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A comprehensive experimental and theoretical study of the surface chemistry of ruthenium nanoparticles
supported on/in multi-walled carbon nanotubes (CNTs) is reported that could pave the way to the
rational design of metal-carbon nanocomposites. It is shown that the oxidation of CNTs by nitric acid that
creates various oxygen surface functional groups (SFGs) on the CNT external surface is a crucial step for
metal grafting. In particular, it is demonstrated that carboxylic acid, carboxylic anhydride, and lactone
groups act as anchoring centers for the Ru precursor, presumably as surface acetato ligands. The HNO3
treatment that also allows CNT opening contributes to the endohedral Ru deposition. The stability of
Ru nanoparticles, modeled by a Ru;sz cluster, on different adsorption sites follows the order: Gr-DV-
(COOH), > Gr-DV > Gr (where DV is a double vacancy and Gr the graphene surface). It is evidenced that,
after a high-temperature treatment performed in order to remove the SFGs, the Ru/CNT material can
react with oxygen from air via a surface reconstruction reaction, which reforms a stable Ru-acetato inter-
face. The mechanism of this reaction has been investigated by DFT. These Ru/CNT catalysts are extremely
stable, keeping a mean particle size <2 nm, even after heating at 973 K under a hydrogen atmosphere.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Metal nanoparticles (NPs) exhibit size-dependent physical,
chemical, and electrical properties that differ significantly from
the bulk materials, due to the large fraction of surface atoms and
the quantum confinement effect. The application of these nano-
structures in areas such as heterogeneous catalysis, sensors, and
microelectronics reflects their economic importance. Metal NPs
deposited on a support are particularly suitable for catalysis appli-
cations. Carbon materials such as activated carbons, carbon blacks,
and graphitic materials are widely used as support for metal NPs in
fine chemistry catalysis and electrocatalysis [1], because of their
high surface area, their stability and relative inertness, and poten-
tially high electronic conductivity. Under the influence of the sup-
port, the properties of supported metal NPs are different from that
of isolated NPs and strongly dependent not only on the particle size
and surface composition, but also on the surface morphology and
nature of metal-support interactions [2]. Understanding and
developing catalysts with supported NPs requires comprehensive
experimental and theoretical studies of their thermal, structural,
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and dynamic properties [3]. The impact of (molecular) surface
chemistry on all these properties should therefore be taken into
consideration for the rational design of supported catalysts [4,5].
The relatively good knowledge of conventional oxide support
(silica, alumina, zeolites) surface chemistry has already allowed
the design, at the molecular level, of supported NPs and single-site
catalysts [6]. For carbon materials, however, a complex surface
chemistry often imposes the use of empiric approaches for catalyst
preparation. The carbon surface contains heteroatoms (O, N, and H)
in the form of surface functional groups (SFGs) by analogy to those
appearing in organic compounds [7]. The presence of these groups
can affect the preparation of carbon-supported catalysts, as they
induce an acid-base and/or hydrophilic character to the carbon
surface. Thus, even if it has been demonstrated since many years
that oxygen SFGs play a crucial role in the wetting of carbon sup-
ports and can affect dispersion or sintering of the metal particles
[8,9], it is still a matter of debate whether they also function as
anchoring sites for NPs [10]. Fig. 1 shows the various oxygen-con-
taining functionalities present on a carbonaceous surface, together
with the products resulting from their thermal decomposition un-
der an inert atmosphere [11]. It has been experimentally shown
that the more acidic groups, such as the carboxylic ones, decrease
the hydrophobic character of the carbon surface and positively
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Fig. 1. Oxygen SFGs, and specific sites generally present on carbon surface: (i) carboxylic acid, (ii), phenol, (iii) carboxylic anhydride, (iv) ether, (v) quinone, (vi) aldehyde, (vii)
lactone, (viii) chromene, (ix) pyrone, (x) carbene like species, (xi) carbonyl, (xii) lactol, (xiii) carbyne like species at armchair sites, (xiv) carbene like species at zigzag sites, and
(xv) p electron density on carbon basal plane. The arrows show the decomposition product(s), from TPD deconvolution spectra (adapted from Ref. [11]).

impact the metal dispersion, providing anchoring sites for ex-
change of cationic metallic precursors [8,9]. On the other hand,
the less acidic and thermally more stable SFGs, such as the carbon-
yls, favor the interaction between the metal particle and the carbon
surface, thus minimizing sintering [8,9]. However, it is often omit-
ted that the thermal stability of the carboxylic groups is limited to
temperatures close to 673 K, and such temperatures are often used
for the decomposition and/or reduction in the metallic phase.

Thus, the question concerning whether these oxygen SFGs af-
fect the final metallic dispersion in a positive way due to their reac-
tivity, or in a negative way (sintering of the metal NPs and loss of
dispersion) as a consequence of their decomposition during cata-
lyst pretreatments [12] remains open to discussion [13]. Moreover,
in many cases, it is difficult to draw unequivocal conclusions, since
the introduction or removal of oxygen SFGs can also lead to a dif-
ference in pore structure of the carbon support, in addition to the
possibility of influencing the particle size. Indeed, micropores in
the carbon support might be beneficial for metal dispersion. In that
respect, the use of mesoporous carbon support, such as multi-
walled carbon nanotubes (CNTs), the porosity of which being un-
changed by heat treatment at T < 1273 K, could allow a better con-
trol of catalyst preparation [14]. Furthermore, the possibility of
specific interactions between the graphene surface defects and me-
tal NPs and/or metallic precursors is an important subject in cata-
lyst preparation. Finally, it has also been shown that the presence
or absence of SFGs can also directly affect the catalytic behavior of
the active phase [15-18]. We are particularly interested in carbon-
supported ruthenium catalysts, the catalytic performances of
which have already been evaluated in Fischer-Tropsch synthesis,
ammonia synthesis/decomposition, hydrogenation, and liquid-
phase oxidation reactions [1].

In this work, we report a detailed study on the nature of the
ruthenium-carbon interface in Ru/CNT catalysts prepared from
neutral Ru(0) organometallic precursors. Experimental data com-
bined with density functional theory (DFT) calculations allowed
to conclude that both Ru precursor and NPs are anchored on the
external surface via the carboxylic surface groups, presumably
via surface acetato ligands. Additionally, it is demonstrated that
after a high-temperature treatment, performed to assist oxygen
SFG removal, a surface reconstruction reaction occurs involving
oxygen atoms present on the ruthenium NP surface and the carbon
atoms remaining after oxygen SFG removal.

2. Experimental section
2.1. General methods

All reactions were carried out under argon atmosphere using
standard Schlenk techniques or in an MBraun glove box. Solvents
were purified by standard methods or by a MBraun SPS-800 sol-
vent purification system. [Ru(COD)(COT)] was purchased from
Nanomeps, Toulouse, 9-anthracenecarboxylic acid from Avocado,
[Ru3(CO)q2], 9-anthracenecarboxaldehyde, 9-anthracenol, and
anthracene from Sigma-Aldrich.

2.2. Synthesis

2.2.1. Carbon nanotubes and supported catalysts

The CNTs were produced by chemical vapor deposition of ethyl-
ene in the presence of hydrogen on iron catalysts supported on
hydroxyapatite. The as-produced samples were purified by HCI
washing during 12 h at room temperature, then filtered, washed
with deionized water repeatedly until neutrality of the rinsing
waters, and dried for 3 days in an oven at 393 K to produce CNT),.
The CNT surface was then modified by a concentrated nitric acid
solution under reflux for 4 h (CNT,). The nanotubes were again fil-
tered, washed with distilled water, and dried in an oven for 3 days
at 393 K.

The ruthenium catalysts were prepared by excess solvent
impregnation on two kind of supports consisting of purified (CNT})
and HNO; oxidized (CNT,) CNTs, using two different Ru(0) precur-
sors, [Ru(COD)(COT)], (1,5-cyclooctadiene)(1,3,5-cyclooctatri-
ene)ruthenium (Rul), and [Ru3(CO);>] (Ru2). Given the reactivity
of Rul precursor, the metal impregnation was carried out in a
Schlenk tube under argon atmosphere with 1 g CNTs and 50 mL
of pentane (stirred 2 days at 318 K, under reflux). As for Ru2 pre-
cursor, the same suspension was agitated for 12 h in air at room
temperature. The impregnated samples were filtered and washed
thoroughly with the pentane and dried at 393 K in an oven over-
night. The catalysts were subsequently reduced in flowing H,/Ar
mixture (80:20 in volume) at 573 K for 2 h.

2.2.2. [Ru(COD)(COT)] reactivity toward anthracene derivatives
In a typical experiment, to a 15 mM solution of [Ru(COD)(COT)]
(3.4 mg, 0.011 mmol) in acetone-dg (0.7 mL), 2 equivalents of an
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anthracene derivative were added. The solution was introduced
into a screw cap NMR tube, and a NMR spectrum was recorded
at room temperature. The solution was heated at 318 K for 17 h
and a second NMR spectrum was recorded at room temperature
(9-anthracenecarboxylic acid: 4.7 mg; 9-anthracenecarboxalde-
hyde: 4.4 mg; 9-anthracenol: 4.1 mg; and anthracene: 3.8 mg).

2.2.3. [Ru(9-anthracenecarboxylate),(COD)]

Hundred milligram (0.32 mmol) of [Ru(COD)(COT)] was dis-
solved in 5 mL of dry acetone. An excess of 9-anthracenecarboxylic
acid (170 mg, 0.76 mmol) was added at once to the yellow solu-
tion. After 15 min stirring at 318 K, the solution turned dark or-
ange. A yellow precipitated appeared after heating overnight. The
solvent was filtered and the yellow solid was cleaned twice with
3 mL of dry acetone and twice with 10 mL of dry pentane. Yield:
130 mg (63%). 'H NMR (300 MHz, CDCl3): 6 (ppm)=8.64 (m, 4H,
CH arene), 8.59 (s, 1H, CH arene), 8.03 (m, 4H, CH arene), 7.48
(m, 8H, CH arene), 5.29 (m, 2H, CH COD), 4.07 (m, 2H, CH COD),
2.63 (m, 4H, CH, COD), 2.52 (m, 2H, CH, COD), 2.31 (m, 2H, CH,
COD). '3C NMR (75.5 Hz, CDCl3): 6 (ppm) = 188.8 (s, CO0~), 131.4
(Cq arene), 130.7 (CH arene), 130.0 (Cq arene), 129.1 (Cq arene),
128.9 (CH arene), 127.8 (CH arene), 125.9 (CH arene), 125.8 (CH
arene), 90.7 (CH COD), 85.1 (CH COD), 32.1 (CH, COD), 27.8 (CH,
COD). IR (neat) v = 1488, 1471, 1444, 1429, 1395, 1314, 873, 782,
726 cm~'. Anal. caled. (%) for CsgH3004Ru (651, 71 g/mol): C,
70.03; H, 4.64; found: C 69.81, H 4.66.

2.3. Characterization

'H and '3C spectra were recorded on a Bruker Avance 400 MHz
or Bruker Avance 300 MHz spectrometer. Chemical shifts are rela-
tive to SiMe4 ('H and '3C) using chemical shifts of the solvent as a
secondary standard. Crystallographic data were collected at
180(2) K on an Agilent Technologies GEMINI EOS diffractometer
using a monochromatic Mo Ko radiation (1=0.71073 A) and
equipped with an Oxford Cryosystems cooler device. The structure
was solved by direct methods (SIR92) [19] and refined using the
least-squares method on F? (SHELXL-97) [20]. All non-H atoms
were refined with anisotropic displacement parameters. The
hydrogen atoms were refined isotropically at calculated positions
using a riding model with their Uiso values constrained to
1.5 Ueq of their pivot atoms for terminal sp> carbon atoms and
1.2 times for all other carbon atoms. Crystal data and refinement
parameters are given in Table SI.11-12.

TEM images of the samples were taken on a JEOL 1011 trans-
mission electron microscope. High-resolution images were ob-
tained on a JEOL JEM 2100F transmission electron microscope
with a field emission gun (TEM-FEG). Average diameters were cal-
culated from statistical distributions of Ru nanoparticles on the
TEM images. The experimental TEM data for the conventional anal-
ysis and electron tomography were acquired on a JEOL 2100F
transmission electron microscope with a field emission gun oper-
ating at 200 kV, equipped by a probe corrector and a GATAN Tri-
diem energy filter. Before observation, the powder was dispersed
in ethanol by sonication, and several droplets were deposited onto
a cooper grid covered by a carbon holey membrane. For the tomo-
graphic analysis [21,22], the acquisition of the tilt series was per-
formed using a high tilt sample holder by considering angles
ranging from +70° to —70° and a tilt increment of 1.5°. The TEM
images were acquired on a CCD detector (2048 x 2048 pixels) with
a pixel size of 0.066 nm. The images of the tilt series were initially
aligned using a cross-correlation algorithm. A refinement of this
initial alignment was obtained by considering the centers of sev-
eral Ru nanoparticles as fiducial markers. The volume reconstruc-
tions have been computed using iterative algorithms based on
algebraic reconstruction techniques implemented in the TOMOQ]

software, by considering 20 iterations. Visualization and quantita-
tive analysis of the final volumes have been done by using the Im-
age] software.

The X-ray diffraction (XRD) patterns were obtained using a Pan-
alytical MPDPro powder diffractometer with Cu Ko radiation
(4 =0.15406 nm), equipped with a fast linear detector.

Micro-Raman spectra were taken on powder samples on a Per-
kin-Elmer 400F Raman spectrometer with 785 nm red laser
irradiation.

Textural characterization of the materials was based on the
nitrogen adsorption-desorption isotherms, determined at 77 K
with a Quantachrome NOVA 4200e multi-station apparatus. The
specific surface area (Sggr) was calculated by multipoint BET anal-
ysis of the isotherm in the relative pressure range from 0.05 to 0.3.
TPR/TPD spectra were obtained with a fully automated AMI-200
Catalyst Characterization Instrument (Altamira Instruments),
equipped with a thermal conductivity detector (TCD) and a quad-
rupole mass spectrometer (Dymaxion 200 amu, Ametek). For TPR
experiments, the sample was placed in a U-shaped quartz tube lo-
cated inside an electrical furnace and heated at 5 K/min to 973 K
under a 5vol.% H, flow diluted with He (total flow rate of
30 cm3/min, STP); for TPD, the sample was heated to 1373 K using
a constant flow rate of helium (25 cm?/min, STP). The H, consump-
tion was followed by both TCD and mass spectrometry. The
amounts of CO and CO, released during the thermal analysis were
calibrated at the end of each analysis. This allowed the identifica-
tion and quantification of the different types of oxygen SFG at
the materials surface by analysis of the corresponding TPD spectra
using the peak assignment and deconvolution procedures de-
scribed by Figueiredo et al. [11].

The determination of the point of zero charge (pHpzc) of the
samples was carried out according to the following procedure:
50 mL of a NaCl solution (0.01 M) was placed in a closed Erlen-
meyer flask; the pH was then adjusted to a value between 2 and
12 using HCl (0.1 M) or NaOH (0.1 M) before the addition of
0.05 g of sample. The final pH was measured after 72 h continuous
stirring at room temperature. The intersection point between the
curve consisting of initial and final pH values with a 45° straight
line yielded the pHpyc of the sample.

2.4. Computational details

DFT calculations were carried out using the Vienna ab initio
simulation package VASP [23-26]. The code uses the full-potential
projector augmented wave (PAW) framework [27,28]. Exchange-
correlation effects have been approximated using the PBE func-
tional [29] and applied in spin-polarized calculations. In order to
model the interaction between the nanotubes’ sidewalls and the
grafted Ru nanoparticles, we have used a (7 x 7) primitive cell of
graphene, presenting (or not) a di-vacancy of 555-777 type [30]
and functionalized (or not) by carboxylic groups, and a nanocluster
of Ru consisting of 13 atoms. This model, despite its rather small
size, has been already able to provide interesting information on
the interaction between transition metals nanoclusters and carbo-
neous substrates. For instance, it has been used to investigate the
enhancement of the catalytic performance of Ru nanoparticles
due to the presence of a graphenic substrate [31] or in the studies
of Pt nanoclusters binding to point defect in graphene [32], to
understand CO-poisoning Pt nanoparticles adsorbed on graphene
[33], and to propose theoretical insights into the oxygen reduction
reaction on Pt nanoparticles grafted to graphene [34].

A kinetic-energy cutoff of 400 eV was found to be sufficient to
achieve a total energy convergence within several meV considering
a k-point sampling with a (3 x 3 x 1) grid. During geometry opti-
mization runs, all the atoms were fully relaxed until forces on indi-
vidual atoms were smaller than 0.02 eV/A. Considering the
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smearing issue, a Gaussian smearing with a width of 0.2 eV was
used, while the tetrahedron method with Bléchl corrections [35]
was used for accurate energy calculations. Diffusion barriers were
estimated by the climbing image nudge elastic band (CI-NEB)
method [36,37], with a force tolerance of 0.02 eV/A and five inter-
mediate geometries for the transition state search. An important
parameter that describes the interaction between Ru;sz and the
graphene layer is the adsorption energy defined as follows:

Eads = ERu13@Graph - ERu13 - EGraph-,

where Egy,,acrapn Stands for the total energy of the composite sys-
tem, while Eg,,, is the total energy of the ideal icosahedral structure,
or the energy of the oxidized aggregate and E¢,qpn is the total energy
of the graphene layer substrate, be it pristine or presenting a di-va-
cancy, be it decorated by carboxylic groups or not. Geometries were
produced thanks to the 3D visualization program VESTA [38].

3. Results and discussion
3.1. Supported ruthenium catalyst characterization

3.1.1. CNT support characterization

The ruthenium catalysts were prepared by excess solvent
impregnation on two kind of supports consisting of purified CNTs
(CNTp) and HNOs oxidized (CNT,) CNTs, from two Ru(0) organome-
tallic precursors, [Ru(COD)(COT)], (1,5-cyclooctadiene)(1,3,5-
cyclooctatriene)ruthenium (Rul), and [Ru3(CO);;] (Ru2). The de-
tailed characterization of CNTo and CNTp as well as the mecha-
nism of CNT nitric acid oxidation has been reported elsewhere
[39]. Briefly, this reaction involves the initial rapid formation of
carbonyl groups, which are consecutively transformed into phenol
and carboxylic groups. The textural and chemical properties of the
original and oxidized CNTs are reported in Table 1.

The main effects of HNO5; oxidation are as follows: (i) a slight
increase in the Raman Ip/I¢ ratio, usually attributed to the presence
of disordered carbon in CNT samples, the quantity of which de-
creases upon oxidation, (ii) an increase in the BET surface area
and pore volume due to CNT tip opening, and (iii) the introduction
of acidic carboxylic SFGs (among others), as shown by the appear-
ance of a ve—o band in IR, the change in PZC values, and the value of
the TPD CO/CO, ratio (Table 1). Fitting of the TPD profiles (see SI.1)
allows quantifying the amount of surface oxygenated species [40].
For CNTp, oxygen SFGs consist in 96 pmol/g of lactone, 280 pumol/g
of anhydride, 520 pmol/g of carboxylic acid, 590 pmol/g of phenol,
and 300 pmol/g of carbonyl/quinone. For CNTo, a significant in-
crease for each kind of groups was measured: 161 pmol/g of lac-
tone, 365 pumol/g of anhydride, 840 pumol/g of carboxylic acid,
1080 pmol/g of phenol, and 840 pmol/g of carbonyl/quinone. As
far as the exo- or endohedral chemical functionalization is con-
cerned, the quantification of oxygen SFGs present on the inner or
outer surface is a difficult task. The CNT convex (outer) surface
should be chemically more reactive because the convex arrange-
ment of pyramidalized sp? carbon atoms is advantageously dis-
posed for the formation of chemical bonds with reagent species.
The concave (inner) surface should be more inert. However, the
difference of reactivity between the inner and outer surfaces
should decrease as CNT diameter increases. In order to distinguish

Table 1
Textural and chemical characterization of the purified and functionalized supports.

between exo- or endohedral chemical functionalization, a simple
strategy was followed. CNTo were functionalized with a commer-
cial glycidyl terminated epoxy resin with a M, value of 355
(Scheme 1). A low molecular weight resin was preferred in order
to favor high grafting density and to optimize diffusion for permit-
ting the endohedral functionalization. The grafting of the phenoxy
onto the CNT surface was achieved through blending the CNTo and
the resin at 353 K. As mild heating was used, tributylamine (NBus)
was added to the reaction mixture as activator base. FTIR analysis
was performed to verify the successful grafting. The spectrum of
the epoxy grafted CNTs resembles to that of the neat epoxy, but
with the presence of a carbonyl band at around 1717 cm™". In or-
der to visualize the polymeric chains on the CNT surface, the sam-
ple was treated with a TEM staining agent (RuOy4). Fig. 2 shows a
HREM micrograph and a typical longitudinal slice through the
reconstructed volume obtained by TEM tomography of the epoxy
grafted CNTs.

This image clearly shows that the grafted oligomers (<1.5 nm)
have been homogeneously distributed on the external surface of
the CNTs. To the best of our knowledge, this is the first evidence
reported up to now of the absence of endohedral functionalization
during the nitric acid oxidation of multi-walled CNTs. It is pro-
posed that the absence of endohedral functionalization after
HNO; treatment, which is capable of opening CNT tips, can be ex-
plained by the perfect inner surface of CNTs, which is less reactive
than the defective outer surface. Indeed, we have previously shown
that the formation of surface —COOH groups is barrierless on
vacancies, while a perfect graphene layer is much less reactive
[39].

Other CNT characteristics such as their purity (92%), mean
external/internal diameter (18/6 nm), and dgg, value (0.339 nm)
were not affected by the HNO5 treatment. TEM micrographs of
CNTp and CNTo are provided in SI.2.

3.1.2. Ru/CNT characterization

A series of 3 wt.% Ru/CNT catalysts have been prepared on CNTp
and CNTo from the two organometallic precursors Rul and Ru2.
The Rux/CNTo samples have been further heat-treated under argon
at 973 or 1173 K in order to evaluate the influence of oxygen SFG
removal on metal particle size and surface chemistry. Several stud-
ies have shown that such a heat treatment can significantly change
the activity and selectivity of CNT supported catalysts
[15,18,41,42]. This modification of the support can affect the cata-
lyst activity/selectivity either: (i) by direct modification of the sup-
port-NP interface (metal-support interaction), by inducing
modification of particle size (sintering) or of the electronic trans-
fer; or: (ii) by a modification of the microenvironment around
the metal particle (hydrophilic/hydrophobic) that can modify the
adsorption/desorption steps during catalysis. The characterization
data of the series of catalysts is given in Table 2.

3.1.2.1. Metal loading and Ru nanoparticle size and location. The ex-
cess solvent impregnation method leads to different Ru loadings
depending on the precursor used, higher loading being obtained
when starting from the Ru2 cluster. Since three ruthenium atoms
are incorporated during the grafting process for each molecule of
Ru2, compared to one for Rul, the nuclearity of the precursor is

Sample Raman (Ip/I¢) IR (cm™1) BET (m?/g) Pore vol. (cm?/g) PZC TPD (umol/g)

Ve=c Vc=o co CO, CO/CO,
CNTp 1.5 1570 — 134 0.302 7.6 1330 908 1.5
CNTo 1.6 1572 1724 172 0.344 3.5 2315 1365 1.7
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Scheme 1. Illustration of the epoxy grafting to the CNT surface.
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Fig. 2. (a) HRTEM micrograph, and (b) typical longitudinal slice through the
reconstructed volume obtained by electron tomography for the chosen fragment of
one of the epoxy grafted CNTs.

thought to be the main parameter that influences the metal load-
ing. The different loadings cannot be explained by the reactivity
of the precursor toward the surface since Ru1 is more reactive than
Ru2 toward oxygen SFGs (as it will be discussed in Section 3.2).
Higher loadings were also obtained on CNTo compare to CNTp,
suggesting the implication of oxygen SFGs in the grafting process.

XRD patterns of the reduced Ru-based samples (reduction tem-
perature 573 K) show peaks at 20 ~ 26° that corresponds to the
(002) plane of CNTs, and reflections at 38.7°, 42.5°, 44.2°, 58.6°,
and 69.8° corresponding, respectively, to the (100), (002), (101),
(102), and (110) planes of metallic ruthenium, which are consis-
tent with an exclusive hexagonal geometry and establish the pres-
ence of Ru®. TPR data confirmed that a temperature of 573 K is
sufficient to reduce the metal phase. The Rul samples show dif-
fraction peaks of lower intensity than the Ru2 ones. For the Rul/
CNTp sample, the diffraction peaks were not visible due to the very
low metal loading as well as to the very small size of NPs. The Ru

Table 2
Physical and textural characterization data of the Ru catalysts.

crystallite sizes were calculated from the widths of XRD peaks
using the Scherrer equation. The Ru crystallite diameter was smal-
ler when starting from the Ru1 than with the Ru2 precursor. This
could be explained by a higher reactivity of Rul during the grafting
procedure (faster nucleation rate) and/or by the fact that we used
two precursors of different nuclearity. The smaller particle size ob-
tained from Rul was confirmed by TEM observation (Fig. 3, and
SI.3). XRD data and TEM analyses show that Ru crystallite mean
diameter increased upon heat treatment. An overestimation of
mean particle size measured by XRD was noticed, particularly for
the Ru2 samples where a stronger contribution of larger particles
(6-8 nm) gives rise to the observed pattern. This increase is partic-
ularly sensitive after 973 K. We noticed that the endohedral Ru
grafting was significantly higher on CNTo (opened tip CNTs,
Fig. 3¢) than on CNTp, whatever the precursor used. As previously
shown, no endohedral functionalization occurs during the HNO3;
treatment, indicating a relatively good stability of small Ru NPs
on the pristine surface. This was confirmed by DFT calculations,
as shown in Section 3.2. We also investigated the influence of Ru
NP location on their size and thermal stability. For Ru1, we found
that the ruthenium nanoparticles located inside (NP;,) CNTo are
significantly smaller than the NPy, The mean NP;, size is
1.1 nm, whereas the mean NP, size is 1.5 nm. This is an important
issue that should be considered in confinement effect studies,
when comparing the reactivity of metal catalysts. As far as the
thermal stability is concerned, the NP;, are more sensitive to sin-
tering than the NP, indicating a difference in stability of the
adsorption sites or in NP diffusion. However, and even for Rul/
CNTo1173 sample, the mean NP;, size remains smaller than the
mean NP, size, due to template effect of CNT cavity preventing
sintering.

3.1.2.2. Study of the Ru—C interface by TPD analyses. The TPD-MS
profiles of the supported catalysts provide valuable information
on the influence of oxygen SFGs on ruthenium grafting. The data
obtained for the Rul and Ru2 series are presented in Fig. 4 and Ta-
ble 2. Two main phenomena are observed: (i) the CO, evolution
profile is much more affected by ruthenium deposition than the
CO one, and (ii) the high-temperature treatment (Rux/CNTo1173
sample) contributes to a significant decrease in the oxygen SFG-
releasing CO upon decomposition, except for the epoxy groups
(peak at 870-880 K) (Fig. 4b and 4d).

As far as CO,, evolution is concerned (Fig. 4a and 4c), ruthenium
deposition on the CNTo surface leads to the disappearance of most
of the carboxylic acid (peak at 565 K), anhydride (peak at 735 K),
and lactone groups (peak at 950 K). Ruthenium deposition induces
the formation of new CO, releasing groups at 640 and 742 K for
Ru1 and Ru2, respectively. The fact that (i) two very narrow peaks,
characteristic of a catalytic decomposition, are observed in the CO,
evolution profile for Rul/CNTo and Ru2/CNTo and (ii) that their po-
sition depends on the nature of the ruthenium precursor (different

Sample Ru loading (%) BET (m?/g) Ru NP (nm)* Ru NP (nm)° NPout/NP;, TPR (K) TPD (umol/g)

co CO,
Ru1/CNTp 0.3 n.d. n.d. 1.5+0.5 80/20 423 1290 543
Ru1/CNTo 13 188 1.9 1.3+04 35/65 378 2038 633
Ru1/CNT0973 - - 2.8 1.7+0.6 - 393/432 - -
Ru1/CNTo1173 - - 3.6 1.8+0.5 - 432 1118 412
Ru2/CNTp - 6.5 40+13 90/10 - 1384 295
Ru2/CNTo 2.7 186 6.4 3.8+1.1 40/60 381 2618 799
Ru2/CNT0973 - - 7.9 39+13 - - 1236 752
Ru2/CNTo1173 - - 104 6.1+24 - - - -

¢ From XRD.

> From TEM.
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Fig. 3. Representative TEM micrographs and particle size distribution of (a) Ru1/CNTo (scale bar = 50 nm), (b) Ru2/CNTo (scale bar = 100 nm), and (c) Left: TEM image
extracted from the tilt series used to reconstruct the volume of the analyzed Ru1l/CNTo fragment. Right: two typical transversal slices from the calculated reconstruction.

particle sizes), supports the fact that these new groups are associ-
ated with ruthenium. It is worth noting that the generally accepted
processes for the production of ruthenium acetate involve reacting
Ru salts with either acetic acid or acetic anhydride. Additionally,
ruthenium is known to be an active catalyst for ring-opening poly-
merization of lactones [43]. At this stage, two hypotheses can be
formulated. Either the reaction of the ruthenium precursor with
the carboxylic, anhydride, and lactone groups created a more sta-
ble kind of CO, releasing species, the stability of which could de-
pend among others on nanoparticle size, or the reaction of the
ruthenium precursor with these groups creates acetato grafted
molecular Ru species, which may decompose, catalytically or not,
at a temperature close to the one of the original oxygen SFG. In that
case, the reduction at 573 K should contribute to the decomposi-
tion of those former groups, and then, a surface reconstruction
should occur, creating more stable groups. Concerning the first
hypothesis, TPD experiments were performed (see Sl.4) on the
impregnated catalyst prepared from Rul (Rul* sample, dried at
353 K and unreduced). The TPD-MS profiles of Ru1*/CNTo showed
that most of the anhydride and lactone groups have disappeared
and that CO, is evolved at a temperature very close to that ob-
served for the CNTo sample (560 K for CNTo and 575 K for Ru1”/
CNTo). If Ru-surface acetato ligands species are formed, their sta-
bility is similar to that of the —COOH SFGs. Hence, the first hypoth-
esis can be rejected.

TPD-MS profiles of Rux/CNTo1173 sample show that, even if on
those sample, most of the oxygen SFGs have been removed by the
heat treatment, a surface reconstruction reaction is still occurring.
In that case, this reaction produces groups that evolve CO, upon
decomposition but in lower amounts and at higher temperatures.
This phenomenon might also be correlated to ruthenium NPs size.
Although a linear correlation between the temperature of decom-
position of these groups and the mean Ru particle diameter was
not obtained (see SI.5), a tendency is clearly observed. It was also
checked by performing two consecutive TPD experiments (without
air re-exposure) on Ru1/CNTo samples that all the oxygen SFGs
were effectively removed.

As far as the CO evolution profile is concerned, an increase in
the intensity of the peak at 870-880 K was noticed, attributed to
epoxy groups, upon Ru deposition. Interestingly, epoxy groups
are still present on the samples heat treated at 1173 K, suggesting
their reformation during the surface reconstruction reaction. The
formation of epoxy groups for the Rul/CNTp sample was also no-
ticed (SL.6), for which the Ru loading is very low.

The part of CNT spontaneous re-oxidation in air after a heat
treatment of the CNTo sample at 1173 K was evaluated separately
(see SI.7). Since TPD is performed under helium, the removal of
oxygen SFGs should create a relatively reactive surface. Even if it
has been proposed that nitrogen heat-treated carbon samples (to
remove the oxygen SFGs) can quickly re-adsorb oxygen at ambient
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Fig. 4. TPD-MS profiles of the carbon-supported ruthenium samples, (a) and (c) CO, evolution, and (b) and (d) CO evolution.

conditions due to the creation of active sites at the edges [44], in
the case of CNTs, this re-oxidation is negligible. Indeed, the amount
of CO and CO, evolved before and after the heat treatment at
1173 K under N, were 2248 umol/g (CO, CNTo), 606 pmol/g (CO,
CNTo1173), 1244 pmol/g (CO,, CNTo), and 126 pmol/g (CO-,
CNTo1173). All these data suggest that the surface reconstruction
should involve the following: (i) the ruthenium NPs, (ii) surface
carbon atoms, and (iii) a source of oxygen. The mechanism of this
reaction has been investigated by DFT (see Section 3.3). Concerning
the source of oxygen, it can be either (i) oxygen SFGs that have not
been decomposed, (ii) new oxygen SFGs that could have formed
upon air exposure of the reduced catalysts, or (iii) oxygen arising
from a thin RuOy layer that can form upon air exposure of the re-
duced NPs. This surface reconstruction reaction, which leads to
the formation of an Ru-acetato interface, and of epoxy SFGs occurs
either at room temperature, during the air exposure of the reduced
samples, or during the TPD experiment under He.

3.1.2.3. TPR analyses and catalyst stability. The TPR profiles of Rul/
CNTo and Ru2/CNTo are relatively similar and show a narrow Hp
consumption peak centered at 380K, and a very broad peak at
around 750 K (see Fig. 5).

Similar profiles, but temperature-shifted, were obtained for Ru/
CNT catalysts prepared from RuCls [15]. Two minor peaks were ob-
served, for Ru1/CNTo at 555 K and for Ru2/CNTo at 445 K. Three
types of reducible ruthenium species can be envisaged: (i) Ru spe-
cies anchored on the external CNT walls via surface acetato ligands,
(ii) Ru species anchored on the external CNT walls via a perfect or
defective (vacancies) graphene surface, and (iii) Ru species an-
chored on the internal CNT walls via a perfect or defective (vacan-
cies) graphene surface. It results from literature analysis that
ruthenium is reduced at a lower temperature (345 K< T<428 K
for RuCls or Ru(NO)(NO3)3 precursors) [44-46] on oxidized CNTs,
than on pristine CNTs (440 K < T < 450 K for the Ru(NO)(NOs); pre-
cursor) [47,48]. It has also been shown that NPs located inside
CNTs can be reduced at a lower temperature than NPs deposited
on the external surface [49]. The first intense peak at 380 K and

380 K —Ru1/CNTo

&7 —Ru2/CNTo

7

—CNTo

T T
680 880

T(K)

T
280 480

Fig. 5. TPR profiles of the carbon-supported ruthenium samples.

the low intensity peak at 445 K (Ru2/CNTo) have been attributed
to the reduction of ruthenium present in two different environ-
ments. Since Ru2 is less reactive than Rul toward oxygen SFGs
(see Section 3.2), it is proposed that the low intensity peak at
445 K is associated with the reduction of Ru bound to external sur-
face sites that do not contain oxygen (possibly vacancies), while
the intense peak at 380 K is associated with the reduction of ruthe-
nium particles grafted to the external oxygen SFG or to the internal
surface.

Hydrogen consumption on Ru/C catalysts can be associated
with three distinct phenomena: (i) ruthenium oxide reduction,
(ii) reaction with carbon due to surface oxygenated functional
groups removal, and (iii) methanation. It has been reported that,
at around 773 K, the reaction of hydrogen on noble metal-sup-
ported carbon material can generate basic carbon surfaces thanks
to hydrogen spillover [50]. The role of the noble metal is to produce
atomic hydrogen, which spills over onto the carbon surface and
hydrogasifies the most reactive unsaturated carbon atoms, at low-
er temperature than molecular hydrogen. As far as the large peak
centered at around 750 K is concerned, it is generally assigned to
metal-assisted hydrogasification of surface carbon atoms in the
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vicinity of metal particles and/or to reaction of H, (or H atoms
resulting from spillover) with reactive carbon sites formed upon
oxygen SFG removal, producing C—H bonds [44]. The shifting of
the position of this peak from 835 K for the pristine CNTo support
to 750K for the Ru supported samples confirms that ruthenium
should be involved in this process.

TPR profiles were also recorded for the Rul series (SI.8). The ef-
fect of heat treatment on TPR profiles can be summarized as fol-
lows: (i) the ruthenium reduction peak shifts to higher
temperature (380 K — 425 K) anticipating a different metal-sup-
port interaction, which was confirmed by the TPD data, where
we observed a shift of the CO, sharp peak upon heat treatment,
and (ii) a significant decrease in the intensity of the high-temper-
ature hydrogen consumption peak. The decrease in intensity of this
latter peak indicates that the associated H, consumption is mainly
correlated to the concentration of oxygen SFGs. Thus, we believe
that in the case of CNT support, the hydrogasification reaction that
produced methane should be very limited. Instead, in the presence
of ruthenium, atomic hydrogen, which spills over onto the CNT
surface, is produced and then reacts with the active carbon atoms
formed upon oxygen SFG removal to produce C—H bonds, and
eventually one molecule of methane [51]. It is worth mentioning
that H, can also assist the removal of oxygen SFGs [52,53]. Previous
comparisons of TPR and TPD for thermal desorption of CO, CO,, and
water-vapor have shown that (i) hydrogen may facilitate the
desorption of carboxylic anhydride, (ii) some CO surface groups,
probably semi-quinone, can be directly reduced by hydrogen to
form water, and (iii) a net hydrogen evolution from the carbon sur-
face starts at temperatures above 1150 K [52,53].

The limited hydrogasification and CH, formation should result
from the orientation of the graphene layers in CNTs that differ from
that observed on conventional carbon supports such as activated
carbon, carbon black, highly oriented pyrolytic graphite, few-layer
graphene, or diamond crystallite, for which the concentration of
edges is much higher. These latter carbon materials can be catalyt-
ically etched by hydrogen gas at high-temperature assisted by var-
ious metal nanoparticles as catalysts [54,55]. This reaction, which
usually produces nano-holes or nano-channels, can be used, for
example, to increase the density of mesopores into activated car-
bon [56], or for nanopatterning of graphene [57,58]. To check that
the catalytic etching producing methane via hydrogasification was
more pronounced on carbon support presenting a high edge/basal
plane ratio, we studied the reaction of H, at 973 K for 1 h with
three different materials: Ru/CNTo, Ru/CNFo, and Ru/FLGo (where
CNFo consists in HNO3 oxidized herringbone carbon nanofibers,
and FLGo HNO; oxidized few-layer graphene). Fig. 6 shows TEM
micrographs taken before and after the reactions. The TEM micro-
graphs clearly show than on supports presenting a high edge/basal
plane ratio (CNFo and FLGo) the catalytic etching is much more
pronounced, creating holes (Ru/CNFo) or channels (Ru/FLGo), and
inducing a severe sintering of ruthenium nanoparticles. These
experiments point out the high stability of the Ru/CNTo catalyst.
Catalytic etching and severe sintering (mean particle size 6.1 nm)
was only observed for the Ru/CNTo sample after reaction in Ar/
H, at 1173 K (see SL9).

The catalyst characterization provides two important pieces of
information, concerning the nature of the metal-support interac-
tion. First, Rul reacts with anhydride, lactone and carboxylic
groups to form a species grafted to the surface, probably through
an acetato surface ligand. Upon reduction at 573 K, the acetato sur-
face ligand decomposes and Ru nanoparticles are produced. Upon
air exposure, the ruthenium surface is oxidized and a surface
reconstruction reaction occurs that involves Ru, oxygen (probably
from RuO,), and reactive surface carbon atoms to produce a new
acetato surface ligand for the nanoparticles, and epoxy SFGs. Sec-
ond, the fact that CNTs present a low edge/basal plane ratio

contributes to catalyst stability. In the following sections, addi-
tional experiments as well as DFT calculations were performed in
order to get further information on the following: (i) the ruthe-
nium precursor and NP anchoring (Section 3.2) and (ii) the mech-
anism of the surface reconstruction reaction (Section 3.3).

3.2. Experimental and theoretical studies on ruthenium anchoring

3.2.1. Reactivity of the Ru precursors with anthracene derivatives

In order to better understand the anchoring mechanism of the
ruthenium precursor on the CNT surface, the reactivity of Rul
and Ru2 toward anthracene and several oxygenated anthracene
derivatives as analogues to the CNT surface was investigated. In a
screw cap NMR tube, the ruthenium precursor was dissolved in
acetone-dg and an excess of anthracene (2 eq.) was added to the
yellow solution. After heating at 318 K overnight, the 'H NMR
spectrum was recorded at room temperature. As expected, the
ruthenium complexes did not react with the aromatic rings. It
has been demonstrated that no ligand displacement on [Ru(COD)(-
COT)] complex by aromatic hydrocarbons takes place in the ab-
sence of molecular hydrogen [59]. As CNTs contain several
oxygenated SFGs, we performed the same experiment with several
oxygenated anthracene derivatives (9-anthracenecarboxylic acid,
9-anthracenecarboxaldehyde, and 9-anthracenol, Scheme 2). None
of these species react with [Ru3(CO);;]. The aldehyde and the alco-
hol derivatives did not react with [Ru(COD)(COT)], even after long
periods of reaction (until 60 h at 318 K). On the other hand, the car-
boxylic acid derivative induced the formation of a yellow precipi-
tate in the NMR tube after heating 20 h at 318 K. The 'H NMR
spectrum recorded in situ showed that the supernatant contains
1,3-cyclooctadiene, traces of 1,5-cyclooctadiene and unreacted 9-
anthracenecarboxylic acid. The NMR tube solution was evaporated
to dryness and the yellow solid was re-dissolved on CD,Cl, and a
second 'H NMR spectrum was recorded. The 'H NMR spectrum
showed the formation of a new ruthenium complex. The reaction
was scaled-up in order to obtain [Ru(9-anthracenecarboxylate),(-
COD)] as a yellow solid in moderate yield (63%, see experimental
section). Single crystals of [Ru(n2-9-anthracenecarboxylate),(-
COD)] suitable for X-ray diffraction were obtained by slow diffu-
sion of pentane into a solution of the complex in dichloroethane
(see SI.10). The structure confirmed the formation of the neutral
ruthenium complex.

3.2.2. DFT study on the adsorption mode of Ru nanoparticles on the
carbon support

The possible anchoring modes of Ru nanoparticles on CNT side-
walls were investigated by DFT calculations, by using a simple
model made of a Ruy; cluster and a graphene monolayer (ML). Ta-
ble 3 summarizes the main geometrical and energetics aspects of
the adsorption of the Ru;s cluster on a pristine graphene ML (Gr-
Pr), as well as in the vicinity of a stable di-vacancy defect (Gr-
DV). Since after HNOs treatment —COOH groups are present, we
also performed calculations with a graphene ML presenting one
or two —COOH groups, named Gr-Carb1 and Gr-Carb2, respec-
tively, and a ML presenting a di-vacancy, decorated by one or
two carboxylic groups (Gr-DV-Carb1, Gr-DV-Carb2). The mono-va-
cancy case was excluded from our study, since after HNO3 treat-
ment such highly reactive sites will be passivated due to —COOH
groups formation, as recently reported [39].

Without any surface oxidation of the perfect graphene ML, the
NP’s adsorption induces distortions of the NP itself and a small cor-
rugation of the support appears, with positive and negative
changes in height of 0.16 A (see Fig. SI.13). The corresponding
adsorption energy is —234 kJ/mol, a result in good agreement with
a recent theoretical work [31]. Considering the nanocluster geom-
etry, the free standing I;-Ru;3 has Ru—Ru distances from the
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no reaction
r s

OH

)

/

no reacton «—————— [Ru(COD)(COT)] ———»

no reaction

v

Scheme 2. Reactivity of [Ru(COD)(COT)] toward anthracene derivatives.

Table 3
Characteristic parameters of the adsorption mode of an icosahedral Ru;3 nanocluster on a pristine or functionalized graphene monolayer.
Gr-Pr Gr-DV Gr-Carb1 Gr-Carb2 Gr-DV-Carb1 Gr-DV-Carb2
Eqqs (in kJ/mol) -234 —406 —264 —-151 -226 —448
Adsorption modes 4-coord 3-coord 5-coord 2-coord 2-coord 5-coord

central atom, ranging between 2.50 and 2.53 A with its 12 neigh-
bors. Upon adsorption, its symmetry is lost; the central atom is
now bound to 10 atoms in the first sphere of coordination with
interatomic distances varying from 2.46 to 2.60 A, while the two
remaining atoms are now 3.44A away. The nanocluster is

tetra-coordinated to the support. A first Ru atom is bound to 3 C
atoms with a mean bond-length of 2.24 A, while the average over
the 6 Ru—C distances is around 2.29 A for the second Ru atom.
Additionally, the two other Ru atoms are in bridge position with
average bond-lengths of 2.35 A. A structural defect (Gr-DV) binds
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more strongly the nanocluster, with a binding energy of 406 kJ/
mol, without any drastic geometrical modifications. The coordina-
tion mode implies 3 Ru atoms, two in a p? position and one in a p°
as shown in Fig. SI.14.

After nitric acid treatment, the presence of carboxylic groups at
the CNT surface clearly influences the adsorption modes of the NPs.
For instance, the interaction of the Ru;3 nanocluster on top of a sin-
gle-COOH group (Gr-Carb1 model) is less strong (—71 kJ/mol) than
with the pristine surface and leaves the Ruys particle symmetric
(see SI1.15). When a second —COOH group interacts with the aggre-
gate (Gr-Carb2 case), the binding energy becomes 151 kJ/mol. This
stable state results from the formation of two Ru—O bonds of 2.10
and 2.13 A, when the smallest Ru—H distance is 2.25 A. A stronger
binding can be obtained since the Ruy; aggregate binds laterally to
a —COOH group, as shown in SIL.15. The Ruys cluster keeps its
strong interactions with honeycomb’s C atoms, and at the same
time, allows the interactions between 3 Ru atoms and the SFGs
group, one interacting with the C atom, with a Ru—C distance of
2.08 A, the other two being in interaction with the two O atoms.
The corresponding Ru—O distances are 2.11 and 2.23 A. The energy
stabilization, estimated to be —264 kJ/mol, is larger than the pure
case. The presence of surfacic carboxylic groups favors the anchor-
age of NPs, thanks to an additional lateral interaction.

The situation is even more favorable as soon as structural de-
fects are involved. As it is shown in Table 3, on a DV decorated
by a carboxylic group, the binding is already competing with the
adsorption mode on the pristine surface. The spontaneous proton’s
jump to the Ruys’s closest edge added to the formation of two
Ru—O bonds of 2.09 and 2.04 A explains the energy’s stabilization
(geometry is provided in SI.16). The hydride nature of the adsorbed
H has been confirmed by charge analysis. The carboxylate group of
Gr-DV-Carb1 is then stable, contrarily to the non-defective surface,
since all our attempts to transfer one or two protons from Gr-Carb1
or Gr-Carb2 models to the Ruys particle have released a CO, mole-
cule. The most stable adsorption mode appears to be the Ru;s3 in
interaction with the DV decorated by 2 carboxylic groups, with a
complex grafting mode as shown in Fig. 7.

Three Ru atoms are bound to the graphenic substrate: one is p2
with Ru—C distances of 2.22, 2.23 and 2.32 A, one is laying 2.32 A
above a C atom, while the third is in bridge position with a distance
of 2.11 and 2.15 A. It also interacts with the C atom of the closest
un-dissociated carboxylic group, with a Ru—C distance of 2.15 A.
Moreover, one Ru atom interacts with the same group through a
Ru—O distance of 2.00 A, while another Ru atom interacts with
the other —COOH group with Ru—C and Ru—O distances of 2.04
and 2.15 A, respectively. Again, the main part of the interaction is
due to strong Ru—C interactions, slightly reinforced by some Ru—0O
interactions. Unlike the Gr-DV-Carb1 case, no spontaneous proton
transfer occurs. By overcoming an energy barrier of 75 kj/mol,
which corresponds to the O—H bond breaking, the adsorption en-
ergy is additionally lowered by 54 kJ/mol. Thus, the hydride stands
in a 3 position, while an additional Ru-O bond of length 2.03 A is
formed (Fig. 7, right).

In conclusion, the interaction between Ru NPs and the pure sup-
port is already strong. Indeed, if one considers the ideal situation
with the Ru;; aggregate in interaction with a pure graphene sub-
strate, the binding energy per contact Ru atom is 59 kJ/mol. This
value has to be compared to 6 k]J/mol per contact Ru atom, ex-
tracted from a recent calculation [60], dealing with the interaction
between a corrugated graphene ML and Ru (0001) surface. In our
approach with a small (0.5 nm) cluster model, the C—Ru interac-
tion is overestimated. It is due to the presence of very reactive
edges and apexes on small aggregates, not present on larger NPs,
which exhibit flat, more compact and so less reactive surfaces. Sec-
ondly, the presence of very stable structural defects like DV stabi-
lizes the NP anchorage. Moreover, the presence of additional
carboxylic groups, which may transfer protons spontaneously or
with a low activation barrier, is also a stabilizing agent. From our
coordination mode forecasts, one could expect that these SFGs
would be more present at the NP’s periphery than at the Ru—C
interface. To our opinion, the results extracted from our models,
considering the energetic aspects mainly, can be viewed as upper
limits of larger NPs grafting modes.

3.3. Surface reconstruction reaction upon re-oxidation due to air
exposure

Re-oxidation process has been investigated, assuming that after
heat treatment. most of the oxygenated SFGs have been removed
from the carbon honeycomb structure. We have also assumed that
the oxygen source, involved in the formation of epoxy and carbox-
ylate, is O, molecules. From ultra-high vacuum experiments, oxy-
gen molecules spontaneously dissociate on close packed Ru
(0001) surfaces [61]. It is also the case when an O, molecule ap-
proaches an edge of the Ruy3, with an energy drop of 293 kJ/mol
per atomic O. It results in two O in top position, with a Ru—0 dis-
tance of 1.70 A. These surfacic O atoms are relatively mobile since
the energy barrier for the hopping process is 54 kj/mol. This value
can be viewed as an upper limit of the barrier of surfacic diffusion
process of O atoms on larger NPs, since on Ru (000 1) surface, it has
been theoretically estimated to be 48 kJ/mol [62]. This small differ-
ence originates from the higher plasticity of the small nanocluster,
compared to a rigid Ru (0001) surface.

Due to the presence in excess of O,, we further hypothesize that
small NPs will be completely oxidized; while large ones will prob-
ably be coated by a thin RuO, film. This has been verified by a ser-
ies of calculations, where we have checked that a freestanding Ru;3
NP can easily absorb up to 30 O atoms, a number slightly in excess
in comparison with the standard stoichiometric RuO, case. It is a
thermodynamically favorable configuration since the adsorption
energy per O atom is still —167 kJ/mol. After oxidation, the I struc-
ture is preserved, and the O atoms occupy bridge positions with all
the Ru—O distances being 1.97 A; see top panel of Fig. 8.

When this oxidized nanocluster interacts with Gr-Pr or Gr-DV,
it undergoes strong distortions upon relaxation, as it is shown in
Fig. 8. In the Gr-Pr case, the oxidized aggregate spreads out,

Fig. 7. Side-views of Ru;3 adsorbed on Gr-DV-Carb2 before (on left panel) and after a proton jump (right panel). C atoms are in black, O in red, H in with white and Ru in
mocha. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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enhancing the contact area, with a maximal extension of more
than 12 A. On the 555-777 defect, the nanocluster remains more
compact, no longer than 10A. The oxidized aggregate is only
weakly bound to the pure graphene ML, with large O—C distances
around 3.7 A, the minimal distance being 3.19 A. The correspond-
ing adsorption energy is —84 kJ/mol. The Ru;303¢ system also
interacts weakly with the 555-777 defect, with an adsorption en-
ergy of —67 kJ/mol. In both cases, the formation of the Ru-oxide
strongly weakens the interaction with the carbon-based substrate.

Assuming that the source of the new oxygen SFGs is atomic O
present at the RuO,-graphene interface, we have investigated pos-
sible pathways of O-release on the graphene layer, mainly by hop-
ping processes, involving one or two O atoms from the oxidized
nanocluster to the graphene ML with and without defect. Consid-
ering that the process is thermodynamically driven, if one assumes
that it happens at room temperature, it means that the final state,
i.e. oxygen atoms chemically bound to one or more C atoms of the
support and possibly to Ru atoms too, has to be lower in energy
that the initial state, with the concerned O atom in interaction with
Ru atoms.

Transferring one O atom from the Ru;303¢ on Gr-Pr or on Gr-DV
is thermodynamically unfavorable, since the corresponding energy
differences are largely positive, as reported in Table 4. In such a
configuration, no spontaneous jump of an atomic O will occur from
the oxidized nanocluster to the graphene ML. We have checked
that the removed O atom from the aggregate adopts the most sta-
ble configuration on a graphene ML, i.e. in bridge position, to form
an epoxy group, as reported in the literature [63]. For sake of com-
parison, the energy difference corresponding to the reaction
involving Pr-Gr and %2 O, to form an epoxy group is also positive
and is around 46 kJ/mol. Neither the spontaneous dissociation of
0,, nor the transfer of one atomic O from a saturated Ru-oxide thin
film is responsible for the reformation of epoxy or carboxylate
groups. An excess of O atoms at the interface between the oxidized
nanocluster and the graphenic substrate is mandatory.

By adding an extra O at the interface (see the top panel of
Fig. 9 for the pristine case), the nanocluster structure is weakly
changed. This extra atom weakens slightly the interaction be-
tween the oxidized aggregate and the substrate, since the adsorp-
tion energies increased only by +13 kJ/mol in the Gr-Pr case. The
same value is obtained in the Gr-DV case. From this stable config-
uration, there is a strong tendency of an atomic O transfer from
the oxidized nanocluster to the pure graphene ML. Indeed, a sig-
nificant energy difference is yielded (—96 kJ/mol) as soon as the

Table 4
Energy differences (in kJ/mol) between several initial and final states for one atomic O
jump from the oxidized nanocluster to the carboneous substrate.

Ruy3030 Ru;303,+10 Ru303,+20
Gr-Pr +138 -96 +50
Gr-DV +117 +38 -25

interfacial O atom binds to the honeycomb structure to form an
epoxy group with a C—O distance of 1.46 A. The closest atom of
the nanocluster becomes the oxygen attached to the graphene
ML at the distance of 3.16 A. To reach this state, an energy barrier
of 117 kJ/mol has to be overcome, a value compatible with exper-
imental observations. Fig. 9 provides also transition state and fi-
nal geometries of this single atomic O jump. The late transition
states’ geometry is mainly characterized by an O—O bond of
1.56 A and a C—0 bond of 1.60 A.

On top of the 555-777 defect, the most stable configuration of
this extra O atom is when it lies over a C—C bond shared by a pen-
tagon and a hexagon, with dc—g = 3.09 A. However, the atomic O
jump is not thermodynamically allowed, since the energy differ-
ence is ca. +38 kJ/mol. It is only when a second extra O lies below
the oxidized surface too that makes the transfer possible. Keeping
the first O atom at the same position, the second atomic O is just
over the opposite C—C bond, shared with a 7-ring (dc—¢ = 2.88 A).
If this atom jumps to the graphenic substrate to form an epoxy
group shared by the closest 5 and 7 carbon cycles, with a C—O dis-
tance of 1.45 A, the energy difference becomes slightly negative. If
one allows the second extra O to adsorb to the graphene ML, the
energy difference is positive again (+29 kJ/mol). This indicates that
there is a need of extras O atoms at the interface, less bound to the
oxidized NP, to be more easily transferred to the carbon network.
In other words, to allow for oxygen transfer, the NP surface has
to be saturated to coordinate as much as possible interfacial ruthe-
nium atoms. This saturation is certainly possible upon air exposure
due to the excess of O, molecules that can easily dissociate, asso-
ciated with the good mobility of atomic O on the Ru NP surface.
Interestingly, the carbon atoms involved in 5 or 7-rings appear to
be not much different that 6-ring C atoms to accept O atoms, since
they do not facilitate the oxygen transfer.

Finally, when the Ru;303; nanocluster interacts with the
pristine surface, the energy difference corresponding to a single
jump is positive again (+50 kJ/mol), but the corresponding final

Fig. 8. Geometries for Ru;303, before (top panel) and after adsorption on Gr-Pr (left bottom panel) and Gr-DV (right bottom panel). C atoms are in black, O in red, H in with
white and Ru in mocha. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Geometries of Ru;3030 + 1 O atom on Gr-Pr. Top panel shows the initial state,
in the middle lies the transition state geometry while the bottom panel shows the
final state with the epoxy group. C atoms are in black, O in red, H in with white and
Ru in mocha. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

geometry presents an interesting feature. The interfacial O atom
forms a bond with the above Ru atom (1.97 A) and at the same
time pulling out a carbon atom of the substrate, as shown in
Fig. 10 (top panel). The C—O distance is 1.50 A when the elevation
of the carbon atom out of the plan is around 0.6 A. Assuming that a
second O jumps in the vicinity of this anchorage point, or if one O
atom could arrive in this area due to hopping process on the graph-
ene surface, all the conditions to form a carboxylate group bound
to a Ru atom of the nanoparticle are met (middle panel of
Fig. 10). Indeed, we have calculated that the energy barrier for a
single O atom to jump from a bridge position to the closest one
is only 71 kJ/mol, meaning that epoxy groups are mobile on the
CNT sidewalls, under experimental conditions.

Starting from the structure depicted in the mid-panel of Fig. 10,
the presence of the Ru atom over the C—C bond and the relatively
small Ru—O distance 2.46 A will certainly facilitate the hopping of
the second oxygen in order to form a stable carboxylate group
(bottom panel of Fig. 10). These 3 configurations are relatively
close together in energy. The first structure is more stable by over
113 kJ/mol than the second one. But if one considers that each time
an oxygen atom leaves the aggregate another one takes its place,
the system will gain around 137 kJ/mol at most per each replace-
ment, the presence of the epoxy group in the vicinity of the
Ru—O0—C bridge is thermodynamically allowed. Moreover, the rel-
atively modest model of NP we used is certainly too malleable in

Fig. 10. Geometries of Ru;303¢ +2 O atom on Gr-Pr after one O transferred to the
ML (top) and the final geometry after the second atomic O jump (middle panel). The
last panel shows a possible structure presenting a stable carboxylate group at the
interface. C atoms are in black, O in red, H in with white and Ru in mocha. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

comparison with larger systems. As a consequence, strong atomic
reorganization of the nanocluster is possible that increases energy
differences. Indeed, the carboxylate group, despite its interaction
with the interfacial Ru atom, is around 126 kJ/mol higher than
the previous state, but with some structural changes in the oxi-
dized NP. Some Ru—O bonds are elongated by few tenths of
angstroms.

From these theoretical data, it means that in this scenario of
sidewall’s re-oxidation, there is a need of atomic O accumulation
at the oxidized Ru-surface-CNT sidewall interface, to favor the
atomic O transfer to the support. These transfers have low energy
barriers and are thermodynamically driven. Additionally, in the
case of a pristine substrate, we have provided theoretical evidences
that the formation of a carboxylate group is even possible at the
interface. It appears that this interfacial functional group is more
stable than a surfacic carboxylate group, in good agreement with
experiments. Indeed, due to their deep location at the interface,
the interfacial carboxylates have a shorter C—C bond 1.48 A com-
pared to 1.58-1.63 A, and which we obtained in the case of SFGs.
A possible reason for this stronger binding is the more sp?
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pronounced character of the basal C that allows for a larger delo-
calization of charge coming from the two O atoms.

4. Conclusions

The complex surface chemistry of carbon materials, which is
confirmed in this work, often induces the use of empiric ap-
proaches for metal-supported catalyst preparation. In the present
experimental and theoretical study, CNTs have been used as a
model support of the carbon surface. The role of oxygen SFGs on
ruthenium grafting has been elucidated and is limited to exohedral
functionalization. The ruthenium(0) precursor [Ru(COD)(COT)] an-
chors on the external surface of oxidized CNTs by acetato ligands
via a reaction with carboxylic, carboxylic anhydride, and lactone
groups. Endohedral Ru grafting should occur preferentially on
DV, which provide good stabilization of Ru NPs. The reduced parti-
cles located inside CNTs, CNT;, (~60% of the NPs) present a smaller
diameter than the CNT,,, whatever the Ru precursor used. The DFT
calculations showed that the Ru;s cluster binds stronger to a
graphene double vacancy than to the pristine graphene. The
adsorption energy of the icosahedral Ruys cluster followed the
trend: Ru/Gr-DV-(COOH), > Ru/Gr-DV > Ru/Gr. It has been evi-
denced that once exposed to air, the reduced Ru NPs are still an-
chored to the support via acetato ligands. Upon air exposure, the
ruthenium surface is easily oxidized and a surface reconstruction
reaction occurs involving Ru, oxygen (from RuO,), and reactive sur-
face carbon atoms to produce a new acetato surface ligand for the
nanoparticles, and epoxy SFGs. The same phenomenon occurs if,
after a high-temperature treatment performed between 973 and
1173 K to remove the SFGs, the Ru NPs are re-exposed to air. This
surface reconstruction can occur either on the perfect graphene
surface or on defects, suggesting that it can also concern the Ru
NPs located in the inner cavity. This surface reconstruction reaction
can be seen as the first step toward RuO, reduction by the carbon
support that will finally produce CO,. The thermal stability of the
newly formed-COORu surface groups is higher than that of the ini-
tial-COOH groups. The Ru/CNT catalysts prepared are extremely
stable, keeping high dispersion and small NP size even after heat
treatment at high temperature. This remarkable stability can be
attributed to the low edge/basal plane ratio present on the CNT
support. This work sheds a new light on a general approach for
designing highly stable carbon-supported nanocatalysts with de-
sired structures for targeted reactions and could pave the way to
the rational design of metal-carbon hybrid materials.
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