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Supported metal single atom catalysis is a dynamic research
area in catalysis science combining the advantages of homoge-
neous and heterogeneous catalysis. Understanding the inter-
actions between metal single atoms and the support con-
stitutes a challenge facing the development of such catalysts,
since these interactions are essential in optimizing the catalytic
performance. For conventional carbon supports, two types of
surfaces can contribute to single atom stabilization: the basal
planes and the prismatic surface; both of which can be
decorated by defects and surface oxygen groups. To date, most
studies on carbon-supported single atom catalysts focused on
nitrogen-doped carbons, which, unlike classic carbon materials,

Introduction

Catalysis is an interdisciplinary key technology in which
supported metal catalysts dominate the production technology
of chemicals, fuels and polymers, and are the key to environ-
mental protection. As the active phase is often composed of
noble metals, expensive and mostly identified as critical
elements, a logical step is to optimize their dispersion on the
support. Supported single-atom metal catalysts (SACs) can
achieve maximum metal dispersion. A SAC contains only
isolated single metal atoms embedded on a support.” Versatile

have a fairly well-defined chemical environment. Herein we
report the synthesis, characterization and modeling of rhodium
single atom catalysts supported on carbon materials presenting
distinct concentrations of surface oxygen groups and basal/
prismatic surface area. The influence of these parameters on the
speciation of the Rh species, their coordination and ultimately
on their catalytic performance in hydrogenation and hydro-
formylation reactions is analyzed. The results obtained show
that catalysis itself is an interesting tool for the fine character-
ization of these materials, for which the detection of small
quantities of metal clusters remains a challenge, even when
combining several cutting-edge analytical methods.

applications of this type of catalysts have already been reported
in organic synthesis, environmental remediation, energy con-
version, and biomedicine.” For such catalysts, an environment
preventing the migration of the single atoms to the surface
accomplishes stabilization. Thus, multiple coordination gener-
ally occurs with a strong covalent bonding of the single metal
atom to the support, leading to catalysts that can be very
robust® and usable in industrial processes.” The absence of
ensemble effects in SACs and the charge transfer to or from the
support significantly affect adsorption and induce different
reactivity compared to metallic particles/clusters. Consequently,
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SACs may offer high reactivity and selectivity towards some
reactions, provided their electronic properties are correctly
tuned.”) Therefore, it is mandatory to probe and tune the
coordination environment in SACs to reach high catalytic
performance in terms of activity, selectivity, and stability.
Information on the symmetry, oxidation state, local coordina-
tion, and structural and electronic properties of the metal single
atom is usually obtained by combining different analytical
techniques, such as aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (AC
HAADF-STEM), X-ray absorption spectroscopy (XAS), X-ray
photoelectron spectroscopy (XPS), and diffuse reflectance infra-
red Fourier transform spectroscopy (DRIFTS), coupled to
computational studies.””

The range of support materials for SACs has expanded from
metal (hydr)oxide/nitride/carbide/sulfide to metals and carbon
materials.”” Among the several types of supported SACs,
carbon-supported SACs have received much attention because
the structure of the carbon (nano)material as well as its surface
chemistry, although sometime complex, can be tuned and
exploited for the stabilization and reactivity of the SACs,”®
allowing applications in thermal-, photo-, and electrocatalysis.”
Precise understanding of metal single atom anchoring modes
on carbon materials and potentially their engineering are key
issues for obtaining new catalytic properties. In general, the
carbon materials used in catalysis exhibit a high carbon content
with sp® hybridization (graphitic structure). Different kinds of
defects are present on these surfaces that are able of stabilizing
metal single atoms. The surface chemistry of sp>type carbon
material is mainly dictated by: (i) basal and edge carbon atoms
and (ii) point defects such as structural carbon vacancies or
non-aromatic rings."” These imperfections and defects along
the edges of the graphene layers are the most active sites
owing to high densities of unpaired electrons. Since these
carbon materials are usually produced from hydrocarbons, the
dangling bonds at the edges of the carbon layers are mostly
saturated by hydrogen atoms. Many modeling studies have
shown that metal single atoms can be stabilized by vacancies
or edges,"" including H-terminated edges at which H atoms
can desorb to allow adsorbed metal atoms to find stable
positions (inverse hydrogen spillover)."? If both sp- and sp*
hybridization of carbon atoms exists, such as in graphdiyne,
meta single atom stabilization is also possible."? In addition,
oxygen-containing functional groups (OFGs) are the most
common functionalities present on the carbon surface and
carbon surface oxidation is the most popular form of carbon
surface modifications." Oxygen atoms are bound to the
defects and form various surface OFGs (carboxylic acids,
anhydrides, lactones, phenols, carbonyls, ethers) requiring the
combination of multiple analysis techniques to obtain a mean-
ingful qualitative and quantitative assessment of the different
surface species."™ These OFGs have been identified as potential
sites for the stabilization of metal species,""*'® including metal
single atoms."” Alternatively, substitutive doping of heteroa-
toms to various carbon materials has also attracted attention as
one of the possible techniques to improve the electronic and
chemical properties of carbon.”® Among them, nitrogen is
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particularly appealing due to its chemical versatility and the
induced doping produced by a single N/C substitution."
Beside N-doped carbon materials,*” graphitic carbon nitride
also emerges as a unique support for preparing SACs due to
the presence of N-rich macro-heterocycles in the lattice, which
can firmly anchor metal atoms.” These N-containing materials
offer relatively good control of the coordination sphere of
isolated atoms. Finally, although the defect-free graphitic basal
surface is not capable of stabilizing metal single atoms,"'® the
intercalation of transition metal single atoms into graphite was
reported many years ago.”? In these latter structures, metal
atoms form zn-type complexes, where the carbon support acts
as a polydentate aromatic ligand.

Surprisingly, although: (i) the most common sites for
stabilizing metal single atoms on common carbon materials
arise from intrinsic and oxygen-containing defects, and (ii)
commercial carbon-supported catalysts contain supported met-
al single atoms,”” currently N-coordinated metals with prom-
inent coordination of porphyrin type M-N, are almost exclu-
sively examples of SACs on carbon surfaces. Until now, few
work has been devoted to understanding the local electronic
states and coordination environment of metal single atoms on
carbon materials containing intrinsic and oxygen-containing
defects.” It should be noted that in some of these works the
possible presence of OFGs is not taken into account and that
the coordination of single atoms is limited to an M-C, environ-
ment (atoms isolated in a monovacancy®® 9" or on the
edges™™). However, the existence of these single vacancies
under ambient conditions is questionable since the dissociation
of 0, on such point defects is barrierless.”® In addition, some
work is generally performed with model supports mainly
containing one type of stabilization defects. Thus, for a Cog,/G
catalyst (G=graphene exposed to ozone to produce uniform
epoxy functional groups) a six-coordinated structure (Cog,-O,C,)
was proposed based on DFT calculations in combination with
EXAFS experiments, wherein individual Co atoms are bonded to
two interfacial O atoms and four C atoms.” Similarly, Lu and
coworkers considered only the presence of phenolic groups
(based on XPS analysis) in their studies on Pd SACs on
graphene.” Amal and coworkers investigated the direct
environment of Pt;, anchored at the edges of edge-rich
vertically aligned graphene decorated with few OFGs of the
same type.”” They found an optimized Pt structure with a
coordination number of 4 by anchoring Pt to two O atoms in
the upper graphene layer and two C atoms in the lower layer.
Obviously, these studies do not take into account the rich and
complex surface chemistry of O-containing and intrinsic
defects-containing carbon materials.

In this study, the local electronic states and coordination
environment of rhodium single atoms stabilized by carbon
materials exhibiting different proportion of basal and prismatic
planes are investigated. The resulting SACs have no additional
ligands bonded to the metal center and the single atoms are
truly bonded to the support through covalent interactions. Four
carbon supports were used, including carbon nanotubes (CNTs),
few-layer graphene (FLG), carbon nanofibers (CNFs, fishbone
type), and a fibrous material (FM) featuring a highly disordered
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surface structure. The supports were subjected to surface
oxidation to introduce various OFGs. Complementary techni-
ques, including AC HAADF-STEM, XPS, and XAS analysis, are
employed to understand the nature of active sites at the atomic
level. The objective is also to investigate the influence of local
coordination on the reactivity of these materials, which have
been evaluated for hydrogenation and hydroformylation reac-
tions. This study demonstrates that the basal surface/prismatic
surface ratio of the carbon support has a major effect on the
synthesized catalysts and their performance. Furthermore, it is
shown that the detection of small quantities of metal clusters in
these samples is not easy, even by combining cutting-edge
analytical methods. Only the study of reactivity in catalysis can
allow the detection of these species.

Results and Discussion
Carbon Support Characterization

CNTs, FLG, CNFs, and FM were used as carbon support. As the
ratio between basal plane and prismatic surface areas is
expected to be an important factor in determining the surface
reactivity of these materials,”***” DFT calculations derived from
N, adsorption data were used to determine the surface
heterogeneity by adsorption potential distribution.”® The
absolute and relative extent of non-basal plane surfaces (=
accumulated prismatic surfaces and defect surfaces) and basal
plane surfaces were quantified (Table S1). The defect surface
consists of surface steps and/or OFGs.”® Among all materials,
FM does not show any basal plane surface. The relative extent
of the surface area of the basal plane follows the order CNTs >
FLG>CNFs>FM. Since the accuracy of this approach for
probing basal and prismatic surface areas may be limited,”” we
also rely on a recently developed, high-temperature pro-
grammed desorption method (HT-TPD, up to 1800°C), which
allows a quantitative evaluation of edges with high accuracy by
measuring evolved gases.”™ The two methods (DFT calculations
derived from N, adsorption data and HT-TPD) were compared.
The TPD profiles obtained for all samples are shown in
Figure S1. CO, CO,, H,0, and H, were detected due to the
thermal decomposition of OFGs and H-terminated edge sites.
Using the number of edge sites, the surface area of the edge
sites (Seqqe) Was calculated. The values obtained from HT-TPD
(Sedger Table S2) and from N, adsorption (S,imaic Table S2),
although different, as HT-TPD can detect hidden edge sites not
available for N, adsorption, follow exactly the same trend
(Figure S2). These experiments confirm that both methods can
be used to probe the prismatic surface in these graphitic carbon
materials.

The four materials were oxidized with nitric acid to increase
the concentration of OFGs, which can act as anchoring sites for
the metal atoms.” The low- and high-resolution TEM micro-
graphs of the samples are shown in Figure S3 and Figure 1,
respectively. The FLG presents between four and ten layers of
graphene, consistent with its relatively low surface area (Sger=
41 m?g", Sper=47 m?g™"). The CNTs (Sger=199 m*g™", Spr=
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Figure 1. HRTEM micrographs of the four supports. Scale bar=10 nm (FLG,
CNTs, FM) and 20 nm (CNFs).

206 m’g~") have an external diameter of around 15 nm and
present graphene layers parallel to the axis of the tube. The
oxidation by HNO, has created defects on their surface.®” The
CNFs (Sger=148 m?°g™", Sper=176 m?’g™") have an external
diameter of about 150 nm and their graphene layers show an
angle of approximately 30° with respect to the fiber axis. Most
of the edges are open and few closed loops are visible. The FM
(Sger=192 m?*g™" Sper=274 m?g™") contains fibers of various
diameters (50-200 nm) showing a highly disordered surface
with many open edges.

Results of Raman and XRD characterization of the materials
are given in Table S3. A commonly calculated parameter to
assess the structural disorder in carbon materials is the ratio
between the integrated intensities of the Raman D band (Ip)
at~1380 cm™' (reflecting graphitic structure defects) and the
Raman G band (I at~1580cm™ (reflecting the graphitic
ordered structure).

The FLG shows the lowest I/l ratio, consistent with a low
structural disorder, while the CNTs and FM show the highest
ratio, while the CNFs shows an intermediate value for the
intensity ration that is consistent with a modest degree of
structural disorder. These results suggest that the structural
distortion, D, due to defects in the studied materials may be
ranked as follows: D(FLG) < D(CNFs) < D(CNTs)~D(FM). It is
worth noting that the defects caused by OFGs do not have a
significant footprint in the Raman spectra. The interlayer
distance (dq,) and crystallite size values L. (crystallite stack
height of the stack of graphitic layers) and L, (width of the stack
of graphitic layers) were determined by XRD (Table S3). All
materials present an interlayer distance close to 0.34 nm, which
is slightly higher than that of perfect graphite (0.335 nm), where
that distance appears shorter for FLG and CNFs. On the other
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hand, FLG shows the largest values for L. and L,, followed by
CNFs. Together, the values of dy, L. and L, point to the
following degree of crystallinity: FLG > CNFs>CNTs~FM, con-
sistent with the Raman data (Figure S4).

The reactivity of these materials toward air oxidation was
probed by TGA (Table S3). The maximum decomposition rate
temperature of the four supports follows the order FLG>
CNTs>FM > CNFs, pointing to the higher reactivity of carbon
materials presenting surface edges. As HNO; treatment signifi-
cantly increases the amount of OFGs, XPS analyses were
performed to probe the surface chemistry of the supports. The
surface oxygen content determined by XPS follows the order
FLG <CNTs <CNFs<FM (Table S3). This oxygen content and
degree of crystallinity do not seem to be correlated, but the
former is expected to be correlated with the prismatic surface
area (vide infra). The XPS spectra were fitted with an analytical
function including three components (Figure S5 and Table S4).
These components were assigned to C=0 groups (component |
531.3-531.5 eV, including carbonyl, lactone, and carboxylic
groups), C—OH and/or C—O—C groups (component Il, 533.1-
5333 eV, ether and hydroxyl groups bonded to aromatic/
aliphatic), and chemisorbed water/oxygen sub monolayer
(component lll, 535.0-536.1 eV).?? The C=0/C—O ratio varies
from 0.8-1.2 between the different samples. Previous inves-
tigation by Sherwood has indicated that the valence band
region is more sensitive to changes in the surface chemical
environment than the core level.®¥ Separation of the mainly
02 s feature peak from the C2 s peak in the valence band can
be used to determine the nature of the surface groups.® It was
determined that the C—OH—type groups produces the lowest
separations between the O2s and C2 s peaks, while the CO,
—C—0—C—, and COOH groups show higher separations.”™ The
valence band spectra for the four samples are shown in
Figure S6. The spectra show an intense peak at 18 eV indicating
a significant amount of C 2 s intensity, which is expected for
carbon materials. In addition, there is also a peak at ~25 eV,
corresponding to an orbital of O 2's character. The O 2s-C 2s
peak separation for FM is higher (~11 eV) than that for the
other three samples (~7 eV), including CNF. The separations
and the analysis of the O 1s region (similar C=0/C—O ratio for
FM and CNF) indicate that the FM sample is likely to contain
significantly more —C—O—C— OFGs than the CNF sample.

DFT calculations and data for N, absorption were used to
determine the surface heterogeneity by N, adsorption potential
distribution. Representative distributions of the adsorption
potential of the four supports, calculated from the N,
adsorption data, are displayed in Figure S7. The absolute and
relative extent of non-basal plane and basal plane surfaces
were quantified (Table S5). Among all materials, FM does not
show any basal plane surface. The absolute and relative extent
of the surface area of the non-basal plane follows the order
FM >CNFs>CNTs>FLG. This order is consistent with the sur-
face oxygen content determined by XPS (Figure S8), and
confirms the higher chemical reactivity of the prismatic surface.
CNTs and FLG show a higher degree of defect surface than
CNFs and FM do. This could be due to the generation of a large
number of vacancies on the FLG and CNT surface during the
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oxidation treatment,®"” which could contribute to the defect
surface (Figure S7).

The characterizations of the oxidized supports reveal several
points that should be important for the stabilization of metal
single atoms. First, the DFT computed surface area of these
materials differs, with the FLG showing the lowest surface area.
Secondly, the prismatic surface area, which is the most reactive,
varies significantly between the supports. Finally, the number of
OFGs varies in the same way as the prismatic surface area of
the supports. These carbon support features are reported in
Table 1.

Supported Rh Catalyst Synthesis and Characterization

To understand the nature of active sites at the atomic level,
techniques such as ICP, AC HAADF-STEM, TPD, XPS, and DFT-
assisted XAS analysis were employed. Four different carbon-
supported rhodium catalysts with a nominal Rh loading of 1%
w/w were prepared on the oxidized supports. To produce
rhodium catalysts containing primarily Rhg,, a thermochemical
process was used to create vacancies on the carbon supports
by selectively removing carboxylic groups.® These defective
supports were then used to deposit 1% w/w Rh from the
tris(allyl)rhodium precursor by impregnation in pentane under
an inert atmosphere. The final carbon-supported rhodium
catalysts were obtained after low-temperature reduction with
H, (Figure S9). The impregnation method has already been
successfully used for the preparation of ultradispersed rhodium-
based catalysts.®’” The effective Rh loading in these samples
was determined by ICP-OES (Table 2) and found to be different
in the different samples. Good correlations were found between
the effective Rh loading and the prismatic surface area
determined by DFT calculations using data for N, adsorption or
data for the atomic % of oxygen determined by XPS (Fig-
ure S10).

Low- and high-resolution AC HAADF-STEM images of the
samples are shown in Figure S11 and Figure 2, respectively. Rhg,
can be seen in all samples. However, the presence of Rh clusters
is also visible in the Rh/FLG sample (Figure S11) and, to a lesser
extent, in the CNT sample (Figure S11 and Figure S12). The Rh
cluster size distributions for these two samples are shown in
Figure S13. The mean size of the Rh cluster (Rhy,) is decreasing
from 0.7 nm in Rh/FLG to 0.5 nm in Rh/CNT (Table 2). This size
difference was attributed to the higher prismatic surface area
and oxygen content for the CNT support, which should

Table 1. Main textural and surface properties relative to metal single atom
stabilization of the four carbon supports.
Support Textural properties XPS
DFT surface area (m’g™") Sprismatic (M2g™") %0
FLG 47 15 4.2
CNT 206 83 6.4
CNF 176 130 12.7
FM 274 274 15.9
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Table 2. ICP, XPS and STEM results for the four carbon-supported Rh catalysts.
Sample Rh loading (%)™ Surface Rh (at. %)[”’ Rh cluster size (nm) Rhsa/Rhy ratio Rhsa/Rhygga
STEM XPS
Rh/FLG 0.13 0.8 0.74+0.25 9 0.31 0.62
Rh/CNT 0.6 0.4 0.55+0.17 23 0.75 1
Rh/CNF 0.8 0.3 not detected - ~1 1
Rh/FM 1 0.3 not detected - ~1 1
[a] From ICP analyses. [b] From XPS analyses.

Rh/FLG

Rh/CNT

Figure 2. AC HAADF-STEM micrographs of the four carbon-supported Rh
catalysts (scale bar=10 nm).

contribute to a higher metal dispersion. The Rhg,/Rhy, ratio (a
number ratio) was measured for these two samples from
HAADF-STEM analyses of at least 1000 elements. It was 9 and
23 for Rh/FLG and Rh/CNT, respectively. This corresponds to an
atomic % of Rhg, relative to the total Rh (Rhg,+Rhyp)
determined by HAADF-STEM®® of 31% and 75% for Rh/FLG
and Rh/CNT, respectively (Table 2). For the other two samples,
although the presence of few small Rh clusters cannot be
excluded (particularly for the Rh/CNF sample, Figure S14), STEM
analyses do not help reveal them unambiguously, because
these samples are thicker and the density of Rhg, is quite high.

XPS analyses were performed on all four samples with
introduction of the samples via an Ar-filled transfer vessel from
a glove box under a controlled argon atmosphere, being able
to exclude any air oxidation. Figure S15 shows the deconvolu-
tion of the high-resolution O 1s spectra of the four catalysts
(the deconvolution results are given in Table S6). For all four
catalysts the O 1s core peaks are composed of two contribu-
tions at approximately 531.5eV and 533.0eV, they are
respectively assigned to C=0 and C—O bonds. No signs of Rh—O
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bonds (expected at approximately 530 eV) are observed here,
which is not surprising considering the low concentration of Rh.

Due to the thermochemical process used for the prepara-
tion of the catalyst, adsorbed water or carboxylic groups were
not observed as on the bare supports, and the C/O ratio is
higher than for the bare supports (Table S3). The C=0/C—O ratio
is higher for the Rh/CNT sample (1.3) than for the other samples
(0.5-0.75). The valence band spectra of the four catalysts are
shown in Figure S16a. As for the bare supports, the O 2s-C 2s
separation of Rh/FM is significantly higher (10.2 eV) than that
for the other three samples (7.6 eV). Figure 3 shows the
deconvolution of the high-resolution Rh 3d spectra of the four
catalysts (deconvolution results are given in Table S7). The high-
resolution Rh 3d XPS spectrum of Rh/FLG contains two broad
peaks corresponding to the Rh 3d;,, and 3d,,, states of the spin-
orbital splitting (they were fitted using two doublets). The peaks
at 307.4eV and 312.1 eV and the energy splitting value of
4.7 eV correspond to metallic Rhy, on FLG (Rh 3d;,=307.2 eV
for 1.3-3.9 nm Rhy,).% The slight upward shift of the binding
energy (BE) in Rh/FLG could be associated to charge transfer
from the Rh clusters to the support, as already observed for Rh
clusters deposited on CNTs,”” and modeled for Rh clusters on
graphene oxide”" The peaks at 309.2 eV and 315.5eV are
ascribed to oxidized Rh species. These peaks should correspond
to Rhg, exhibiting a strong interaction with the support
(electronic interaction between the outermost orbitals of the Rh
shell and the C/O of the support), with electrons transferred
from Rh to the support. It is worth noting that the oxidation
state of the oxidized rhodium species in Rh/FLG (BE=309.2 eV)
is close to that of Rh,0; (+ 3), for which the rhodium 3d;,, peak
is located around 308.4-309.5 eV.”? From this XPS analysis, the
atomic % of Rhg, in Rh/FLG is 62.5%, which is higher than the
value obtained from HAADF-STEM analyses (Table 2).

For the other three samples, the high-resolution Rh 3d XPS
spectra do not reveal the presence of metallic Rhy, and only
oxidized rhodium species with BE close to those observed for
Rh/FLG are detected. As STEM detected few or no Rh clusters
on these samples, this provides extra evidence that the rhodium
3ds,, peak at 309.2-309.5 eV should be due to Rhg,. The BE of
this peak is slightly higher for Rh/CNF and Rh/FM; i.e. for the
two supports presenting the largest prismatic surface. At that
point, it is possible to propose that the interaction of Rhe, with
the prismatic surface of FM and CNFs differs from that which
occurs with the defective surface of FLG and CNTs. The stronger
interaction of sub-nanometer Pt clusters and Pt;, on CNFs
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Figure 3. Core level XPS spectra of Rh 3d for the (a) Rh/FM, (b) Rh/CNF, (c)
Rh/CNT, and (d) Rh/FLG samples.

compared to CNTs have already been reported.?***¥ It is worth

noting that the surface rhodium concentration determined by
XPS on the four catalysts follows an opposite order to the Rh
loading determined by ICP (Table 2 and Figure S17). This could
be related to the location of Rhg, which may be mainly
stabilized on the defect/basal surface for FLG or on the
prismatic surface for FM.

Thus, it appears that prismatic surface favors a high metal
loading, whereas a defect/basal surface favors a high metal
surface concentration (Figure S18). The low surface Rh concen-
tration measured on CNFs and FM by XPS could be related to
the existence of Rhg, positioned at a very distant distance from
the edge planes and interacting only with the carbon atoms of
the basal planes in a sandwich-type structure (intercalated
Rhs),2**? as in Graphimet catalysts.”*** |t has been predicted
that Rhg, intercalation between graphene layers will be
thermodynamically favorable in the case of Rh because of its
small effective Shannon ionic radius.*® Different intercalation
mechanisms have been proposed for metal atoms, involving
carbon vacancies®” or edges.*® We performed DFT calculations
to confirm this hypothesis, but the results obtained (Figure S19)
do not support such configuration and are not in accordance
with experimental XAS data (vide infra). Another explanation of
the segregation of Rh on the FLG surface is that for this support
confinement of the metal in pores is not possible, whereas
metal particle confinement in CNFs or CNTs has been
reported.*” Figure S16b presents the evolution of the Rh
valence band, assigned to the presence of filled Rh 4d t,,
states,”® for the four catalysts (after subtracting the support
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contribution). The shift of the centroid of the Rh 4d valence
band towards high BE observed for Rh/CNF and Rh/FM
compared to the Rh/CNT and Rh/FLG samples can be attributed
to a higher atomic % of isolated Rhg, in these samples or to the
presence of small Rh clusters in strong interaction with the
support.”" In the catalyst series, the d-band center of Rh was
found at 3.4+0.2 eV for Rh/FLG, 3.3+0.2 eV for Rh/CNT, 3.6 -
0.2 eV for Rh/CNF, and 3.6 0.2 eV for Rh/FM. These values can
be correlated to the amount of OFGs on the support (Fig-
ure S20). The correlation between the d-band center position
and the oxygen content of the support can be explained by the
changes in electronic properties of the support. The decrease in
the work function (@) of carbon supports with decreasing
oxygen functionalities has been discussed in the literature.”?
For the present study, the decrease of OFGs in FLG and CNTs
would progressively lower the @ of the graphenic layer, thus
increasing the difference between the @ of Rh and that of the
support.

It has been proposed that the TPD-MS profiles of carbon-
supported metal catalysts can provide valuable information on
the influence of OFGs on the metal grafting."*® Thus, it was
shown in the case of Ru and Pd catalysts that metal deposition
induces the formation of new CO, releasing groups, the
decomposition of which results in the presence of narrow
(catalytic decomposition) and intense peaks.'®**® The TPD
spectra of the four air-exposed catalysts are shown in Fig-
ure S21. No signature of a Rh-catalyzed decomposition of a Rh-
surface acetato ligands interface is observed. The quantity of
CO emitted by the catalysts (Rh/FM >Rh/CNF~Rh/CNT > Rh/
FLG) is significantly greater than that for CO, and H,. We verified
in the case of the Rh/FM catalyst that this quantity of emitted
CO is significantly greater than that of the support alone
(Figure S22). This phenomenon can be explained if we assume
that a surface reconstruction operates upon air exposure of the
catalyst, which should involve the rhodium species, surface
carbon atoms and oxygen."®”

To validate the atomic dispersion of rhodium atoms in the
catalysts and explore the Rhs, coordination structure, X-ray
absorption spectroscopy (XAS) analysis was carried out with the
help of structural models established from DFT.®¥ It is worth
noting that the low metal loadings of SACs and the strong
influence of the support render of the analysis of XAS data
more difficult in comparison to the case of bulk materials.®**>¢
Figure 4 shows the normalized X-ray absorption near edge
structure (XANES) spectra obtained at the Rh K-edge for the
four rhodium catalysts. The XANES spectra for a metal Rh foil
and rhodium oxide are also shown in the energy range from
23220-23260 eV.

The XANES spectra for the four catalysts are different from
both the Rh-foil and rhodium oxide, where Rh atoms are not
oxidized and have a formal oxidation state + 3, respectively. A
survey of the experimental data shows that the XANES spectra
of the Rh/FLG sample and Rh metal are similar, indicating that
Rh atoms in the former are in a metallic state. The Rh atoms in
the other 3 catalysts appear partially oxidized but not as much
as Rh®* atoms in Rh,0,. The local coordination environment of
Rh atoms has also been investigated by a non-linear least
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Figure 4. (a) XANES spectra of the Rh K-edge for the four carbon-supported
Rh catalysts, and (b) selected region of the XANES spectra for better
understanding of the pre-edges. All four samples exhibit pre-edges that are
different from both Rh-foil and rhodium oxide.

square fitting of the k*-weighted EXAFS spectra in real space.”®
The spectra are shown in Figure S23 and Figure 5. A detailed
description of EXAFS experiments and data processing can be
found in refs.”” Based upon HAADF-STEM images of the four
catalysts (Figure 2), it can be expected that Rh atoms on FM
and CNFs are coordinated by atoms from the carbon support
alone (no Rh clusters are seen in the respective images)
whereas Rh atoms on CNTs and FLG have both carbon and Rh
neighbors (Rh clusters are seen in the respective images).
Figure 5 shows that, of the four catalysts, the EXAFS spectra of
Rh atoms in FM and CNFs exhibit two peaks, which, based on a
comparison with the XAFS spectra of Rh metal and Rh,0,
(Figure S23), can be unambiguously attributed to the Rh—C and
Rh—Rh near neighbor correlations. The results are consistent
with the HAADF-STEM images. Notably, the Rh—Rh peak in the
EXAFS data for Rh/FLG appears more intense in comparison
with Rh—C peak, indicating the presence of Rh clusters. The
Rh—Rh peak in the EXAFS data for Rh/CNT appears less intense
in comparison with Rh—C peak, indicating that here Rh clusters
are smaller in size/number in comparison to those in Rh/FLG.
On the other hand, the EXAFS spectra for Rh/CNF and Rh/FM
lack a Rh—Rh peak, indicating that these two samples include
Rhg, alone.
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Figure 5. EXAFS fitting curves and realistic DFT models for (a, e-f) Rh/FLG, (b,
g) Rh/CNT, (¢, h) Rh/CNF, and (d, i) Rh/FM. The experimental and fitted EXAFS
results are shown in black and red, respectively. Note that the distances in
the EXAFS spectra in (a-d) are not phase corrected. The phase corrected
distances are given in in Table 3. (f) Charge distribution plot (blue and red
colors indicate areas of charge depletion and accumulation, respectively).

DFT generated models (see below) provided initial values
for Rh—C and Rh—Rh bonding distance and coordination
numbers in fitting the experimental EXAFS spectra. The fits are
shown in Figure 5a-d. The resulting bonding distances and
coordination numbers are summarized in Table 3. To rationalize
the coordination structure of the support and the different Rh
species, DFT simulations have been performed. For the design
of the support presenting a greater proportion of basal planes,
such as in CNTs and FLG, rhombohedral trilayer graphene (TLG)
with ABC stacking order was considered. Stone-Wales (SW)
defects,®™ single and multiple vacancies (SVs and MVs),*¥ and/
or substitutive oxygen atoms were also introduced as exper-
imentally predicted defects (Figure S24). Previous DFT calcula-
tions have shown that vacancies, which can be present in the
catalysts since they were prepared without any air exposure,
and unsaturated sites are the preferred anchoring centers on
carbon surfaces, exhibiting higher binding strength with metal
precursors.®™™ Once the different TLG have been emptied and/or
O-decorated as a surface defect engineering strategy,®” they
can be used as supports for metal deposition. The experimental
results provided similarities and differences about the average
structural information of the species present in Rh/FLG and Rh/
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Table 3. Structural parameters (distances, R in A, and average coordination numbers, CN) from the EXAFS fits.
Sample Rh—C shell Rh—Rh shell
Rew Reaic CN Rexp Reatc CN
Rh/FLG 1.984 2.091 1.62(0.61) 2.689 2.687 2.52(0.74)
Rh/CNT 1.905 2.072 4.19(0.35) 2715 2.715 0.69(0.15)
Rh/CNF 2.023 2.083 5.33(1.50) - - -
Rh/FM 2.062 2.069 4.74(0.85) - - -

CNT. Both surfaces present two shells, the first corresponding to
Rh—C and the second corresponding to Rh—Rh.

No significant differences are seen for each of the bond
lengths between the two surfaces. In particular, the intermetal-
lic distance is very close to the Rh—Rh distance in the bulk metal
(2.69 A). However, the local atomic coordination differs mark-
edly, leading to the stabilization of different Rh species. Given
the low Rh—Rh CN (0.69), Rh/CNT seems to incorporate single
atoms and/or dimers in close contact with the carbon plane
(average Rh—C CN of 4.20). For Rh/FLG, given the higher Rh—Rh
CN (2.52), it seems to incorporate Rh clusters, where only a few
atoms of their surface are close to the carbon plane, resulting in
a relatively low Rh—C CN of about 1.62.

For Rh/FLG, the inclusion of isolated Rh,, clusters was carried
out considering n values between 3 and 13. Such models
(according to their size) are representative of highly dispersed
Rh catalysts (Figure S11).

The anchoring of the clusters takes place preferably on a
pristine divacancy, since the Rh—C CN of about 1.62 would
prevent the metal-support interaction through a single vacancy
(1 V=G;, tri-coordination) and the elimination of more than two
atoms can give rise to larger and more complex defective
configurations.” Thus, the best models in terms of energy and
consistency with the EXAFS results are made up of clusters with
four, five, and thirteen Rh atoms, mainly coordinated on the
TLG through a vertex or one of the two exposed crystal facets,
{100} and {111}. After selecting the models which were
consistent with the experimental data and thermodynamically
stable, the corresponding adjustment and classification is made
in terms of the usual bonding distances and goodness-of-fit
values and from other analytical techniques. Among the
computational models that best fit the experimental data, the
triangular bipyramid Rhs supported on a vertex (model FLG-26)
and a {111} facet (models FLG-30 and FLG-31), and the
icosahedral Rh;; supported on a vertex (model FLG-48) stand
out. Despite exhibiting a slight distortion, the final clusters
agree with freestanding geometric structures reported for the
same cluster size,"***? suggesting that being supported did not
result in a significant structural alteration. In terms of stability,
they present binding energies per rhodium atom between 4
and 17 kcalmol ™, clearly below those calculated for the Rh/CNT
models (vide infra). The best model in terms of energy and
consistency of the experimental EXAFS data, is the Rh catalyst
with the 13-atom nanocluster with distances of 2.09 A for Rh—C
and 2.69 A for Rh—Rh. The model is shown in Figure 5e and
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Table 3, while the rest of the Rh/FLG models are presented in
Figure S27 and Table S9.

For Rh/CNT, the anchoring of single atoms and dimers was
modeled. The energetic and structural features and correspond-
ing structures for the rhodium catalyst models are summarized
in Table S10 and Figure S29, respectively. Some of the consid-
ered systems also include the presence of hydrogenated Rh
species since H, was used as reducing agent during the
synthesis process. Assuming that metallic speciation is restricted
to Rhg, and Rh,, the value of 0.69 for the Rh—Rh CN requires the
coexistence of both species. For the Rhg, models that most
closely resemble the experimental results, the anchoring sites
correspond to single O-decorated vacancies and any of the
divacancies. Binding energies range from 6-104 kcalmol™', with
average Rh—C distances around 2.03 A spanning mean CN of
3.0 and 4.5. But taking into account that a Rh,, regardless of
the size or decoration of the vacancy it occupies, causes the
absence of the Rh—Rh coordination shell (relative to the metal-
metal interaction), the experimental results would show a
higher proportion of dimeric species than of monomeric. Thus,
omitting those with very low Rh—C CN (on the order of 2.0) or
thermodynamically unstable (based on their binding energies
per metal atom), the Rh, models that care consistent with the
experimental results show ‘double or quadruple vacancies,
pristine (undecorated) or oxygen decorated. Therefore, the
different models optimized from DFT were used to fit the
experimental data and the good models were sorted out on the
basis of average bonds and their distances and also goodness-
of-fit values. Computational models that fit the experimental
data well are those in which the dimer is located in a partially
O-decorated double vacancy (2 V-C;0,, model CNT-14) and in
pristine and partially O-decorated quadruple vacancies (4 V-Cg,
models CNT-15 and CNT-16, and 4 V-C,0,, model CNT-17). They
present high stability in terms of energy. Among them, the
model CNT-17 (Rh, deposited in the O-decorated 4V), with
binding energies greater than 69 kcalmol™' per Rh atom,
structurally remarkably reproduces the presence of two peaks
in the EXAFS data, turns out to fit better, with distances (2.07 A
for Rh—C and 2.72 A for Rh—Rh) approaching those determined
experimentally. This best model is depicted in Figure 5f and
Table 3, while the rest of the Rh/CNT models are represented in
Figure S30 and Table S11.

To design the carbon supports with the higher proportion
of prismatic planes (CNFs and FM), a bilayer zigzag graphene
nanoribbon (BZGNR) was used as a model. Such nanostructures
exhibit unique properties, such as localized electronic states
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and spins, with magnetic properties.®® The symmetric and
asymmetric H-terminated models were evaluated to provide a
comprehensive view of the AB/AC stacking boundaries in
bilayer graphene nanoribbon (Figures S31a-d). Structurally, the
ribbon pairs exhibit a very small but notable curvature, with
average ribbon-to-ribbon distances ranging between 3.50-
3.56 A, substantially longer than the characteristic 3.35 A in
graphite. At different edges, the bilayers show magnetic proper-
ties in the antiferromagnetic state, as for single layers.*”
Furthermore, as for carbon materials containing mainly basal
planes, XPS analyses support the presence of numerous OFGs
for such support. Since it is a carbon edge model, the
experimentally detected abundant functionalities are located
strictly in the zigzag termination,*? among which are ethers,
isolated carbonyls, hydroxyls/phenolics, lactones, carboxylic,
anhydrides, and carbene-like active sites (Figures S31e-q). All
supports are modeled to have an even number of electrons, so
an oxygen atom (as a carbonyl functional group on the
opposite edge) is added to the systems incorporating carbene-
like active sites, ethers, and isolated carbonyls.® For the other
graphene nanoribbons, no additional heteroatom is needed.
Importantly, the spin density distribution of these active sites
showed significant electron spin polarization (spin density~1
electron spin).

Regarding the average structural information of the species
present in Rh/CNF and Rh/FM, the main difference with respect
to Rh/FLG and Rh/CNT is the exclusive presence of the first
Rh—C shell (on both prismatic surfaces), the corresponding
average bond lengths being around 2.08 and 2.07 A for Rh/CNF
and Rh/FM, respectively. Moreover, the Rh—C coordination in
CNF and FM are comparable, leading to the deposition of
similar metallic species. Given the lack of Rh—Rh distances
(within the experimental sensitivity), these materials appear to
mostly embed Rhg, that are close to the edges of the carbon
plane, with mean Rh—C coordination numbers between 4.7 (for
Rh/FM) and 5.3 (for Rh/CNF). Unlike CNTs and FLG, for which
the creation of surface defects plays a crucial role to stabilize
Rhg,, the presence of unsaturated carbon atoms at the edges of
prismatic materials serves as anchoring sites for metal adsorp-
tion. Since the EXAFS characterization of Rh/CNF and Rh/FM
shown a similar coordination environment for Rhg,, the same
catalyst models were developed for both. The energetic and
structural characteristics and corresponding structures for the
rhodium catalyst models are summarized in Table S12 and
Figure S32, respectively. In general, the models turn out to be
thermodynamically stable, with binding energies approaching
39 kcalmol™'. Among H-terminated BZGNR, the asymmetric AC
stacking (model CNF-5/FM-5) offers Rh—C structural parameters
reasonably close to those found experimentally, although
slightly overestimated (average bond length around 2.27 A and
mean CN of 6.00). However, modifying this stacking with O-
containing functionalities leads to more competitive models,
with bond lengths values dropping to 2.10 A and mean CN of
5.00. These significant decreases allow for better EXAFS fitting.
Consequently, the experimental data were fitted with these
models and classified in terms of the usual goodness-of-fit
values. Among the computational models for Rh/CNF that are
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consistent with the experimental data, we can find the supports
with a carbene-like active site (model CNF-7), an ether oxygen
atom (model CNF-9), or an isolated carbonyl motif (model CNF-
11). For Rh/FM, the better models correspond to the supports
with an isolated carbonyl (model FM-11), carboxyl (model FM-
17) or hydroxyl motif stand out (model FM-13), considering the
energetics and bonding distances along with the goodness of
fit, the models were ranked and sorted out. From the
coordination point of view, the only Rhg, perfectly accommo-
dated in the vicinity of the point defect occurs with the
carbene-like active site because the zigzag edge continues to
provide an unsaturated site (localized electronic state). The Rhs,
are pushed away from the OFGs due to saturation of the active
carbons (non-magnetic local edge state), preferring to interact
as in fully H-terminated edges. Consequently, the model
presenting the greatest stability is the one decorated with the
carbene-like active site, followed by those decorated with
carboxyl, ether, carbonyl and hydroxyl, with binding energies of
23.7, 13.8, 5.1, 3.2 and 2.1 kcalmol™", respectively. Finally,
considering exclusively the best model for Rh/CNF and Rh/FM
(respectively carbene-like active site and isolated carbonyl
motif), from the structure point of view they reproduce
relatively well the EXAFS data, resulting in distances and
reasonable average coordination numbers (2.18 A and 5.00,
respectively). The best models are shown in Figure 5h and
Figure 5i, respectively, and Table 3, while the rest of the Rh/CNF
models are represented in Figure S33 and Table S13, and for
Rh/FM in Figure S34 and Table S14. The presence of a carbonyl
near the Rh in the Rh/FM model may be correlated with the
fact that XPS analyses showed that this catalyst contained more
oxygen than Rh/CNF.

Finally, calculations were also performed to assess the
effective atomic charges for the four best models shown on
Figure 5. The results are presented on Table S15. The values
obtained, [Rh,;1*** for Rh/FLG, [Rh,]"** for Rh/CNT, and [Rh,]®”*
for Rh/CNF and Rh/FM, agree with the pre-edge features of the
XANES profiles of the four catalysts. These results also confirm
the XPS analyses, which evidenced that the Rh species tend
towards being cationic on all the carbon supports. It is worth
noting that in the case of Rh/FLG, the loss of electron density
from the Rh,; cluster to the support caused the charges in the
upper and lower layers of the Rh,; cluster to be positive, 0.6
and +26|e|, respectively (Figure5f). A different charge
distribution was predicted for Rh,; on graphene oxide, a
support showing a high concentration of OFGs.*" In that case,
the support induced an electronic redistribution of the Rh,;, the
net charge being positive at the bottom region (+1.6|e|) but
negative at the top (—0.3|e|). This should influence chemical
reactivity.

Evaluation of Catalytic Performances
The results of the characterization of the four catalysts show
that they present notable differences both in terms of support

and active phase. The supports predominantly present different
surfaces, decorated with different types and amounts of OFGs.
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Rhodium species have different nuclearity (clusters and/or
single atoms), are present on basal or prismatic surfaces and
show various coordination. In particular, the analyses performed
by XAS and XPS show the difficulty of detecting small quantities
of clusters, which were visualized by STEM analyses in samples
presenting essentially Rhg,, such as the Rh/CNF catalyst (Fig-
ure S14). Recent studies have already highlighted this
difficulty.® Other studies have shown that catalysis itself could
constitute a powerful characterization tool for the study of this
type of systems. Indeed, metallic species of various nuclearity®®”
or metal single atoms of different coordination environment!
show different reactivity. As reactions involving molecular
hydrogen constitute the main industrial applications of carbon-
supported precious metal catalysts,*” the reactivity of the four
catalysts have been investigated for different model reactions,
including: the hydrogenation of phenylacetylene (PhA) and
nitrobenzene (NB), and the hydroformylation of 1-octene (1-O)
and styrene (ST). Each of these reactions, for which rhodium has
been shown to be active, can provide important and comple-
mentary information on performance of the catalyst (activity,
selectivity and stability), which is dependent on its structure.
Indeed, catalyst performance can be impacted by each of the
catalyst feature discussed below: nuclearity,”” coordination,””
and support surface chemistry.”? Each of these catalytic
reactions was repeated at least twice to ensure the reproduci-
bility of the results obtained.

For hydrogenation reactions on noble metal catalysts, the
significant energy barrier to achieving H, activation by hetero-
lytic dissociation makes single atoms significantly less active
than higher nuclearity species, for which facile homolytic H,
dissociation may occur.” Recently, it was demonstrated that
this disadvantage of single atoms in hydrogenation catalysis
could be overcome by mixing them with nanoparticles or
clusters on the same carbon support.” Molecular hydrogen is
easily activated on metal nanoparticles/clusters, and hydrogen
spillover provided Mq,—H species, which are more active than
Myp/custer TOT alkene/alkyne hydrogenation.”

Selective hydrogenation of PhA to ST is an important
reaction to increase the purity of the styrene monomer. This
reaction presents both conversion and selectivity issues.
Although the hydrogenation of alkynes is usually performed
under relatively mild conditions with Pd catalysts, both rhodium
nanoparticles and single atoms have been reported to be active
for this reaction.” In the case of Pd, it was shown that clusters
or nanoparticles are much more active than single atoms,””
and that Pd;, can be more selective than Pdyp/cusers "
Cooperative catalysis between Pd nanoparticles/clusters and
single atoms was also reported.”*® The reaction was carried out
at 100°C and 5 bar of H, in methanol with a PhA/Rh molar ratio
of 2000, and the results obtained are shown in Figure 6a. It is
worth mentioning that contrarily to Pd catalysts, which allow
running the reaction at room temperature, the use of rhodium
requires higher temperature, since the reaction did not proceed
at room temperature. This might be related to the lower ability
of Rh to activate H,. Indeed, although H, dissociative chem-
isorption is almost barrierless on Pd/C,"® this is not the case for
Rh/C’ The chemisorption of H, on the different model

68]
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catalysts of Figure5 was probed by DFT, confirming this
statement. The estimated adsorption energies are
—25kcalmol™ for Rh/CNF, —9.2kcalmol™ for Rh/FM,
—16 kcal mol™" for Rh/CNT and —17.5 kcalmol™" for Rh/FLG. On
the Rh,; cluster, the H-H bond is activated resulting in a bond-
length of 1.01 A. The catalyst activity (moly,,, converted per mol
of total Rh and per h) was measured after 2 hour reaction, and
the selectivity of the catalyst toward ST was measured at 65%
isoconversion. The catalyst with the highest proportion of
metallic rhodium (Rh/FLG) is the most active, presenting a
selectivity towards ST of 74%. In this catalyst, cooperative
catalysis between Rh s and Rhs, could be operative. The Rh/
FM catalyst, which should present the highest proportion of
Rhsa (STEM, XPS and XAS analyses) is the least active but the
most selective (S4.65% =82%). HAADF-STEM analyses per-
formed on this catalyst after the catalytic test confirm the
stability of the Rhg, under these conditions (Figure S35). The
fact that Rh/CNT and Rh/CNF behave similarly in terms of
activity (with an activity intermediate between Rh/FLG and Rh/
FM) strongly suggests that the Rh/CNF sample must contain, as
Rh/CNT, minimal amounts of Rh clusters that were not detected
by XPS and XAS, but visualized by STEM (Figure S14). To
evaluate the impact of Rhg, location (basal versus prismatic
plane) on catalyst performance, Rh/CNT and Rh/FM catalysts
exhibiting a nominal Rh loading of 0.2% w/w (confirmed by ICP
analyses) were independently prepared. These catalysts contain
exclusively Rhg, (Figure S36). Figure 7a and Figure S37 shows
the performance of the two catalysts. The 0.2Rh/FM catalyst, for
which Rhg, are located on the prismatic surface is more active
but less selective than the 0.2Rh/CNT catalyst, for which the
Rhg, are deposited on the basal surface. It is surprising that the
0.2Rh/FM catalyst is more active and less selective than the
1Rh/FM one (Figure S37). An explanation of this phenomenon
could be an influence of the Rhg, density on the catalytic
performance. Recent developments of high-density SACs, which
can be considered as representative of the TRh/FM catalyst,
have shown that single-atom density affects the electronic
structure and catalytic performance including for selective
hydrogenation.®”

However, there is no unified theoretical guidance to ration-
alize the site-site interaction in high-density SACs, and efforts
are still needed to investigate such interactions for under-
standing structure-performance relationships. Since the Rh/FM
catalyst shows the best performances in term of selectivity, we
have examined its stability during six consecutives runs. The
results of these experiences (Figure S38a) show the high
stability of this catalyst during phenylacetylene hydrogenation.
Finally, we also compared the performances of the Rh/FM
catalyst with those of a commercial 5%Rh/C catalyst. Fig-
ure S38b shows the results obtained for a run of six hours with
these two catalysts. The Rh/FM catalyst is more active and more
selective than the Rh/C catalyst.

Hydrogenation of NB is an industrially important reaction
leading to the production of aniline (AN) for the plastics
industry. The use of this substrate is rationalized because, unlike
PhA, NB contain a polar group, which upon coordination could
favor the activation of H, on Rhg,. Indeed, DFT calculations have
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Figure 6. Catalytic results obtained with the four carbon-supported catalysts for: (a) phenylacetylene and (b) nitrobenzene hydrogenations; and (c) 1-octene
and (d) styrene hydroformylations. Each experiment was repeated twice. The bars correspond to standard deviation.

shown that the co-adsorption of NB and H, could reduce the
energetic barriers for the dissociation of H, on Rhg,.®" Highly
dispersed Rh-based catalysts have been shown to be efficient
and selective toward amino groups for the hydrogenation of
nitroarene,®” and cooperative catalysis between Rhg, and Rhy,
has been reported.®® The hydrogenation of NB was carried out
at 100°C and 5 bar of H, in methanol with an NB/Rh molar ratio
of 2500, and the results obtained are shown in Figure 6b. All
catalysts produced selectively AN (Figure S39). The catalyst
activity (molys converted per mol of total Rh and per h) was
measured after 1.5 hour reaction. As in the case of PhA
hydrogenation, the most active catalyst is Rh/FLG, followed by
Rh/CNT and Rh/CNF. This order of reactivity, Rh/FLG > Rh/CNT >
Rh/CNF, should reflect the concentration of metallic Rh in these
sample, which can perform the reaction directly or in synergy
with Rhg,.

The behavior of Rh/FM is significantly different in the
hydrogenations of PhA and NB. Although this catalyst (at 1%
w/w Rh) is the least active of the series in the hydrogenation of
PhA, it performs almost as well as the Rh/FLG catalyst for NB
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hydrogenation. Since it has been shown that some carbon
materials can catalyze this reaction with no metal addition,®
the reactivity of the FM support was sought. After 1.5 h reaction
with FM as catalyst, no conversion of NB was measured,
precluding the direct involvement of the support to hydro-
genate NB. The surface chemistry of the support can also
impact the catalytic activity of the metal. Indeed, it was
proposed that the presence of large amounts of OFGs on
activated carbon supports positively influenced the adsorption
of NB, which led to an improvement in hydrogenation rate.®
Although these results could also arise from different porosity
of the activated carbon supports® we investigated the
adsorption of NB on the four supports. Figure S40 shows that
the FM support, which present the higher DFT surface area and
amount of OFGs, adsorbed a twice as much NB as the other
supports. This could contribute to the high activity of the Rh/
FM catalyst.

Since DFT calculations have predicted that NB and H, co-
adsorption could facilitated H, activation on Rhg,, we also
examined this by DFT for the four model catalysts. Interestingly
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Figure 7. Catalytic results obtained with the Rh/CNT and Rh/FM catalysts for:
(a) phenylacetylene; and (b) nitrobenzene hydrogenations.

for all the models, the NB adsorption is stronger than the one
of H,. The «corresponding adsorption energies are
—13.4 kcalmol™" for Rh/FM, —19.6 kcalmol™ for Rh/CNT, when
it is —32.9 kcalmol™" for Rh/CNF and —39.9 kcal mol™' for Rh/
FLG. Our attempts to coordinate both reactants on the
proposed active site, show that: (i) for Rh/CNF configuration, H,
is systematically repelled (Rh—H, distance is around 3.2 A), (ii)
co-adsorption is favorable for Rh/CNT system, (iii) this co-
adsorption is also possible for Rh/FM and Rh/FLG, the latter
being the most favorable due to the large number of available
sites on the Rh cluster (see Figure S41 for optimized structures
snapshots). In that specific case, the NB adsorption on the top
site of the cluster even helps to dissociate H,, the resulting H—H
distance being 1.83 A. Those statements can help to rationalize
the catalytic properties of the different system. The weakest
activity of the Rh/CNF systems may be related to the
impossibility of co-adsorbing H, and NB directly, due to steric
effect, meaning that the active site must be first hydrogenated.
For the others three systems, activity is improved due to the
presence in the vicinity of the active site of other species, such
as metallic atoms (as in Rh/CNT or Rh/FLG) or O atoms, as in Rh/
FM, that keeps H, molecules available for a further activation.
As metal sintering was reported for Rh/C catalysts during NB
hydrogenation,® we examined by AC HAADF-STEM the Rh/CNT
and Rh/FM catalysts after catalysis. Figure S42 shows that
significant sintering occurs for both catalysts. The presence of
Rh nanoparticles on the FM support could also contribute to
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the high activity of this catalyst thanks to cooperative catalysis
between Rhg, and nanoparticles.

For this reaction also, the impact of Rhg, location (basal
versus prismatic plane) on catalyst performance was evaluated
with the 0.2%Rh/CNT and 0.2%Rh/FM catalysts (Figure 7b). As
for PhA hydrogenation, the activity measured for the 0.2%Rh/
FM catalyst is more than double than that measured for 0.2%
Rh/CNT, confirming the higher activity of Rhe, deposited on the
prismatic surface. However, since in that case metal sintering
occurs, we cannot preclude a cooperative catalysis between
Rhg, and Rhguers that will be more efficient on the 0.2%Rh/FM
catalyst. Indeed, this support, which contain higher amount of
OFGs, should allow an enhanced H-spillover.®™

Hydroformylation is a process for the production of
aldehydes from alkenes and syngas, which is conducted
industrially with homogeneous Rh or Co catalysts.®” Significant
efforts have been devoted to developing supported Rh catalysts
containing nanoparticles, clusters or even single atoms for this
reaction.®™ As for hydrogenation reactions, cooperativity be-
tween Rhg, and Rh s Was reported for the hydroformylation
reaction.® Recurring problems related to the use of such
systems are: (i) the release of rhodium in solution (leaching)
under hydroformylation conditions,”™ and (ii) selectivity issues
for aliphatic substrates due to the high isomerization/hydro-
genation rate of such alkenes.">*" The study of this reaction
should allow obtaining information on the influence of the Rh
environment on the stability of the catalyst against leaching, as
well as on the selectivity obtained. Selectivity refers to side
reactions such as isomerization (chemoselectivity), but the most
important is regioselectivity, since both linear (n) and branched
(iso) aldehydes can be produced from terminal olefins. The
hydroformylation of 1-O was carried out at 70°C and 20 bar
(CO/H,=1) in toluene with a 1-O/Rh molar ratio of 1000. The
performances of the four supported catalysts were compared
with a homogeneous catalyst, the rhodium(l) [Rh(CO),(acac)]
complex, abbreviated as [Rh]. The catalyst activity (mol, o
converted per mol of total Rh and per h) was measured in a
0.75 hour reaction and the results obtained are shown in
Figure S43a. Isomerization of the 1-O double bond occurred
largely during the reaction, regardless of the catalytic system
used (Figure S43b). The aldehydes, 1-nonanal (1-Nal) and 2-
methyloctanal (2-MOal), were obtained together with large
amounts (>90%) of isomerization products (no hydrogenation
to octane was observed). This significant isomerization may be
related to the conditions used (relatively low pressure and
temperature), which are known to favor isomerization over
hydroformylation.”® Significant Rh leaching for the supported
catalysts was measured by ICP analyses performed on the post-
test solutions after catalyst filtration (Figure S43a). As expected,
the most important leaching was measured for Rh/FLG, i.e., the
catalyst showing the highest proportion of metallic Rh, since for
the metal SA to be stable, its binding energy to the support
must be greater than the cohesion energy of the bulk metal.”™
The Rh/CNT catalyst, which presents a higher proportion of
metallic Rh than Rh/CNF and Rh/FM, shows the lowest leaching
value of the series, indicating that, under these conditions, the
Rhg, coordination on the basal/defect surface (Rh/CNT) is more
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stabilizing than on the prismatic surface (Rh/CNF and Rh/FM).
This agrees with the XAS measurements, which give a shorter
Rh—C bond length in the Rh/CNT sample (1.90 A, CN=4.2) than
in Rh/CNF (2.02 A, CN=5.3) and Rh/FM (2.06 A, CN=4.7). The
measured leaching values suggest that part of the activity of
the supported catalysts is linked to molecular species in
solution. However, the measured activities remain high enough
to be able to state that Rhg, must contribute significantly to the
activity (Figure S43c). It should be noted that although the Rh/
CNF and Rh/FM catalysts have similar leaching values (~35%),
their activities are significantly different, with the Rh/FM catalyst
being even more active than the molecular complex. Consider-
ing the fact that Rh/CNF and Rh/FM catalysts present a similar
surface concentration of Rh (XPS) and a similar environment for
Rhs, (XAS), this difference in reactivity suggests that, as in
homogeneous catalysis, subtle changes in the coordination
sphere of the Rhg, (Figures 5g-h) can significantly impact
catalytic performance. The performance of the series of catalyst
related to hydroformylation (aldehyde production) is reported
in Figure 6¢c. The hydroformylation activity follows the same
trend as the overall activity (Figure S44). The n/i ratio (linear to
branched aldehydes) ranged between 2.5-2.8 for all catalysts,
except for Rh/FLG, which presents a ratio slightly lower than 2.
Although reasons related to the steric hindrance (long or short
range) to explain differences in regioselectivity have been
proposed,® electronic effects have also been advanced.™
Difference of n/i ratio during hydroformylation of hexene on
Rh/C catalysts prepared on different carbon supports have
already been reported.®® In particular, significant drops of the
n/i ratio were observed when the alkene conversion ap-
proached 100%. The notable decrease of the n/i ratio was
attributed to the hydroformylation of internal alkenes. In our
case, the conversion achieved with the Rh/FLG catalyst is 98 %
in 30 minutes, while it ranges between 50-80% for the other
catalysts (Figure S43b). The lower n/i ratio obtained with the
Rh/FLG catalyst was therefore attributed to the hydroformyla-
tion of the internal octenes on this catalyst, which is the most
active.

The same series of catalysts was tested for the hydro-
formylation of ST. In that case, no chemoselectivity issues are
expected, explaining why the performance of SACs are usually
evaluated on this substrate. The hydroformylation of ST was
carried out at 100°C and 20 bar (CO/H,=1) in toluene with a
ST/Rh molar ratio of 1000 and the performance of the catalyst
series is reported in Figure 6d. The catalyst activity (mols
converted per mol of total Rh and per h) was measured after
1.5 hour reaction. Significant leaching of Rh was also measured,
between 50-609% for Rh/FLG, Rh/CNF and Rh/FM, and only 24 %
for Rh/CNT, confirming the higher stability of Rhs, in this
catalyst. We observed by AC HAADF-STEM the Rh/FM catalyst
after an hydroformylation test to probe the nuclearity of Rh
species. Figure S45 shows that the remaining rhodium is mainly
present as single atoms on the used catalyst, and no significant
aggregation was observed, indicating the robust nature of
some Rhg,. As for O-1 hydroformylation, the Rh/FLG catalyst is
more active than the molecular catalyst and Rh/CNT presents
the lowest activity. Keeping the balance between stability (Rh/
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CNT) and activity (Rh/FLG) is therefore a challenge, as reported
for oxide supported Rhg, hydroformylation catalysts.”"®” Sur-
prisingly, the order of reactivity of Rh/CNF and Rh/FM is inverse
compared to O-1 hydroformylation, with Rh/CNF being the
most active catalyst. The n/i ratio does not change much
between the different catalysts. However, leaching of metal
species in solution, resulting in potential contributions from
homogeneously catalyzed pathways and net metal losses, often
remains a major concern.

This study on the catalytic reactivity of the produced
catalysts confirms the importance that such characterization
can have, which is an essential complement to spectroscopic
and microscopy studies. In particular, the study of reactivity
makes it possible to refine the characterization in terms of
speciation, a parameter often neglected in studies aiming to
compare the reactivity of SACs to those of clusters or nano-
particles. Indeed, there is still a lack of analytical techniques
that can readily provide quantitative information on the atomic
fractions of metal single atoms and the co-existence of metallic
clusters.”®

Conclusions

A series of supported catalysts containing Rh single atoms has
been prepared on carbon materials presenting different basal/
prismatic surfaces. The structural characterization coupled to
modeling suggests a higher proportion of metal single atoms
on carbon materials presenting prismatic surface. Unlike
materials presenting basal surfaces, for which the creation of
surface defects plays a key role to stabilize single atoms, the
presence of unsaturated carbon atoms at the edges of prismatic
surface serves as efficient anchoring sites for metal adsorption.
Overall, our results confirm the difficulty in detecting few
amounts of small clusters in samples containing predominantly
supported metal single atoms, even combining several cutting-
edge analysis techniques.* The study of the chemical reactivity
of such systems proves to be a valuable tool for detailed
characterization due to the significant differences in reactivity
and in stability, which can be linked to the speciation of the
species present and to their chemical environment. The study
of the chemical environment of metal single atoms by DFT-
guided XAS in the case of supports that may present different
anchoring sites is also delicate, since this approach is predom-
inantly model-dependent and do not consider the presence of
mixtures. New machine learning-based tools must be devel-
oped for more detailed analysis of such systems.*’**¥ Such an
approach should allow the development of efficient catalysts
integrating an ultra-rational use of often expensive and scarce
metals.
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Materials and Methods
Carbon Material Synthesis

The carbon nanotubes were produces by catalytic-CVD in a
fluidized bed reactor using ethylene as carbon source. An
AlFeCoO, catalyst was first pre-reduced under hydrogen during
30 min at 650°C. A typical experiment was carried out with
ethylene (600 mLmin~") for 30 min at 675°C. The produced
CNTs were purified (catalyst dissolution) by an aqueous solution
of H,S0, (50 vol%, 95% AnalaR NORMAPUR analytical reagent)
under reflux for 3 h. The fibrous material (FM) was prepared
using the same procedure, but in that case a CuNiCoO, catalyst
was used. The carbon nanofibers and few layer graphene are
two commercial products. The CNFs were purchased from
GANF (Grupo Antolin Nano Fibras), and the FLG was purchased
from Avanzare (avanPLAT-7) and no further purification was
done for these two commercial materials. The materials were
functionalized by a treatment with HNO; (VWR, nitric acid 65 %
AnalaR NORMAPUR) under reflux at 140°C for 3 h. The mixture
was then filtered and washed with distilled water until neutral
pH was obtained. The finals products were then dried at 80°C
overnight.

Rh Catalyst Synthesis

A dry impregnation method was used to prepare the carbon-
supported rhodium catalysts. The carbon materials were first
activated in a horizontal tubular oven under Ar (210 mLmin™)
at 400°C. Then, the desired amount of rhodium (lll) triallyl
([Rh(allyl);]) was added to pentane (30 mL, VWR, 99%, HiPerSolv
CHROMANORM for HPLC) containing 1 g of activated carbon
material to introduce 1% w/w of the metallic phase. The
solution was then stirred for 1 h, washed 3 times with pentane
and finally dried under vacuum overnight; the whole process is
done under an inert atmosphere. At last, the catalysts were
reduced at 80°C under H, (60 mLmin™") and Ar (245 mLmin™")
for 1 h.

Material Characterization

The metal content in the catalytic materials was measured by
inductively coupled plasma optical emission spectroscopy (ICP-
OES) performed on a Thermo Scientific ICAP 6300 instrument.

TEM analyses were performed by using a JEOL JEM
1400 electron microscope operating at 120 kV. The high-
resolution analyses were conducted by using a JEOL JEM 2100f
microscope equipped with a field emission gun (FEG) operating
at 200 kV with a point resolution of 2.3 Angstrom and a JEOL
JEM-ARM200F Cold FEG operating at 200 kV with a point
resolution of > 1.9 Angstrom. The particle size distribution was
determined through a manual measurement of enlarged micro-
graphs from different areas of the TEM grid (at least 300
particles).

Chem. Eur. J. 2024, 30, 202400669 (14 of 18)

X-ray powder diffraction patterns were obtained at room
temperature with a MiniFLex600 diffractometer, employing Cu
Ka radiation (A=1.54187 A).

Raman spectra were obtained on a micro-Raman setup (Una
labram HR800 Jobin Yvon spectrometer). A laser of 532 nm
wavelength was used as excitation source with a maximum
power of 7 mW.

Nitrogen adsorption measurements were performed at
—196°C using a 3Flex Surface Characterization Analyzer (Micro-
meritics GmbH). Before analysis, the samples were degassed at
150°C using a Micromeritics VacPrep 061 Sample Degas System
until a static pressure of less than 0.01 Torr (0.0133 mbar) was
reached. The adsorptive potential distributions were calculated
from the adsorption isotherms using the standard instrument
software (3Flex Version 4.04). The calculation of the DFT, basal
plane and “non-basal plane” surfaces as well as of the
respective ratios has been performed as described in the
literature.["®”

HT-TPD was conducted using an in-house system following
the pre-established method.?™ For calculating the number of
edge sites we took into account the amounts of hydrogen.
Note that the number of H-terminated edge sites (NH-
terminated) was calculated by doubling the amount of H, gas
measured since one molecule of H, is produced from two H-
terminated edge sites. Using the number of edge sites, the
surface area of the edge sites, S.yqe, can be further calculated.”*”
Using the area assigned to each carbon atom from:

Sedge = Nedge X Aedge X NA

Where A4, =0.083 nm’ is the calculated average area of each
carbon atom and N, =6.022x10% mol~".

XPS spectra were recorded in a Thermo Electron Ka
spectrometer using with a Al Ka (1487.7 eV) X-ray source and a
dual beam (e~ and Ar*) charge neutralization. For these spectra,
we used a 20 eV pass energy, a 0.1 eV energy step and a dwell
time of 250 ms. CasaXPS® was used for data treatment.

X-ray absorption spectra at Rh K-edge were taken at the 8-
ID(SS) beamline of NSLS-II at Brookhaven National Laboratory.
An Si(111) double crystal monochromator was used. The Rh
deposited on different carbon supports were measured in
fluorescence mode. The raw XAFS spectra were analyzed
utilizing the Athena and Artemis interfaces of the Demeter
software package."®" The k*-weighted EXAFS oscillation in the
range 3-14 A was Fourier-transformed and curve-fitting analysis
was performed in the range 0-5 A in R space. The amplitude
reduction factor was estimated by fitting the spectrum of Rh
foil with the parameters calculated with FEFF-6.""? The curve-
fitting analysis was performed considering the crystal structures
of the models developed from DFT.

Computational Details

Periodic DFT calculations were performed using the ab initio plane-
wave pseudopotential approach as implemented in the Vienna Ab
initio Simulation Package (VASP 5.4).'7 The Perdew —Burke —
Ernzerhof exchange — correlation functional within the spin-polar-
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ized generalized gradient approximation was chosen,"® and van

der Waals interactions were taken into account through the D3
method of Grimme etal. with zero-damping function."® The
innermost electrons were replaced by a projector-augmented wave
(PAW) approach,’® while the valence monoelectronic states were
expanded in a plane-wave basis set with a cut-off energy of 500 eV.
Partial occupancies were estimated with a Gaussian smearing (o) of
0.05 eV during all relaxations and extrapolating the energies to 6=
0.00 eV. Basal (carbon nanotubes, CNT, and few-layer graphene,
FLG) and prismatic (fibrous materials, FM, and carbon nanofibers,
CNF) model carbon supports consist respectively of a three-layer
rhombohedral graphene slab with ABC stacking order, and of a
two-layer zigzag graphene nanoribbon slab with hydrogen-termi-
nated z; configuration (dangling bonds saturated with a single
hydrogen per carbon atom). Both systems, containing 98°C atoms
per layer in a p(7x7) supercell, were modeled large enough to
include a broad representation of the experimentally observed
surface oxygen functionalities and correctly describe the magnetic
edge states in the prismatic plane. I'-centered 3x3x1 and 3x1x1 k-
point grids generated using the Monkhorst-Pack method were
employed as a good compromise between accuracy and computa-
tional cost for the basal and prismatic slab models, respectively.!*”
Spurious interactions between the modelled slab and its perpendic-
ular periodic images were eliminated by adding a vacuum region
by at least 15 A, and by considering a dipole correction to the total
energy along the z-direction."® Iterative relaxation of atomic
positions proceeded until the change in total energy between
successive steps was less than 107° eV and the residual forces on
any direction acting on the atoms were less than 0.02 eV A",

Catalytic Experiments

Hydrogenation reactions were performed in a Top Industrie high
pressure and temperature stainless-steel autoclave equipped with
an anti-vortex device and a T,P controlling system.

Hydrogenation of Phenylacetylene

In a typical experiment, a mixture containing the Rh catalyst, 40 mL
of a phenylacetylene (Aldrich, 98%) solution in methanol (VWR,
methanol HiPerSolv Chromanorm for HPLC, isocratic grade, PhA/
Rh=2000, 2 mmol of PhA) and decane (75 mg, internal standard)
was transferred into the autoclave. The autoclave was purged by
three vacuum/H, cycles, heated at 100°C and pressurized at 5 bars
of H,; the stirring rate was fixed at 700 rpm to avoid mass transfer
limitations. The reaction was followed for 6 hours taking a sample
every hour. Samples of the reaction mixture were analyzed by GC.

Hydrogenation of Nitrobenzene

In a typical experiment, a mixture containing the Rh catalyst, 40 mL
of a nitrobenzene (Millipore) solution in methanol (VWR, methanol
HiPerSolv Chromanorm for HPLC, isocratic grade, PhA/Rh=2500,
2.5 mmol of NB) and decane (75mg, internal standard) was
transferred into the autoclave. The autoclave was purged by three
vacuum/H, cycles, heated at 100°C and pressurized at 5 bars of H,;
the stirring rate was fixed at 700 rpom to avoid mass transfer
limitations. The reaction was followed for 2 hours taking a sample
every 30 minutes. Samples of the reaction mixture were analyzed
by GC.
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Hydroformylation of 1-Octene

In a typical experiment, a mixture containing the Rh catalyst, 20 mL
of a 1-octene (Acros Organics) solution in toluene (VWR toluene
HiPerSolv chromanorm for HPLC, 1-O/Rh=1000, 1 mmol of 1-O)
and decane (75 mg, internal standard) was transferred into the
autoclave. The autoclave was purged by three vacuum/CO+H,
cycles, heated at 70°C and pressurized at 20 bars of CO+H, (1/1);
the stirring rate was fixed at 1000 rpm to avoid mass transfer
limitations. The reaction mixture was analyzed after 45 min by GC.

Hydroformylation of Styrene

In a typical experiment, a mixture containing the Rh catalyst, 30 mL
of a styrene (Aldrich) solution in toluene (VWR toluene HiPerSolv
chromanorm for HPLC, ST/Rh=1000, 1.5 mmol of ST) and decane
(75 mg, internal standard) was transferred into the autoclave. The
autoclave was purged by three vacuum/CO+H, cycles, heated at
70°C and pressurized at 20 bars of CO+H, (1/1); the stirring rate
was fixed at 1000 rpm to avoid mass transfer limitations. The
reaction was followed for 3 hours taking a sample every 30 minutes.
Samples of the reaction mixture were analyzed by GC.

Adsorption of Nitrobenzene

Adsorption tests were performed in glass flasks. In a typical
experiment, a solution of 0.005 M of nitrobenzene was prepared
with decane as a standard in methanol. This initial solution
concentration was measured by GC. Some of this solution (5 mL)
was added to a flask with some catalyst (150 mg). The flask was
sealed to avoid any evaporation of the solvent and stirred at
500 rpm for an hour. The solution was then filtered and analyzed
again by GC to determine the amount of nitrobenzene adsorbed
on the catalysts.
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