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a b s t r a c t

Pyrolysis of ammonium alginate films containing Ru(NH3)6Cl3 leads to the formation of Ru nanoparticles
(NPs) supported on defective graphene films. The procedure allows controlling the preferential facet ori-
entation of small Ru NPs (5–20 nm), either 002 when the pyrolysis is carried out under Ar atmosphere or
the 002 and 101 planes for pyrolysis in the presence of H2. Ru is a metal difficult to prepare in preferential
facet orientation compared to noble metals due to its higher reactivity and smaller particle size.
Theoretical calculations substantiated the inhibition of Ru(002) growth by H2 adsorption, with restruc-
turation to Ru(002–101) NPs. The defective graphene films of about 15 nm thickness containing one of
the two types of Ru NPs (150 ng/cm2) exhibit distinctive catalytic activity for the dehydrogenative cou-
pling of silanes and alcohols and hydrogen transfer reduction of cyclohexanone. Comparison of turnover
frequencies indicates that the 101 facet is more efficient than the 002 plane. Overall, this study illustrates
that pyrolysis conditions can control the preferential crystallographic orientation of the growing Ru NPs
and the relative catalytic activity of their specific crystallographic planes.
� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Transition metal nanoparticles (NPs) supported on large area
solids are general heterogeneous catalysts,[1] being able to pro-
mote a wide range of reaction types, including oxidations [2,3],
reductions [4], homo- and crosscouplings [1,2,5], rearrangements
[6] and acid-base reactions [7,8]. A continuous interest in this area
is to develop strategies to optimize their catalytic activity [9,10].
This goal has been achieved, among other ways, by decreasing
the particle size [11], selection of suitable supports exhibiting ade-
quate metal-support interactions [12] and by controlling the crys-
tal phase and particle morphology [4].

Metal nanoparticles display different physical and chemical
properties compared to bulk metals, making them very attractive
in catalysis [13]. The intrinsic properties of a metal nanoparticle
arise mainly from its size, shape and crystallinity. Besides the effect
of size, the preferential crystallographic orientation of nanoparti-
cles may drastically improve their catalytic activity [14]. Anisotro-
pic nanoparticles are generally prepared through colloidal
synthesis, involving the use in solution of stabilizing ligands, which
strongly bind to certain facets limiting their growth and apparently
favoring the crystal growth in different planes, resulting in
selectively-oriented nanoparticles [15]. While bulky long chain
surfactants are ubiquitously used for such purpose [16], small
gas molecules including hydrogen and carbon monoxide have also
been found to provide selectively-oriented nanoparticles [17,18].
Palladium and platinum nanocrystals with a defined crystallo-
graphic shape and facet have been synthesized using CO or H2 as
growth directing agents. In these reports, CO or H2 molecules
adsorb strongly on the exposed crystallographic facet during the
formation of the nanocrystals and restrict their growth [19–22].
A control of the crystallographic facet exposed by the nanoparticle
would have a significant influence on its activity and its selectivity
in the catalysis of different reactions [17,18]. For instance, Pt can
selectively catalyze different types of chemical reactions, with
the {100} and {210} facets being more active for reactions involv-
ing H2 and CO, respectively [23]. In another example, Ag (110)
and Ag (100) facets have better activity for the electrocatalytic
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reduction of CO2 to CO, a result attributed to the strong adsorption
of carboxyl groups on the {110} and {100} faces [24].

Although the colloidal synthesis has given rise to extremely
active catalysts [14], their physical state in suspension hinders
their recovery from the reaction medium and makes their use in
catalysis less convenient than supported metal nanoparticles. To
tackle these drawbacks, oriented nanoparticles must be supported
on a large surface area material such as graphene. The latter raised
as a unique support in heterogeneous (photo)catalysis [25–28].

In this context, the simultaneous formation of metal NPs and
defective graphenes by pyrolysis of natural polysaccharides
adsorbing metal salts has been reported [29,30]. This procedure
ensures a strong interaction between the metal NP and defective
graphene, as deduced by the size and morphology of the metal
NPs [31,32]. In addition to the strong grafting, these metal NPs
on defective graphene can exhibit a preferential facet [30,32]. It
was proposed that during the pyrolysis, the graphene sheet is tem-
plating the formation of the metal NP by epitaxial growth, thus
resulting in the development of the crystallographic plane that bet-
ter matches the hexagonal graphene arrangement [30]. Oriented
metal NPs grafted on few layers defective graphene have shown
an extremely high activity for this type of materials [33,34]. The
concept has been proved for gold [33], copper [34], platinum
[35], and silver characterized by particles with platelet morphol-
ogy and large lateral size (50–90 nm) [29]. Considering that exper-
imental studies and theoretical modeling indicate different
catalytic activities for different planes of metal NPs [36–42], it is
of interest to expand the study of the specific catalytic activity of
different crystal planes to other metals, particularly those that
are difficult to be obtained with preferential crystallographic orien-
tation such as Ru [43]. Studies on the specific reactivity of Ru facets
is up to now very limited in comparison to Pt, Au and other metals
due to higher difficulty in the selective preparation of oriented Ru
NPs [14,15]. The reluctance of Ru NPs to form oriented particles
derives from the high reactivity of Ru and its tendency to form
smaller NPs in comparison with noble metals. Therefore, it is of
interest to expand the method of simultaneous defective graphene
and metal synthesis to more challenging metals, such as Ru.

Herein, the preparation of nanometer-thick films of small Ru
NPs (5–20 nm) exposing preferentially two different crystallo-
graphic planes grafted on few layers defective graphene exhibiting
very high catalytic activity for dehydrogenative coupling of
hydrosilanes and alcohols and hydrogen transfer reduction of
cyclohexanone as two model reactions is reported. The preferential
crystallographic orientation depends on the synthesis conditions.
In this way, defective graphene films having Ru NPs with preferen-
tial 002 facet (Ru(002)/G, Ru meaning oriented Ru NP) or preferen-
tial 002 and 101 facets (Ru(002–101)/G) can be prepared
depending on the absence or presence of hydrogen. It is notewor-
thy to mention that in our previous studies [33,34,44], when metal
NPs were grown on G films they exhibited only one preferential
orientation and that tailoring of the crystallographic orientation
by interaction with gas molecules has not yet been reported. In
addition, the particle size of the oriented metal NP is notably smal-
ler in the case of Ru respect to the previously reported metals [29].
Comparison of the catalytic activity of these two samples provides
experimental evidence of the specific catalytic reactivity for each of
these two crystallographic planes. The performance of Ru NPs has
been compared with those obtained for an analogous Ru/G in
where Ru NPs of much smaller particle size, but lacking preferen-
tial crystallographic, are homogeneously dispersed on the same
type of graphene. It was found that these small Ru NPs exhibit
much lesser activity in spite of their much smaller diameter. Data
will be presented showing that the intrinsic catalytic activity is
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dramatically enhanced when the Ru NPs are strongly interacting
with the defective graphene film and that the 101 facet exhibits
higher catalytic activity than the 002 plane. In addition, the cat-
alytic activity of oriented Ru NPs also compares favorably with
other benchmark catalysts reported in the literature for dehydro-
genative silane-alcohol coupling and cyclohexanone reduction by
alcohols. Since catalysis is constantly searching for more efficient
catalysts, the present study shows how preferential facet orienta-
tion and grafting on graphene can serve to develop more advanced
heterogeneous catalysts.

2. Experimental

2.1. Materials

All reagents used in this work were purchased from Sigma-
Aldrich and were used as received without further purification.

2.2. Preparation of catalysts

2.2.1. Preparation of Ru/G
2 g of sodium alginate (Lot #MKBZ5563V) were dissolved in

50 ml of MilliQ water under magnetic stirring. The stirring was
maintained for 12 h to ensure complete dissolution of sodium algi-
nate. The resulting solution is dropped into a 2 M HCl solution. The
alginic acid hydrogel in the form of microspheres was stirred in the
acidic solution for 3 h, before copious washing with MilliQ water
until washing waters became neutral. The microspheres are then
immersed in an aqueous solution of RuCl3�xH2O (70.5 mg in
100 ml of MilliQ water) for 16 h. The hydrogels were dehydrated
by gradual exchange of water by ethanol using consecutively four
mixtures with a relative water–ethanol proportion of 75–25, 50–
50, 25–75 and 0–100. Each water to ethanol exchange was carried
out by magnetic stirring at 50 rpm for 2 h at room temperature.
Then, the resulting alcogels were dried with an automated super-
critical CO2 dryer. The aerogels were pyrolyzed at 5 �C/min until
reaching a temperature of 900 �C under Ar atmosphere for 1 h. A
content of Ru of 1% was determined by ICP-OES by dispersing a cer-
tain amount of Ru/G in 8 ml of aqua regia and heating at 100 �C for
24 h.

2.2.2. Preparation of Ru(002)/G
Alginic acid from Sigma-Aldrich (Lot #SLBL2988V) was first dis-

persed in 9 ml of MilliQ water under magnetic stirring followed by
the addition of 1 ml of aqueous NH4OH solution (25%) to ensure its
complete dissolution. After stirring for 2 h, the resulting solution of
ammonium alginate was filtered through a syringe of 0.45 lm pore
diameter to remove eventual impurities present in the powder.
148 mg of hexaamineruthenium(III) chloride purchased from
Sigma-Aldrich (Lot#MKCF0161) was dissolved in 200 mL of MilliQ
water. 3 ml of filtered ammonium alginate solution was, then,
added to the ruthenium complex solution and the mixture is left
under stirring for 3 h. The resulting suspension was, then, filtered
through a syringe of 0.45 lm diameter. The films were prepared by
casting the solution on a freshly cleaned quartz plate (1 � 1 cm2) at
4000 rpm for 30 s. The films were dried at 60 �C for 1 h prior to
submit them to pyrolysis under Ar atmosphere at a heating rate
of 5 �C/min up to 1000 �C and a dwelling time of 1 h at the final
temperature. The plates were allowed to cool at room temperature
under Ar atmosphere. The amount of Ru was determined by ICP-
OES by immersing the plates into aqua regia for 24 h and analyzing
the Ru content of the resulting solution. Although films with vari-
ous Ru contents were prepared with identical facet orientation,
most of the catalytic experiments reported here were performed
with the films having 1.34 � 10-9 molRu � cm�2.
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2.2.3. Preparation of Ru(002–101)/G
Alginic acid purchased from Sigma-Aldrich (Lot #SLBL2988V)

was first dispersed in 9 ml of MilliQ water followed by the addition
of 1 ml of aqueous NH4OH solution (25 %) to ensure its complete
dissolution. After stirring for 2 h, the resulting solution of ammo-
nium alginate was filtered through a syringe with a Nylon filter
of 0.45 lm pore diameter to remove eventual impurities present
in the powder. 148 mg of hexaammineruthenium (III) chloride
purchased from Sigma-Aldrich (Lot#MKCF0161) was separately
dissolved in 200 mL of MilliQ water. 3 ml of the filtered ammonium
alginate solution was added to the metallic solution and the result-
ing mixture was left under stirring for 3 h. The color of the result-
ing suspension turned dark brown. The resulting suspension was
then filtered through a syringe of 0.45 lm diameter. The films were
prepared by casting the solution on a freshly cleaned quartz plate
(1 � 1 cm2) at 4000 rpm for 30 s. The films were dried for 1 h at
60 �C prior to pyrolysis under 5 % H2/ 95% Ar atmosphere at a heat-
ing rate of 5 �C/min up to 1000 �C and dwelling time of 1 h at the
final temperature. The amount of Ru was determined by ICP-OES
analysis by immersing the plates into aqua regia for 24 h and ana-
lyzing the Ru content of the resulting solution. Films of different Ru
loadings were prepared. However, most of the catalytic experi-
ments were performed using films containing 1.76 � 10-9

molRu � cm�2.
2.2.4. Catalysts characterization
XRD patterns were recorded using a Cubix Pro PANanalytical

diffractometer. Raman spectra were recorded using a 514 nm exci-
tation laser on a Renishaw Raman spectrometer equipped with a
LEICA microscope. FESEM images were recorded using a ZEISS
Ultra 55 microscope. HRTEM images were recorded in a JEOL
JEM2100F under an accelerating voltage of 200 kV. AFM images
were recorded using a Bruker multimode microscope under tap-
ping mode. XP spectra were measured on a SPECS spectrometer
using a monochromatic X-Ray source (Al and Mg) operating at
200 W.
2.2.5. General procedure for the dehydrogenative coupling of
dimethylphenylsilane with alcohols

All reagents were purchased from Sigma-Aldrich and used as
received without additional purification steps. To 1 mmol of
dimethylphenylsilane, 1.5 ml of the alcohol is added followed by
the addition of the catalyst (3 rigid plates of Ru(002–101)/G or
Ru(002)/G films or 3 mg of Ru/G powder). The reaction was stirred
at 250 rpm for 4 h or 24 h at room temperature. The catalyst was
collected by filtration and the reaction products were analyzed
using GC–MS using n-dodecane as internal standard. TOF values
were calculated considering all Ru atoms in the sample. Calculation
of TOF was made using the following equations:

TON: Amount of converted reactant (mol)/amount of Ru (mol)
TOF: TON/Time(h)
2.2.6. Reusability of Ru/G, Ru(002–101)/G and Ru(002)/G
Reusability of Ru/G as microspheres was carried out using

10 mmol of dimethylphenylsilane, 15 ml of butanol and 30 mg of
Ru/G in a 130 ml reactor. Between each catalytic run, the beads
are recovered and washed once with butanol and twice with ether,
dried and used in the following run. Reusability of Ru(002–101)/G
and Ru(002)/G quartz plates was performed recovering the rigid
2x2 cm2 plates after 24 h time of reaction and washing them with
butanol before the next run.
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2.2.7. General procedure for the determination of the hydrogen yield
from the dehydrogenative coupling of dimethylphenylsilane with
alcohols

To measure H2 evolution in silane-alcohol coupling, the exper-
iments were conducted in a 130 ml reaction vessel under continu-
ous stirring (250 rpm) at 25 �C. Control reactions of
diphenylmethylsilane and n-butanol performed at 500 rpm give
the same temporal profiles, indicating that the reaction is not
under diffusion limitation. The vessel was sealed and the internal
air is degassed thrice using argon. The catalysts (15 mg of Ru/G
or 4 plates of Ru(002–101)/G or Ru(002)/G) were added to 8 ml
of the alcohol in which 5 mmol of dimethylphenylsilane was dis-
solved immediately prior to the experiment. H2 generation was fol-
lowed by analyzing the gases on the headspace using an Agilent
490 MicroGC having two channels both of them with TC detector
and using Ar as a carrier gas. One channel has a MolSieve 5A col-
umn and analyzes H2. The second channel has a Pore Plot Q column
and analyzes CO, CH4 and light hydrocarbons. Quantification of H2

was based on prior calibration of the system using standard sam-
ples of known H2 composition.

2.2.8. General procedure for the hydrogen transfer reduction of
cyclohexanone

All reagents were purchased from Sigma-Aldrich and used as
received without additional purification steps. To 1 mmol of cyclo-
hexanone, 1.5 ml of the NaOH solution (2 mg of NaOH in 1.5 ml of
isopropanol) is added followed by the addition of the catalyst (3
plates of Ru(002–101)/G or Ru(002)/G or 3 mg of Ru/G powder).
The reaction was stirred at 250 rpm for 8 h at 80 �C. The catalyst
was collected by filtration and the reaction products were analyzed
using GC–MS using n-dodecane as internal standard.

3. Results and discussion

3.1. Catalysts preparation and characterization

The procedure herein used to prepare films containing Ru starts
adsorbing Ru(NH3)6Cl3 into alginate, the resulting viscous gel being
cast on quartz plates (Scheme 1). These alginate films containing
Ru(NH3)6Cl3 were pyrolyzed in the absence of O2. Photographs of
the resulting films on quartz substrates are provided in Fig. S1 in
supporting information.

After pyrolysis, the resulting Ru/G films were characterized by
chemical analysis, X–ray diffraction (XRD), Raman, X-ray photo-
electron spectroscopy (XPS) and microscopy techniques. For the
sake of XRD characterization, we initially prepared films with a
high percentage of Ru (20 %) to be able to record the diffractogram
of Ru NPs. Fig. S2 of supporting information shows the scanning
electron microscopy (SEM) images of the Ru(002)/G that exhibits
a smooth surface without cracks or pinholes in the underlying G
film on top of which inhomogeneously distributed Ru NPs appear.
Particle size distribution of Ru NPs reveals the presence of small
(10 nm) and large (150 nm) particles with an average at 64.2 nm
(Fig. S2 a, c inset). The XRD patterns of these samples (Fig. 1) shows
that Ru(002)/G film exhibits exclusively a narrow diffraction peak
at 42� corresponding to the 002 facet of Ru metal, other diffraction
peaks present in Ru metal are not present in Ru(002)/G film. The
absence of other diffraction peaks of Ru NPs is taken as a firm evi-
dence of the preferential crystal growth. The broad diffraction
peaks at 24 and 65� are characteristic of the G film.

When the synthesis to obtain Ru NPs supported on G films was
carried out in an atmosphere containing 5 % H2, the XRD pattern of
the resulting Ru(002–101)/G films exhibits, besides the 002 peak,
the peak corresponding to the 101 facet. Worth noting is that other
XRD peaks present in unoriented Ru NPs were also absent in



Scheme 1. Pictorial illustration of the preparation of Ru(002)/G and Ru(002–101)/G films. i) Formation of films of sodium alginate with adsorbed Ru(NH3)6Cl3 by spin-
coating; ii) Pyrolysis at 1000 �C; iii) in Ar atmosphere or iv) under 5% H2/ 95% Ar atmosphere giving place to differently oriented Ru NPs over defective graphene films.

Fig. 1. XRD patterns of a) unoriented Ru NPs on G (5 wt% Ru) b) Ru(002)/G and c) Ru(002–101)/G. The broad peaks at 24� and 65� correspond to multilayer G.
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Ru(002–101)/G films. This indicates that molecular H2 alters the
crystal growth of Ru NPs. In addition, H2 as reducing agent
improves G quality, diminishing O content on G and improving
the Raman spectra.[45] In contrast to the presence of one or two
diffraction peaks for Ru NPs in Ru(002)/G and Ru(002–101)/G
films, respectively, a control sample Ru/G (5 wt% Ru) obtained
impregnating ammonium alginate beads with RuCl3 solution and
subsequent pyrolysis, exhibits the expected XRD of unoriented
Ru NPs with all possible crystallographic planes. The influence of
H2 on Ru crystals observed here agrees with reports in the litera-
ture showing the reconstruction of Ru clusters in the presence of
H2 [46] and the change in the morphology of Ru particles in hydro-
genation reactions frequently observed.[43] Although CO or even
CO2 evolving during the pyrolysis could also play a role on the crys-
tal facet of Ru NPs in addition to graphene templating effect, com-
parison of the preparation in the absence and presence of H2 shows
the importance of this gas shaping the Ru crystal. In fact, the
amount of H2O, CO and CO2 generated from a few micrograms of
chitosan should be much minor in comparison with the steady
0.5 mmols of H2 � min�1 constantly flushed into the pyrolysis
reactor.

Having observed the orientation of the Ru NPs by XRD with
samples with a high percentage of Ru, then we prepared samples
with a lower percentage of Ru (5 % respect to ammonium alginate
weight before pyrolysis) that will give rise to smaller NPs and a
higher percentage of exposed Ru atoms on the surface, therefore
being more active for catalysis. Scanning electron microscopy
(SEM) images of the sample Ru(002–101)/G (Fig. 2a,b) and
Ru(002)/G (Fig. 2c,d) at this low percentage, shows a smooth film
345
surface in which Ru NPs are present with particle size distribution
of Ru NPs with an average at 23 nm (Fig. 2 a, c inset). Note that if Ru
atoms or clusters would be buried within the G film the surface
would be expected to exhibit some roughness. For the sake of com-
parison, Fig. S.3 presents FESEM images and elemental EDX map-
ping of Ru/G control sample without preferential Ru NP
orientation.

TEM images of Ru(002)/G films reveal the presence of small Ru
NPs from 1 to 10 nm not seen in FESEM (Fig. 3). EDX confirmed that
the small NPs were Ru (Fig. S4-S5). Electron diffraction of Ru NPs
shows that they are single crystals with an atomic distance of
2.12 Å, corresponding to Ru 002 plane (Fig. 3b), providing at micro-
scopic level concordant information as XRD at macroscopic scale
for larger Ru contents on the film. Worth noting is that the atomic
distance corresponding to the Ru 002 plane was observed in TEM
for all Ru NPs measured, regardless of their particle size (support-
ing information, Fig. S6-S7), meaning that the preferential crystal-
lographic orientation was not specific of a certain particle size, but
for all Ru NPs as implied in the XRD measurements for Ru(002)/G
of higher loading.

Analogous information as that of Ru(002)/G was obtained for
Ru(002–101)/G films. However, two different atomic distances of
2.12 and 1.99 Å corresponding to the 002 and 101 planes, respec-
tively, were measured in this case as well regardless of the particle
size (Fig. 3d and Fig. S8, supporting information). TEM analysis of
the control Ru/G film of unoriented Ru NPs shows, as the most
remarkable difference respect to the Ru oriented films, the much
smaller size of unoriented Ru NPs with 1 nm average (Fig. S9 in
supporting information). The much smaller Ru NP size for Ru/G



Fig. 2. SEM images of a), b) Ru(002–101)/G and c), d) Ru(002)/G at two magnifications. Insets: Size distribution histograms. The content of Ru vs. alginate in the preparation
step was 5 %.

Fig. 3. a-b) TEM images of Ru(002)/G at two magnifications. The atomic distance corresponds to the 002 facet; c-d) TEM images of Ru(002–101)/G at two magnifications.
Two atomic distances corresponding to the 002 and 101 facets of Ru were found. Insets show the corresponding selected area electron diffraction patterns.
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powder could reflect the benefits of embedment of the nascent Ru
NP within a carbon matrix wrapping the particles, rather than their
support on a flat film surface. Considering the higher catalytic
activity of small size NPs, it could be expected that control Ru/G
sample should exhibit the highest activity compared to Ru(002)/
G and Ru(002–101)/G (23 nm average size). Attempts to prepare
oriented Ru NPs supported on defective graphene [either
Ru(002)/G or Ru(002–101)/G depending on the presence of H2]
with smaller particle size and narrower particle size distribution
were made by varying the pyrolysis temperature (900 and
1100 �C) and the percentage of H2 in the flow (0, 5 and 10 %) during
the pyrolysis. As expected the mean particle size increased with
the temperature and was somewhat smaller under H2, but the size
distribution was still broad. Supporting information provides the
TEM images and histograms of these screening tests (Figures
S.10-S.18). As no evident advantage, samples prepared at 1000 �C
in the absence or presence of 5 % H2 were used in the evaluation
of the catalytic activity.

Further details on the Ru NP morphology and film roughness
and thicknesses were obtained by atomic force microscopy
(AFM) with subnanometric vertical resolution (Fig. 4). According
to AFM, the G layer for both Ru(002)/G and Ru(002–101)/G films
at this resolution higher than SEM was smooth with a film thick-
ness of about 15 nm. The presence of Ru NPs is clearly visualized
in the frontal AFM views, with average Ru NP height of 4.3 and
7.6 nm for Ru(002)/G and Ru(002–101)/G, respectively (insets
Fig. 4). The smoothness of the G films with subnanometric rough-
ness suggests that Ru atoms or clusters are not buried within the G
films. The difference in Ru NP height suggests that Ru(002)/G and
Ru(002–101)/G films have in common the upper 002 facet, but dif-
fer on the height due to the 101 facet, less developed in Ru(002)/G
film than in Ru(002–101)/G. Accordingly, H2 makes Ru NPs grow in
the height direction, developing the 101 facet.

XPS analyses of films of Ru deposited on G indicate the presence
of C, O and Ru and the absence of Cl or Na. Cl or Na were also not
detected by ICP. Coincidence of the Ru3d3/2 and C1s peaks makes
difficult a detailed analysis of C atoms on Ru(002)/G (Fig. 5).
Ru3d signal appears split into two peaks at binding energy
280.11 and 284.31 eV, attributable to Ru3d5/2 and Ru3d3/2, respec-
tively. While the Ru3d3/2 peak coincides with C1s, analysis of
Fig. 4. AFM frontal views of a) Ru(002)/G and b) Ru(002–101)
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Ru3d5/2 that does not overlap with any other element indicates a
single component due to Ru(0). A shift in the binding energy of
�0.19 eV respect to the standard Ru3d5/2 value indicates that Ru
(0) electronic density is higher than usual. This binding energy
shift in XPS of oriented metal NPs on G has been taken in previous
studies as a quantitative indicator of strong metal-support interac-
tion through electron donation from G to the metal. In addition,
XPS agrees with XRD that the film is constituted by metallic Ru
NPs, ruthenium oxides being not detected.

Similar conclusions were drawn for Ru(002–101)/G films. How-
ever, no binding energy shift in the Ru(0) peaks appearing at
280.30 and 284.53 eV respect to standard Ru(0) values was
observed. In addition, a relative Ru surface atomic proportion
about twice higher than that for Ru(002)/G was measured. These
features can be rationalized considering the higher Ru NP height
in Ru(002–101)/G, making interaction with the basal G plane
weaker and surface Ru proportion higher than in Ru(002)/G.

The defective nature of the graphene formed by alginate pyrol-
ysis has been already reported in the literature and can be assessed
by Raman spectroscopy (see Fig. 6). The Raman spectra show the
presence of the 2D, G and D band characteristic of graphenes hav-
ing defects in their basal planes [45]. These defects consist in the
presence of oxygen functional groups and carbon vacancies [45].
Previous theoretical work with models have revealed the role of
defects to establish strong metal-graphene interactions, as it may
also be the case here [45].

3.2. Catalytic activity

Having shown the preparation of films containing Ru NPs with
defined crystallographic planes, the study focused on the influence
of the preferential orientation on the catalytic activity of Ru NPs. It
is known that Ru can exhibit distinctive catalytic activity for
hydrogenation reactions and ammonia synthesis depending on
the facet exposed [47]. With this aim, two reactions, namely the
dehydrogenative silane-alcohol coupling (Eq. 1) and the hydrogen
transfer reduction of carbonyls (Eq. 2) were selected as model reac-
tions to evaluate the relative activity of the film catalysts. The cat-
alytic experiments were performed with Ru(002)/G and Ru(002–
101)/G films with a loading of 1.34 � 10-9 and 1.76 � 10-9 molRu-
� cm�2, respectively.
/G. Insets: Histograms of Ru NP height for both materials.



Fig. 5. High resolution XPS C1s and Ru3d peaks of Ru(002)/G (a) and Ru(002–101)/G (b) as well as the best deconvolution to individual components.

Fig. 6. Raman spectra of Ru(002)/G (a) and Ru(002–101)/G (b) films upon 514 nm excitation. The low signal to noise ratio of Ru(002)/G probably reflects its lower thickness.
The broad peaks at 470 nm is an artifact due to the quartz substrate.
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Coupling of silanes and alcohols to alkyl silyl ethers is of inter-
est in view of the mild reaction conditions for on-demand H2 gen-
eration from liquid carriers [48]. Initial tests were performed using
control Ru/G powders in suspension as catalyst and
dimethylphenylsilane reacting with different alcohols. To compare
the activity of the three catalysts, turnover number (TON) and
turnover frequencies (TOF) values were the figure of merit. Exper-
imental section contains the equations used to determine TON and
TOF values. TOFs were estimated at the same conversion level of 7
% for the three samples. High silane conversions and large TON and
TOF values were achieved using Ru/G for aliphatic and benzylic
alcohols (Table 1, entries 1 to 4). Evolution of H2 in all cases was
measured and quantified by analysis of the headspace gas. The val-
ues are also listed in Table 1. Formation of H2 is in favor of the
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reported mechanism in which alcohol attacks nucleophilic to
hydrosilane interacting with the Ru NP, resulting in the formation
of Ru-H hydride and the protonated silyl ether, which undergoes a
subsequent deprotonation [47].

Fig. S.19 in Supporting Information presents the time-
conversion plots for the coupling of dimethylphenylsilane with
different alcohols. Reusability tests for Ru/G show that the initial
reaction rate and final conversion decrease gradually from 0.15
to 0.11 mmol � min�1 and from 98.9 to 76.2 %, respectively,
in 5 uses. STEM analysis of the particle size after 5 runs indi-
cates a growth from the initial 1 to 2 nm average size
(Fig. S.20, Supporting Information), suggesting that partial deac-
tivation of Ru/G is due to particle size increase under the reac-
tion conditions.



Fig. 7. Time-conversion plots for the dehydrogenative coupling of Me2PhSiH with
butanol catalysed by Ru/G ( ), Ru(002–101)/G ( ) and Ru(002)/G ( ). Reaction
conditions: Me2PhSiH (1 mmol), butanol (1.5 ml), 25 �C; Ru/G 3 mg, Ru(002–101)/G
and Ru(002)/G three 1 � 1 cm2 plates. For reaction conditions in each case,

Table 1
Reaction conditions and scope using Ru/G powders, Ru(002–101)/G and Ru(002)/G films as catalysts.

Entry Catalyst Alcohol Conversion (%) H2 yield (%)d TON TOF (h�1)e

1a Ru/G Butanol 87 76 2928 815
2a Ru/G Pentanol 95 75 3194 798
3a Ru/G Hexanol 99 70 3329 832
4a Ru/G Benzyl alcohol 85 57 2877 719
5b Ru(002–101)/G Butanol 25.4 8 48,068 12,017
6b Ru(002–101)/G Pentanol 15.6 9 29,583 7395
7b Ru(002–101)/G Hexanol 18.4 5 34,905 8726
8b Ru(002–101)/G Benzyl alcohol 2.9 1 5587 1396
9c Ru(002)/G Butanol 7.9 3 19,840 4960
10c

Ru(002)/G Pentanol 7.1 2 17,674 4418
11c

Ru(002)/G Hexanol 8.9 1 22,379 5594
12c

Ru(002)/G Benzyl alcohol 5.5 1 13,691 3422

a Reaction conditions: Me2PhSiH (1 mmol), 1.5 ml of alcohol, 3 mg of Ru/G, 25 �C, 7 h. Conversion determined by GC analysis with n-C12H26 as internal standard; b Reaction
conditions: same reagents and temperature as footnote ‘‘a”, but using as catalyst three 1x1 cm2 quartz plates coated with Ru(002–101)/G (Ru content 1.76.10–9 mol � cm�2,
reaction time 24 h; c Reaction conditions: same reagents and temperature as footnote ‘‘a”, but using as catalyst three 1 � 1 cm2 quartz plates of Ru(002)/G film (Ru content
1.34.10–9 mol � cm�2), reaction time 24 h. d Reaction conditions: Me2PhSiH (5 mmol), 7.5 ml of alcohol, catalysts: 15 mg of Ru/G, 4 plates of 2 � 2 cm2 of Ru(002–101)/G or
Ru(002)/G , 25 �C. e Determined at the same conversion of 7 %. The amount of H2 was determined by micro GC analysis with prior calibration.
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The reactions were also carried out using as catalyst 1x1 cm2

quartz plates coated by nanometric thick films of G containing ori-
ented Ru NPs. An additional control testing the activity of G films
on quartz in the absence of Ru NPs under identical conditions
showed no activity. In contrast, although phenyldimethylsilane
conversions were lower, G films containing oriented Ru NPs exhibit
a remarkable activity in terms of turnover number (TON) and turn-
over frequency (TOF), due to the minute Ru amount present in the
films. Ru(002)/G as catalyst afforded in 4 h at room temperature
between 5.5 and 8.9 % silane conversion to its silyl ether (Table 1,
entries 9–12). Considering the amount of Ru on the films of a few
ng, TON values 6 to 9 times higher than those determined for Ru/G
sample were measured. This increase in activity is even more
remarkable considering that average Ru particle size in Ru(002)/
G is 23 nm, substantially larger than in fresh Ru/G (1 nm) and that
the catalyst is not suspended, but deposited on a rigid quartz plate.
Surface area and porosity are also in favor of Ru/G, since the ori-
ented Ru(002)/G are supported on a macroscopically flat film.
Thus, although comparison between the activity of Ru/G and
Ru(002)/G should be taken cautiously due to the above com-
mented differences, the positive catalytic features are all in favor
of Ru/G that nevertheless has lower TON. The higher activity of
Ru(002)/G is clearly evidenced considering that the silane butanol
coupling is being promoted by a few nanomols of Ru grafted on the
defective graphene film. Ru(002)/G films were notably stable and
prolonging the experiment over 80 h resulted in conversions of
about 80 % (see supporting information, Figures S.21-S.24).

A comparison of the intrinsic catalytic activity of different crys-
tallographic facets in Ru NPs was obtained from the kinetic data of
Ru(002)/G and Ru(002–101)/G. According to Table 1, conversion,
TON and TOF values for the Ru(002–101)/G film are significantly
higher than for Ru(002)/G. Fig. 7 presents the time-conversion
plots for the reaction of Me2PhSiH with butanol using Ru/G,
Ru(002–101)/G and Ru(002)/G as catalysts, while Fig. S.25 in sup-
porting information shows the time-conversion plots for the reac-
tion of Me2PhSiH with other alcohols. Note that although Ru/G
apparently is more active in this Fig. 7, this is due to the higher
Ru content, small average Ru particle size and large surface area
of G. However, as indicated in Table 1, TON and TOF values of
Ru(002–101)/G and Ru(002)/G are much higher. In principle, con-
stant TON values, conversions and TOFs should be observed, unless
one crystallographic facet is more active than the other one. There-
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fore, the significantly better performance of Ru(002–101)/G indi-
cates that the 101 facet is catalytically more active than the 002.
Estimation based on the average particle size and height of Ru
NPs indicates that the 101 facet is more than eight times more
active than the 002 plane (supporting information).

A second use of both films of oriented Ru NPs on G shows some
decrease in activity as determined by 24 h conversion (Fig. S.26,
Supporting information). While the recycling experiments showed
slight catalyst deactivation, we must stress the impressive long-
term stability of Ru(002–101)/G, as the latter remains active for
8 days allowing to reach a final TON value of 129,740 (see
Fig. S.27 in supporting information).

To put the catalytic activity of Ru(002–101)/G and Ru(002)/G
films into context, Table S1 provides a summary of the reported
values compared to the results achieved in the present study. As
it can be seen in this Table, Ru(002–101)/G catalyst is the most
active catalyst reported for this dehydrogenative silane-alcohol
coupling.



Fig. 8. Time-conversion plots for hydrogen transfer from isopropanol to cyclohex-
anone. Reaction conditions: cyclohexanone (1 mmol), isopropanol (1.5 ml), NaOH
(1 mg), 80 �C. Catalyst: Ru/G as powder (3 mg) ( ), Ru(002)/G ( ) and Ru(002–
101)/G ( ) (3 quartz 1 � 1 cm2 plates), same Ru loading as Table 1.
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The second reaction tested was the hydrogen transfer reduction
of cyclohexanone to cyclohexanol in isopropanol as solvent and
hydrogen donor [49,50]. For this reaction, the relative activity
order of the samples was different, Ru/G being the less efficient
catalyst (See Fig. 8). Taking initial reaction rates as the figure of
merit of activity, values of 5.2, 18.7 and 3.8 lmol � min�1

Ru(002)/G, Ru(002–101)/G and Ru/G, respectively, were mea-
sured, corresponding to TOF values of 3880, 10,625 and 12.9 min�1

respectively, confirming the higher catalytic activity of oriented Ru
NPs. It is proposed that the reaction occurs following the reported
mechanism involving the Ru-H hydride formed from the Ru-
alcoholate as the key reaction mechanism.

Estimations based on the average particle size and height of the
Ru NPs indicate that the efficiency of the 101 facet is more than
seven times that of the 002 plane.

Cyclohexanone reduction by isopropanol through H2 transfer
has been studied with numerous catalysts, including those con-
taining Ru NPs. To put the catalytic activity of Ru(002–101)/G
and Ru(002–101)/G films into context, Table S2 in supporting
information summarizes the activity of some of the reported cata-
lyst. As it can be seen in this Table S2, the TOF values achieved with
Ru(002–101)/G films are among the highest ever reported, ranking
Ru(002–101)/G films at the top of the most efficient catalysts for
carbonyl reduction by hydrogen transfer from alcohols.

To put the activity of Ru(002–101)/G films into context,
Table S2 in the supporting information provides a comparison of
the conversion, TON and TOF values measured for oriented films
with those of benchmark catalysts reported in the literature. This
comparison shows that Ru(002–101)/G and Ru(002)/G films are
among the most active catalysts ever reported.
3.3. Theoretical calculations

Periodic DFT calculations were carried out to understand the
preferential growth of Ru NPs as well as H2 adsorption (see sup-
porting information for details). First, clean Ru (002) and Ru
(101) crystallographic planes (Fig. S.28, Supporting information)
from hexagonal lattice were optimized without considering G. This
optimization points towards a significant stability of (002) plane
respect the (101) facet (DE = 1.46 eV). A theoretical relative rate
between both planes of 4.7 (k002/k101 ratio) was estimated. This
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would justify, why Ru NPs with a preferential (002) facet are
observed under Ar atmosphere.

Adsorption phenomena strongly depends on adsorbate location
on the surface [51]. To localize favorable adsorption sites, analyses
of molecular electrostatic potential (MEP) surface were carried out.
The calculated MEP surface reveals a significant difference
between the (002) and the (101) planes (Fig. 9). The (002) plane
exhibits positive regions (+1.1 and + 3.0 eV) on MEP surface,
whereas (101) plane presents negative values (-1.3 and �2.4 eV).
These MEP surfaces indicate a different behavior of Ru(002) and
Ru(101) in the presence of H2 or reagents for catalytic purposes.

Importantly, these positive and negative MEP surfaces are sig-
nificantly attenuated by supporting Ru NPs on G. The interaction
of Ru (002) on a G layer shows short distances (2.19 – 2.26 Å), indi-
cating a strong interaction energy of �2.35 eV [-1.75 eV for Ru
(101)]. Since this (002)-facet is the most stable and interacts
stronger with G, its growth is expected under Ar (Eads = 0.67 eV).
In addition, the fact that for the (002) facet the MEP is close to zero
in comparison to the (101) model that shows positive and negative
regions suggest that, in principle, this plane should be more favor-
able for interaction with H2.

However, a different situation arises in the presence of H2. Both,
Ru (002) and Ru (101) planes promote dissociative adsorption
[dH���H = 1.68 and 1.42 Å for (002) and (101), respectively]. Ener-
getically, this process is more favorable for Ru (101) than Ru
(002) from �0.49 to �0.28 eV, an order that follows the trend of
the catalytic activity, Ru(101) facet being more active than Ru
(002). Moreover, H2 dissociation is responsible for inhibiting the
growth of the first-appearing Ru(002) facet, favoring development
of the Ru(101) plane, by restructuration of Ru(002) plane to the
Ru(101) facet as consequence of the larger H2 adsorption energy.
Structural changes on Ru cluster upon H2 adsorption have been
rationalized similarly [46]. Therefore, the previous calculations
provide a way to rationalize the differences in the crystallinity of
Ru NPs supported on defective graphene depending on the pyroly-
sis atmosphere. Thus, under inert atmosphere the 002 facet devel-
ops, because it is the thermodynamically more stable Ru facet. In
contrast, in the presence of H2, the stronger dissociation energy
of this gas on the 101 facet respect to the 002 planes would deter-
mine its growth.

The difference in H2 adsorption for the Ru 002 and 101 facets as
a scaling relationship can also serve to rationalize the higher cat-
alytic activity of the Ru(002–101)/G vs. Ru(002)/G. According to
the Sabatier principle, it is proposed that the stronger the H2

adsorption on one specific facet, the stronger would be the cat-
alytic activity that requires substrate adsorption. In this way, cal-
culated H2 adsorption strength could be used as a simple
indicator of the catalytic activity. It should be reminded that H2

is a reaction product in the case of silane-alcohol coupling and
Ru-H are involved in the H transfer from isopropanol to
cyclohexanone.

Nanometric thin films on flat quartz supports are not suitable
for conventional H2 adsorption measurements. For this reason,
Raman spectra were recorded to provide some experimental sup-
port to the stronger interaction with H2 of the 101 facet of Ru
respect to the 002 plane. Raman spectra of Ru(002–101)/G and
Ru(002)/G films were recorded under Ar and under H2 atmo-
sphere. The four Raman spectra are presented in Fig. S29 of the
supporting information. While no changes were observed in the
Raman spectra recorded under Ar or H2 for Ru(002)/G film, in
the case of Ru(002–101)/G appearance of two new vibration bands
under H2 not observed under Ar was recorded. These two new
bands are attributed to vibration of Ru-H bonds on the 101 facet
and, they were detected only for Ru(002–101)/G film and not for
Ru(002)/G. The vibration position of these two bands at about



Fig. 9. MEP surface plotted on the van der Waals surface (0.001 a.u.) for Ru(002) and Ru(101) planes. Optimized structures of adsorbed gases (H2 and Ar) on (002) and (101)
planes are also displayed (H2/Ar*Ru(002) and H2/Ar*Ru(101), respectively). The scale bar and the values of potential (Vmax) and energies are given in eV.
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1110 and 1020 cm�1 is compatible with previous reports for Ru-H
species on carbon appearing at 1230 and 1070 cm�1 [52].
4. Conclusions

Nanometer-thick films of defective G containing Ru NPs with
002 or 002 and 101 facets can be obtained depending on the pres-
ence or not of H2 in the pyrolysis. Calculations indicate that higher
adsorption energy favors 101 facet growth. These oriented Ru NPs
strongly grafted on G exhibit an enhanced catalytic activity for the
dehydrogenative silane-alcohol coupling and hydrogen transfer
reduction of cyclohexanone, compared to small Ru NPs (1 nm)
without preferential orientation. Estimation of the intrinsic cat-
alytic activity of the 002 and 101 planes shows that the latter
one is five to eight times more active than the former one, TON
and TOF values for Ru(002–101)/G being higher than those of
Ru(002)/G. Overall, the present study illustrates a methodology
to obtain metal NPs with preferential plane orientations strongly
bound to G.
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