30 °C, underscoring the notable
efficiency of CONx@NC in the hydroformylation process.

As one of the most active and resilient solid catalysts ever tested, the
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Fig. 4. NAPXPS spectra of a) Co 2p line, b) N 1 s line, c¢) P 2p line, and d) C 1 s line under reaction conditions.
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Table 2

Turnover Numbers (TONs), productivities per mol of Co, and quantities of
leached Co for the catalysts synthesized in this study and those reported in the
literature “.

Entry  Catalyst TON mol prod-mol Co T % Leached
b 1p-1 Q) Co°©
1 CoNy@NC 218.1 7.6 100 1.9
2 CoN;@NC * 221.0 7.7 100 0.3
3 Co@C 281.4 8.8 100 48.6
4 CoyP@C 126.7 4.0 100 6.2
5 CoyPN,@NC 94.3 2.5 100 0.7
6 Co/phen@C 46.5 3.9 100 23
e
7 Co/SiO, f 30.3 1.7 100 0.2
8 CoZrP-2.0 & 13.6 2.1 160 0.5
9 CoGaSio} 27.5 45 130 1.7

@ Reaction conditions: cobalt catalyst at 1 wt% (0.0051 mmol Co), Co:CgHi >
ratio 1:300, olefin 1.5 mmol, p = 40 bar CO:H, (1:1), 100 °C, 1.5 mL toluene, 20
h.

b TONs were calculated with the number of mmol of converted reactant, and
total mmol of Co.

¢ Leached Co amounts were obtained by ICP-MS analyses.

4 After four runs of use.

¢ From the work of Beller et al.[19].

f From the work of Wen et al.[20] From the work of Hou et al.[21] From the
work of Wen et al.[22].

CoNy@NC sample underwent a thorough examination of its stability
and heterogeneity. Remarkably, the CoONy@NC catalyst sustained its
activity and selectivity through a minimum of four reuses, as evident in
Fig. 5a. Notably, the level of Co leaching approached zero (0.3 %) after
the fourth cycle, underscoring the exceptional durability and resilience
of the catalyst. Additionally, a hot filtration test confirmed its hetero-
geneity. Upon filtration and retesting, no further increase in the 1-hex-
ene conversion was observed, demonstrating its outstanding stability
and its role as a genuine heterogeneous catalyst (Fig. 5b).

2.6. Atomistic modelling of CoONy@NC

The various characterization techniques employed on CoNy@NC
samples showed the presence of small Co clusters (Fig. 2) with low co-
ordination numbers (Table S2) and binding nitrogen atoms (Fig. 3).
These clusters proved to be very active in the hydroformylation of 1-hex-
ene and remarkably resistant to metal leaching (Table 2). We used
computational simulations (see section 2 in the SI) to understand the
effect of N binding and Co atoms’ coordination on the cohesive inter-
action between Co atoms in the clusters as a measure of the resistance to
leach. The Co cluster was placed in direct contact with four different
models of protective carbon patches (Fig. 6 a—d).
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For each cluster (Coy,), the cohesion energies of at least five different
atoms (Co;) showing the lowest coordination were independently
evaluated using Equation (1) (Figure S15). The coordination was
measured using 1.2 times the radio of the atoms involved [40]. Once the
weakest cohesion was identified, the Co,.; cluster was relaxed to pro-
ceed with another leaching step, providing insight into the cluster’s size
effect against leaching.

€9)

The almost 400 structures examined led to common outcomes in-
dependent of the support. (i) The surface atoms in Co, with n > 6 have
coordination between 4 and 6 (Figure S10). (ii) The average interatomic
distance between the examined atoms and their neighbours is close to
the bulk’s Co-Co distance in Co, with n > 10 and decreases with cluster
size. The results on the support with one pyridinic nitrogen are more
dispersed than on SV, gN, and 3pN (Figure S11). The average Co-Co
distance showed a relationship with the atom’s coordination, although
it is not an accurate descriptor as it depends on unidentified variables
(Figure S13). (iii) The atomic cohesion energy is generally lower than
the bulk one, 4.85 eV/atom (Figure S12) [41,42]. However, it is much
higher in the Co atoms close to the support’s atoms; note that gN does
not present dangling bonds. Contrarily to the average interatomic dis-
tance, the atomic coordination number seems a suitable descriptor for
the cohesion energy, a measure against leaching, when considering the
effect of the support’s dangling bonds (Figure S14).

Fig. 6 (e-h) shows the values of the atoms more prompt to leaching,
their coordination in the Co, cluster, and the average Co-Co distance
from its neighbors. The first observation is that E.,n and interatomic
distances are interdependent; both parameters increase with the cluster
size, especially in the presence of surface N atoms. There are two critical
outcomes: Co atoms with the lowest coordination leach easier than
highly coordinated ones, and Co atoms interacting with the surface
significantly stabilize them and mitigate leaching. Both statements align
with the experimental observations and explain the resilience of the
small particles on the CoNx@NC sample before and after the aggressive
hydroformylation reaction.

ECuh = ECo,,,l/Supporl +EC01 - ECOyy/Supporl

3. Conclusions

This work presents alternative methods to suppress cobalt metal
leaching during hydroformylation conditions in liquid phase without
involving additives, which is the main challenge for this process. Ligands
containing N and P have been used as dopant sources to form protective
carbon patches around Co particles, the active phase. These coatings
have proven to be highly effective in preserving the supported nano-
particles during and after the hydroformylation in liquid phase. More-
over, N and P ligands served as dopant precursors to originate CoNy and

100 - —— 1%CoN,@NC - o - Filtered
s 80
8 S
2\7 5 60
) ®
[0}
% g 40
= o ]
o 20 -
1 —
0 . . ; .
0 5 10 15 20
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Fig. 5. A) conversion (grey), selectivity to aldehydes (blue), and linear to branched ratio (black dashed line) for four reaction runs with CONy@NC as a catalyst. b)
Reaction profiles for experiments performed with CONy@NC as catalyst (red line) and after hot filtration (grey dotted line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a-d) Schematic representation of tendencies of the cohesion energy and Co-Co distance for the optimized Co;s cluster on a) single C-vacancy graphene, b)
graphitic N-doped graphene, c) pyridinic N-doped graphene, and d) graphene doped with three pyridinic N atoms. The colour scheme is brown, light blue, and deep
blue for C, N, and Co atoms and bonds. (e-h) Cohesion energies (Ec,,) and average interatomic distances (Distance) of the atoms more prompt to leach as a function of
the cluster’s size (n) on e) single C-vacancy graphene, f) graphitic N-doped graphene, g) pyridinic N-doped graphene, and h) graphene doped with three pyridinic N
atoms. Horizontal lines indicate the Co bulk values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

CoyP nanoparticles, respectively. While the introduction of P resulted in
particles with a Co-P core, offering enhanced leaching resistance but no
improvement in catalytic performance, the utilization of N-containing
ligands resulted in materials where the presence of N in the patches
emerged as a pivotal factor. This configuration in the CONy@NC mate-
rial exhibited outstanding catalytic activity, coupled with remarkable
resistance to cobalt oxidation and leaching. Notably, this work repre-
sents one of the best-reported results for a heterogeneous catalyst in

liquid-phase hydroformylation, achieving an exceptional balance be-
tween stability and activity.
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