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We report a facile and general approach for preparing ultrafine
ruthenium nanocatalysts by using a plasma-assisted synthesis
at <100 8C. The resulting Ru nanoparticles are monodispersed
(typical size 2 nm) and remain that way upon loading onto
carbon and TiO2 supports. This gives robust catalysts with ex-
cellent activities in both organosilane oxidation and the
oxygen evolution reaction.

Heterogeneous catalysts often consist of small metal particles
dispersed on supports.[1–4] Although many methods have been
proposed for their synthesis,[5–7] the most common approach
involves impregnating the support with a metal precursor so-
lution, followed by thermal decomposition and reduction at a
relatively high temperature.[8–10] The problem is that these
steps often cause sintering and/or agglomeration.[2–4, 11] More-
over, many “too-small-to-be-stable” nanoparticles form through
the Ostwald ripening mechanism.[12] The result is a broad parti-
cle-size distribution, which lowers catalyst performance.[10, 13–15]

Alternatively, one can use strong reducing agents, such as
sodium borohydride and hydrazine, to convert the precursors
into the corresponding metals, but many of these reductants
are corrosive and/or toxic and can cause further problems
downstream.[16, 17] Hence, most of today’s syntheses of mono-
dispersed nanocrystals are based on colloidal chemical synthet-
ic procedures involving the use of capping agents and spacers,
which hamper large-scale applications.

One way to avoid these problems is by using plasma-assist-
ed synthesis.[18, 19] This method produces nanoparticles and
metal-supported catalysts from metal precursors.[18, 20, 21] Some
of the supported catalysts prepared by the plasma-assisted
synthesis method are Au/Y-zeolite,[22] Pt/Y-zeolite,[22] Pt/g-
Al2O3,[23] Co/g-Al2O3,[23] Ni/g-Al2O3,[24] Pt/Al2O3-CeO2,[25] Co/C,[26]

and Fe/C.[26] This method is simple, quick, and compatible with
impregnation processes.[27] However, these thermal plasma
techniques do not always give good control of the particle
size.[28] In these processes, the nanoparticles undergo rapid ag-
glomeration because of the high temperatures, which may
result in broad particle-size distributions.[28]

Herein, we report a cold plasma-assisted approach for the
preparation of supported ruthenium catalysts.[27–30] This
method has excellent support compatibility (we used carbon
as well as titania supports), which enables the synthesis of
monodispersed and ultrafine Ru nanoparticles. Cold plasma
synthesis is solvent-free and ligand-free, giving high-purity
nanoparticles. We tested these catalysts in two representative
yet different reactions: organosilane oxidation and the oxygen
evolution reaction (OER). Previous organosilane oxidations
were performed mainly by using metals such as gold,[31–36] pal-
ladium,[8, 32] platinum,[37] and rhodium.[38] The costs of these
metals are 38, 24, 31, and 285 $ g�1, respectively (January
2017).[39] Although ruthenium is much cheaper (1.3 $ OZT�1), it
has rarely been used for silane oxidation. The OER is the rate-
determining step in many important energy-related processes
such as water splitting, reversible metal–air batteries, and fuel
cells.[40, 41] Ruthenium oxide (RuO2) is one of the best-perform-
ing OER catalysts to date.[42–44] Thus, we decided to focus on
Ru catalysts, and in both reactions the catalysts showed high
activity and stability.

Figure 1 illustrates the facile preparation procedures for the
carbon-supported 5 wt % Ru catalyst (denoted hereafter as Ru-
Plasma) by a cold plasma synthesis (detailed experimental pro-
cedures are included in the Supporting Information). The low-
temperature process (<100 8C) gave ultrafine and monodis-
persed Ru nanoparticles on the support. Conversely, conven-
tional calcination requires at least 400 8C to decompose the
RuCl3 precursor (see the coupled thermogravimetric and differ-
ential scanning calorimetric analyses in Figure S2 in the Sup-
porting Information). Combined with sequential reduction in
H2, it causes the agglomeration of the Ru nanoparticles.

The powder X-ray diffraction (XRD) pattern of Ru-Plasma in
Figure 2 a confirms the complete decomposition of RuCl3 and
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the formation of metallic Ru after plasma treatment. By com-
paring with the pattern of commercial 5 wt % Ru on carbon
(denoted hereafter as Ru-Conv), we attribute the broad peaks
at 2 q= 24.0 and 43.58 to carbon (graphite) and the tiny peaks
from 2 q= 38.4 to 448 to metallic Ru.[45] X-ray photoelectron
spectroscopy (XPS) also reveals the effectiveness of the plasma
synthesis. Indeed, overlapping of the C 1s and Ru 3d core levels
poses a challenge upon analyzing the spectrum in Figure 2 b,
particularly at low Ru loadings. Nonetheless, there is a clear
binding-energy shift in the Ru 3d5/2 peak relative to its position
in the sample before plasma treatment, which implies a de-
crease in the Ru oxidation state (see inset).[46, 47] We also stud-
ied the crystal structure of Ru-Plasma through high- resolution
transmission electron microscopy (HRTEM). Figure 2 c shows
the atom-resolved micrographs of two Ru compound particles;
the 2.3 � d spacing indicates the (1 0 0) plane of metallic Ru
crystal.[48, 49]

Thanks to the plasma treatment, Ru-Plasma has a highly uni-
form particle-size distribution. Figure 2 d, e shows that nearly
all of the Ru nanoparticles have dimensions between 1 and
2 nm. In contrast, the Ru particle-size distribution in commer-
cial Ru-Conv is much wider (see Figure 2 f, g). There are many
too-small (<1 nm, blue arrow) and too-large (>5 nm, yellow
arrow) Ru nanoparticles that reduce performance (more TEM
results of Ru-Plasma are included in the Supporting Informa-
tion). This confirms the hypothesis of sintering by Ostwald rip-
ening: the small particles become even smaller as the big ones
grow bigger, a “big-fish-eat-small-fish” effect.[12] In addition, Ru-
Plasma has a higher specific surface area (1298 m2 g�1) than
Ru-Conv (713 m2 g�1) according to standard N2 adsorption
measurements, due to its finer nanostructure.

Ru-Plasma showed excellent activity and stability in a
number of chemical and electrochemical reactions. We initially
performed organosilane oxidation to organosilanol by using
water as an oxidant under ambient conditions (see Scheme 1
and Table 1). Our catalyst produced organosilanols selectively.
H2 gas was the sole byproduct, and no disiloxanes were ob-
served, unlike conventional approaches.[31–38, 50–53] The reported
reactions were conducted at high temperature and/or under
an O2 atmosphere, and the turnover number (TON) was not
usually higher than 20.[32, 36] With dimethylphenylsilane as the
model substrate, our Ru-Plasma catalyst showed a turnover fre-
quency (TOF) of 29 min�1 at room temperature. Conversely,
Ru-Conv showed a TOF of only 6 min�1 (see Table 1, entry 4),
which reflects the presence of less-active sites. At 40 8C, the
TOF increased to 44 min�1 with the Ru-Plasma catalyst, even
though we doubled the silane/Ru molar ratio to 2637 (Table 1,

Figure 1. A comparison of the workflows for the preparation of supported
Ru catalysts by conventional calcination–reduction and plasma-assisted syn-
thesis.

Figure 2. a) XRD patterns of Ru-Plasma and Ru-Conv. b) Deconvoluted X-ray photoelectron spectra of the C 1s and Ru 3d core levels. A and B in the inset com-
pare the fitted envelopes in the region of Ru 3d5 for Ru-Plasma before and after plasma treatment. c) HRTEM micrograph of Ru nanoparticles on carbon. TEM
images of the d) Ru-Plasma and f) Ru-Conv catalysts and e, g) the corresponding particle-size distribution plots.
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entry 2). The reaction proceeded to complete conversion even
at a higher silane/Ru ratio of 5274 with a TOF of 37.7 min�1

(Table 1, entry 3).
Ru-Plasma was also active for the oxidation of other organo-

silanes (Table 1, entries 5–9). Control experiments confirmed
that no reaction took place in the absence of the catalyst or
only with the carbon support. The selectivity to silanol was
>99 %. No disiloxane was detected, ruling out silanol conden-
sation. Interestingly, the spent Ru-Plasma catalyst retained high
activity and selectivity after three consecutive runs, indicating
its stability (see the TEM image of the spent catalyst in the
Supporting Information). We then prepared titania-supported
Ru catalysts by the same synthesis route. These also had mon-
odispersed Ru nanoparticles and showed excellent activity in
organosilane oxidation reactions (see the Supporting Informa-
tion for details), which suggests good support compatibility of
the new synthesis approach.

A new catalyst synthesis protocol is much more useful if it
can be applied to different reaction scenarios. We therefore ex-
amined the performance of the Ru-Plasma catalyst in the elec-
trochemical oxygen evolution reaction. However, the “too-
small” Ru nanoparticles corroded if the OER potential was ap-
plied (RuO4

2� was soluble in the reaction medium).[42, 54] Thus,
careful control of the nanostructure of the catalyst is impor-
tant. Figure S6 shows the cyclic voltammetry (CV) curve of Ru-
Plasma in 0.05 m deoxygenated H2SO4. The redox peaks were

attributed to the hydrolysis of Ru [Eq. (1)] ,[55] in agreement
with the formation of metallic Ru after plasma treatment.

RuþH2O$ RuOHþHþþe� ð1Þ

Figure 3 shows the 20 cycle CV curves of Ru-Plasma and Ru-
Conv in oxygen-saturated electrolyte from 0.8 to 1.58 V versus
the reversible hydrogen electrode (RHE) (overpotential, h=

0.3 V). Apparently, Ru-Conv suffered instant oxidation at ap-
proximately 1.51 V versus RHE in the first cycle (see the anodic

Scheme 1. Oxidation of organosilane to silanol with water by using support-
ed Ru catalysts.

Table 1. Organosilane oxidation to silanol by using supported Ru cata-
lysts.[a]

Entry Catalyst Substrate Conv. T TON TOF
[%] [min] [min�1]

1 Ru-Plasma Me2PhSiH (1 a) >99 45 1318 29
2 Ru-Plasma Me2PhSiH (1 a) >99[b] 60 2637 44
3 Ru-Plasma Me2PhSiH (1 a) >99[b] 140 5274 38
4 Ru-Conv Me2PhSiH (1 a) >99 210 1318 6
5 Ru-Plasma Ph3SiH (1 b) >99 30 500 17
6 Ru-Plasma MePh2SiH (1 c) >99 50 500 10
7 Ru-Plasma PhMeSiH2 (1 d) >99 25 500 20
8 Ru-Plasma Et3SiH (1 e) >99 20 500 25
9 Ru-Plasma Ph2SiH2 (1 f) >99 35 500 14.3
10 none Me2PhSiH (1 a) 0 180 100 0

[a] Reaction conditions: catalyst (25 mg), H2O (2 mL, as oxidant), acetone
(5 mL), 25 8C. [b] Reaction was performed at 40 8C.

Figure 3. 20 cycle CV plots of the a) Ru-Conv and b) Ru-Plasma catalysts in
O2-saturated 0.05 m H2SO4 from 0.8 to 1.58 V vs. RHE. c) A comparison of the
OER LSV curves for the Ru-Conv and Ru-Plasma catalysts after CV cycling.
The scan rate was 10 mV s�1, the rotating speed of the rotating disc elec-
trode was 1600 rpm, and iR correction was applied; the inset shows the
mass activity of both catalysts at h= 0.25 V.
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peak indicated by the arrow), which has been widely docu-
mented as the sequence of Ru-nanoparticle dissolution.[42, 54] A
large portion of Ru nanoparticles in Ru-Conv was less than
1 nm in size (see Figure 2) and was inherently more susceptible
to deep oxidation to form soluble RuO4

2� species.[42, 54] Con-
versely, this was not observed on Ru-Plasma; gradual current
degradation was owing to the accumulation of oxygen bub-
bles that blocked the working electrode. We then ran linear
sweep voltammetry (LSV) while rotating the electrode at a
scan rate of 10 mV s�1 to study the OER activity as well as the
stability of both catalysts (see Figure 3 c). The OER onset po-
tentials were essentially identical for both catalysts, as RuO2

itself is an excellent OER catalyst. At h= 0.25 V, the mass activi-
ty of Ru-Plasma reached 0.41 A g�1, which was nearly double
that of Ru-Conv and better than that of most 5 wt % Ru cata-
lysts previously reported.[43] Though oxygen bubbles were re-
moved, the Ru-Conv catalyst showed more significant per-
formance loss than the Ru-Plasma catalyst. These observations
reflect the good structural stability of Ru-Plasma, which can
sustain more Ru nanoparticles (active sites) than Ru-Conv after
applying OER potentials. A broad peak at approximately 1.54 V
in the LSV curve of the Ru-Conv sample might be related to
the oxidation of Ru nanoparticles. We also performed several
cycles of LSV for the Ru-Plasma catalyst, which showed repro-
ducibility and thus stability (see the Supporting Information).

In summary, our results show that plasma treatment effec-
tively decomposes RuCl3 to Ru nanoparticles under near-ambi-
ent conditions. The resulting metal particles on both carbon
and TiO2 supports were ultrafine and monodispersed. In partic-
ular, the Ru-Plasma catalyst demonstrated significantly higher
activity and stability in both organosilane oxidation and the
oxygen evolution reaction than the catalyst made by the con-
ventional method. As we showed, the method could be ap-
plied successfully for multiple supports, indicating its general
use.
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1. Experimental section
1.1. Materials and instrumentation 

The metal precursor, RuCl3, was supplied by Sigma-Aldrich.  The activated carbon support was RGC30 by 
MeadWestvaco, and the titania support was Degussa P25. Powder X-ray diffraction spectra were recorded using 
a Miniflex II diffractometer with Ni-filtered Cu Kα (λ=1.5406 Å) radiation. The X-ray tube was operated at 30 kV 
and 15 mA.1 Surface area of the samples was determined by applying the BET method to the N2 adsorption 
isotherms at -196 °C.2 X-Ray photoelectron spectroscopy (XPS) was performed with a K-ALPHA spectrometer 
(Thermo Scientific). All spectra were collected using Al-Kα radiation (1486.6 eV), monochromatized by a twin 
crystal monochromator, yielding a focused X-ray spot with a diameter of 400 μm, at 3 mA × 12 kV. The alpha 
hemispherical analyser was operated at the constant energy mode with survey scan pass energies of 200 eV to 
measure the whole energy band and 50 eV in a narrow scan to selectively measure the particular elements. 
Charge compensation was achieved with the system flood gun that provides low energy electrons and low 
energy argon ions from a single source. The powder samples were pressed and mounted on the sample holder 
and placed in the vacuum chamber. Before recording the spectrum, the samples were maintained in the analysis 
chamber until a residual pressure of ca. 5 × 10−7 N m−2 was reached. The quantitative analysis was done by 
calculating the integral of each peak, after subtracting the S-shaped background, and by fitting the experimental 
curve to a combination of Lorentzian (30%) and Gaussian (70%) lines. Transmission electron microscopy (TEM) 
images were taken with a JEOL 2100 microscope (Japan) operated at 200 kV. Samples were firstly 
dispersed in ethanol and then dropped onto holey carbon films supported on Cu grids. The product 
analysis was carried out using a GC (Agilent model 7820A GC system, FID detector, ValcoBond VB capillary 
column with 30 m length, and 3 µm diameter). 

1.2. Procedures for catalyst preparation 

Supported ruthenium catalysts (Table 1) were prepared using either activated carbon or TiO2 as 
supports. The supports were impregnated with an excess of aqueous solution of RuCl3·xH2O (38.0-42.0 
Ru basis, Aldrich, 10 ml solution/g of support) to obtain a 5 wt.% Ru loading. Excess of solvent was gently 
removed under vacuum in a rotary evaporator, and the solid was dried in an oven.  

Each sample was loaded on an aluminium boat, which was placed in the glow discharge stainless steel cylindrical 
chamber of a Tucano plasma system (Gambetti Kenologia, Italy), provided with an anodized aluminium door. The 
HF electrode is made of aluminium, and it has a “Dark Shield”, a RF 13.56 MHz power supply and mass flow 
controllers (MFC) for gas inlet control.3 The reaction chamber was evacuated to mild vacuum (0.15 Torr) using a 
Pfeiffer rotary vacuum pump model PK D41 029C-Duo 2.5 with F4 Fomblin lubricant YL VAC 25/6. Then, argon 
was introduced into the plasma chamber over the specimen. Care was taken to pump down and purge the 
plasma reactor for at least 10 min prior to activating the RF field. The discharge power was set to 200 watts and 
12 cycles of 5 min each were applied to each sample, with manual mixing of the sample between treatments to 
assure an even exposure to the plasma. The temperature of the sample after the plasma treatment was 
measured by non-contact infrared thermometer (PCE Instruments, model PCE-888). It could be determined that 
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the surface temperature was below 373 K in all cases. A schematic diagram of the plasma setup is shown in 
Figure 1. 

1.3. Procedure for organosilane oxidation 

The organosilane oxidation reaction was performed at room temperature (25°C) and atmospheric 
pressure. In this reaction, water was used as the oxidant and acetone was used as a solvent to 
homogenise the mixture. Thus, 0.38mL of dimethylphenylsilane was added to 0.5 mL of water and 5 ml 
of acetone in a 25 mL round bottom flask and a clear solution was obtained.4 10 mg of catalyst was then 
added (silane/Ru molar ratio=500). This oxidation reaction gave exclusively organosilanol as product, and 
no siloxanes were formed. 

 

 
Figure S1. Schematic diagram of the RF-plasma treatment setup. 

 
1.3. Procedure for electrochemical test 
 
The performances of both commercial and plasma-synthesized 5 wt% ruthenium on carbon catalysts 
were evaluated in oxygen evolution reaction (OER). The catalyst inks were prepared according to the 
following recipe: 1 mL ethanol, 10 μL Nafion® (D-521 dispersion 5%wt in water/isopropanol, Alfa Aesar 
42117) and 1 mg powder. The inks were sonicated overnight before being deposited to the glassy carbon 
electrode (Gamry, USA). The area of this circular working electrode was 0.196 cm2, which was polished 
by diamond polishing films and rinsed well. Inks were deposited by dropcasting 5 μL per droplet x 6, with 
air drying between the drops. The total catalyst loading was 30 μg, or 153 μg/cm2. 
 
Electrochemical experiments were performed in a classic 3-electrode setup. A Gamry Reference 600 
potentiostat was employed, together with a Gamry RDE710 Rotating Electrode setup. Saturated calomel 
electrode (SEC) and a graphite rod were used as the reference and counter electrode, respectively 
(Gamry, USA). 0.05 M H2SO4 was used as the electrolyte which was stabilized at 25.0 ± 0.1 °C in a water 
bath. We have tested Ir catalyst as an internal reference, we therefore used H2SO4 instead of HClO4 that 
can be reduced by Ir at lower potential (~ 1 V). Potentials were reported vs. reversible hydrogen 
electrode (RHE) by adding 0.2991 for pH = 1.  
 
Nitrogen (99.999%) or oxygen (99.999%) was bubbled for 30 minutes to saturate the solution. Cyclic 
voltammetry and linear scan voltammograms were measured at a scan rate of 100 mV/s and 10 mV/s, 
respectively. iR drop correction was applied in voltammetric measurements (typical resistance was 
between 30 to 50 Ω). Electrochemical impedance spectroscopy was performed potentiostatically at the 
OER over potential (η) of 0.25 V of (1.48V vs RHE).  The impedance frequency range was 0.2 Hz to 106 Hz 
with an AC perturbation of 10 mV. 
 
 
 
 
 
 
 
 
 



Table S1. Description of Ru-supported catalysts 
 

No Catalyst Method of synthesis Surface area 
of the catalyst 

in reduced 
state (m2/g) 

1 5Ru-Plasma Plasma treated 1298 
2 5Ru/Conv Conventional synthesis  713 
3 5Ru/TiO2-

Plasma 
Plasma treated 197 

4 5Ru/TiO2-
Conv 

Conventional synthesis 157 

 
 
Table S2. Organosilane oxidation to silanol using TiO2 supported Ru 
 

No. Catalyst Substrate Conv
(%) 

Time 
(min) 

 

Silane/
Ru 

(TON) 

TOF 
min-1 

1 5Ru/TiO2-

Plasma 
 

1a, 
(CH3)2PhSiH 

>99 15 33.3 2.3 

2 5Ru/TiO2-

Conv 
 

1a, 
(CH3)2PhSiH 

>99 80 33.3 0.4 

3 TiO2 1a, 
(CH3)2PhSiH 

0 180 100 0 

4 None 1a, 
(CH3)2PhSiH 

0 180 100 0 

Reaction conditions: Catalyst = 25 mg; Oxidant= 2ml of water; Solvent= 5 ml of Acetone; 
Temperature=25 °C. 
 
 

 
Figure S2.  TGA analysis of RuCl3 
 
 
 
 



 
 
Figure S3. Low resolution TEM image of Ru-Plasma catalyst 
 

 

 

 
 
Figure S4. TEM images of Ru/TiO2 plasma treated  sample 
 
 
 

 
 
Figure S5. TEM images of Ru-Plasma spent catalyst after three cycles of organosilane oxidation. 
 



 
 
Figure S6. Cyclic voltammetry curve of Ru-Plasma catalyst in 0.05 M deoxygenated H2SO4. 

 

 

 

 

 
 

Figure S7.  Cycles of LSV for Ru-Plasma to check the reproducibility and stability. 
 

 

 

Product Characterization 
 
The product analysis was carried out using a GC (Agilent model 7820A GC system, FID detector, ValcoBond 
VB capillary column with 30 m length, and 3 µm diameter). 1H NMR and 13C NMR spectra were recorded on 
a 400 MHz 1H (100 MHz 13C) Bruker AV400 spectrometer in CDCl3. Chemical shifts are reported in ppm (δ) 
relative to CDCl3 (1H: 7.26 and 13C: 77.36). Coupling constants, J, are reported in Hz. Abbreviations are used 
to express multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. 
 

Dimethylphenylsilanol, (product from 1a) 
1H NMR δH(400 MHz; CDCl3) 7.67 – 7.34 (5 H, m, Ph), 2.21 (1 H, br s, OH), 0.41 (3 H, s, CH3); 13C NMR δC(100 
MHz; CDCl3) 140.13, 133.33, 129.59, 128.05, 1.22; MS (EI): m/z 152 (M+, 9%), 137 (100), 77 (3), 75 (3), 45 
(6). 
 
Triphenylsilanol (product from 1b) 
1H NMR δH(400 MHz; CDCl3) 7.87 – 7.12 (15 H, m, Ph), 4.75 (1 H, br s, OH); 13C NMR δC(100 MHz; CDCl3) 
135.36, 135.31, 130.42, 128.22; MS (EI): m/z 276 (M+, 58%), 199 (100), 122 (20), 77 (15), 45 (5).  
 
Diphenylmethylsilanol (product from 1c) 
1H NMR δH(400 MHz; CDCl3) 7.77 – 7.32 (10 H, m, Ph), 3.45 (1 H, br s, OH), 0.71 (3 H, s, CH3); 13C NMR 
δC(100 MHz; CDCl3) 137.44, 134.29, 130.10, 128.17, 77.36, -0.96; MS (EI): m/z 214 (M+, 16%), 199 (100), 
137 (11), 77 (7), 45 (5). 



 
Triethylsilanol (product from 1e) 
1H NMR δH(400 MHz; CDCl3) 1.25 (1 H, br s, OH), 0.92 (9 H, t, J 8.0, CH3), 0.51 (6 H, q, J 8.0, CH2); 13C NMR 
δC(100 MHz; CDCl3) 7.17, 6.76; MS (EI): m/z 131 (M+-H, 75%), 117 (15), 115 (15), 103 (100), 76 (2), 45 (10). 
 
 
Reference: 
 
1. Madaan, N.; Haufe, R.; Shiju, N. R.; Rothenberg, G., Oxidative Dehydrogenation of n-Butane: Activity 
and Kinetics Over VO x/Al2O3 Catalysts. Topics in Catalysis 2014, 57 (17-20), 1400-1406. 
2. Hernandez-Mejia, C.; Gnanakumar, E. S.; Olivos-Suarez, A.; Gascon, J.; Greer, H. F.; Zhou, W.; 
Rothenberg, G.; Shiju, N. R., Ru/TiO2-catalysed hydrogenation of xylose: the role of the crystal structure of 
the support. Catalysis Science & Technology 2015. 
3. Buitrago-Sierra, R.; Jesus Garcia-Fernandez, M.; Mercedes Pastor-Blas, M.; Sepulveda-Escribano, A., 
Environmentally friendly reduction of a platinum catalyst precursor supported on polypyrrole. Green 
Chemistry 2013, 15 (7), 1981-1990. 
4. Gitis, V.; Beerthuis, R.; Shiju, N. R.; Rothenberg, G., Organosilane oxidation by water catalysed by 
large gold nanoparticles in a membrane reactor. Catalysis Science & Technology 2014, 4 (7), 2156-2160. 
 


