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Highly dispersed Rh single atoms over graphitic
carbon nitride as a robust catalyst for the
hydroformylation reactiont
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Rhodium-catalysed hydroformylation, effective tool in bulk and fine-chemical synthesis, predominantly
uses soluble metal complexes. For that reason, the metal leaching and the catalyst recycling are still the
major drawbacks of this process. Single-atom catalysts have emerged as a powerful tool to combine the
advantages of both homogeneous and heterogeneous catalysts. Since using an appropriate support mate-
rial is key to create stable, finely dispersed, single-atom catalysts, here we show that Rh atoms anchored

rsc.li/catalysis

Introduction

Hydroformylation is an important catalysed process which
produces aldehydes from olefins in the presence of syngas.'
Rh complexes modified with phosphines or phosphites are
generally used as homogeneous catalysts, in both academic
and industrial applications.” In bulk industrial processes
based on homogeneous catalysts, the catalyst recycling is usu-
ally implemented by phase separation, and leaching of Rh
species is well managed. In order to provide an alternative so-
lution to catalyst recycling, several strategies have been ex-
plored,® including supported® and non-supported™® clusters,
supported/anchored monoatomic complexes,” complexes on
phosphine-functionalized polymers,® and single-atom cata-
lysts (SACs).””"” SACs have emerged as a new approach that
allows combining the use of isolated metal atoms, as in ho-
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on graphitic carbon nitride are robust catalysts for the hydroformylation reaction of styrene.

mogeneous catalysis, highly dispersed on a support, enabling
recyclability as in heterogeneous catalysis."® It has been
shown that single-atoms can be solidly bonded to the support
by strong interactions, thus form rather robust catalysts."
Under hydroformylation conditions is very common to pro-
duce unmodified hydridorhodium carbonyl species from rho-
dium complexes,” or clusters,” and most probably from
SACs.®™'® As these species are highly active catalysts for
hydroformylation, to avoid leaching issues due to the forma-
tion of soluble species, they must display strong metal-sup-
port interactions. Recently, rhodium SACs have been applied
as catalysts for hydroformylation reactions.”’® Robust rho-
dium based SACs for hydroformylation reaction described so
far involve mainly the use of oxides as supports. For instance,
CoO-supported Rh single-atom catalyst (Rh/Co0)’ shows a
high activity in the hydroformylation of propene at 373 K un-
der 30 bar of syngas. 0.2% Rh/CoO displays a high selectivity
towards linear products, up to 94.4% for butyraldehyde.
Using high rhodium loaded catalysts (1% and 4.8% Rh/CoO),
in which clusters were observed, performed worst in activity
compared to the low loaded catalyst leading to a considerable
decrease in the linear to branched (1/b) ratio. Recycling tests
showing a rather robust catalyst. Rh-ReO, atomically dis-
persed on AlL,O; was used as catalysts for the hydro-
formylation of ethylene."® The main products from this pro-
cess were ethane and propanal; the activity and selectivity
being governed by the coverage of ReO, and Rh, authors cor-
relating this to the vicinity between Rh and ReO, species. Rh
SACs supported on ZnO nanowires demonstrated to be com-
petitive catalysts for the hydroformylation reaction of styrene,
and other substrates.’® Several Rh loadings (0.3%, 0.03%,and

0.006%) were prepared by simple impregnation of
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RhCl;-3H,0 over ZnO, followed by a treatment under H, at
473 K. High loaded 0.3% Rh/ZnO catalysts displayed low cata-
lytic performances in comparison to the other catalysts,
which could be attributed to the presence of clusters in this
sample. On the other hand, purely SACs 0.03% and 0.006%
loaded materials displayed high efficiency for the hydro-
formylation of styrene at 373 K and 16 bar of CO/H, (1:1) in
which the corresponding aldehydes were synthesised with
99% of selectivity in an 1/b ratio of 1. Recycling test demon-
strating no Rh leaching. Recently, Rh SACs were studied both
theoretically and experimentally for the hydroformylation of
olefins."”” The calculated stability of the adsorption of
HRh(CO), species onto ZnO, CeO,, and MgO correlated well
with the catalytic activity and stability of the synthesised ma-
terials. Thus, Rh/ZnO and Rh/CeO, displayed the highest ad-
sorption energies for the hydridocarbonyl species and were
remarkably efficient for the hydroformylation reaction. In
contrast, atomically dispersed Rh on MgO, with lower affinity
for the support, displayed the lowest activity. CeO,-supported
Rh SACs are versatile since they catalyse the styrene hydro-
formylation and its derivatives by coupling hydroformylation
with the low-temperature water-gas shift reaction. Overall,
promoting a high selectivity toward the linear products."® Co-
ordinated Rh species on phosphorus functionalised nano-
diamonds have been described as catalysts for the hydro-
formylation of styrene and related compounds."® The
presence of the phosphorus moieties allows to obtain high
regioselectivity towards the branched aldehyde, b/l ratio up to
13 for styrene, with a TOF of 95 h™". Porous organic polymers
containing phosphorus ligands are able to accommodate Rh
single atoms, which are active catalysts for the hydro-
formylation reaction."” The presence of the phosphorus
allowing to modulate the regioselectivity of the reaction. The
nature of the ionic liquids has been also used on Rh based
SAC in order to have a control over the regioselectivity in the
HF reaction.”®'® Ru based SACs displaying the presence of
clusters of different sizes have been also explored as hydro-
formylation catalysts, needing, however, harsher reaction con-
ditions than the ones used with Rh based catalysts, i.e. 423 K
and 40 bar of CO/H, 1:1.%°

Graphitic carbon nitride (g-C3N, or ECN) has demon-
strated to be a promising support for SACs, being able to host
single atoms in its s-triazine rings, as well as integrate other
heteroatoms.*">* The stability of metallic atoms in this sup-
port makes it an excellent candidate to support atomically
dispersed Rh. Applying the resulting material as an olefin
hydroformylation catalyst could prevent the formation of
clusters or/and nanoparticles harmful to the activity of the re-
action. In this work, we have synthesised Rh/ECN using two
straightforward procedures to obtain highly dispersed Rh
atoms in ECN. Styrene was hydroformylated using these
SACs, displaying high chemoselectivity towards the aldehyde
with an 1/b of 1.5. Density functional calculations further sup-
port the experimental results, in terms of the speciation of
Rh species present on the SACs and the stability of these ma-
terials under hydroformylation conditions.
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Experimental section
Synthesis of [Rh(n*-C;Hj);]

[Rh(n*-C3Hs);] was synthesized by following the procedure
previously reported by Fryzuk and Piers.”® An excess of allyl-
magnesium chloride (25 mL) was added dropwise into a cold
(263 K) solution of RhCl3-3H,0 (1.13 g) in THF (90 mL), turn-
ing from purple to yellowish-brown color. The solution was
kept in the cold bath for 1 h. Later, the solution was warmed
up to room temperature and vigorously stirred overnight. The
THF was removed under reduced pressure and the Rh com-
plex was extracted from the precipitated salts with pentane,
resulting in a yellowish solution. The extraction was repeated
at least three times and the yellowish extracts were filtered
through celite. pentane was fully evaporated under reduced
pressure and the resulting yellow powder was sublimated at
333 K under static vacuum for 2 h, yielding 320 mg (32%
yield) of yellow crystals of [Rh(n*-C5Hs);].

Synthesis of exfoliated carbon nitride (ECN)

ECN was synthesised following a modified procedure de-
scribed elsewhere.”* A bulk carbon nitride was synthesized by
pyrolyzing dicyandiamide (4 g) in a crucible partially covered
at 823 K for 4 h under nitrogen flow (200 mL min™") using a
heating ramp of 2.3 K min™". The bulk carbon nitride was
successively submitted to a calcination in static air at 773 K
for 5 h, with a heating ramp of 5 K min™", giving rise to a yel-
low powder. The resulting ECN was washed with distilled wa-
ter, ethanol, and pentane, and dried overnight at 383 K.

Synthesis of Rh/ECN

Rh/ECN(0.1) was carried out through wetness impregnation
using [Rh(n’*-C3H;);] complex as Rh precursor and ECN as
support. 1 g of ECN was dispersed into THF (40 mL) and son-
icated for 1 h at room temperature. [Rh(n*-C3H;);] (9 mg) was
added to the dispersion and kept overnight under vigorous
stirring at room temperature. The yellow powder was filtered
under argon using a cannula, subsequently washed three
times with pentane and lastly dried under reduced pressure
overnight. Yield: 900 mg. ICP anal.: 0.1% Rh.

Synthesis of Rh-ECN

Rh-ECN catalysts were synthesised by direct incorporation of Rh
during ECN synthesis using RhCl;-3H,O as Rh precursor.
RhCl;-3H,0 was dissolved in distilled water (50 mL) at room
temperature, giving rise to a purple/red solution. Subsequently,
the dicyandiamide (3 g) was added and the resulting dispersion
was heated up to 333 K under vigorous stirring in order to fully
dissolve the dicyandiamide, after that the solution was kept for
2 h at this temperature under stirring. The excess of water was
removed by increasing the temperature up to 393 K. The result-
ing orange solid was dried overnight at 383 K in an oven. The
solid was pyrolyzed in a crucible partially covered at 823 K for 4
h under nitrogen flow (200 mL min™") using a heating ramp of
2.3 K min™". The resulting materials were washed with distilled

This journal is © The Royal Society of Chemistry 2023
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water, ethanol, and pentane, and dried overnight at 383 K. Rh-
ECN(0.1): RhCl;-3H,0 3.3 mg; dark yellow powder; yield: 1.49 g.
ICP anal.: 0.1% Rh. Rh-ECN(0.4): RhCl;-3H,0 33.7 mg; dark yel-
low powder; yield: 1.42 mg. ICP anal.: 0.4% Rh. Rh-ECN(6.5):
RhCl;-3H,0 367.0 mg; brown powder; yield: 1.71 g. ICP anal.:
6.5% Rh.

The hydroformylation of styrene was carried out in a 42
mL stainless steel high-pressure batch Top Industrie reactor.
In a typical experiment, a mixture of the catalyst (0.002 mmol
of metal), octane (0.25 mmol) as internal standard, and sty-
rene (1 mmol) as substrate in 5 mL of THF were loaded into
the autoclave inside the glovebox. The autoclave was purged
three times using syngas (CO/H, = 1) to remove the inert at-
mosphere. The reactor was fed with the syngas mixture up to
5 bar of pressure, heated up to the targeted reaction tempera-
ture and then the total pressure was fitted up to 20 bar. The
stirring rate was fixed at 1200 rpm. Samples of the reaction
mixture were taken at different time intervals and quantita-
tive analyses of the reaction mixtures were performed via GC
using calibration solutions of commercially available prod-
ucts. Recycling tests were performed following the same pro-
cedure using: 171.7 mg of catalyst (0.05 mmol of metal), oc-
tane (0.25 mmol) as internal standard, and styrene (0.6
mmol) as substrate in 5 mL of THF, 20 bar of syngas (CO/H,
= 1), 343 K, stirring rate of 1200 rpm. After 20 h of reaction
the autoclave was cooled down and depressurized. Inside a
glovebox the reactor was opened, and 10 ml of pentane were
added to the vessel. The catalyst suspension was
centrifugated. The solution was kept for GC and ICP analyses
and the catalyst reused for a new catalytic reaction. The pro-
cedure was repeated 4 times. The homogeneous hydro-
formylation of styrene using [Rh(n*-C;H;);] as metal precur-
sor was evaluated following the same procedure using:
several Rh loadings (0.04, 0.09, 0.22, 0.31 and 0.44 mM of
Rh), octane (0.25 mmol) as internal standard, and styrene (1
mmol) as substrate in 5 mL of THF, 20 bar of syngas (CO/H,
= 1), 343 K, stirring rate of 1200 rpm for 5 h. Quantitative
analyses of the reaction mixtures were performed via GC.

Characterization and computational details are available
in ESLY

Results and discussion

The addition Rh over ECN was carried out straightforwardly
through wetness impregnation using [Rh(n*-C;Hs);] complex
as Rh precursor. The Rh complex was added to a previously
sonicated dispersion of ECN>* in THF targeting a 0.1% Rh
loading. After maintaining a vigorous stirring overnight the
yellow powder was filtered and cleaned three times with
pentane. The yellow powder, Rh/ECN(0.1), was further dried
under reduced pressure. The detailed procedure is described
in the experimental section and in the ESIj The synthesized
catalyst was characterized by transmission electron micros-
copy (TEM), X-ray diffraction (XRD), thermogravimetric analy-
sis (TGA), X-ray photoelectron spectrometry (XPS), attenuated
total reflection infrared (ATR-IR), inductively coupled plasma

This journal is © The Royal Society of Chemistry 2023
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optical emission spectroscopy (ICP-OES), elemental analysis,
and N, physisorption.

TEM images (Fig. 1a) and S17) display the characteristic
sheets of ECN, without evidencing the presence of any Rh
nanoparticle.”” HAADF-STEM-EDX (high-angle annular dark
field-scanning transmission electron-energy-dispersive X-ray
spectroscopy) analyses in this sample confirmed a high dis-
persion of Rh atoms on ECN (Fig. 1b) and S17).

The Rh loading was measured by ICP-EOS analysis and the
C, N and H content by elemental analysis; Rh/ECN(0.1), display-
ing a Rh content of 0.1% and a C/N of 0.67 typical for ECN ma-
terials presenting residual uncondensed amino groups (Table
S11).%® The textural properties such as specific surface area
(SSA) and pore volume (Vpore) are listed in Table S2.f The bare
ECN exhibits a SSA of 5.4 m? g_1 and a Vpore Of 0.04 m® g_l. No
modifications of the textural properties with respect to the bare
ECN are observed for Rh/ECN(0.1). Infrared spectra (Fig. 1d))
suggest that the presence of Rh does not cause any structural
modification on the ECN support. Thus, several intense and
broad bands are discerned in the 1700-1000 cm ™" range, as-
cribed to the stretching vibration of the CN heterocycles,>****°
where the bands at 1232, 1317 and 1401 cm ™" belong to the aro-
matic C-N stretching.”! The narrow band at 807 em™, charac-
teristic of carbon nitride structure, is widely ascribed to the
breathing mode of the tri-s-triazine rings. A weaker and broader
band can be observed in the range between 3500-3000 cm™,
which might be associated to the N-H stretching mode of the
residual uncondensed amino groups, in agreement with the C/
N ratio determined by elemental analysis. TGA curves per-
formed under N, presented in Fig. 1e) show that bare ECN has
a loss of mass at 948 K while for Rh/ECN(0.1) the decomposi-
tion starts at much lower temperature, 867 K, implying that
ECN decomposition is promoted through the presence of Rh.
X-ray diffractograms of Rh/ECN(0.1) and ECN are presented in
Fig. 1c). A crystalline structure with two characteristic diffraction
peaks is shown for the bare ECN. The broader peak with lower
relative intensity at 26 of 13.3°, related to the (001) reflection, is
ascribed to the in-plane structural packing of the tri-s-triazine
ring units. The main peak at 26 of 27.3°, related to the reflection
(002), is associated to the interplanar-stacking peak of the aro-
matic rings, indicating the formation of a layered structure for
the ECN.? The crystalline structure of ECN remained stable af-
ter Rh impregnation as the characteristic peaks of the support
did not show any significative change. The crystallite size of the
support (dgupport), the tri-s-triazine ring size (a) and the interlayer
spacing (b) are listed in Table S2.f The Rh addition does not
modify the crystallite size of the ECN, acquiring values of about
4 nm. The size of the tri-s-triazine ring and the interlayer spac-
ing of the bare ECN are 6.615 A and 3.261 A, respectively. These
values are in agreement with those found in literature for gra-
phitic carbon nitrides.** " An increase in the size of the tri-s-tri-
azine ring, from 6.615 A to 6.660 A, after Rh impregnation (Ta-
ble S2,f ECN vs. Rh/ECN(0.1)) was observed. Furthermore, no
additional diffraction peaks associated to Rh phases were de-
tected, indicating the absence of Rh nanoparticles, as observed
by TEM. Ex situ XPS under ultrahigh vacuum (UHV) analyses

Catal Sci. Technol,, 2023, 13,1425-1436 | 1427
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Fig. 1 a) TEM and b) HAADF-STEM images of Rh/ECN(0.1) (scale bar = 50 and 10 nm, respectively); c) XRD diffractograms of ECN and Rh/
ECN(0.1); d) ATR-IR spectra of ECN and Rh/ECN(0.1); e) high-resolution XPS spectra of Rh 3d Rh/ECN(0.1); f) thermogravimetric analysis curves un-

der N, for ECN, Rh/ECN(0.1), Rh-ECN(0.4), and Rh-ECN(6.5).

were performed on Rh/ECN(0.1). Survey spectra and high-
resolution scan spectra together with the fitting peaks of the
corresponding components are presented in Fig. 1e) and S3.
Table S31 summarizes the binding energies together with the
concentration of the fitted peaks in atomic %. The XPS spec-
trum of Rh/ECN(0.1) displays the same characteristic peaks of
ECN*? plus a new set of peaks of low intensity corresponding to
Rh. The fitting of Rh peaks indicates a Rh*" species as the main
component with binding energies of 308.8 eV for Rh 3ds/, and
313.5 for Rh 3ds),, whereas traces of Rh® are visible as well
(307.1 and 311.8 for Rh 3ds;, and Rh 3d;,, respectively). The
Rh*" species is attributed to a Rh-centre coordinated to N
atoms.** DFT calculations were performed to find the lowest en-
ergy adsorption site of Rh on ECN, concluding that Rh atoms
can be stably adsorbed in the surface (TOP) or in the subsurface
(INT) (see below and Table S4 and Fig. S8 and S9t). The most
stable adsorption sites depend on the Rh coverage; highly dis-
persed Rh (low coverage) prefers adsorbing on the TOP position
occupying the hexagonal site bonded to two N atoms of the sur-
face, while high coverages reveal subsurface adsorption. Consid-
ering the impregnation method has been used for the synthesis,
and the XPS analysis suggesting Rh directly incorporates during
the ECN synthesis, see below, Rh atoms are likely occupying a
characteristic 6-fold cavity of ECN in Rh/ECN(0.1).

Rh/ECN(0.1) was synthesised through a straightforward
methodology, which allowed obtaining the targeted mate-
rials, i.e. a low Rh content single-atom catalyst. A series of ex-

1428 | Catal. Sci. Technol., 2023,13,1425-1436

periments was set up to explore these materials and create
stronger metal-support interactions. We introduced Rh into
ECN using several Rh/dicyandiamide ratios during the poly-
merization process. This methodology allowed incorporating
a wide range of Rh content, from 0.03 to 6.50%, without
forming Rh nanoparticles. Thus, we obtained uniformly dis-
persed Rh atoms on the support, as described below. The
synthesis was carried out by pyrolyzing a RhCl;-3H,0/
dicyandiamide solid mixture following the same pyrolyzing
procedure described for the synthesis of ECN (see experimen-
tal section for details), without the exfoliation step. The in-
corporation of Rh onto the structure was readily visible by
the characteristic change of colour of the material, from
bright yellow for ECN, to an increasing brown colour while
increasing the Rh loading (Fig. S101). This phenomenon has
already been described for other doped-ECN materials due to
a change in the band gap energy.** TEM analyses (Fig. 2a)
and S11-S13t) show no formation of Rh nanoparticles and
the characteristic formation of sheets of ECN for samples Rh-
ECN(0.03), Rh-ECN(0.1), Rh-ECN(0.4) and Rh-ECN(6.5), in
which the number of the samples indicates the Rh loading
determined by ICP. HAADF-STEM images of Rh-ECN further
confirmed the high Rh dispersion in the matrix (Fig. 2b) and
S12 and S13f). Elemental analyses of the samples are sum-
marized in Table S1.f

Fig. 2c) displays the XRD diffractograms of the incorpo-
rated Rh materials. In low Rh loading materials Rh-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 a) TEM and b) HAADF-STEM images of Rh-ECN(0.4) (scale bar = 50 and 10 nm, respectively); c) XRD diffractograms of ECN, Rh-ECN(0.03),
Rh-ECN(0.1), Rh-ECN(0.4), and Rh-ECN(6.5); d) ATR-IR spectra of ECN, Rh-ECN(0.03), Rh-ECN(0.1), Rh-ECN(0.4), and Rh-ECN(6.5); e) and f) high-
resolution XPS spectra of Rh 3d of Rh-ECN(0.4), and Rh-ECN(6.5), respectively.

ECN(0.03), Rh-ECN(0.1), and Rh-ECN(0.4), the crystalline
structure of ECN remained stable, suggesting that the ECN
structure is well formed after the thermal treatment for the
Rh incorporated ECN materials. In contrast to the impreg-
nated sample, Rh/ECN(0.1), the peak position linked to the
reticular plane (002) of the ECN structure are slightly shifted
for the Rh-ECN(0.03), Rh-ECN(0.1), and Rh-ECN(0.4). The
main peak slightly shifts to lower 260 (27.2°) for the Rh/
ECN(0.03) compared to the bare ECN (27.3°), which reveals
the expansion of the interlayer stacking spacing (Fig. 2c)),
suggesting that the Rh*" cations are mainly located in the in-
terlayers of the ECN. A similar shift to lower 20 was found by
Nam et al. for Rh incorporated ECN when using moderately
low Rh loading (1 wt%).*® Contrary, a shift to higher 20
(27.5°) is obtained for Rh-ECN(0.1) and Rh-ECN(0.4) com-
pared to the bare ECN, indicating a contraction of the inter-
layer distance. A weaker and broader peak at 27.3° is ob-
served for the material with the highest Rh content, Rh-
ECN(6.5), proving a poorer crystallinity compared to the ECN
(Fig. 2c¢)). Additionally, the peak at 13.3° no longer appears,
suggesting the lack of periodicity in the layer when a high
amount of Rh inserts into the ECN structure.*® Wang et al.
also reported a loss of the crystallinity at high iron content
associated to the host-guest interaction and to the inhibition
of the polymeric condensation when an excess of iron was
inserted.’” Nam et al. achieved the same results by increasing
the amount of inserted Rh into the g-C3N, structure.®® The

This journal is © The Royal Society of Chemistry 2023

additional peaks found for Rh-ECN(6.5) relate to some inter-
mediate polymers formed during the ECN synthesis, as
shown in Fig. S14,} indicating that the ECN polymerization is
partially hampered at high Rh content following this proce-
dure. For low Rh loading samples (0.03, 0.1, and 0.4 wt%
Rh), diffraction peaks associated to Rh phases such as metal-
lic rhodium, rhodium oxides, or rhodium carbides are not
distinguished. It is worth mentioning the absence of diffrac-
tion peaks, ascribed to Rh related phases for Rh-ECN(6.5), de-
spite the high Rh content (6.5 wt%). This absence points out
that a highly dispersed Rh is achieved through direct incor-
poration. The crystallite size of the support (dsuppore), the tri-s-
triazine ring size (a), and the interlayer spacing (b) are listed
in Table S2t for the synthesized materials. In agreement with
the XRD results discussed above, a rather higher interplanar
distance is displayed for the Rh-ECN(0.03) (3.274 A) than for
ECN (3.261 A), attributed to the distance expansion by the Rh
species incorporation between layers. Besides, same ring size
as for Rh/ECN(0.1), larger than for ECN, is shown for Rh-
ECN(0.03) (6.660 A), revealing that part of the Rh could also
be stabilized by the nitrogen pots. The incomplete insertion
of carbon into ECN structure when incorporating a Rh load-
ing of 0.1 and 0.4 wt% lead to a strong decrease of the inter-
planar distance, being lower for Rh-ECN(0.1) and Rh-
ECN(0.4) (3.244 A) than for ECN (3.261 A). TGA analyses also
point to a different structure between samples prepared by
impregnation or pyrolysis (Fig. 1le) and S2f). The
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decomposition curves of samples with low Rh loading pre-
pared by pyrolysis show that the temperature of Rh-ECN de-
composition is delayed at high values compared to the bare
ECN and Rh/ECN(0.1). These changes in the decomposition
temperature could provide a notion of the metal-support in-
teraction reached through each Rh catalyst synthetic pathway.
The high temperature required for decomposing the ECN
when Rh is incorporated suggests a stronger metal-support
interaction. For the catalysts displaying higher Rh content,
Rh-ECN(6.5) presents a lower decomposition temperature
than ECN, which agrees with the presence of intermediate
polymerisation products detected by XRD (Fig. S147). FTIR
spectra of Rh incorporated species (Fig. 2d)) do not show any
significant change with respect IR spectrum of ECN. XPS
spectra of the Rh 3d region for Rh-ECN(0.4) and Rh-ECN(6.5),
displayed in Fig. 2e) and f), respectively, show that both sam-
ples contain similar Rh species, one of them distinct from
the observed for the Rh impregnated sample, Rh/ECN(0.1).
The main peaks are attributed to Rh*" species, 310.0 and
315.1 for Rh 3ds,, and Rh 3dj;),, respectively, which we have
attributed to the intercalated Rh atoms. Moreover, a set of
peaks at 308.8 and 313.5 eV for Rh 3d;,, and Rh 3d;),, respec-
tively, are also visible, attributed to Rh*" species on the 6-fold
cavity of ECN. Traces of Rh° are also observed. Survey and
high-resolution scan spectra together with the fitting peaks
of the corresponding components are presented in Fig. S4
and S5, and Table S31 summarizes binding energies.

In order to provide additional insights into the bonding of
CO with specific Rh single-atom sites, in situ diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) mea-
surements were carried out first adsorbing CO and then
purging with argon both at 50 °C. Fig. 3a) shows the tempo-
ral evolution of the IR spectra recorded during the CO ad-
sorption and the subsequent Ar purging on Rh-ECN(6.5), Rh-
ECN(0.4) and Rh/ECN(0.1) samples, from left to right. As can
be noticed, both Rh-ECN(6.5) and Rh-ECN(0.4) catalysts
hardly showed CO adsorbed species and only two lobules
centered at 2143 cm™" ascribed to gaseous CO were detected.
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These features disappeared totally after 5 min of Ar purging.
By contrast, Rh/ECN(0.1) catalyst shows clearly the formation
of two bands in the 2100-2000 cm™" region that are typical of
CO adsorbed species on Rh sites, Fig. 3a) and b). It can be
stressed that these species remain still adsorbed after Ar
purging showing that CO is chemisorbed on Rh sites.

In order to identify the bands positions related to each CO
adsorbed species on different Rh sites we performed the second
derivative of the last spectrum recorded after Ar purging. As
shown in Fig. 3b), five bands at 2090, 2034, 2024, 2001 and
1993 cm ™" were identified. As expected, the absence of bands in
the 1900-1800 cm™" suggests that Rh particles are very small
and bridge carbonyls cannot be formed. According to literature,
the features at 2090 and 2024 cm ™" correspond to the symmetric
and asymmetric vibration of gem-dicarbonyl Rh*"(CO), species
in which atoms of rhodium are partially charged.”>'*** On the
other side, the band overlapped at 2034 cm™" could be ascribed
to CO linearly adsorbed on isolated Rh® sites**® suggesting
that very small particles of reduced rhodium are coexisting with
oxidized rhodium atoms, which agrees with the traces of Rh°
detected by XPS. It cannot be fully discarded the presence of
small clusters of rhodium, although the high intensity of bands
related to gem-dicarbonyl Rh®*(CO), species indicates that rho-
dium is fundamentally dispersed as single-atoms. We believe
that these species are the main responsible of the catalytic activ-
ity favoring the activation of CO on the perimetral Rh/support
interfacial sites. On the other hand, both bands at 2001 and
1993 cm™ can be assigned to Rh(CO); species according to the
DFT calculations performed (Table S5t). The frequency at 2001
em* corresponds to the stretching of the CO ligand at 2.07 A of
Rh atom, whereas the stretching is asymmetric for the other 2
CO ligands at 1.87 A (less intense). The frequency at 1993 cm*
is the asymmetric vibration of the two closest CO ligands (in-
tense) and the less intense stretching of the far CO. On the basis
of these observations, we can conclude that isolated Rh single
atoms are highly dispersed and exposed on the surface support
bringing to light the catalytic activity showed by Rh/ECN(0.1)
catalyst, which is discussed below.

a b
)- Rh-ECN(6.5) Rh-ECN(0.4) Rh/ECN(0.1) ) 2090 2024
0.05 0.05 0.05 2034
co(g) L CO (g) ‘| co(g) R-COus
s w/v\ ST s i — Rl PR A 8 2" derivative
§ AR ,\QA § Ar purge (5 min) § R A= -4 = e §
i c
% Ar purge (5 min) g § g 2001
@ /P, | CO adsorption o €O ad ti S o
g /’m\ » § adsorption § § 1993
—_— ——T—T— . ’ . . LI B e S S S S B S R
2300 2200 2100 2000 1900 2300 2200 2100 2000 1900 2300 2200 2100 2000 1900 2200 2150 2100 2050 2000 1950 1900

Wavenumber / cm’™ Wavenumber / cm™

Wavenumber / cm”

Wavenumber / cm’™'

Fig. 3 a) Evolution of in situ DRIFT spectra during CO adsorption (20 min) and subsequent Ar purging (5 min) at 50 °C on Rh-ECN(6.5), Rh-
ECN(0.4) and Rh/ECN(0.1) samples. b) DRIFT spectra recorded on Rh/ECN(0.1) sample after CO adsorption (20 min) and Ar purging (5 min) at 50
°C. The inclusion of second derivative curve facilitates the identification of the bands.
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Rh SACs were tested as catalysts for the hydroformylation
of styrene. Results are summarized in Table 1. Impregnated
Rh/ECN(0.1) performed well as catalyst for this reaction with
less of 1% mol of Rh leaching with respect to the initial Rh
amount and without any noticeable change on the morphol-
ogy of the sample in the TEM images, as no nanoparticles
were detected and the ECN sheets displayed same textural as-
pect (Fig. 4 and S167).

Rh/ECN(0.1) fully converted styrene after 24 h reaction at
363 K using a Rh/styrene ratio of 1/500 displaying a 82% se-
lectivity towards the aldehydes with an 1/b ratio of 1.6 and a
TOF of 125 h™" at 2 h of reaction. Lowering the temperature
to 343 K did not significantly affect the Rh leaching, while it
decreased the conversion to 64%, increased the aldehyde se-
lectivity to 99% and slightly lowered the 1/b ratio to 1.2. Bare
ECN did not show any conversion of styrene when submitted
to reaction at 343 K and 20 bar of syngas for 24 h, discarding
any reactivity due to the presence of the support. In terms of
activity, Rh/ECN(0.1) is comparable to other SACs applied to
the styrene HF,"” yet other reported Rh-SACs displaying much
higher TOFs,"*'® usually at expenses of selectivity. On the
other hand, the 1/b ratio displayed by Rh/ECN(0.1) is substan-
tially higher than that previously reported when using this
kind of catalysts or homogeneous systems,'*'®"” in which
usually the 1/b ratios are ranged between 0.1 to 1; only cata-
lysts based in Rh-single atoms on phosphorus modified
nanodiamonds,"* or Rh/CeO, SAC in which hydrogen is gen-
erated in situ through water-gas shift reaction™® displayed
higher production of the linear aldehyde, reaching 1/b ratios
of 3. Rh incorporated on ECN catalyst, Rh-ECN(0.4),
displayed significantly lower activity. At 343 K only 3% of con-
version was attained, and 7% at 363 K, after 24 h of reaction,
in contrast with the activity displayed by Rh/ECN(0.1)
(Table 1). The lower activity of Rh-ECN(0.4) is in line with its
structure, as Rh is less accessible for catalysis, since it is
mainly located in the interlayer space; and its diffusion is en-
ergetically unfavoured according to DFT calculations. It is
worth mentioning that the presence of CO can promote the
Rh displacement from the subsurface to the TOP site, al-
though the diffusion energy barrier for Rh is at least of 0.57
eV (see Table S47). On the other hand, the Rh leaching was
almost completely suppressed. Longer reaction time and low-

Table 1 Hydroformylation of styrene using Rh/ECN(0.1) and Rh-ECN(0.4)*
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ering the styrene content (Rh/styrene 1/200) allowed increas-
ing the conversion, while keeping the Rh leaching signifi-
cantly low. L/b ratio was close to the one observed with Rh/
ECN(0.1) catalyst. As Rh soluble species are highly active in
this reaction, a series of catalysed hydroformylation reactions
were performed by using [Rh(n*-C;H;);] as precatalyst at low
concentrations (Fig. S157). Considering the Rh leaching de-
tected by ICP, ca. 5% of the total conversion could be due to
the presence of Rh soluble species. It is worth noting that the
/b ratio for the homogeneous catalysis was 0.9, which is
significatively different than the one observed for the hetero-
geneous systems, pointing to a different catalyst nature.

Analyses of the spent catalysts show that Rh supported on
ECN are stable. TEM images clearly show the ECN sheets and
HRTEM in HAADF-STEM display isolated Rh single atoms with-
out any formation of nanoparticles (Fig. 3 and S167). XPS analy-
ses of the spent catalysts Rh/ECN(0.1) and Rh-ECN(0.4) show a
clear evolution of the Rh*" species from the fresh catalyst. After
catalysis, the XPS spectrum of Rh/ECN(0.1) displays a new set of
peaks in the Rh 3d region with binding energies of 310.6 and
315.2 eV for Rh 3ds), and Rh 3d;,, respectively, while the peaks
attributed to Rh** coordinated to N in the 6-fold cavity are still
the main species present on the sample. The new peaks present
the same binding energies as the species attributed to Rh* in-
tercalated in the ECN layers, see discussion above and
Fig. 2e) and f). These results agree with the DFT calculations,
which predict the Rh*" diffusion is possible from the 6-fold cav-
ity towards the first interlayer of the ECN. Similarly, the XPS
spectrum of Rh 3d of Rh-ECN(0.4) after catalysis shows a new
set of peaks, 308.8 and 313.4 for Rh 3ds,, and Rh 3d;,, respec-
tively, which correspond to the Rh** located onto the 6-fold cav-
ity, thus suggesting that the diffusion of Rh can take place in
both directions. Furthermore, recycling tests suggest a highly
stable catalyst (see Fig. 4d)), as the conversion remains stable
for four cycles, and no Rh leaching was detected in the solution
by ICP analyses. HRTEM in HAADF-STEM shows mainly Rh iso-
lated atoms on the material, and barely a few Rh nanoparticles
after four catalytic runs (Fig. S167). This observation could ex-
plain the slight increase in activity in the last catalytic run of
the recycling test, as it has been demonstrated that Rh nanopar-
ticles can produce Rh soluble species highly active in
hydroformylation.”

T Conv.” Selectivity” Rh leaching
Catalyst (K) Rh/styrene (%) (%) 1/b (mmol) (%)
Rh/ECN(0.1) 343 1/500 64 99 1.2 1.6 x107° 0.8
363 1/500 97 82 1.6 1.6 x107° 0.8
Rh-ECN(0.4) 343 1/500 3 93 1.2 n. d. 0
363 1/500 7 94 1.4 n. d. 0
363¢ 1/500 13 87 1.6 8.5x1077 <0.1
3637 1/200 34 96 1.4 7.0x 1077 <0.1

¢ Reaction conditions: 2 x 10~ mmol of metal, 1 mmol of styrene, 0.25 mmol of octane (internal standard), 20 bar of syngas (CO/H, = 1), 5 mL
of THF. ? Determined by GC using an internal standard technique. ° 48h of reaction. ¢ 0.4 mmol of styrene for Rh/styrene 1/200. n. d. non

detected.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 HAADF-STEM images of a) Rh/ECN(0.1) and b) Rh-ECN(0.4) after catalysis (scale bar = 10 nm); c) HAADF-STEM image of Rh/ECN(0.1) after
4 catalytic cycles; d) conversion (grey bars) and |/b ratio (orange line) of recycling tests performed with Rh/ECN(0.1) (5 x 102 mmol of metal, 0.6
mmol of styrene, 0.25 mmol of octane (internal standard), 20 bar of syngas (CO/H, = 1), 5 mL of THF, 20 h, 343 K, 1200 rpm); €) and f) high-
resolution XPS spectra of Rh 3d of Rh/ECN(0.1), and Rh-ECN(0.4) after catalysis, respectively.

Then, we evaluated the stability of Rh SACs under hydro-
formylation conditions at the computational level since single
Rh atom desorption, and leaching are critical for this reaction.
To assess the catalyst stability, the formation energy of the sup-
ported Rh species has been computed referenced to the lowest
energy Rh/ECN configuration at low 0g;, (1/24) and the Gibbs en-
ergy of CO and H, molecules in the gas phase at 363 K (see ESI{
for further details). The Rh/ECN with the Rh placed on the TOP
site was selected because it is the lowest energy configuration at
low coverage regime. Rh deposition at the subsurface is pre-
dicted stable at higher metal coverage, although at hydro-
formylation reaction conditions the Rh is displaced upwards
(with an energy cost) from the subsurface to the TOP position
due to the interaction with CO molecule, being this position the
most relevant for the catalytic purpose.

Table 2 collects the formation Gibbs energy for the differ-
ent Rh species containing both CO and H coordinated to the
metal center, which are likely to be active species during the
hydroformylation reaction.>'” The related structures are
depicted in Fig. S17.f A previous computational study shows
that the H;Rh(CO), complex is the most stable when sup-
ported on MgO surfaces.'” DFT calculations confirm one con-
figuration, H;Rh(CO),/ECN, as the most favored Rh complex,
while three other systems, namely H;Rh(CO);/ECN, Rh(CO),/
ECN, and Rh(CO),/ECN, are between 0.30 and 0.33 eV higher
in energy. It is observed that the adsorption of CO and H li-

1432 | Catal. Sci. Technol., 2023, 13, 1425-1436

gands to the metal center promotes the Rh displacement up-
wards with respect to the ECN support. The more ligands an-
chored to the metal center, the higher the Rh displacement,
leading to the Rh placed on top of the surface atoms instead
of being embedded on the support. Nevertheless, the Rh-N
bond length only increases ~0.1-0.3 A for complexes with
three or fewer carbonyl ligands (Table 2). In these scenarios,
the Rh metal center is still formally chemisorbed on the ECN
support. However, upon successive CO coordination, the
binding of the Rh-CO ligand is energetically favored, reduc-
ing the metal-support interactions.

Table 2 AG,qs (eV) of HRh(CO),, and Rh---N distance (A)

System AGoqs (V) d (A) Rh-N
Rh/ECN 0.00 1.98
Rh(CO)/ECN -1.47 2.02
Rh(CO),/ECN -2.65 2.14
Rh(CO);/ECN -2.85 2.16
Rh(CO),/ECN -2.87 2.86
H;Rh(CO)/ECN -1.93 2.15
H;Rh(CO),/ECN -2.26 2.25
H,;Rh(CO);/ECN -2.84 2.29
H;Rh(CO),/ECN -3.17 4.35
H,Rh(CO), + ECN -4.01 —
H,Rh(CO)(C,H,)/ECN -2.39 2.21
H;Rh(CO),(C,H,)/ECN -2.93 2.31

This journal is © The Royal Society of Chemistry 2023
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As shown in Fig. 5a) for H;Rh(CO),/ECN, in this structure
Rh is not embedded in the support but Rh remains coordi-
nated to the N surface atoms. The formation of H,Rh(CO), (x
=0, 1, y = 1-3) complexes does increase the Rh single atom
distance from the ECN surface. Our simulations show that
the insertion of the fourth CO ligand is thermodynamically
favorable, being the H,;Rh(CO),/ECN system 0.33 eV lower in
energy with respect to H;Rh(CO);/ECN. The fifth coordina-
tion site around Rh might be occupied by the support or by a
CO molecule, although the coordination of the fourth CO li-
gand changes the geometry of the Rh complex. The Rh atom
is not adsorbed on the surface in this structure since the Rh/
ECN distance is longer than 4 A. As illustrated in Fig. 5b), the
support-cluster interaction is made via two of the CO li-
gands. In addition, DFT simulations suggest that the forma-
tion of the H;Rh(CO), complex would promote its spontane-
ous desorption due to the high stability of the gas-phase
complex with respect to the physiosorbed one: H;/Rh(CO,)/
ECN, -4.01 vs. =3.17 eV; ie. the desorbed specie is 0.85 eV
more stable than the physiosorbed one. The desorption of
the active Rh complexes is considered the main drawback of
this reaction, and contrasts with the experimental observa-
tions, where very low leaching and excellent catalytic activity
were shown. Even though the formation of H;Rh(CO),/ECN is
thermodynamically favored, the fourth carbonyl coordination
is likely to be sterically hindered. The insertion of the fourth
CO would imply a high reorganization of the metal coordina-
tion sphere via a repulsive square pyramidal configuration
having H on top. Thus, to proceed, the cleavage of the Rh-N
bond is needed with an energy cost of 1.44 eV, energy re-

Fig. 5 Sketches of the optimized a) HiRh(CO)s;, b) H;Rh(CO),, ¢)
H;Rh(CO)(C;H,4) and d) H;iRh(CO),(C,H4) species supported on ECN
(grey, blue, pink, red, and white balls represent carbon, nitrogen,
rhodium, oxygen, and hydrogen atoms respectively).

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

quired to desorb the H;Rh(CO); complex. Moreover, from the
catalytic point of view, the active species should have free Rh
coordination sites to facilitate the styrene addition to the
complex to promote hydroformylation. Thus, to obtain fur-
ther insights into the stability of supported Rh complexes
and rationalize the absence of leaching we evaluated the
competition between CO ligand and the reactant (styrene) co-
ordination to the Rh using ethylene molecule as styrene
model. Ethylene was used instead of styrene as a substrate
for the sake of simplicity.*® As reported in Table 2, the coordi-
nation of ethylene to H,Rh(CO),/ECN (Fig. 5c) is slightly fa-
vored (0.13 eV) with respect to the coordination of the second
CO ligand. As depicted in Fig. 5c), the Rh atom is coordi-
nated with two N atoms of the ECN surface, showing that Rh
tends to have five coordination sites. The insertion of a sec-
ond CO ligand to H;Rh(CO)(C,H,)/ECN (Fig. 5d)) is favored
by 0.54 eV. On the other hand, the insertion of ethylene or
CO on H;Rh(CO),/ECN configuration is competitive, being
the interaction with ethylene only 0.09 eV more favorable
with respect to the coordination of the third CO ligand. As ex-
pected, the coordination of ethylene molecule to H,Rh(CO);/
ECN is hampered due to steric reasons. After the optimiza-
tion process, one of the CO ligands is ejected and
physisorbed on the ECN support, far away from the Rh com-
plex, to allow the ethylene insertion. Therefore, the supported
Rh complexes containing three or more carbonyl ligands are
not catalytically active due to the impossibility of the olefin
to coordinate to the Rh atom.

In summary, DFT simulations suggest the reactant (sty-
rene) can block the formation of H;Rh(CO),, avoiding the Rh
leaching, in agreement with the low leaching observed by ex-
periments, and highlighting the role of the support in the
hydroformylation process. Moreover, it proves the slightly
lower energy coordination of the olefin on free coordination
sites of Rh supported complex with respect to CO.

Conclusions

Carbon nitride can accommodate Rh single atoms robustly.
The interactions are strong enough to endure the severe con-
ditions of the hydroformylation reaction. The catalysts were
synthetized by impregnation or direct incorporation. The re-
sulting materials are active in the hydroformylation reaction
of styrene in high selectivity towards the aldehydes, ranging
from 82 to 99%, and an 1/b ratio of up to 1.6. The I/b ratio be-
ing higher of that described for other Rh SAC which do not
contain phosphorus ligands. The most active catalyst is the
one in which the Rh®" species are impregnated as the metal
is more accessible to catalyze the reaction, being located in
the characteristic 6-fold cavity of ECN. DFT calculations con-
firmed that low Rh coverage facilitates the metal embedded
on the surface, while large Rh coverages stabilize the adsorp-
tion between layers. In addition, the formation of H,Rh(CO),/
ECN species are stably adsorbed onto the ECN surface, being
the complexes with less than three carbonyl ligands the re-
sponsible of the catalytic activity, preventing the Rh leaching
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in line with the low leaching observed experimentally and the
robustness of the catalysts after four recycling cycles.
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