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Abstract The supported Ru clusters with mean sizes
ranging from 1.9 to 4.6 nm showed a high activity towards
the NH; decomposition reaction. The structural properties
of catalysts were characterized by N, adsorption/desorp-
tion, X-ray diffraction (XRD) and transmission electron
micrograph (TEM). Steady-state reaction kinetics revealed
that the apparent activation energy increased with a
decrease in Ru particle size and ranged from 79 kJ mol " to
122 kJ mol~'. The decomposition rate over Ru nanoparti-
cles showed a strong dependency on mean crystallite size
and the optimum appeared at dg, = 2.2 nm. The depen-
dencies of reaction rate on partial pressures of NH3 and H,
were also sensitive to the varying Ru particle size. Experi-
mental data could be well fitted by the Temkin-Pyzhev
equation, indicating that the recombinative desorption of
surface nitrogen atom acts as the rate-determining step. A
compensation effect between the pre-exponential factor (k)
and activation energy (E,) was quantified.

Keywords Ammonia decomposition - Ru - Kenitics -
Size effects - Compensation effect

1 Introduction

Catalytic decomposition of NHj; provides an applicable
route to CO,-free H, stream for the fuel cell uses. Over the
past few years, the NH3 decomposition process has been
extensively studied mainly driving by either the scientific
view to get insight into the mechanism of NHj3 synthesis
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[1, 2] or the technological opinion to use liquid NH; as a
suitable H, carrier [3-5]. It has been reported that group
VII metals (Fe, Ni, Ru, Ir, Co, Pt) catalyze the NH;
decomposition reaction and Ru is generally considered to
be the most active single metal catalysts [6-9]. Ru-CeO,/Y
Zeolite [2], Ru/Al,O5 [6, 8], Ru/SiO, [6, 10], Ru/C
[11-15], Ru/MgAl,O4 [9, 16], Ru/CNTs [8, 10, 15, 17],
and Ru/MgO [8, 10, 17, 18] have been proved to catalyze
decomposition of NHj.

Although the assessments of relevant elementary steps
and structure sensitivity in NH3 decomposition have been
widely reported, the kinetics of NH; decomposition over
Ru is not well established and many contradictory findings
still remain unresolved. Tsai and Weinberg [19] investi-
gated the kinetics of NH; dissociation over Ru (001) plane.
The authors found that the rate determining step (RDS)
changed with the temperature and established a reaction
expression under the hypothesis that both the recombin-
ative desorption of N* as the most abundant reactive
intermediate (MARI) and the initial N-H bond cleavage
are slow elementary steps. However, their expression could
not describe the H, inhibition phenomenon that was widely
observed in the later studies. In contrast, Tamaru [20, 21]
proposed that there was a quasi-equilibration among N*,
gaseous NH3 and H, and recombinative desorption of N*
determined the decomposition rate, which was proved by
the further studies of Vitvitski [22] and Mariadassou [23].
Such model could be represents as followed:

ONH; (g) + 2%E2N* 4 3H, (g) (i)
NN, (g) + 2% (i)

Bradford [11] studied the kinetics over Ru nanoparticles at
623-723 K and reported that the decomposition of NHj is
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0.69-0.75 order in NH5 and —2 to —1.6 order in H,, and
both NH,-H bond cleavage and recombinative nitrogen
desorption (Eq. 2) are slow kinetic steps, which sustained
by the obtained good statistical fit to experimental data.
Most recently, based on the results of microkinetic model
with the unity bond index—quadratic exponential potential
(UBI-QEP), Mhadeshwar predicated that the RDS in NH;
decomposition is the N-H bond cleavage in NH,* while
the recombinative desorption of nitrogen contributes much
less to the overall reaction rate [24]. Moreover, there are
some apparent discrepancies in the surface science studies
over Ru surface, either the experimental observations or
theoretical calculations. Great differences in operation
conditions, from UHV to high pressures (atm level), and
samples, from single crystal to supported catalyst, should
be sufficiently considered. In addition, the adsorbate—
adsorbate interactions always considerably change the
RDS, MARI and the maximum coverage of N*, which also
leads to the different conclusion in kinetically significant
steps in literature [24].

Many papers have suggested that the rates of N, dis-
sociation and NHj3 decomposition are strongly sensitive to
the concentration of one special assemble of metal atoms,
such as C-7 sites on Fe and B-5 sites on Ni and Ru. Single
crystal studies and density function theory (DFT) calcula-
tions for Ni and Ru revealed that the maximum probability
for B-5 sites appeared for particles of 1.5-2.5 nm [25-27].
Jedynak et al. observed that smaller particles of Fe over K—
Fe/C catalysts possessed higher turnover frequencies
(TOFs) and attributed the reason to higher concentration of
C-7 sites over the more highly dispersed catalyst [27].
When studied the NH; decomposition on Ru crystallites, Li
et al. found less activity of the extra-small Ru particles
(dru = 1.6 nm) [15]. However, there is lack of the exper-
imental evidence from the direct correlation between
intrinsic activity and crystallite size of supported Ru clus-
ters. Furthermore, supports are often found to strongly
influence NHj; decomposition rate on Ru crystallites,
whereas their effects on the dispersion of active phase and
mass transport artifacts have rarely been discussed [6-8],
which might result in the great discrepancies existing
among the previous studies.

In present study, we will report a successful synthesis of
highly active Ru/Al,O3 catalysts for NH; decomposition.
The XRD and TEM characterizations of the reduced
samples revealed the mean sizes of Ru® crystallites over a
series of catalysts with different metal loading. The kinetic
behavior of them will be conducted in a fix-bed differential
reactor, in which the transport artifacts were ruled out.
Influence of Ru crystal size on catalytic activity toward
NH; decomposition will be detailed. Then, we will try to
investigate the kinetically controlled step by correlation
between experimental data with a kinetic model.
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2 Experimental Section
2.1 Synthesis of Ru Catalysts

A series of Ru/Al,O5 with different Ru loading (Table 1)
were prepared by incipient wetness impregnation of Al,O3
with an ethanol solution of RuCl; - xH,O (Jiushan
Chemical Corp., Shanghai, China, 99.99%). The Al,O3
support (276 m* g~ ') was synthesized by using a copre-
cipitation method as described by us previously [28].
Aluminum nitrate [AI(NOs3)3 - 9H,0] and ammonium
carbonate [(NH4),CO;] with stoichiometric molar ratios
were separately dissolved in double de-ionized water. Over
a period of 2h, both aqueous solutions were added
simultaneously to a glass beaker with vigorous stirring. The
precipitate was aged in the mother liquor, removed, washed
thoroughly with double de-ionized water, and the obtained
solid was dried in air at 383 K overnight, and successively
calcined at 873 K for 5 h. The massive sample was then
ground into the fine powder.

The synthesis procedures of Ru/Al,O3 catalysts com-
prised conventional impregnation at 353 K for 8 h, drying
at 393 K in ambient air overnight and then calcination in a
muffle by increasing the temperature to 833 K (2 K min™")
and holding for 5 h. The obtained mass solids were washed
by NH;3 - H,O (4 M) at 353 K for 6 h, dried in air over-
night, crushed and sized into the particle of 100-150 pm.
BET surface areas of all calcined samples were illustrated
in Table 1.

2.2 Catalytic Measurements

Ru/Al,O5 samples (100 mg) were loaded between two
quartz wool plugs in a conventional quartz reactor and then
treated by 50% H, in He (100 cm® min~') at 833 K
(2 K min™") for 5 h. Pure ammonia with a space velocity
of 30,000 mL/g., h was used as the reactant for the con-
ventional catalytic evaluations. Temperature of the catalyst
bed was detected by a movable K-type thermocouple
enclosed with quartz sheath. Flow rates of gases were
controlled by the mass flowmeters (Brooks). Product
analysis was carried out with an on-line gas chromatograph
(Shimadzu 8A) with a Porapak-N column and a TCD
detector.

The kinetic evaluations were performed in a fix-bed
differential quartz reactor using catalyst pellets (10 mg)
diluted with inert quartz powder (500 mg) to prevent
temperature gradients. Typically, the reactants mixtures
consisted of 15% anhydrous NH; and 85% He with a total
space velocity of 3,000,000 mL g_! h™' and NH; con-
version were less than 20%. The influence of NH; pressure
on reaction rates was determined over a wide range of
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Table 1 Sample characterizations by BET, H,-Chemisorption, XRD and TEM

Sample State SA (m?/g) SAgy * (m?/g) Surface Ru atoms® (mol/g) dryo, (nm) dr, (nm)
XRD XRD TEM
0.7 wt.%Ru/Al,O4 Reduced - 0.24 3.73 x 10" 4.8 4.4 1.9
1.9 wt.%Ru/Al,O4 Reduced 239 0.39 6.06 x 10" 8.4 7.5 2.2
2.9 wt.%Ru/Al,04 Reduced 221 0.54 9.51 x 10" 8.1 6.8 2.9
4.7 wt.%Ru/ALLO4 Reduced 192 - - 7.9 7.2 35
5.7 wt.%Ru/Al,0O5 Reduced - - - 7.9 7.2 4.2
7.0 wt.%Ru/Al,O3 Reduced 182 - - 7.9 8.7 4.6
AlLO; - 276 - - - — _
Calculation based on the irreversible H, adsorption amount obtained from the chemisorption isotherm at 303 K
partial pressure from 10 kPa to 50 kPa. The N, and H, 100% -
dependencies were measured at 5—40 kPa while the NH; ——0.7wt.%Ru
pressure maintaining at 15 kPa. ——1.9wt.%Ru
80% | —e—2.9wt.%Ru
—O—4.7wt.%Ru
o 5 —&—5.7wt.%Ru
2.3 Catalyst Characterization -g 60%
[
. . . g
Surface areas were measured by N, physisorption using a S
Micromeritics ASAP 2010P apparatus and standard mul- ° 40%
tipoint BET analysis methods. H, adsorption was z
performed to estimate surface area of Ru. The intercept of 20%
the total irreversible at zero pressure was used and an Hy/
Ru ratio of 1.0 was assumed. Prior to each test, the catalyst
: o : 0<y° I I )
was reduced in by H~He mixture at 833 K for 5 h, swept 800 700 800 900

by ultrapure He for 2 h, and then cooled down to 303 K in
evacuation. Powder X-ray diffraction patterns were
obtained at room temperature using a Philips diffractome-
ter and CuK, radiation. The metal particle size and
dispersion were determined from TEM microscopes
obtained with a Philips Tecnai G2 T20ST transmission
electron microscope. The materials were placed on a car-
bon-coated copper grid and measured with a maximum
acceleration voltage of 200 kV. The crystal size distribu-
tion was estimated by measuring the size of 100-200 of the
nanometer-sized features.

3 Results and Discussion
3.1 Catalytic Activity for NH; Decomposition

The conversion as a function of temperature was deter-
mined for each catalyst and presented in Fig. 1. Catalytic
tests were performed under the atmospheric pressure and
pure NH; was used as the reactant. Obviously, the syn-
thesized Ru/Al,O; catalysts showed high reactivity
towards the NH; decomposition reaction. At the tempera-
ture higher than 823 K, all catalysts except 0.7%Ru/Al,O3
could almost completely decomposed NH3 with the space

Reaction temperature, K

Fig. 1 Temperature-dependent NH; conversion over catalysts with
varying Ru loading. Reaction conditions: SVxg, = 30,000 mL gg,
h~!, catalysts loading 100 mg, 623-873 K

velocity of 30,000 h™'. It is as expected that the reactivity
increased with the Ru loading. For example, at 773 K, the
NH; conversion over 0.7%Ru/Al,O5; and 1.9%Ru/Al,O5
were 23% and 68%, respectively. However, with further
increasing Ru loading to 5.7%, there was no significant
increase in reactivity, suggesting a loss in usage of the
active phase.

A comparison of H, formation rate between our catalysts
and the ones reported in literature was listed in Table 2. Itis
clearly seen that, under the same reaction condition, our Ru/
Al,Oj5 is more active than the other Ru/Al,O; in literature
and comparable with the Ru/CNT catalyst whose activity
was believed to be the highest. Furthermore, as evidenced in
Table 2, the impregnation prepared Ru catalysts by using
organic substances (e.g. ethanol, acetone) as the solvent
always possessed a high activity. Such results revealed that
the reactivity of Ru catalyst would be strongly influenced by
various factors, such as the preparation condition, support,
metal dispersion, etc. It is therefore suggested that when the
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Table 2 H, formation rate

(mmolH, go,, min~") over Sample Solvent Dispersion® (%) Temperature (K) Reference

various supported Ru catalysts. 673 773 873

Condition: pure NHs,

SVam, = 30,000 mL gg,' h™', 10%Ru/Al,05 Water 2.8 4.5 18.1 24.7 6

100 mg catalyst 10%Ru/SiO, Water 1.2 45 20.0 30.3 6
4.8%Ru/Al,04 Water 6.0 0.6 5.6 - 17
4.8%Ru/Al,O4 Acetone 10.0 3.9 16.5 - 17

4 (Calculated from the 4.8%Ru/MgO Acetone 8.8 54 235 - 17

adsorption data in Hy 4.8%Ru/AC Acetone 20.6 3.8 21.5 - 17

EhemlSOfPUO“ experiments 4.8%Ru/CNT Acetone 21.1 5.7 284 - 17

Calculated from the TEM 4.7%Ru/Al,05 Ethanol 28.6° 5.9 26.8 335 This study

result

effect of a particular factor is discussed, all other parameters
should be fixed unchanged.

3.2 Transmission Electron Microscopy (TEM)

The metal loading has a great impact on the final mor-
phology of the alumina-supported Ru nanoparticles. TEM
images and particle size distributions of three typical
reduced samples are shown in Fig. 2. Obviously, most of
the Ru is present in the form of particles with diameters
below 5 nm. Some bigger particles appeared in images of
the samples with high metal loading, indicating somewhat
sintering of the active phase during the thermal pretreat-
ments. For instance, the crystallites up to a diameter of
16 nm were found in the images of 7.0%Ru/Al,0O5 sample.
For all samples, the particle size distribution is generally
monomodal with a maximum ranging from 1.9 nm to
4.6 nm. The higher the Ru content, the wider the distri-
bution of particle size.

3.3 X-ray Diffraction (XRD)

The comparative X-ray diffraction patterns of the calcined
and reduced catalysts are presented in Fig. 3. The diffrac-
tion features at Bragg angles of 28.1, 35.1 and 543
revealed the presence of RuO, crystallites in calcined
samples while those of 38.4, 42.1, 44.0, 58.3, 69.4 and 78.3
indicated the existence of Ru crystallites in reduced sam-
ples. With increasing metal loading, the diffraction peaks
became more intensive but the mean sizes of RuO, and Ru
that calculated from the Bragg equation did not changed.
As listed in Table 1, the values of dryo, and dg, ranged at
8.0 and 7.0 nm, respectively. The difference between XRD
and TEM could be interpreted by the limited detection
level of XRD technique. In XRD determination, the par-
ticles with size smaller than 2—-3 nm that possessed a high
particle fraction could not be detected. Therefore, the mean
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sizes of Ru obtained from XRD were much higher than
those obtained from TEM.

3.4 Reaction Kinetics

To investigate the reaction mechanism, the kinetics mea-
surements were performed. All the forward reaction rates
were corrected for approach to equilibrium (1) from ther-
modynamic data. The value of (1 — #) is larger than 0.998
for all catalytic measurements reported here. Note that the
forward rate (r;) were obtained from rn = (ry —r)
= r¢(1 — 1), in which r,e, represents the net reaction rate.

3.4.1 Particle Size Effect

Figure 4 reports the steady-state activities of the prepared
Ru catalysts for NH; decomposition at 733 K as a func-
tion of metallic Ru crystallite size. The forward reaction
rates increased with particle size to a maximum i.e.,
2,210 gy, g};l} h™!, at the mean size of 2.2 nm followed
with by a decline in activity with a further increase in
size. Figure 4 also shows a strong particle size effect on
the forward turnover rate (TOFyy,), which reveals a sig-
nificant structural sensitivity for NH; decomposition over
the supported Ru nanoparticles. The catalytic performance
for ammonia decomposition could benefit for the high
loading of Ru. Actually, in the conventional impregnation
method, the severe sintering of Ru could not be suc-
cessfully prevented, even though various high-surface-
area supports (e.g. active carbon, carbon nanotubes) and
some organic solvents as the dispersion media have been
used [6-8, 18]. Large metal particles possess extremely
low intrinsic activity, which would cause a sharp loss in
effective utilization of noble metal. It is an important
issue how to synthesize the supported Ru nanoparticles
with mean size at around 2.2 nm and narrow particle size
distribution. A powerful support for the particle size effect
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Fig. 2 Selected TEM images
and particle size distributions of
the reduced samples. (a)

1.9 wt.% Ru (2.2 nm); (b)

4.7 wt.% Ru (3.5 nm); (¢)

7.0 wt.% Ru (4.6 nm)

is our recent success in novel synthesis of MgO-supported
Ru nanoparticles (d = 1.2-2.3 nm, d,yerage = 2.0 nm) that
possessed an outstanding activity for NH; decomposition
while compared with those in literature [29].

Figure 5 shows the apparent activation energy (E,) for NH;
decomposition at 653-733 K as a function of Ru crystallite
diameter. Clearly, the energies ranged from 80 kJ mol " to
123 kJ mol " and decreased with the crystallite size. These
variances of both reaction rate and activation energy with the
changing Ru particle size suggested a pronounced structure
sensitivity of NH3 decomposition over the supported Ru
nanoparticles.

50

d=22nm

40 ]

30 A

Number of particles (%)

12 34567 8 9101112131415 16
Diameter (nm)

50

401 d=35nm

30 4

Number of particles (%)

123 4567 89 10111213141516

Diameter (nm)

50

40 1 d=4.6 nm

30 4

20 4

Number of particles (%)

123 4567 8 910111213141516

Diameter (nm)

For the curves of reactivity versus particle size pass
through a maximum in the range of around 2-3 nm, the
B-5 sites, i.e. five atoms exposing a three-fold hollow hcp
site and a bridge site close together, have often been pro-
posed as the active centers for other reactions [30, 31]. In
the calculation results describing the arrangement of the
atoms in small crystallites, Hardeveld and Montfoort [26]
have reported that, for a Ni crystal of octahedral shape, the
maximal fraction of B5 sites appeared at around 1.8 nm.
Similarly, Jacobsen have counted the relative number of
B5-type sites on small Ru crystals and found a similar trend
of B-5 fraction toward the crystal size [25]. It is therefore
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Reduced sample Fig. 5 Dependence of the Arrhenius activation energy for NHj
7.0wt% 4 decomposition on Ru particle size. Reaction conditions: 653-733 K,
. . 2 10.0 mg catalyst, d, = 100-150 m, dilution ratio: 1:50, total space
-] velocity 3,000,000 mL gc’ai h~!, 15 kPa NH3;, balance He
)
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5 4.7wt% strongly suggested that B-5 sites of Ru act as the most
a 2.9wt% active centers for NH3 decomposition.
<
3.4.2 Reaction Orders of NH;, N, and H,
W The dependencies of forward rate on partial pressures of
———— T T T NH3, N, and H, were determined at 733 K and the reaction
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Fig. 3 XRD of all calcined and reduced Ru/Al,O; catalysts
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=
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Fig. 4 Measured initial reaction rates (gyy, g h™") and turnover
rates (TOFng;, s_l) for NH; decomposition‘ at 733 K over different
Ru catalyst as a function of the average particle size (nm). Reaction
conditions: 10.0 mg catalyst, d, = 100-150 um, dilution ratio = 1:50,
total space velocity = 3,000,000 mL g_! h™!, 15 kPa NHj;, balance
He
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orders were determined. The forward rate was insensitive
to Py, on each sample (not shown), indicating that the
influence of N, on rate could be negligible. The pressure-
dependent forward rates at 733 K were displayed in Figs. 6
and 7. As shown in Fig. 6, with varying Py, in the range
of 15-50 kPa and using He as balance, the rates over Ru
catalysts monotonically increased. In contrast, with Pyp,
fixed at 15 kPa and Py, increased from 5 kPa to 40 kPa,
the measured forward rates decreased. Therefore, similar
positive orders with respect to NH; and negative order with
respect to H, have been obtained for the Ru/Al,O5 catalyst
studied. Such H; inhibition phenomenon agrees well with
the previous studies on kinetic behaviors of Ru catalyst
under the similar conditions. As seen in the inserts in
Figs. 6 and 7, both reaction orders with respect to NH; and
H, slightly changed with the decreasing Ru crystal size. It
was indicated that the dependencies of forward rates on
NH; and H, partial pressures were more significant over
the Ru nanoparticles with low mean size.

3.4.3 Kinetics Model

All experimental kinetic data reported here could be well
fitted by the Temkin—Pyzhev reaction equation as followed:
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Fig. 6 Effects of NH; partial pressure on forward NHj reaction rate
on Ru/Al,Oj catalysts. Reaction conditions: 10.0 mg of catalyst,
733 K, total space velocity 3,000,000 mL g_,! h™!, 15-50 kPa NHs,
balance He
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Fig. 7 Effects of H, partial pressure on forward NHj; reaction rate on
Ru/Al,0O35 catalysts. Reaction conditions: 10.0 mg of catalyst, 733 K,
total space velocity 3,000,000 mL g_! h™!, 15 kPa NH;, 5-40 kPa
H,, balance He

r k P%l‘h _ PNz P%Iz (1)
net — P3 K2 P2
H, eq NH;3;
k = Agppe B/RT (2)

where, k (gni, Sra h™" atm™”) is the reaction rate con-
stant, Agpp (Enm, 2re h™!atm %) is the pre-exponential
factor, E, (kJ molfl) is the activation energy, K.q (atm) is
the equilibrium constant that obtained from the equation

1.0E-02
%) i
m y/
> Ay
A
T 10E-03: . q00ix N ‘%'A“
° [ R%2=0.934 A £ £
£ L YV
-~ L A
[ A
2 L A AA“
© A
‘ o, kO
8 1.0E-04; Ru% B (g-NHygr, h atm?)
o F 0.7% 0209  3.472E+10
3 F 1.9% 0.179 2.271E+09
© [ 74 2.9% 0.197 2.035E+09
(&) [ A 4.7% 0.205 8.357E+08
5.7% 0.206 2.078E+08
7.0% 0.215 2.141E+08
1_0E_°5 L Lol L Lol L Lo
1.0E-05 1.0E-04 1.0E-03 1.0E-02

Experimental rates, mol-NHg/gcat s

Fig. 8 Correlation between the experimental and calculated reaction
rates (derived from the Temkin—Pyzhev expression as Eq. 2). Insert
table: the derived kinetic parameters in the Temkin—Pyzhev
expression

built by Harrison and Kobe [32]. Figure 8 presents the
correlation between the experimental and calculated values
at all experimental conditions. It is strongly suggested that
the associative desorption of N* acts as the RDS for NH;
decomposition over Al,Oj3 supported Ru nanoparticles. The
derived kinetic parameters in the Temkin—Pyzhev expres-
sion for each sample were shown in the insert table in
Fig. 8.

3.4.4 Relationship Between Particle Size Effect
and Compensation Effect

The compensation phenomenon in numerous heteroge-
neous reactions takes the form of a sympathetic linear
correlation between the observed parameters of the Ar-
rhenius equation E,,, and InA,,, for a series of related
reactions or catalysts [33]. As evidenced in Fig. 9, a good
linearity with regression coefficients (R?) of 0.97 was
observed in this plot of Ink, versus E,, indicating a con-
vincing compensation effect for the NH; decomposition
reaction over alumina supported Ru nanoparticles. Jacob-
sen have observed such compensation effect between
apparent activation energies and pre-factors for the NHj3
synthesis reaction over a series of bimetallic alloys cata-
lysts [34]. Under the assistance of theoretical calculation by
DFT, the authors interpreted it by the shift of kinetic
regime from one dominated by the rate of activation of
reactants to a regime where the stability of the reaction
products on the surface becomes increasingly important.
For our case, all catalytic runs stayed in the compensation
regime and, with decreasing cluster size of Ru, the NHj3
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Fig. 9 Compensation effect for NH3 decomposition over Ru
nanoparticles

decomposition process slowly approached to the coverage-
limited regime.

4 Conclusions

A kinetic study of NH3 decomposition over Ru nanopar-
ticles with varying mean size, supported on a high-surface-
area Al,O3, has been carried out at atmospheric pressure.
Morphologies and crystallite sizes of Ru crystallites have
been characterized by TEM. NH; decomposition is deter-
mined to be a structure-sensitive reaction that is best
carried out over small Ru particles with size of 2.2 nm.
Reducing particle size of Ru led to an increase in apparent
activation energy and pre-exponential factor. This reaction
proceeded according to the Temkin—Pyzhev mechanism,
indicating that the recombinative desorption of surface
nitrogen acted as the rate-determining step. In the present
work, all catalytic runs remained in the compensation
regime and the relationship between pre-exponential factor
and activation energy was quantified. Decrease in average
size of Ru nanoparticles slowly shifted the reaction towards
the coverage-limited regime.
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