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Abstract

A series of carbon-based ruthenium catalysts differing in Ru loading (1-32 wt%) was characterised (XRD, JJ&n, @O chemisorp-
tion) and, after promotion with Ba or Cs or both, was studied ingN#yinthesis. Partly graphitised carbon with a high surface area
(SgeT = 1310 nf/g) was used as a support for catalyst preparation. Ruthenium chloride and barium nitrate and/or caesium nitrate were
precursors of the active phase and promoters, respectively. The chemisorption experiments have shown that the mean size of ruthenium
particles ) increases monotonically with Ru loading, from about 1 nm for 1 wt% Ru to about 4 nm for 32 wt% Ru. Theyxthesis
studies have revealed that the reaction rates {@)®3 bar, 8.5% NH or 400°C, 90 bar, 11.5% N&), expressed in terms of TOF, increase
versus particle size, regardless of the promoter type. Extrapolation to lower sizes indicates that crystallites smaller than 0.7—0.8 nm might be
totally inactive. The co-promoted catalysts (BaCs) were found to be more active than the singly doped systems over the whole range of
the particle diameter. The trends in TOF vergusave been attributed to the promoter/promoters location, on the faces of the Ru crystallites,
or, alternatively, to changes in crystallite morphology—Ilarger particles (3—4 nm) may expose grgitesBhan the smaller ones (1-2 nm).
The effect of co-promotion has been ascribed to different modes of the promoters’ action: whereas the main role of Cs is to lower the barrier
for No dissociation (electronic effect), barium acts predominantly as a structural promoter—the reconstructed surfaces in Ba—Ru/C are more
resistant to poisoning by hydrogen when operating, thus making more sites availabjesdsdption.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction The pioneering works on the structure sensitivity of am-
monia synthesis reported experiments with systems based
on iron. Dumesic et al. have shown in their fundamental

is an important process in the chemical industry. Worldwide papers[3,4].that the catalytllc properties of small Fe- part|—.
about 150 million tons of ammonia are manufactured an- cles deposited on magnesia (Fe/MgO) are essentially dif-

nually, mainly in high-pressure installations operating with Ierent fro;n those ,Of Ia_lr_gOerartlfcles. More spe(;nﬂc;glly, the
fused iron catalysts. The reaction 2 N = 2NHs, pro- urnover frequencies ( s) of ammonia production over

ceeding on metal surfaces, is also important from the view- Zmall fcrystall'ltteosl (Ta' 1.5thnm)ﬂ\1/vere ffou?d to be ?rll'tor-
point of fundamental scieng#&]. New techniques in the field 38r of magnitu _T_hOV\ffrf an those for .aggg grys{ha Ies
of heterogeneous catalysis and new catalytic concepts, in- nm in size. he dierence was ascribed by the au-

cluding that of structure sensitivity, have been applied to this thors [3] _to the presence of the so-called C-7 sites (iron
reaction[2]. atoms with seven nearest neighbours). As the concentra-

tion of C-7 atoms is expected to be smaller on very small
Fe particles than on coarser ones, C-7 atoms were con-
" Corresponding author. c!uded to be more active than others in ammonia synthe-
E-mail address: zbyko@ch.pw.edu.fgZ. Kowalczyk). sis[3].
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To gain more insight into the nature of active Fe sites, the crystallites deposited on graphitised carbon and metal dis-
group of Somorjai determined NHsynthesis rates (40, persion.
20 bar, B/N2 = 3:1) over single-crystal surfaces of well- Generally, the Ru dispersion in Ru/C may be changed
defined geometry5,6]. Such an approach made it possible either by a change in the metal loadif20] or with the
to probe the effect of an iron structure directly. The Fe (111) use of carbon materials of different textuf@]. The lat-
and Fe (211) surfaces proved to be the most active planesfer procedure may result, however, in different properties of
and they were followed in reactivity by Fe (100), Fe (210), the supports used. Furthermore, in the case of low-surface-
and Fe (110)5,6], the last of which was almost inactive. ~area carbons, a broad profile of the particle size distribution
Since the Fe (111) and (211) faces are the only surfacesiS observed17], which results in a poor estimation of the
that expose C-7 sites to the reactant gases, the presence d¢hean particle diameter. Therefore, the former option was
C-7 sites was suggestg#] to be more important for an iron chosen in this study; that is, ruthenium was deposited on
catalyst than surface roughness. Otherwise, the (210) planethe same carbon support of high surface area, and the metal
which exposes second- and third-layer atoms (open face),loading was varied over a wide range of 1-32 wt%. Since
would be expected to be the most active pligie unpromoted Ru/C catalysts are known to be almost inac-

In the last decade, carbon-based ruthenium catalysts werd!Ve [17], kinetic studies of N synthesis were performed
successfully introduced to industrial practice. High-capacity With promoted samples only. Both singly doped catalysts
radial-flow reactors (2000 tons per day) operate under the (Ba-RU/C, Cs—Ru/C) and those co-promoted with barium
Kellogg Brown & Root license, and they are filled with the and caesium (Ba-Cs-Ru/C) were tested. The dispersion of
conventional magnetite catalyst (first bed) and the ruthe- "Uthenium was measured by the chemisorption technique;
nium catalyst (three subsequent bef&p]. Although the the sorptlon ex.perlments were suppl_e_mented with XRD and
Ru-containing systems for Nfsynthesis, including those TEM examinations. In contrast to activity measurements, the

supported on carbon, were studied extensij@i49], only characterisation studies were carried out with unpromoted
a few works have been devoted to the structure sensitiv-samples‘ It has been shown previougly 53] that the Ru

ity of ruthenium. According to Dahl et a[50], dissocia- dispersion remains unchanged upon promotion when the cat-

tive chemisorption of nitrogen (the rate-determining step of glysts are activated (reduced) under mild conditions, which

NH3 synthesis) on the Ru (0001) single-crystal plane apd N ' the present case.
desorption from Ru (0001) (the rate-limiting step of NH
decomposition) are totally dominated by steps; that is, the .

) . 2. Experimental
N> adsorption/desorption rates at steps are orders of mag-
nitude higher than they are on/from the terraces. The above
results, along with the DFT calculations, sugdést50]that 2.1 The catalysts
ammonia synthesis over ruthenium should also be a very

. . X All of the ruthenium catalysts were deposited on a carbon
structure-sensitive reaction, even more so than on iron.

g ) support obtained via two-step modification of raw activated
Jacobsen et a[45] found that the activity of ruthenium ., b5 sypplied by the Research Centre of the Norit Com-
deposited on a magnesium-aluminum spinel (Mg2y) in- pany. Starting carbon (extrusions 2 mm in diameter) was
creases slightly in the initial part of a NHsynthesis run; heated under helium at 400 Pa pressure and 19G6r 2 h
the effect is attributed to the disappearance of crystallites (first step) and then cooled to ambient temperature. After-
smaller than 1 nm due to sintering and the resulting for- ;- -4s the carbon batch was gasified in a@@eam at about
mation of larger particles that expose higher reaction rates.g50oc yp to 35 wt% mass loss (second step). Finally, the
In contrast, Szmigiel et al. have shol] the TOF of  material was washed with distilled water and dried in air at
NH3 synthesis over Ru/MgAD, at 400°C and 63 bar to  120°C.
be roughly independent of dispersion over the 0.9-1.5-nm  For Ru/C, small samples of the carbon support were
particle size range. On the other hand, the same group hasmpregnated with acetone solutions of ruthenium chloride
found[51] that extra fine (0.9 nm) Ru crystallites promoted (RuCk - 0.5H,0; Aldrich), followed by solvent evaporation
with barium (Ba-Ru/MgAJOy) exhibit an N synthesis i a rotary evaporator. After drying in air (3€, 24 h), the
rate expressed as TOF (63 bar, 200 8.5% NH) that is RuCk/C specimens were reduced in flowing hydrogen, first
about half that exhibited by analogously promoted particles at 150°C for 16 h and then at 35T for 24 h, followed by
1.5 nm in diameter. cooling to room temperature in argon and passivation with
As can be seen from these observations, the effect of par-small pulses of air added to an Ar stream. In the case of
ticle size on the catalytic properties of ruthenium surfaces in high ruthenium contents (20 or 32 wt%), the impregnation—
NHz synthesis has been poorly documented so far. In partic- reduction—passivation procedure was repeated three and five
ular, there is a lack of fully authoritative data for industrially times, respectively.
relevant Ru/carbon systems; with this paper we attempt to  Barium nitrate or/and caesium nitrate, precursors of the
fils this gap. The aim of our study was to show explicitly promoters, were introduced to the Ru/C systems through im-
the relationship between the surface activity of ruthenium pregnation from aqueous solutions at°@for 16 h. Then
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Table 1 400°C in a H—He stream, flushing with helium (99.9999%,
Chemical composition of the promoted Ru/C catalysts 40 ml/min) at 400°C for 0.5 h to remove hydrogen from
Catalyst symbol Rucontentin  Bacontent  Cs content the sample, and cooling in He. Then we determined the oxy-
(Ru+C)(wt%)  (mmol/gc)  (mmol/gc) gen uptake at 8C by adding small @ pulses (6.25 umol)
Ba—Rul/C 1 10 - to the helium stream. Afterwards, the procedure consisting
22:2332 2 1'8 - of reduction (4306C, 3 h) and flushing with He was re-
Ba—Ru9.1/C a 10 _ peated and the amount of carbon monoxide adsorbed on the
Ba—-Ru20/C 20 1.2 - metal surface at 20C was measured (pulse method). The
Ba-Ru32/C 32 13 - uptakes of adsorbates were used for determining the dis-
Cs-Rul/C 1 - 35 persion of ruthenium (fraction exposed, FE) and the size of
Cs—Ru3/C 3 - 3.3 the metal particlesd). The latter parameter was calculated
gz:gﬂg{ f/c 3 _ 3.33'2 from the generalised formula proposed by Boradki and
Cs—Ru20/C 20 _ 33 Bonarowskd54]. The O:Ry (= 1:1) and CO:Ry(= 0.6:1)
Cs-Ru32/C 32 - 3.6 stoichiometries of adsorption were assurfe®}56]to recal-
Ba_Cs—Rul/C 1 0.9 34 culate the adsorbate uptake into the FE value.
Ba-Cs-Ru3/C 3 0.8 3.2 The X-ray diffraction patterns were recorded with the
32‘22‘2332@ 35 0-539 3-;5 standard Bragg-Brentano focusing geometry of a diffrac-
Ba—Cs—RU9.1/C a 09 34 tometer (Siemens D5000) with CuK radiation (1.54A) fil-
Ba—Cs—Ru20/C 20 0.9 35 tered on nickel. We determined the average crystallite sizes
Ba-Cs-Ru32/C 32 10 38 of ruthenium from Scherrer’s equation, using the integral

widths of metal reflections fitted to the analytical Pearson

the solid material was separated from the hot solution and V!! functions. The TEM studies were performed with a Jeol
dried in air at 110C for 16 h. The catalysts thus prepared JEMZ2000EX instrument equipped with a double tilted go-
were crushed and sieved to obtain 0.2-0.63-mm particles"i0meter and operating ata 200-kV potential. The specimens
used subsequently in the Nidynthesis tests. The chemical Were ground and dispersed irbutanol. Drops of the sus-
characteristics of the catalysts are listedible 1 For clar- ~ Pensions were then placed on a holey carbon film supported
ity, the samples have been given uniform designations (e.g.,PY & COpper grid. _
Ba—Ru32/C) that specify the kind of the promoter and ruthe- 1 N€ Kinetic measurements of NFsynthesis were car-
nium loading (wWt%) in the unpromoted materials (RiC). ried out in a dlﬁergntlgl reactor supplied W|th a hlgh-punty
In one case (the sample labelled Ba—Cs—Ru3f(sbeTa- (> 99.9999%) stoichiometric b-No—NHs mixture with
ble 1), carbon was additionally heated in hydrogen (700 a qoqtrolled ammonia concentratiom;). A detailed de-
20 h) before ruthenium deposition. scription of the setup can be found elsewhfgé]. Under

As seen inTable J the ratios of the promoter con- steady-state conditions of temperature (2‘991 gas flow_
tents to the carbon mass were kept nearly constant: aboufate (70 dm(STPYh), pressure, and ammonia concentration
1 mmol/gc and about 3.5 mmgbc for barium and cae- N the inlet stream (63 bar, about 8% Rlldr 90 bar, about
sium, respectively. Such values were found previo(@0} 11% Nkg), small incrementsxg — x1) in the concentra-
to be optimal (maximum reaction rates versus the Ba or tion of ammonia formed on the catalyst by the reaction were
Cs contents) for similar Ru/C systems with different levels Measured. Consequently, we could determine the sjH-
of Ru loading (the optimal promoter content, expressed in thesis rate, corresponding to a mean value &f (x1 +x2) /2

0(8a,csy dc, is independent of the active metal load[ag]). from a mass balance of the catalyst layer, assgming that
the reactor operated as a plug-flow readtof]. Typically,
2.2. Characterisation studies and activity measurements small catalyst samples (50-150 mg) were used in the stud-

ies. Reduction (activation) of the samples was performedin a

The texture of the modified carbon support was char- Hz:Np = 3:1 stream at 1 bar, according to the following tem-
acterised by nitrogen physisorption (Gemini 2360, Mi- perature programme: heating to 4@D and maintaining at
cromeritics) and mercury porosimetry (Auto Pore Il 9215, 400°C for 16 h, heating to 430C (Cs—Ru/C, Cs—Ba—-Ru/C)
Micromeritics). The Ru/C systems were characterised by or to 470°C (Ba—Ru/C), and maintaining constant tempera-
chemisorption (@, CO) and XRD. Some TEM experiments ture for 24 and 48 h, respectively.
were also performed.

The chemisorption studies were carried out in a fully
automated Peak-4 instrument (manufactured by the Tech-3. Results
nical University of £tod) equipped with a U-tube glass re-
actor and a thermal conductivity detector as an analytical 3.1. Characterisation results
tool. Before measurement, the samples were reduced in a
hydrogen—helium (80:20) mixture of high purity (99.9999%, The textural parameters of the modified carbon support
40 ml/min) at 430°C for 20 h, followed by cooling to  are collected inTable 2 For comparison, the data charac-
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C (002)

Fig. 1. HRTEM image of the carbon support; arrows indicate (002) lattice plane fringes.

Table 2
Textural parameters of carbonSget—BET surface area§ng, VHg—
surface area and volume of pores determined by mercury porosimetry

Carbon material SBET SHg VHg
(m?/g) (m/q) (cm?/g)
Raw carbon 1430 280 .82
After 1900°C 228 45 026
After gasification in CQ 1310 267 77

terising starting carbon and those for the material heated at
1900°C have also been included. It is clearly se€alfe 2

that the high-temperature treatment (first step) leads to a
drastic decrease in the BET surface argg=() and the area

of pores accessible for mercur§ig), in accord with the lit-
erature data obtained for various types of activated carbons
[14,15,19,22,52 58 However, theSget andSHg values cor-
responding to the resultant material (after subsequent gasi-
fication) are close to those of raw carbon, thus showing the
gasification step to be very advantageous (a well-developed
texture is essential for the preparation of highly dispersed Ru
catalystg52]). In contrast to raw carbon, the modified car-
bon is partly ordered (graphitised), as indicated by TEM (see
Fig. 1), and is very pure (residue after ignitian0.05%).

Fig. 2 shows the XRD patterns of all of the unpromoted
Ru/C specimens prepared. As expected, the contribution of
Ru to the diffraction profiles depends strongly upon the Ru
loading. The most intensive reflections correspond to the
specimen with the highest ruthenium content (Ru32/C). The
average crystallite size of about 3.5—-4 nm results from the Ru
(102) and (110) lines broadening for this material. Slightly
weaker but still noticeable Ru reflections are seen in the
Ru20/C pattern; the average crystallite size of 2.5-3 nm was
estimated from the profile analysis. In the case of the other
samples (Rul/C, Ru3/C, Ru5/C, and Ru9.1/C), the XRD pat-
terns are identical to that of the carbon support (Sige 2),
thus indicating that the metal particles are very small in all ing.

Intensity

Ru5/C

Ru9.1/C

Ru32/C

10 20

30

40 50 60 70 80 90
CuKo: (20)

Fig. 2. XRD patterns of the Ru/C catalysts differing by the ruthenium load-
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Table 3 Table 4
Chemisorptive characteristics of the unpromoted Ru/C catalysts Rates of ammonia synthesis over the promoted Ru/C catalysts
Catalyst Q chemisorption CO chemisorption Catalyst Reaction rate (gNBYg(c+ru) h)
Oy uptake FEg,2  CO uptake FEco? precursor Ba—Ru/C Cs-Ru/C Ba-Cs—Ru/C
(Hmol/g(c+Ru)) (Hmol/gc+Ru)) (A) 400°C, 63 bar, 8.5% NH
Rul/C 485 0.89 543 0.92 Rul/C 0168 Q409 Q66
Ru3/C 142 |7 159 089 Ru3/C 0654 160 218
Ru3/C(H) 140 086 154 087 Ru3/C(Hp) - - 22
Ru5/C 206 076 234 079 Ru5/C 150 311 426
Ru9.1/C 332 ®7 376 0695 Ru9.1/C 347 596 820
Ru20/C 541 ®0 648 055 Ru20/C 734 1184 176
Ru32/C 496 @85 608 032 Ru32/C 862 112 186
& FE (fraction exposed) is defined as the number of surface Ru atoms (B) 400°C, 90 bar, 11.5% NH
referred to the total number of Ru atoms in the catalyst. Rul/C _ 0398 066
Ru3/C Q726 163 208
10 5 Ru3/C(H) - — 210
Ru5/C 162 310 410
Ru9.1/C 378 594 774
0.8 RU20/C 816 121 167
Ru32/C 948 124 182
0.6
LUS tance when the average crystallite size determined from the
w 044 chemisorption data is correlated with the surface-based re-
action rates of ammonia production.
0.2+
3.2. Activity of the catalysts
0.0 T T T T T T 0

The results of NH synthesis studies are collectedTia-
ble 4. Part A of this table presents the data obtained under a
lower pressure of 63 bar, and part B is related to a higher
pressure of 90 bar. As one may notice, the \N$ynthe-
sis rates determined at 63 bar are close, correspondingly, to
of the specimens or, more precisely, that they are in a form those determined at 90 bar; (63) = ;(90)); an advanta-
that is not detectable with the conventional XRD technique. geous effect of the pressure increase (90 vs 63) was coun-

The results of chemisorption studies performed with the terbalanced totally by the enhancement in the ammonia con-
Ru/C catalysts are collected ifable 3 Neither carbon  centration in the gas phase (11.5 vs 8.5%). The most relevant
monoxide nor oxygen was adsorbed on the carbon supportrelationships (see below) resulting both from the J\dyn-
as indicated by the blank experiments. So the adsorbate “up-thesis and chemisorption experiments will be based, there-
takes” listed inTable 3can be ascribed solely to the presence fore, on the kinetic data obtained under the low-pressure
of ruthenium in the materials. In general, there is good agree-conditions (63 bar, 8.5% N&i 400°C).
ment between the chemisorption data obtained for oxygen Fig. 5illustrates the effect of the ruthenium particle size
and those for CO. The difference betweendkBnd Fio calculated from oxygen chemisorptiodd,) on the activ-
does not exceed 15% and is usually significantly smaller. ity of differently promoted Ru/C catalysts; the reaction rates
The dispersion expressed as FE decreases monotonicallyare related to the metal massz(). It is clearly seen that
(Fig. 3), and, correspondingly, the average crystallite size the co-promoted catalysts (BaCs) are more active than the
increasesKig. 3) vs metal loading, but the effect is rather singly promoted systems, in agreement with our previous re-
weak. Whereas the Ru content varies by a factor of aboutsults[20]. It is also seen that crystallites about 1.5-2.0 nm
30, the average crystallite size varies by a factor of 4 only. in diameter expose the highest reaction rates, regardless of
It is worth noticing that the Rul/C and Ru3/C samples have the kind of promotion. The latter observation is important
almost identical dispersions (crystallite size), in spite of a in practice. Ruthenium is an expensive metal, and its high
large difference in the metal loading. productivity, related to its mass, is a key criterion of the cat-

Fig. 4 presents a high-resolution image (HRTEM) ob- alyst’s usefulness. It is a question of art or technology rather
tained for one of the Ru/C samples (Ru20/C). As seen, ratherthan of science, however, how to manufacture catalysts with
well-shaped ruthenium particles about 2 nm in diameter optimal ruthenium dispersion and required loading. From
dominate the carbon support, in accord with the chemisorp-a scientific point of view, the relationship between parti-
tion results fo, = 2.1 nm,dco = 1.88 nm). A narrow range  cle size and surface activity, expressed in terms of turnover
of the crystallite sizes in the catalysts is of crucial impor- frequencies, seems to be more essential. Such dependen-

Ru loading [wt. %]

Fig. 3. Dispersion of ruthenium (i3, do,) vs the metal loading in Ru/C.
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Fig. 4. HRTEM image of the Ru20/C system.
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Fig. 5. Ammonia synthesis rate referred to the ruthenium magg ¢s Ru Fig. 6. Surface reaction rate (T@F) vs Ru particle sizedp,); p = 63 bar,
particle size {o,); p =63 bar,T = 400°C, 8.5% NH. T =400°C, 8.5% NH.

cies obtained for the three promoted systems are shown intion, including the possibility of new active site formation
Fig. 6, the TOF values are based on the kinetic and oxygen by the promoters.
chemisorption data. A monotonic increase in TQNFs do, According to Zhong et a[25,26]and Aika et al[9], acti-
is characteristic for each system. Extrapolation of the results vated carbons interact with ruthenium (metal-support inter-
to small crystallite diameters suggedtiy 6) that extra fine action). More specifically, some functional groups (oxygen
particles smaller than 0.7-0.8 nm (critical size) might be to- complexes that are strongly bound to the carbon support)
tally inactive. Analogous trends in the surface activities were withdraw electrons from the ruthenium atoms, thus lower-
found (not shown) when the amounts of adsorbed CO wereing the catalyst activity in ammonia synthesis (electron-poor
used instead of Quptake for the particle diameter and TOF surfaces are less active in nitrogen dissociative adsorption,
calculation. which is believed to be the rate-limiting step of jlslynthe-
sis). Since the interaction is in the local range, a disadvan-
tageous effect of the oxygen-containing groups is expected
4. Discussion to be weaker for larger particles, in accord with the trends
of TOF presented irfrig. 6. Deactivation of ruthenium by
We consider two possibilities when discussing the effect oxygen complexes was observed recently by Rar6g-Pilecka
of the particle diameterd() on the catalytic properties of et al.[59] in the reaction of ammonia decomposition over
ruthenium surfaces in ammonia synthesis (TOF): (1) interac- unpromoted Ru/C systems: removal of oxygen complexes
tion between ruthenium crystallites and the carbon substrate;by preheating of the carbon support in a hydrogen stream at
and (2) the structure sensitivity of the Nidynthesis reac-  high temperature resulted in a drastic (about 6-fold) increase
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0.3

in the NH; decomposition rate, although the Ru dispersion
(73%) remained unchang¢a].

The above interpretation of the particle size effect on the
TOF of NHz synthesis seems to be valid for the unpromoted
Ru/C systems only. Recent in situ XPS and UPS studies
performed by Muhler’s grouf50] and those of Shitova et <,
al. [61] demonstrate that alkali (K, Cs in Ru/C) is strongly <
reduced under ammonia synthesis conditions (a substoichio-
metric alkali+ O adlayer on both the graphitic support
and the Ru particlefs0], a partly metallic state of the al-
kali [61]). From a chemical point of view, the existence of
oxygen complexes in the presence of the reduced promoter 0 1 2 3 4 5 6
seems to be unlikely. Indeed, the Ba—Cs—Ru/£}($ample d [nm]
derived from the carbon support preheated in hydrogen at
700°C proved to be as active as that based on carbon thatFig- 7. Number of B-type sites £p;) rt_aferred to the total numl')erof'surface
was not modified with K (seeTable 4; the dispersions of atoms fs) and TOF of Nl-jg sytheS|s for Ba—Ru/C vs particle diameter;
the materials compared were also identidalde 3. traceng,/ng was determined using the data presenteldj.

The structure sensitivity of ammonia synthesis on ruthe-
nium is ascribed to the presence of the so-callgdsiBes, atoms at the faces of the crystallites show a greater activ-
which are believed to be extremely active and thus to dom- ity than those at the edges. However, such an interpretation
inate the reaction rati@5]. The Bs-type sites may exist on ~ does not find support in the literature. Single-crystal studies
the surfaces of various metals, such as platinum, palladium,of Dahl et al. show50] that the rate of nitrogen adsorption
nickel, or ruthenium, and they were early recognised to be is dominated by steps; Ru atoms on terraces are almost inac-
responsible for strong physical adsorption of nitro¢@®. tive.

According to Jacobsen et g#5], a fraction of B sites in In a discussion of the discrepancy between the kinetic
the supported Ru catalysts depends on both the crystal mordata (TOF) and results of predictions based on the theoret-
phology and its size; the morphology is determined by the ical approach (B sites) at the scale of large particles (see
kind of support material, as indicated by TEM studies of Fig. 7), attention should be paid to the limitations of the as-
different systems—Ru/C, Ru/MgAD4, and Ru/SiN4. Pro- sumptions used for determining the Bace. That is, the
moters, like barium, do not influence the number of active calculations presented [#5] (seeFig. 7) are based on the
sites[47]. They modify electrostatically the potential around assumption that the metal particles form perfect crystallites,
the Bs sites (electronic promotion), making them signifi- that is, the shape and morphology of the crystallites remain
cantly more active for K dissociation[47]. Based on the  unchanged with increasing diameter. This may not be true.
statistics proposed by van Hardeveld and Haf&gj, the Recent studies of model Ru/graphite systems demonstrate
group of Jacobsen counted the relative number (in relation to [65] that at low metal surface concentration (2 at%), the par-

0.15

0.2+

0.10

TOF , [1/s]

0.1
0.05

0.00

the total number of atoms) ofg&ites on hcp ruthenium crys-

tallites of different size$45]. The relationship between the
crystallite diameter and the relative number @ftpe sites

is shown inFig. 7, the number of active sites is correlated,

ticles (~ 2 nm) have a round shape, and at high Ru surface
concentration £ 10 at%), Ru forms flat particles; the lat-
ter are significantly more active in nitrogen desorption. It
cannot be excluded, therefore, that the morphology of larger

however, with the number of surface atoms (the Jacobsencrystallites (3—4 nm) in unpromoted catalysts with high Ru

data[45] were recalculated with the formula of Borodgki
and Bonarowsk§b4]). For comparison, the particle size de-

loading is more advantageous (moreg &tes are exposed)
than that of the smaller crystallites. The optimal crystallite

pendence of TOF, as determined in the present study for onesize, corresponding to the maximung Bite concentration

of the systems (Ba—Ru/C), is also presenteHigq 7.
As seen inFig. 7, the relative number of 8sites and

TOF show the same trend in the scale of extra fine parti-

cles only ¢ < 1.5-20 nm). For larger sizesd(> 2 nm),

on the Ru surface, would then be shifted to highBrval-

ues, possibly higher than 4 nm. We suggest, however, that
the trends in TOF illustrated ifig. 6 are determined by
the presence of the promoters in the systems rather than

a discrepancy is observed: whereas the concentratios of B by the relative number of £sites in the unpromoted Ru/C
sites decreases with particle diameter, TOF increases slowlyprecursors. Should the promoters be located at the faces of
vs d; an increase in TOF is also characteristic for the other the ruthenium crystallites, the nearby metal atoms would be

promoted systems (Cs—Ru/C, Ba—Cs—Ru/C;Hge6). One

promoted and a systematic increase in the surface-based re-

might suggest, therefore, that sites different from those of action rate (TOF) with the particle size would result. Further

Bs are engaged in the NHsynthesis reaction on ruthe-

studies of specimens of low dispersiah 4 nm) are neces-

nium. According to the general considerations of Poltorak sary to distinguish between the two options presented above.

and Boronin64], the specific activity (TOF) increases with

The effect of co-promotion (synergy) is a separate ques-

increasing particle size (this is our case) when the metal tion. To determine why doubly doped catalysts (5&g 6)
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