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a  b  s  t  r  a  c  t

Ru/�-Al2O3 catalysts  were  prepared  using  three  different  methods:  wet  impregnation,  colloidal  method
and  microemulsion.  Ru-supported  nanoparticles  with  different  average  sizes  and  distribution  of sizes
were obtained.  The  catalysts  were  tested  in  ammonia  synthesis  under  mild  reaction  conditions,  namely
low  temperature  (100 ◦C) and  low  pressure  (4 bar),  and  characterized  by N2 adsorption,  XRD,  XPS,  TEM  and
TPR techniques.  The  results  indicate  that  a good  catalytic  performance  can  be  achieved  by  Ru  supported
nanoparticles  fulfilling  two requirements:  (i)  a relatively  high  average  size  (despite  the  usual  assertion
that  only  small  particles  are  required)  and  (ii)  a  broad  distribution  of  sizes  that  ensures  the  presence  of
ow-temperature ammonia synthesis
u supported catalyst
anoparticle
ize distribution
atalytic cooperation

both  small  particles,  containing  highly  active  sites,  and  large  nanoparticles,  which  are  shown  to promote
the  reaction  on  small  particles.  This  promotion  results  from  a cooperative  effect  between  small  and  large
nanoparticles  in good  contact,  which  also  allows  keeping  a highly  reduced  surface  of  ruthenium.

It  is  proposed  that, under  mild  reaction  conditions,  large  Ru nanoparticles  promote  the  ammonia
synthesis  reaction  by allowing  a more  effective  activation  and  transfer  of  hydrogen  atoms,  able  to
hydrogenate  strongly  adsorbed  nitrogen  atoms,  and  thus  to release  active  sites  for the  activation  of  N .
. Introduction

Ammonia synthesis is one of the highest energy consumer
rocesses in the chemical industry. This exothermic reversible reac-
ion is strongly limited by the thermodynamic equilibrium, so the
ndustrial operating conditions have been set to high tempera-
ures (300–500 ◦C) and high pressures (100–200 bar). The synthesis
f highly active catalysts and the development of new concepts
n ammonia synthesis at low temperature open interesting pos-
ibilities for improving existing technologies and for designing
ew processes of low energy consumption [1,2]. The use of Ru-
ased nanocatalysts has been shown to be a key factor to perform
his reaction under mild conditions [3–8]. It has been claimed
hat metal-supported nanoparticles present high catalytic per-
ormances, not exclusively due to the high surface area, but also
ecause of the special properties arising from the nano-size dimen-
Please cite this article in press as: C. Fernández, et al., Appl. Catal. A: Gen. (

ion, which are expected to change the electronic structure of the
etal, thus leading to unusual catalytic activities [9,10].
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The N2 dissociative adsorption is the rate-determining step
in ammonia synthesis. Density functional calculations (DFT) have
shown that there is a linear relationship (Brønsted–Evans–Polanyi
type) between the activation barrier of N2 dissociation and the
energy of N2 dissociative chemisorption [11,12]. According to this
relationship, a reduction in the activation barrier of N2 dissocia-
tion may  lead to a surface blocking by adsorbed nitrogen atoms.
DFT calculations [13–15] indicate that the most active sites for N2
dissociative adsorption are the B5-type sites, exposing a three-fold
hollow site close together with a bridge site. These sites ensure that
the two  nitrogen atoms are not bonded to the same Ru atom during
the dissociation, thus leading to a significant decrease in activation
energy without a similar increase in the adsorption energy of nitro-
gen atoms. Dahl et al. [13,14] proposed that the N2 dissociation
on the Ru(0 0 0 1) single-crystal plane only occurs at mono atomic
steps, whose reactivity is significantly higher than the activity of
atoms on terraces. It has been suggested that the catalytic perfor-
mance of Ru surfaces can be determined by the concentration of
B5-type sites. Jacobsen et al. [15] have shown that the probabil-
ity of forming B5 sites is maximum for sizes of 1.8–2.5 nm, and
2013), http://dx.doi.org/10.1016/j.apcata.2013.09.039

it decreases for larger particles. They obtained very low TOFs (at
475 ◦C and 50 bar in 3:1 H2/N2) for the Ru/MgAl2O4 catalyst hav-
ing Ru crystals smaller than 1 nm,  which are expected to contain
a low number of B5 sites. Recently, Lin et al. [16] showed that

dx.doi.org/10.1016/j.apcata.2013.09.039
dx.doi.org/10.1016/j.apcata.2013.09.039
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m-promoted Ru nanoparticles supported on �-Al2O3 with an aver-
ge size of 2.1 nm are the most active under conditions of high
emperature (200–500 ◦C) and pressure (100 bar). Additionally to
he size effect of the Ru nanoparticles, changes in the active sites
roperties were proposed to explain catalytic results.

The effect of the Ru particle size on the catalytic performance
as been also studied in the presence of alkali promoters, which
re known to affect the electronic properties of the active sites and
ven modify the specific surface. The results reported show that
he catalytic activity increases with the size of Ru crystallites. For
a-promoted Ru/C catalysts, Kowalczyk et al. [17] found that the
OF value (at 400 ◦C and 60 bar in 3:1 H2/N2, 8% NH3) increases
ith the Ru particle size, reaching a constant value for particles

arger than 3 nm.  Rarog-Pilecka et al. [18] obtained the same trend
or Cs-promoted catalysts, at similar conditions (400 ◦C and 63 bar,
n 3:1 H2/N2, 8.5% NH3). According to Liang et al. [19], the TOF
alue (at 400 ◦C and 30 bar in 3:1 H2/N2) increases with the Ru
article size ranging from 2 to 10 nm,  for K and Ba-promoted Ru/C
atalysts.

However, all these results have been obtained for the reaction
t high temperatures (>400 ◦C) and pressures (>30 bar). Under mild
eaction conditions, it is expected that other features in the surface
onfiguration of Ru nanocatalyst will affect its catalytic activity.

The aim of this work is to study the catalytic performance of Ru-
upported nanocatalysts in ammonia synthesis under mild reaction
onditions, and to determine the effect of the catalyst surface con-
guration (distribution of particles on the support, particle sizes
nd distribution of sizes) on the activity. Until now the literature is
oor in studies addressing these issues for the ammonia synthesis
eaction performed at truly mild conditions (<200 ◦C).

For this purpose we have synthesized catalytic Ru-supported
anoparticles with different tailored-size distributions, by (i) the
raditional wet impregnation of the support with the Ru precursor
nd (ii) the deposition on the support of a suspension containing
uO2 nanoparticles already formed by a colloidal method [20] or
icroemulsion [21], which is known to allow the synthesis of small

articles with a narrow size distribution [22,23]. The catalysts were
sed to produce ammonia from nitrogen and hydrogen, at low tem-
erature (100 ◦C) and low pressure (4 bar). In order to study the
ctivity of the Ru nanoparticles as a function of their size, distribu-
ion of sizes and Ru oxidation state, the catalysts were analyzed by
-ray diffraction, X-ray photoelectron spectroscopy and transmis-
ion electronic microscopy. The results obtained in this work not
nly allow a better understanding of the catalytic performance of
u-supported nanoparticles in ammonia synthesis, but could also
rovide insights into the catalytic performance of other noble metal

n reactions operating at mild conditions.

. Experimental

.1. Synthesis of catalysts

Samples denoted as ‘calcined’ correspond to 450 ◦C calcined
resh catalysts, while samples denoted as ‘tested’ correspond to cat-
lysts obtained after the catalytic test, which includes the reduction
retreatment and the subsequent ammonia synthesis reaction.

.1.1. Wet  impregnation (WI)
Catalysts were prepared by wet impregnation of �-Al2O3 (Alfa

esar, SBET = 73 m2/g). The powdered support was dipped into an
queous solution of ruthenium (III) chloride hydrate (Alfa Aesar,
Please cite this article in press as: C. Fernández, et al., Appl. Catal. A: Gen. (

9.99%), in the amount required to obtain a theoretically 2, 3 and
 wt.% of Ru. After stirring for 2 h at room temperature, the solvent
as evaporated under reduced pressure, in a rotavapor at 35 ◦C.

he resulting solid was dried at 110 ◦C overnight and later calcined
 PRESS
 A: General xxx (2013) xxx– xxx

in air at 450 ◦C for 4 h. The catalysts are denoted as RuX/Al-WI (X:
2, 3 or 7 wt.%).

2.1.2. Colloidal method (COLL)
Catalysts were prepared by depositing on �-Al2O3 a colloidal

suspension of RuO2 nanoparticles. The colloidal suspension was
synthesized via hydrolysis, by using H2O2 as oxidizing agent and
surface etchant to achieve the particle size control [20]. An aqueous
solution of H2O2 (Acros Organics, 35 wt.%) was  slowly added into
a solution of RuCl3·3H2O (Alfa Aesar, 99.99%), under magnetic stir-
ring. The suspension was  placed in an oven at 95 ◦C for 2 hours and
after cooling down to room temperature, the powdered support
was added under vigorous agitation. The catalyst was  recovered
via evaporation of the solvent in rotavapor under reduced pres-
sure at 50 ◦C, and then it was calcined in air at 450 ◦C for 16 h. The
catalysts are denoted as RuX/Al-COLL (X: 3 or 7 wt.%).

2.1.3. Microemulsion method (MIC)
Catalysts were synthesized via the water in oil microemulsion

method [21–23]. Oil phases containing different surfactants,
tetraethylene glycol dodecyl ether (Brij30, Sigma–Aldrich, 99.9%),
sodium bis(2-ethylhexyl)sulfosuccinate (AOT, Sigma–Aldrich,
99.9%) or hexadecyltrimethylammonium bromide (CTAB, Alfa
Aesar, 99.9%) and organic solvents (n-heptane, 1-butanol or cyclo-
hexane, Fluka, 99.9%) were used. Hydrazine hydrate (Fluka, 80%)
was used as the reducing agent. The molar ratios of surfactant-
to-Ru and water-to-surfactant were maintained at 40:1 and 9:1,
respectively. A solution of RuCl3·3H2O in distilled water was
added, under magnetic stirring, into an oil phase containing the
appropriate amount of surfactant in 50 ml  of organic solvent.
Always under stirring, the microemulsion was  heated up to 60 ◦C
in a thermostated oil bath and then the �-Al2O3 support was
added. After 30 min, hydrazine was  injected in an amount corre-
sponding to a hydrazine-to-Ru molar ratio of 9:1. After 30 min of
reduction, the solution was  washed with acetone (99%, VWR) and
distilled water. The resulting solid was dried at 110 ◦C overnight
and calcined in air at 450 ◦C for 4 h. The catalysts are denoted as
Ru3/Al-MIC X/Y, where X corresponds to the surfactant and Y to
the organic solvent.

2.1.4. Mechanical mixtures
Mechanical mixtures of Ru3/Al-WI and Ru7/Al-WI, in differ-

ent percentages (25, 50 and 75 wt.%), were obtained by dispersing
both catalysts in n-pentane (Merck, >98%) under vigorous agitation
assisted by ultrasonic dispersion. The n-pentane was evaporated
under agitation at 25 ◦C and the recovered solid was  dried at
110 ◦C overnight. After drying, the mixtures were not calcined.
The single Ru3/Al-WI and Ru7/Al-WI catalysts were subjected
to exactly the same treatment as the mixtures. Mixtures are
denoted as 75Ru3/Al-WI + 25Ru7/Al-WI, 50Ru3/Al-WI + 50Ru7/Al-
WI,  25Ru3/Al-WI + 75Ru7/Al-WI, where the numbers preceding
each catalytic component (Ru3/Al-WI and Ru7/Al-WI) indicate the
respective weight percentages in the mixture.

2.2. Catalytic activity measurements

Catalytic tests were carried out in a metallic fixed-bed tubular
(i.d. 8 mm)  reactor equipped with a frit to hold the catalyst and a K-
type thermocouple to measure and control the temperature of the
catalytic bed. The catalyst (400 mg)  previously sieved to a particle
size range of 100–315 �m was reduced in pure H2 (Praxair, 4.8)
at 200 ◦C during 2 h (heating rate of 10 ◦C/min). Isothermal experi-
2013), http://dx.doi.org/10.1016/j.apcata.2013.09.039

ments were performed in a flowing mixture (40 ml/min) of N2/H2
(1/3 vol.%), at 100 ◦C, 4 bar and a space velocity of 6000 ml/h/gcat.
The effluents were analyzed online by using a gas chromatograph
equipped with two thermal conductivity detectors. The sequence

dx.doi.org/10.1016/j.apcata.2013.09.039
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f analyses was performed in periods of 15 min, allowing the quan-
ification of NH3, H2 and N2.

The specific reaction rate r, considering a tubular packed bed
eactor is given by

 = dXA

d(W/FA)
(1)

here XA and FA correspond to the conversion and the molar flow
f reactive A, and W is the catalyst mass. The reactor was operated
t differential conditions (XA < 15%) at constant temperature. The
ate of ammonia formation has been calculated as:

 = FN2,iXN2

W
(2)

For the ammonia synthesis, the rate of the backward reaction
ecomes considerable as the temperature increases. Therefore, the
orward reaction rates were obtained by correcting the measured
ates rn (net reaction rates) with the approach to the equilibrium
actor �:

forward = rn

1 − �
(3)

The � factor corresponds to the rbackward/rforward ratio and was
alculated from the partial pressures (Pi) of reactants and products
t the reactor exit, and the equilibrium constant (Keq) of ammonia
ynthesis obtained by the software HSC Chemistry 4.0 [25]

 =
P2

NH3

PN2 P3
H2

· 1
Keq

(4)

The turnover frequency (TOF) values have been calculated as:

OF = rforward

D
· M

L
(5)

here M and L corresponds to the atomic mass of Ru and its loading
wt.%) in the catalyst. D is the dispersion of ruthenium, meaning the
raction of Ru surface atoms relative to the total Ru atoms present
n the catalyst.

.3. Physicochemical characterization

N2 (Praxair, 5.0) adsorption and desorption isotherms of the
amples were recorded at 77 K (temperature of liquid N2) using

 Micromeritics Tristar 3000 apparatus. Samples were previously
egassed overnight at 150 ◦C and 0.15 mbar. The specific surface
rea was calculated according to the BET method.

Transmission electron microscopy (TEM) images were obtained
ith a FEI Tecnai 120 Twin microscope, operating at 120 kV and

quipped with a Gatan Orius CCD numeric camera. The sam-
les were prepared by ultrasonic dispersion of the powders in
thanol and a droplet of the dispersion was then placed onto a
arbon-coated copper grid. Some samples were selected for a high-
esolution analysis (HR-TEM) using a JEOL JEM 2010 microscope,
perating at 200 kV and equipped with a Gatan camera. In this case,
he samples were dispersed in water and deposited over commer-
ial holey carbon-coated grids (200 mesh).

Frequency histograms of Ru nanoparticle sizes, mean size and
tandard deviation have been estimated with measured diameter
rom more than 100 particles on each sample. In order to fully
ppreciate the distribution of surface ruthenium atoms, the num-
er of Ru particles in each range (from 1 to 12 nm,  with 1 nm steep)
rom the previous histogram has been multiplied by the calculated
urface of the particles (considered spherical), and then normalized.
Please cite this article in press as: C. Fernández, et al., Appl. Catal. A: Gen. (

X-ray diffraction (XRD) spectra were recorded with a Bruker D8
-ray diffractometer, operating in the reflection mode with a Cu K�
adiation (� = 1.5406 Å and 1.5444 Å), at 40 kV and 40 mA.  The data
ere collected in the 20–50◦ range (2�) with steps of 0.02◦.
 PRESS
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For the temperature programmed reduction (TPR) analysis,
200 g of catalyst (particle size range of 100–315 �m) were placed
into a quartz U tube and subjected to a 10% H2/He (Praxair) flow
of 100 ml/min, while increasing the temperature up to 300 ◦C at a
rate of 5 ◦C/min. The water formation was followed by mass spec-
troscopy.

X-ray photoelectron spectra were obtained for calcined and
tested samples with a SIS-X-probe (SSX-100/206) spectrometer
equipped with a monochromatized microfocused Al K� X-ray
source, operating at 10 kV and 12 mA.  After outgassing under vac-
cum (10−5 Torr) overnight, the samples were placed in the analysis
chamber where the residual pressure was of about 10−7 Torr. The
charging effects, was adjusted using a flood gun energy at 8 eV and
a fine-meshed nickel grid placed 3 mm  above the sample surface.
The pass energy was  150 eV and the spot size was 1000 �m,  lead-
ing to an energy resolution of 1.6 eV. The angle between the normal
to the sample surface and the direction of electron collection was
55◦. The binding energy scale of the spectrometer was calibrated
with respect to the Au 4f7/2 peak of gold fixed at 83.98 eV and the
binding energies of O 1s, Al 2p, and Ru 3d were referenced to the
C-(C,H) component of the C 1s band fixed at 284.8 eV. In order to
obtain the surface atomic concentrations, the relative areas of the
corresponding peaks were normalized by using sensitivity factors
based on the Scofield cross-sections. The peak decomposition was
performed using the CasaXPS program (Casa Software, UK), assum-
ing a 85/15 Gaussian/Lorentzian product function and a Shirley
non-linear sigmoid-type baseline.

The size of supported Ru particles was  estimated from a model
proposed by Kerkhof et al. [24], which considers catalysts consisting
on cubic metallic crystallites of size (c) deposited over sheets of
support. The thickness (t) of these sheets can be obtained from the
density (�) and the surface area of the support, in this case:

r = 2
�Al2O3

SBET,Al
(6)

According to this model, the theoretical XPS (Ru/Al)m atomic
ratio expected for a monolayer dispersion of ruthenium on alumina
is given by

(
Ru
Al

)
m

=
(

Ru
Al

)
b

· D(εRu)
D(εAl)

· �Ru

�Al
.
1
2

(
t

�Al−Al

)
· 1 + e−t/�Ru−Al

1 − e−t/�Ru−Al
(7)

where (Ru/Al)b is the bulk atomic ratio calculated from the theo-
retical Ru content. D functions of the electron kinetic energies (ε)
correspond to the spectrometer efficiencies and can be approxi-
mated as 1/ε  [26]. �Ru and �Al are the relative photoelectron cross
sections provided by Scofield [27]. �Ru–Al and �Al–Al correspond to
the escape depths of Ru 3d3/2 and Al 2p3/2 photoelectrons through
the alumina support, and were determined from the Tanuma et al.
[26] algorithm, by using the QUASES-IMFP-TPP2M software [28].

In case of crystallite growth, the Ru particle size (c) can be esti-
mated from the experimental value of XPS (Ru/Al) atomic ratio, by
the following equation:

(Ru/Al)exp

(Ru/Al)m
= 1 − e−c/�Ru−Ru

c/�Ru−Ru
(8)

3. Results

3.1. Catalytic performance of Ru-supported nanoparticles

Results are shown in Table 1. Ammonia is produced with a
2013), http://dx.doi.org/10.1016/j.apcata.2013.09.039

selectivity of 100% over all the supported Ru catalysts. The highest
nitrogen conversion and turnover frequency (TOF) are obtained for
the Ru7/Al-WI catalyst, synthesized by wet impregnation with the
highest Ru content. Among the catalysts containing 3 wt.% of Ru,

dx.doi.org/10.1016/j.apcata.2013.09.039
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Table 1
Forward reaction rates and turnover frequencies (TOF) of ammonia syn-
thesis performed over supported Ru catalysts. Conditions: N2/H2 = 1/3 vol.%,
SV  = 6000 ml/h/gcat, 100 ◦C, 4 bar. Results obtained after 1 h.

Catalyst % N2

conversion
Forward
reaction rate
(�mol/gcat/s)

TOF (×10−2 s−1)

Ru7/Al-WI 9.4 1.75 2.50
Ru3/Al-WI 3.6 0.67 1.62

Ru7/Al-COLL 8.2 1.53 2.12
Ru3/Al-COLL 5.1 0.95 1.83
Ru2/Al-COLL 3.4 0.63 1.47

Ru3/Al-MIC BRIJ/heptane 1.7 0.32 0.44
Ru3/Al-MIC AOT/heptane 1.9 0.35 0.46
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Ru3/Al-MIC CTAB/butanol 2.4 0.45 0.48
Ru3/Al-MIC CTAB/cycloehexane 3.2 0.59 0.48

he Ru3/Al-COLL catalyst presents the highest TOF value. In gen-
ral, the best catalytic performances are obtained for the WI  and
OLL catalysts. For the catalysts prepared by microemulsion, the
OF value is very low and does not change when using different oil
hases and solvents in the synthesis of the catalysts.

When comparing catalysts prepared by the same method (WI
r COLL methods), an increase of the activity with the Ru loading is
bserved, both in terms of conversion and TOF.

.2. Physicochemical characterization of the tested catalyst

Similar BET specific surface areas were measured for the cat-
lysts synthesized by different methods and with different Ru
oadings (Table A1).

In Table 2 are presented both the experimentally obtained XPS
Ru/Al) atomic ratios and the theoretical (Ru/Al)m ratios, calcu-
ated for a monolayer dispersion of ruthenium over the support
according to the model of Kerkhof et al. [24]). The percentage of
he experimental atomic ratio, relative to the theoretical one, was
lso included as % of monolayer dispersion.

For WI  and COLL catalysts, the percentage of monolayer disper-
ion is significantly low, meaning a low dispersion of the ruthenium
n the �-Al2O3 surface. For instance, only 26% of the mono-
ayer dispersion is obtained for the Ru7/Al-WI catalyst. The MIC

ethod leads to higher Ru dispersions (up to 66% of the mono-
ayer dispersion, for the Ru3/Al-MIC CTAB/cycloehexane catalyst).
he percentages of monolayer dispersion correspond to the XPS
Ru/Al)exp atomic ratio.

For catalysts prepared by WI  and COLL methods, the percentage
Please cite this article in press as: C. Fernández, et al., Appl. Catal. A: Gen. (

f Ru monolayer dispersion decreases with the Ru loading, indi-
ating that lower amounts of ruthenium are well dispersed over
lumina. Accordingly, for catalysts prepared by the same method,
he Ru particle size increases with the content of Ru. All catalysts

able 2
PS analysis of Ru dispersion over �-Al2O3, for catalysts tested at 100 ◦C and 4 bar.

Catalyst XPS (Ru/Al) atomic ratio 

(Ru/Al)m (Ru/Al)exp

Ru7/Al-WI 0.092 0.024 

Ru3/Al-WI 0.038 0.013 

Ru7/Al-COLL 0.092 0.025 

Ru3/Al-COLL 0.038 0.014 

Ru2/Al-COLL 0.025 0.011 

Ru3/Al-MIC BRIJ/heptane 0.038 0.019 

Ru3/Al-MIC AOT/heptane 0.038 0.020 

Ru3/Al-MIC CTAB/butanol 0.038 0.022 

Ru3/Al-MIC CTAB/cycloehexane 0.038 0.025 

a Sizes estimated according to the model of Kerkhof et al. [24].
Fig. 1. XPS Ru0 atomic concentration in calcined (gray bar) and tested (gray and
white bars) catalysts.

prepared by the MIC  method present smaller Ru nanoparticles,
whose sizes change slightly for different oil phases and a constant
Ru loading.

Because of the presence of very small nanoparticles in most cat-
alysts, the X-ray analysis does not give a reliable estimation of the
particle sizes (Fig. A1).

The decomposition of XPS Ru3d peaks into 3 characteristic
doublets at 279.9, 281.0 and 282.5 eV can be associated with the
presence of Ru0, RuO2 and RuO3 species, respectively [29–31], as
shown in Fig. A2 for the Ru7/Al-WI tested catalyst. The surface pro-
portions of those species were quantified in order to analyze the
changes of Ru oxidation state during the reaction over different
catalytic surface configurations.

Note that the XPS analysis was not performed in situ. Indeed,
after the catalytic test, the sample was cooled down to room tem-
perature under inert gas flow, so that any possible oxidation of the
catalyst by exposure to air, during its transfer into the XPS machine,
is expected to be minor and would only concern the most external
surface layer. Furthermore, the XPS analysis may involve a mild
reduction associated with the exposure to ultra-high vacuum con-
ditions (10−5 Torr) [32]. Then, if some oxidized ruthenium species
were formed in the outer layer while under air, they would be
re-reduced at this stage.
2013), http://dx.doi.org/10.1016/j.apcata.2013.09.039

The percentage of surface Ru atoms present as Ru after the
catalyst calcination is shown in Fig. 1 (gray bar) along with the
percentage of Ru0 atoms reached after the reduction step and the
subsequent reaction (white bar).

% of Ru monolayer dispersion Average particle sizea (nm)

26 6.1
34 4.4

27 5.9
37 4.1
44 3.1

50 2.6
53 2.4
58 2.0
66 1.5

dx.doi.org/10.1016/j.apcata.2013.09.039
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Fig. 2. TEM images of Ru nanoparticles supported on �-Al2O3 for (a) Ru7/Al-WI, (b)
Ru7/Al-COLL, (c) Ru3/Al-WI and (d) Ru3/Al-COLL. All catalysts tested at 100 ◦C and
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Fig. 3. Histograms of frequency and Ru surface area, corresponding to the Ru
nanoparticles measured by TEM in (a) Ru7/Al-WI, (b) Ru7/Al-COLL, (c) Ru3/Al-WI
 bar.

The surface concentration of remaining Ru0 after calcination
anges from 5 to 30%. During the reduction and the reaction, this
oncentration increases in about 100% for the MIC  catalysts, 150%
or the COLL catalysts, and 200% for the WI  catalysts. Among cat-
lysts prepared by the same method, higher Ru contents lead to
igher reduction of Ru surface atoms during the reduction and the
eaction. The highest percentage of Ru reduced into Ru0 during the
eduction and the reaction is observed for the Ru7/Al-WI, Ru7/Al-
OLL and Ru3/Al-COLL catalysts (43%, 34% and 39%, respectively).
or Ru3/Al-WI, only 15% of Ru0 is formed during the reduction and
he reaction. For the catalysts prepared by microemulsion (MIC),
he concentration of Ru0 reached after the reaction is lower than
or Ru7/Al-WI, Ru7/Al-COLL and Ru3/Al-COLL. In addition, the per-
entage of Ru0 formed during the reduction the reaction is also
ower for MIC  catalysts (5–15%).

The TEM analysis evidences significant differences in the sur-
ace configuration, dispersion, size distribution and crystallinity of
u supported particles. In Fig. 2, some TEM pictures of tested WI
nd COLL catalysts are presented along with the average size and
tandard deviation. In most cases, the mean sizes of Ru nanoparti-
les are reasonably in good agreement with the values estimated
rom the XPS (Ru/Al) atomic ratios (Table 2). The latter has been
sed to calculate the TOF values and will be the size values consid-
red in the discussion (Section 4).

The WI  method leads to the formation of barely visible Ru
anoparticles, presenting a highly broad distribution of particle
izes (standard deviation of 2 nm). Most of them are forming large
Please cite this article in press as: C. Fernández, et al., Appl. Catal. A: Gen. (

gglomerates, although few isolated particles are also observed.
his is clearly shown by the TEM images of tested Ru7/Al-WI and
u3/Al-WI catalysts, presented in Fig. 2a and c. The average size of
and (d) Ru3/Al-COLL. The black arrows showing both 80% of cumulative frequency
and 80% of total Ru surface area.

Ru nanoparticles is 6 nm (±2 nm)  for Ru7/Al-WI and 5 nm (±2 nm)
for Ru3/Al-WI.

The samples prepared by the COLL method contain well-defined
round Ru nanoparticles with a narrower size distribution (standard
deviation of 1 nm). As observed in the TEM images of tested Ru3/Al-
COLL and Ru7/Al-COLL catalysts, the particles are well separated
and do not form the large clusters observed in WI  catalysts. The
Ru7/Al-COLL catalyst (Fig. 2b) presents Ru nanoparticles with a
mean size of 3.6 nm (±0.9 nm), whereas the average Ru particle
size in the Ru3/Al-COLL catalyst (Fig. 2d) is 4.8 nm (±0.9 nm).
2013), http://dx.doi.org/10.1016/j.apcata.2013.09.039

A way  to fully grasp the size distribution is to plot the frequency
histogram in terms of contribution to the total Ru surface area (see
Fig. 3). The large Ru nanoparticles indeed present a higher surface

dx.doi.org/10.1016/j.apcata.2013.09.039
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Table 3
Statistical description of the catalysts analyzed by TEM: (a) Ru nanoparticles con-
stituting 80% of the cumulative frequency and 80% of the total Ru surface area; (b)
Ru  nanoparticles in the (7–9 nm) range.

(a)

Catalyst 80% of cumulative
frequency

80% of total Ru surface
area

Exact % Range
(nm)

� size
(nm)

Exact % Range
(nm)

� size
(nm)

Ru7/Al-WI 76 3–7 3 83 3–9 5
Ru7/Al-COLL 93 2–5 2 87 2–5 2
Ru3/Al-WI 76 3–6 2 81 3–8 4
Ru3/Al-COLL 89 3–6 2 84 3–6 2

(b)

Catalyst Particles in the (7–9 nm) range

Frequency (%) Ru surface area (%)

Ru7/Al-WI 9 20
Ru7/Al-COLL 1 3
Fig. 4. TOF as a function of the average size of Ru nanoparticles.

han the smaller ones. As a consequence, describing 80% of particles
s not necessarily equivalent to describing 80% of Ru surface area. As
he size distribution is very narrow for the COLL catalysts, the range
f concerned particles (80%) does not evolve when considering the
ercentage of Ru surface area instead of the frequency of particles. It

s, in both cases, (2–5 nm)  for Ru7/Al-COLL and (3–6 nm)  for Ru3/Al-
OLL. However, this range increases for the WI  catalysts, mostly
or Ru7/Al-WI: from (3–7 nm)  to (3–9 nm)  for Ru7/Al-WI and from
3–6 nm)  to (3–8 nm)  for Ru3/Al-WI. Looking at those histograms,
u7/Al-WI appears as the only sample where a significant part of
he Ru surface area corresponds to particles between 7 and 9 nm.

High resolution TEM apparatus was used to measure and iden-
ify the Ru crystalline planes in some tested catalysts (Fig. 2b and d).
mong the planes detected, the most part corresponds to (1 0 1) and

1 0 0) planes of hexagonal Ru0 (2.06 Å and 2.34 Å), although some
1 1 0) and (1 0 1) planes of tetragonal RuO2 (3.18 Å and 2.56 Å) were
lso measured. Given the small size and roundness of the Ru par-
icles, many steps and edges exist, independently of the exposed
lanes and the particle orientation. Therefore, many sites similar
o the B5-type active ones could be expected to be present.

. Discussion

.1. Effect of the size of ruthenium nanoparticles on the catalytic
ctivity

An increase of the TOF values with the Ru loading was  observed
or the catalysts prepared by WI  and COLL methods (Table 1). It
as also shown that higher contents of Ru lead to higher average

izes of Ru nanoparticles, when the same synthesis method is used
Table 2). It can be concluded that the TOF in ammonia synthe-
is increases with the Ru particle size (for mean sizes up to 6 nm),
hich means that Ru active sites are present in greater amounts

ver larger nanoparticles. This is clearly illustrated in Fig. 4: Ru7/Al-
I is the most active catalyst (TOF = 2.5 × 10−2 s−1) having the

ighest average Ru particle size (6.1 nm), whereas all MIC  cata-
ysts present a very low activity (TOF = 0.44–0.48 × 10−2 s−1) and
he smallest particle sizes (1.5–2.6 nm). For the COLL catalysts, the
OF value increases almost linearly with the size of the Ru particle.

However, the different mean sizes of Ru nanoparticles do not
Please cite this article in press as: C. Fernández, et al., Appl. Catal. A: Gen. (

ully explain the differences in catalytic activity. In Fig. 4 there
re cases in which different TOF values are obtained for catalysts
aving very similar average size of Ru nanoparticles. The Ru7/Al-
I catalyst is 18% more active than Ru7/Al-COLL, both presenting
Ru3/Al-WI 2 3
Ru3/Al-COLL 3 6

Ru nanoparticles with an average size of 6 nm.  Similarly, Ru3/Al-
COLL catalyst is 13% more active than Ru3/Al-WI, even though
the average particle size of the latter is slightly higher (4.1 nm
and 4.4 nm,  respectively). An even greater difference in the TOF
is observed between the Ru2/Al-COLL catalyst and the Ru3/Al-MIC
BRIJ/heptane catalyst, with similar average size of Ru nanoparticles.

This suggests that, besides the size of Ru nanoparticles, the
synthesis method affects the surface configuration, which has an
important effect on the catalytic performance. A better understand-
ing of the surface configuration and how it affects the catalytic
performance is accomplished by analyzing the TEM images, as
shown in next section.

4.2. Implications of ruthenium particle size distribution and
surface configuration on the catalytic activity

A careful comparison between the TEM images of the Ru7/Al-
WI catalyst and Ru7/Al-COLL has been done to explain the higher
activity (TOF difference of 18%) of Ru7/Al-WI despite having similar
average sizes of Ru nanoparticles. Indeed, both catalysts contain Ru
nanoparticles with a mean size of about 6 nm and the same disper-
sion over the surface, according to XPS results (i.e., the same XPS
(Ru/Al) atomic ratio). But TEM analysis reveals significant differ-
ences in the surface configuration of both samples. The WI  catalyst
present more agglomerated Ru nanoparticles with a broader size
distribution (standard deviation of 2 nm,  against 1 nm for the COLL
catalyst). This means that to achieve a high catalytic activity not
only a high average size of Ru nanoparticles is required, but also a
broad size distribution, including proximity of both small and large
nanoparticles.

However, the broadness of the size distribution cannot fully
explain the catalytic results for the samples containing 3 wt.%
of ruthenium. Ru3/Al-COLL is 13% more active than Ru3/Al-WI,
although both catalysts present Ru nanoparticles with similar mean
sizes (4.1 and 4.4 nm)  and the size distribution is still broader
for the WI  catalyst (±2 nm, against ± 1 nm for the Ru3/Al-COLL).
Besides the standard deviation argument, these two  samples differ
in the Ru surface area developed from the particles in the (7–9 nm)
range (see Table 3a and b). The fraction of Ru surface correspond-
2013), http://dx.doi.org/10.1016/j.apcata.2013.09.039

ing to the (7–9 nm)  particles is considerably lower for Ru3/Al-WI
than for Ru3/Al-COLL, which suggests that the lack of these large
nanoparticles in the Ru3/Al-WI sample could cause its lower activ-
ity. Moreover, the higher TOF value of Ru7/Al-WI (about 60% higher)

dx.doi.org/10.1016/j.apcata.2013.09.039
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Fig. 5. TOF as a function of Ru7/Al-WI content in the mechanical mixtures. The

in the bulk reduction of ruthenium. This suggests that the cooper-
ative effect occurs at the Ru surface under reaction conditions (in
presence of both nitrogen and hydrogen reactive gases). It can be

Table 4
XPS analysis for 50Ru3/Al-WI + 50Ru7/Al-WI and the single catalysts composing the
mixture, all tested at 100 ◦C and 4 bar.

Catalyst XPS (Ru/Al)exp

atomic ratio
Average
particle
sizea (nm)

XPS Ru0 atomic
concentration
(%)
ARTICLEPCATA-14477; No. of Pages 9
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ompared with Ru3/Al-WI, could also be a contribution of the
ower amount of (7–9 nm)  Ru nanoparticles in the latter catalyst.
t is important to note that some preliminary catalytic tests have
een performed, under mild reaction conditions, over catalysts con-
aining Ru nanoparticles with mean sizes higher than 10 nm.  Low
ctivities were obtained compared to those presented for the high-
st mean sizes analyzed in this article. This indicates that while
arge Ru nanoparticles in the (7–9 nm)  range were found to con-
ribute significantly to higher activities, the presence of even larger
articles could be detrimental to the catalytic performance.

The importance of the presence of small Ru nanoparticles for a
igh catalytic performance in ammonia synthesis has been already
eported in literature. Theoretical calculations have shown that
he concentration of B5-type sites, being the most active, is high
n small crystals (2 nm)  of supported ruthenium, and decline for
maller and larger particles size [13–15]. Additionally, catalytic
ests under conditions of high temperature (200–500 ◦C) and pres-
ure (100 bar) have confirmed this 2 nm optimum size [15].

Small (around 2.6 nm)  and very small (<2 nm)  Ru nanopar-
icles have indeed been obtained for the catalysts prepared by

icroemulsion. A low activity (TOF ∼ 0.5 × 10−2 s−1) was  obtained
n all cases. It is noteworthy that the activity of the Ru2/Al-COLL cat-
lyst is about 3 times the activity of the Ru3/Al-MIC BRIJ/heptane
atalyst, even though they present a similar average size of Ru
anoparticles. This difference may  be attributed to Ru surface pol-

ution associated with the synthesis by microemulsion, more than
o the broader size distribution of Ru nanoparticles in Ru2/Al-COLL.

It can be concluded that a high catalytic performance in ammo-
ia synthesis can be achieved by Ru supported nanoparticles having

 relatively high mean size and a broad size distribution that would
nsure the presence of small nanoparticles (∼2 nm)  and also larger
articles with a probable optimal size of 7–9 nm.  This is for the first
ime issued for ammonia synthesis and it could be a characteristic
spect of the process operating under mild operational conditions
100 ◦C and 4 bar).

.3. Catalytic cooperation between small and large nanoparticles

It has been shown that the catalytic activity increases in pres-
nce of large (7–9 nm)  Ru nanoparticles, even though the most
ctive sites (B5-type sites) are preferentially formed on small par-
icles [13,15]. Additionally, the most active catalyst (Ru7/Al-WI)
resents the highest concentration of both small and large Ru
anoparticles forming part of big clusters, which allows a high
umber of contacts between the particles. This suggests that,
nder mild reaction conditions, a catalytic cooperation may  occur
etween the small and large Ru particles, when they are in good
ontact.

In order to verify the existence of such a cooperative effect,
ixtures of Ru7/Al-WI (containing a high concentration of both

mall and large Ru nanoparticles, mean size 6.1 nm)  and Ru3/Al-
I (still broad size distribution, mean size 4.4 nm) were prepared

y mechanically mixing both catalysts in different percentages,
hich is expected to result in a close contact between particles

f different sizes. If this contact has no effect on the activity,
he expected TOF values of the mixture would correspond to the
eighted average of the TOF values obtained for each component,

s single catalysts. The results of the catalytic tests are presented
n Fig. 5, where the straight line represents the theoretical val-
es (in absence of a cooperative effect). An important synergistic
ffect is observed for the mechanical mixtures with high Ru7/Al-
I contents, and the effect is maximum for the mixture containing
Please cite this article in press as: C. Fernández, et al., Appl. Catal. A: Gen. (

0 wt.% of Ru7/Al-WI. For this sample, the XPS (Ru/Al)exp atomic
atio corresponds to the addition of the values for the single cata-
ysts composing the mixture (Table 4), indicating that there is no
nrichment of the surface in ruthenium atoms as a consequence
straight line corresponding to the weighted average values of the TOF  obtained for
the single Ru3/Al-WI and Ru7/Al-WI catalysts.

of the mixing procedure and the catalytic test. Therefore, the syn-
ergistic effect can be explained as a cooperative effect between
small and large Ru-supported nanoparticles, when they are in good
contact.

4.4. Proposal of a catalytic mechanism for ammonia synthesis
over Ru supported nanoparticles operating at mild conditions

According to the XPS quantification of the Ru0 concentration at
the catalyst surface (presented in Fig. 1), the most active catalysts
(Ru7/Al-WI, Ru7/Al-COLL and Ru3/Al-COLL) undergo further reduc-
tion of Ru surface atoms during the reduction and the reaction. The
highest percentage of reduction (43%) was obtained for the Ru7/Al-
WI catalyst, which presents Ru particles with a mean size of 6.1 nm
and the broadest size distribution, including large nanoparticles.
This indicates that a highly reduced Ru surface is required for a
high activity and that the presence of large Ru nanoparticles may
promote the reduction of ruthenium during the catalytic test.

A cooperative effect between small and large nanoparticles on
the reduction of Ru surface, under reaction conditions, is clearly
shown in Table 4 for the 50Ru3/Al-WI + 50Ru7/Al-WI mixture hav-
ing the highest activity. The concentration of surface (XPS) metallic
Ru reached during the reduction and the reaction is 67% higher than
the average value corresponding to the reduction of single catalysts
(42%). However, according to the temperature programmed reduc-
tion (TPR) analysis of 50Ru3/Al-WI + 50Ru7/Al-WI and the single
catalysts forming part of the mixture (Fig. 6), there is no synergy
2013), http://dx.doi.org/10.1016/j.apcata.2013.09.039

Ru7/Al-WI 0.024 6.1 62.3
50Ru3/Al-WI + 50Ru7/Al-WI 0.019 5.4 70.7
Ru3/Al-WI 0.013 4.4 22.5

a Sizes estimated according to the model of Kerkhof et al. [24].

dx.doi.org/10.1016/j.apcata.2013.09.039
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Fig. 6. TPR profiles obtained for Ru3/Al-WI, Ru7/Al-WI and 50Ru3/Al-
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work sustained by the “Service public fédéral de programmation
I  + 50Ru7/Al-WI catalysts.

oncluded that the same cooperation between small and larger Ru
anoparticles leads to the promotion of surface Ru reduction and
he synergistic effect in the catalytic activity.

It has been reported that nitrogen is strongly adsorbed and
ardly hydrogenated over very small Ru particles (<2 nm), having a
educed number of B5-type sites [13]. This affects the NH3 synthe-
is rate by decreasing the number of active sites for the dissociative
dsorption of N2, which corresponds to the rate-determining step.
uring the reaction, the amount of adsorbed nitrogen increases
nd starts blocking the surface, whereas the fraction of hydro-
en adsorbed decreases. This is consistent with the low activity
btained for the catalysts prepared by microemulsion, containing
ery small Ru nanoparticles with a narrow size distribution.

The B5 sites have been found to reach an optimum level over
lightly larger particles (∼2 nm), where crystallographic planes can
e formed. It is noteworthy that these results were obtained, by the-
retical calculations, from model-nanoparticles exposing only their
01 and 100 faces with an isotropic hexagonal shape, and therefore
ll the B5 sites present part of their atoms on a crystal edge. Our
atalysts mostly present spherical-shaped Ru particles, with mean
izes between 4 and 6 nm,  meaning numerous Ru atoms on edges.
his suggests that in our case, the optimum level of B5 sites may
e obtained for particles slightly larger than 2 nm,  probably in the
ange 7–9 nm.

Besides the presence of B5 sites in the (7–9 nm) particles, a sup-
lementary argument is required to understand the importance of a
road size distribution for a high catalytic activity and the synergic
ffect between small and larger particles. It could be admitted that
n large nanoparticles there is a high concentration of ruthenium
toms on terraces, which exhibit low activity for N2 dissociation.
e propose that large nanoparticles promote the reaction rate of

mmonia synthesis, by providing sites for the hydrogen activation.
hen a good contact exists between the particles, the hydro-

en atoms (H*) activated in large particles may  migrate along the
urface, reaching the strongly adsorbed nitrogen atoms in small
Please cite this article in press as: C. Fernández, et al., Appl. Catal. A: Gen. (

articles or flat surfaces. The hydrogenation of these nitrogen atoms
ould allow releasing active sites for the dissociative adsorption of
ew N2 molecules. The transfer of H* atoms would also promote
 PRESS
 A: General xxx (2013) xxx– xxx

the activation of N2 by keeping a high fraction of metallic Ru sites
on the catalytic surface, as indicated by the XPS analysis.

The proposed catalytic mechanism would then explain the high
catalytic performances of catalyst containing Ru particles with a
broad size distribution, and the low activity obtained for narrow
size distributions.

5. Conclusions

Catalysts with different average size and size distribution of Ru
nanoparticles were studied in the ammonia synthesis under mild
reaction conditions (100 ◦C, 4 bar) and characterized principally by
XRD, XPS and HR-TEM techniques.

It was  demonstrated that (i) the activity increases with the mean
size of Ru nanoparticles in the range 2–10 nm;  (ii) for similar aver-
age sized Ru particles, a narrow distribution of sizes leads to a lower
activity; (iii) it is possible to benefit from synergic effect between
large and small sized nanoparticles to obtain higher activities.

Large Ru nanoparticles promote the reaction under mild con-
ditions (low temperature and pressure), even though the B5-type
sites (most active sites) are preferentially formed on small particles,
which suggests that a catalytic cooperation may  occur between the
particles, when they are in near proximity. This cooperation was
verified by preparing mechanical mixtures of two catalysts con-
taining different sizes. An important synergy in the activity was
obtained with the mixtures. It is suggested that large Ru nanopar-
ticles promote the reaction rate by providing sites for the hydrogen
activation. The activated hydrogen atoms may  migrate along the
surface, reaching the strongly adsorbed nitrogen in small particles.
The hydrogenation of these nitrogen atoms would allow releasing
active sites for the dissociative adsorption of new N2 molecules,
corresponding to the rate determining step of ammonia synthesis,
thus increasing catalytic performances.

6. Outlook

In this work it is proposed that the synthesis of ruthenium-
supported nanoparticles with controlled size allows performing the
ammonia synthesis reaction at low temperature via a mechanism in
which the Ru particle size and the broadness of the size distribution
play a crucial role.

For Ru-supported catalyst, it was shown that the activity
increases with the average size of Ru particles and that for similar
range sized particles, a narrow distribution of sizes leads to lower
activities and a heterogeneous distribution of sizes favors a higher
activity. It is noteworthy that a similar effect of the nanoparticle
size on the catalytic activity has been found for other catalytic pro-
cesses operating at mild conditions (e.g. CO2 hydrogenation over
Rh-supported catalysts) [33,34]. This suggests that the catalytic
cooperation between large and small nanoparticles may  be gen-
eralized to other noble metals supported crystallites, catalyzing
reactions in presence of hydrogen.
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Fig. A1. XRD spectrum obtained of the (a) Ru/A
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Figs. A1 and A2.
Table A1.

able A1
ET specific surface area of the catalysts prepared by wet  impregnation, colloidal
nd  microemeulsion methods, calcined at 450 ◦C.

Catalyst Ru (wt.%) SBET (m2/g)

�-Al2O3 – 73
Ru7/Al-WI 7 68
Ru3/Al-WI 3 70
Ru7/Al-COLL 7 75
Ru3/Al-COLL 3 65
Ru2/Al-COLL 2 71
Ru3/Al-MIC BRIJ/heptane 3 79
Ru3/Al-MIC AOT/heptane 3 68
Ru3/Al-MIC CTAB/butanol 3 65
Ru3/Al-MIC CTAB/cycloehexane 3 69
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