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Abstract

The process of an active Cs–Ru/carbon catalyst formation (reduction) was studied in detail, using graphitised carbons as supports for ruthenium
and caesium nitrate as a promoter precursor. In situ XRD and TPR-MS techniques were applied to monitor the changes in the specimens when
heating in H2 and H2 + Ar mixtures, respectively. The postactivation state of the catalysts (i.e., the state corresponding to ammonia synthesis
conditions) was characterised chemically via interaction of the reduced samples with water vapour at 50 ◦C (H2 evolution) and also via interaction
with oxygen at 0 ◦C. These experiments were supplemented with those of ammonia synthesis. Ruthenium was shown to facilitate the decomposi-
tion of caesium nitrate; whereas the Ru-free CsNO3/C reference materials are stable in a flowing H2 + Ar mixture up to about 400 ◦C, the CsNO3
decomposition starts at 100–120 ◦C for the CsNO3–Ru/C catalysts (XRD, TPR-MS) and proceeds via a CsOH·H2O-intermediate product that
turns into an amorphous species at elevated temperatures, as indicated by XRD. Characterisation studies of the postactivation catalysts showed that
caesium is partially reduced during operations and reacts with oxygen (O2 consumption) and water vapour (H2 evolution). The degree of promoter
reduction resulting from H2 liberation varies from 0.25 to 0.45, depending on the Cs loading, Ru loading, and kind of carbon. Combining the
O2 consumption and H2 evolution data suggests that a substoichiometric oxide (CsxOy ; x/y = 2.7–3.6) exists on the catalyst surface rather than
Cs0 + CsOH. High activities (TOFs) of the optimally promoted Cs–Ru/C systems in ammonia synthesis (63 bar, 370 and 400 ◦C) were ascribed
to the strong promotional effect of partly reduced caesium (CsxOy ) covering the Ru surface. A peculiar S-like shape of the TOF trace versus Cs
loading is suggested to be a consequence of the promoter distribution between the carbon surface and surface of ruthenium. Clearly, the trend in
TOF reflects that in Ru coverage by the CsxOy groups, the latter being controlled by the heats of CsxOy adsorption on ruthenium and on carbon,
respectively.
 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Since the work of Haber and Bosch, the commercial process
of NH3 synthesis has been performed over iron catalysts manu-
factured by fusion of magnetite with small amounts of additives
(e.g., K2O, Al2O3, CaO) [1]. Such catalysts are stable at even
high temperatures [1,2], but their activity drops significantly
with decreasing total pressure [3] and with increasing ammonia
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concentration in the gas [4]. Consequently, efforts have been
made to improve the activity of conventional Fe catalysts [5–7]
or to develop a new system that would be able to operate effec-
tively under the low-pressure conditions.

Among noniron catalysts (i.e., ternary nitrides [8–13], cobalt
on carbon [14,15], ruthenium deposited on various carriers [16–
52]), the Ru-based systems are the most prospective, particu-
larly when carbon is used as a substrate for the metal. Over the
last decade, ruthenium catalysts supported on thermally mod-
ified, partly graphitised carbon have been used successfully in
several large-scale ammonia plants operating under the Kellog
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(Kellog Brown & Root) license [53,54]. Although the unpro-
moted Ru/C materials are rather inactive in NH3 synthesis [38],
they become extremely active on promotion with barium or al-
kali, especially caesium [36,37,43,55,56]. At high conversions,
corresponding to the final bed of an industrial reactor, the Ru/C
catalysts doped with caesium are more active than those doped
with barium [57], and both are significantly more active than
the magnetite-based catalysts.

Usually, caesium nitrate is used as a Cs precursor for the Cs–
Ru/C catalyst preparation. Before NH3 synthesis, the CsNO3–
Ru/C systems are activated in hydrogen or a H2 + N2 mix-
ture, leading to Ru surface reduction and Cs precursor de-
composition. To date, the working state of Cs–Ru/C or, more
precisely, the state of caesium (chemical form(s)) and its lo-
cation, as well as the promoting mechanism, have not been
univocally explained. It is commonly believed that alkalis act
as electronic promoters; that is, promotion proceeds via elec-
tron transfer from the alkali to the metal surface (Ru, Fe). An
electron-rich surface is then more active for nitrogen dissocia-
tive adsorption (the rate-determining step of NH3 synthesis)
[58–61], and NHx species, including adsorbed ammonia, are
destabilised [62–66], resulting in more free active sites on the
metal surface and thus increasing its activity [62,63]. Accord-
ing to the foregoing concepts, the effect of caesium is closely
related to the state of the promoter when operating; the more re-
duced the Cs promoter, the stronger the expected promotional
effect.

Extensive studies of the Cs-doped Ru catalysts supported on
carbon [55,56] and magnesia [67] have revealed that the cat-
alytic properties of ruthenium surfaces in ammonia synthesis
are strongly dependent on the choice of the support material
(MgO, C). The NH3 synthesis rates (TOF) over the former sys-
tem (Cs–Ru/C) were significantly higher than those over the
latter (Cs–Ru/MgO), although the dispersions were close to one
another. Thus, one may suppose that the state of caesium in
Ru/C is different from that in Ru/MgO. Tennison suggested [68]
that the more probable form of the alkali in ruthenium/carbon
is a M+· · ·C− charge-transfer complex in which reduction of
the promoter salt is driven by the high heat of the carbon–alkali
complex formation. Support for such a hypothesis comes from
the thermodynamic calculations [68]. The reduction of caesium
nitrate (carbonate) in hydrogen should occur even at high wa-
ter vapour pressures and even when assuming a relatively low
heat of adsorption for the metal on the graphite surface. Indeed,
recent XPS [69,70] and UPS [69] studies of the carbon-based
Ru catalysts demonstrate that the alkali promoter (Cs, K) is
strongly reduced under ammonia synthesis conditions (a sub-
stoichiometric alkali + O adlayer on both the graphitic support
and Ru particles [69], a partly metallic state of the alkali [70]).
In contrast to the foregoing, the groups of Aika [71], Guan [72],
and Forni [73] claim that the main phase of the alkali is hydrox-
ide when operating, both for Cs–Ru/MgO [27] and Cs–Ru/C
[27,72,73].

The purpose of this work was to study in detail the process
of an active Cs–Ru/C catalyst formation using CsNO3 as an al-
kali precursor, and to quantitatively characterise the resultant
state of the Cs promoter, that is, the state corresponding to the
ammonia synthesis conditions. Studies of activation were per-
formed in a XRD camera equipped with a position-sensitive
detector and, in addition, in a conventional TPR setup equipped
with a mass spectrometer as an analytical tool. The active state
of the catalysts was characterised chemically via interaction of
the reduced samples with water vapour and, incidentally, via in-
teraction with oxygen. The former reaction (with water vapour)
was expected to be a source of hydrogen if Cs was in its reduced
form; neither CsOH nor Cs2O can produce H2 when contacting
with H2O. Hence the amount of hydrogen evolved to the gas
phase would be a precise measure of the degree of promoter
reduction. Oxygen in turn may be consumed by the ruthenium
surface (chemisorption) and CsxOy species including Cs0 but is
inert to the alkali hydroxides. All of the above characterisation
experiments were supplemented with those of high-pressure
ammonia synthesis. Namely, the effect of Cs loading and that
of Ru loading on the activity were examined to check whether
the promoter state is correlated with the catalytic properties of
the system.

2. Experimental

2.1. Carbon supports, Cs–Ru/C catalysts

Three carbon materials, marked throughout the text as A, B1,
and B2 were used as supports for the catalysts preparation. Car-
bon A was obtained via high-temperature heating (1900 ◦C, 2 h,
helium atmosphere [74]) commercial activated carbon RO 08
supplied by the Norit B.V. Company. The other two materials
(B1, B2) were derived from GF 45 starting carbon (Norit B.V.)
by its two-step modification consisting in high-temperature
treatment (1900 ◦C, 2 h, He) and subsequent gasification in a
CO2 stream at about 850 ◦C up to 24.6% mass loss (B1) or, al-
ternatively, by gasification with a H2O:Ar = 1:1 mixture (B2)
to 28% loss of mass. Finally, the materials were washed with
distilled water to remove fines and dried in air at 120 ◦C for
24 h. Nitrogen physisorption and mercury porosimetry studies
have shown (see Table 1) that carbons B1 and B2 expose a sig-
nificantly more developed texture than A.

For Ru/carbon, the supports were impregnated with a THF
solution of ruthenium carbonyl (Ru/A) or with acetone solu-
tions of ruthenium chloride (Ru/B1, Ru/B2). After drying in
air at 60 ◦C, the samples were reduced in flowing hydrogen
of high purity (99.9999%), first at 150 ◦C for 24 h and then
at 350 ◦C for 24 h, followed by passivation with air pulses
introduced to an Ar stream. Typically, the Ru content was
kept constant (9.1 wt%). In the case of high metal loading

Table 1
Textural parameters of the carbon supports; SBET—BET surface area; SHg,
VHg, VmHg—surface area, total volume of pores and volume of pores in the
range of 3–100 nm, as determined by mercury porosimetry

Carbon
material

SBET
(m2/g)

SHg

(m2/g)

VHg

(cm3/g)

VmHg

(cm3/g)

A 66 60 0.61 0.21
B1 1034 192 0.47 0.295
B2 1257 278 0.70 0.48
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(20 wt%), the impregnation–reduction–passivation procedure
was repeated several times.

Caesium nitrate (the Cs precursor) was introduced to the
Ru/carbon systems through impregnation from aqueous solu-
tions, followed by drying the samples in air at 90 ◦C for 24 h.
To easily distinguish among the catalysts prepared, all of the
samples were labelled with unified symbols that specified in se-
quence; the Cs loading [expressed in mmolCs/gC+Ru], the Ru
loading (wt%), and the kind of carbon (A, B1, B2), for example,
Cs0.36–Ru9.1/B1.

2.2. Studies of catalyst activation

2.2.1. XRD
The examinations were performed in a setup that enabled

studying the specimens under controlled temperature and gas
composition. The powdered sample was spread on porous glass
and placed on the holder of a home-built XRD camera, as de-
scribed previously [75]. The camera was positioned on an INEL
goniometer equipped with a CPS-120 position-sensitive detec-
tor (PSD) that allowed simultaneous recording of the diffraction
pattern within a wide range of diffraction angles (2Θ = 120◦).
The PSD operated with 4096 channels and provided resolution
of ∼0.03◦/channel. Cu-Kα radiation with a primary beam flat
graphite monochromator was applied. The measurements were
carried out in a hydrogen stream (99.9999% purity); the temper-
ature was increased linearly at a rate of 3 ◦C/min up to about
450 ◦C, and the flow rate of a gas stream was kept constant at
20 mL/min. A sequence of the XRD patterns was recorded at
intervals of 5 min with counting time of 3 min for each pattern.
Data collection was controlled by a computer program.

2.2.2. TPR-MS
The temperature-programmed reduction (activation) experi-

ments were carried out in a tubular flow reactor using 6% H2/Ar
or 80% H2/Ar mixtures (40 mL/min), preliminarily purified
from traces of oxygen and water vapour by passing over the
15% Mn/SiO2 and drying traps. The reactor outlet was con-
nected via a T-union to the sampling valve of a Dycor Ametek
MA 200 quadrupole mass spectrometer that enabled simulta-
neous recording of 12 mass signals. The temperature of the
reactor was increased up to 430 ◦C at a ramp rate of 10 ◦C/min,
at which point the reduction of the sample was continued. To
determine the changes in relative amounts of various species
evolving to the gas phase, the spectra thus obtained were elab-
orated in terms of standard spectra of respective compounds.

2.3. Characterisation studies of the activated catalysts

2.3.1. Interaction with water vapour
Studies of interaction between the reduced catalysts and wa-

ter vapour were performed in the setup described above (TPR-
MS), using the following procedure. After the reduction had
been completed (430 ◦C, 16 h, 80% H2/Ar), the sample was
flushed with argon (40 mL/min) at 430 ◦C for 30 min to remove
hydrogen, and then cooled in flowing argon. Subsequently, the
Ar stream was replaced with an H2O/Ar mixture obtained by
passing argon through a bubbler filled with redistilled water.
Both H2O and H2 were monitored with a mass spectrometer
after switching from argon to H2O/Ar; the latter signal (H2)
was used for determining the total amount of hydrogen de-
sorbed to the gas. All of the experiments were performed under
fixed conditions; the temperature of the bubbler was 40 ◦C (7%
H2O in a 40-mL/min Ar stream) and that of the reactor was
50 ◦C, whereas the mass of the catalyst (0.2–0.63 mm par-
ticles) was 0.15 gC+Ru. To avoid water condensation in the
setup, all of the relevant tubing, stopcocks, and connections
were heated.

2.3.2. Interaction with oxygen
The examinations were carried out in a conventional, fully

automated temperature-programmed setup (manufactured by
Technical University of Łódź), equipped with a U-tube reactor
and a thermal conductivity dectector cell [56]. The sample was
reduced in a H2:He = 80:20 mixture (40 mL/min) at 430 ◦C for
16 h and, after flushing with helium at 430 ◦C (40 mL/min for
30 min), cooled in a He stream. Then the oxygen uptake was
measured at 0 ◦C by adding O2 pulses (6.25 µmol) to flowing
helium. Both caesium-free and Cs-doped catalysts were tested.
The data obtained for the unpromoted samples were used for
calculating the ruthenium dispersion, expressed as the fraction
exposed (FE) and average particle diameter (d). The details
of such calculations have been provided elsewhere [39]. The
amount of oxygen consumed by the promoter in Cs–Ru/carbon
was assumed to be the difference between the overall O2 uptake
(corresponding to Cs–Ru/C) and that determined for the un-
promoted material. As shown previously [47,53], Ru dispersion
remains unchanged on promotion when activation is performed
under mild conditions.

2.4. Activity studies

The activity of the catalysts in ammonia synthesis was mea-
sured in a flow tubular reactor supplied with a very pure (H2O <

0.5 ppm) H2:N2 = 3:1 mixture. Under steady-state conditions
of temperature (400 or 370 ◦C), pressure (63 bar) and gas flow
rate (70 dm3 [STP]/h), the concentration of ammonia in the
stream leaving the catalyst bed (0.15 gC+Ru; 0.2–0.63 mm grain
size) was monitored. Consequently, the integral reaction rate
(productivity) could be determined. Some experiments with
an ammonia-rich inlet stream (8% NH3, differential measure-
ments) were also performed.

Before kinetic testing, the CsNO3–Ru/C samples were re-
duced (activated) in a stoichiometric H2 +N2 mixture at 430 ◦C
for 16 h (p = 1 bar). Hence the activation conditions corre-
sponded to those applied in the characterisation studies: inter-
action with H2O or O2 (see above).

3. Results

3.1. Activation process

Two CsNO3–Ru/carbon samples with the same Ru loading
but different supports were examined by in situ XRD; the re-
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Fig. 1. In situ XRD studies of the CsNO31.49–Ru9.1/A specimen: (a) pattern evolution with temperature; (b) fragment of the patterns illustrating decomposition of
the CsNO3 salt resulting in formation of an intermediate CsOH·H2O phase.
sults are shown in Figs. 1 and 2. Fig. 1 illustrates the changes in
the system prepared from low-surface area carbon A, and Fig. 2
shows results for the specimen derived from the B1 material of
more highly developed pore structure.

As shown in Fig. 1a, the XRD pattern of the starting CsNO3–
Ru/A sample is rather complex. The distinct reflections of the
promoter precursor are accompanied by those of carbon and
ruthenium, thus indicating that carbon A is well organised and
the metal particles are large. Decomposition of CsNO3 starts at
about 120 ◦C and leads to the formation of crystalline caesium
hydroxide (CsOH·H2O)-intermediate product, which turns into
an amorphous species at elevated temperatures. The highest
intensity of the CsOH·H2O reflections is observed at 168 ◦C
(see Fig. 1b). The C(002) peak position corresponding to the
postreduction specimen cooled in hydrogen to room tempera-
ture is identical to that for the fresh sample. This means that
the compound of carbon and caesium (graphite intercalation
compound [GIC]) is not formed during the activation process.
(GIC formation would be expected to result in an increase
of the graphite 002 interplanar distance and, consequently,
a shift in the C002 peak position toward smaller diffraction an-
gles.)

In contrast to that of CsNO3–Ru/A, the XRD pattern of the
fresh CsNO3–Ru/B1 specimen is dominated by the presence
of the Cs salt (Fig. 2). The reflections of carbon and those of
ruthenium are diffuse, with poorly ordered substrate material
and small Ru crystallites. Decomposition of caesium nitrate
begins at about 120 ◦C, analogously to CsNO3–Ru/A, and pro-
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Fig. 2. In situ XRD studies of the CsNO32.64–Ru9.1/B1 specimen. Pattern evolution with temperature.

Fig. 3. TPR-MS studies of the CsNO31.49–Ru9.1/A catalyst: concentrations of the main components in the outlet gas stream (6% H2/Ar, 40 mL/min) and temper-
ature vs. activation time; the starting sample (0.2585 g) contained 0.1822 g carbon, 0.0182 g Ru and 0.0581 g CsNO3.
ceeds over a narrow range of temperatures (120–180 ◦C) with-
out any intermediate phases that would be detectable by XRD.
The patterns recorded at temperatures above 180 ◦C are iden-
tical to those of the unpromoted Ru/B1 material (not shown),
demonstrating that caesium nitrate is converted to an amor-
phous species.

The TPR-MS data obtained for the CsNO3–Ru/A and
CsNO3–Ru/B1 catalysts, both activated in a 6% H2/Ar mix-
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Fig. 4. TPR-MS studies (6% H2/Ar, 40 mL/min) of the CsNO32.64–Ru9.1/B1 catalyst; the starting sample (0.1903 g) contained 0.1201 g carbon (B1), 0.0120 g
Ru and 0.0582 g CsNO3.
ture, are shown in Figs. 3 and 4. In these figures the changes in
concentrations of the abundant compounds (arbitrary units) and
those in temperature are plotted versus time of the experiment.
In general, there is no difference between the two samples. Con-
sumption of hydrogen starts at about 100 ◦C, in accordance with
the XRD results presented in Figs. 1 and 2, and is accompanied
by the evolution of water vapour, ammonia, and carbon monox-
ide as the main reaction products. Small amounts of nitrogen,
carbon dioxide, and methane were also detected in the effluent
gas (not shown in Figs. 3 and 4). Analogous trends in evolution
of MS signals were found when the 80% H2/Ar mixture was
used instead of 6% H2/Ar. In that case, however, the changes
in the H2 and NH3 concentrations were limited to a slightly
narrower temperature range, and hydrogen consumption peaks
were, for obvious reasons, significantly less pronounced. The
foregoing results demonstrate that nitrate anions in CsNO3

are reduced with hydrogen to mainly ammonia (because the
N2 signal is considerably weaker than the NH3 signal; see
Figs. 3 and 4), in agreement with the literature data reported
for CsNO3–Ru/MgO and several model systems [27,76].

To gain better insight into the effect of the presence of
ruthenium on caesium nitrate decomposition, the Ru-free ref-
erence materials CsNO3/A and CsNO3/B1 were also evaluated
by TPR-MS. In contrast to the ruthenium-containing speci-
mens, these materials proved stable in a 6% H2/Ar stream up
to about 400 ◦C (Figs. 5 and 6). Furthermore, large amounts
of CO2, N2O, or both (N2O and CO2 being barely distinguish-
able by MS) were observed in the outlet gas during the activa-
tion process. Thus, it is clear that ruthenium facilitates CsNO3
decomposition in hydrogen, most likely via atomic hydrogen
formation [71]. The hydrogen atoms adsorbed on the Ru sur-
face spill over the carbon support and, due to high reactivity,
interact with the CsNO3 phase even at temperatures as low as
100–120 ◦C.

3.2. Working state of the Cs–Ru/C systems

3.2.1. Interaction of the reduced catalysts with oxygen
Blank experiments have shown that the carbon supports are

totally inert to oxygen. Consequently, the amounts of O2 con-
sumed by the unpromoted samples may be ascribed solely to
the presence of ruthenium in the systems, and those for the
Cs-doped catalysts should be ascribed to Ru+Cs. The most rel-
evant results of the studies performed with Ru/carbon and Cs–
Ru/carbon specimens are collected in Table 2. The table also
includes data obtained for one of the ruthenium-free Cs/carbon
materials (Cs/B1).

As seen in Table 2, Ru dispersion depends strongly on
the carbon type (A vs. Bi) or, more precisely, on its texture.
A higher surface area of the support (see Table 1) results in a
smaller Ru particle size. The effect of loading on the active-
phase dispersion seems to be less pronounced; an approximate
seven-fold increase in the metal content leads to a two-fold re-
duction in particle size for both Ru/B1 and Ru/B2 (see Table 2).
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Fig. 5. TPR-MS studies of the Ru-free CsNO3/A sample (6% H2/Ar); the starting material (0.2332 g) contained 0.0510 g CsNO3.
The amounts of oxygen taken up by the caesium-promoted
catalysts are larger than those for the Ru/carbon precursors.
In the case of low ruthenium content and high caesium con-
tent (Cs3.1–Ru3/B1), O2 consumption is dominated by the pro-
moter addition. An oxygen balance performed for that sample
as well as for the other samples with high Cs loading shows
that about 1 mol of oxygen atoms is used for the neutralisa-
tion of 1 mol of caesium. For the sample with a low Cs content
(Cs0.33–Ru9.1/B1), the relative oxygen uptake corresponding
to the promoter is significantly greater (O:Cs = 1.76:1).

Oxygen is also reactive to the Cs/B1 material preliminarily
heated in hydrogen. However, the O2 consumption related to
the total number of Cs atoms (O:Cs = 0.6:1; see Table 2) is less
than that for the Cs–Ru/B1 samples. Because the chemical form
of caesium in the postoxidation specimens is unknown (Cs may
form various oxides, including CsO2), it is impossible to deter-
mine the operating state of the promoter from the O2 consump-
tion data. Nonetheless, it is that caesium hydroxide is inert to
oxygen. So, should caesium nitrate be decomposed exclusively
to hydroxide, as has been suggested [71–73], oxygen would be
consumed by the ruthenium surface only (Cs–Ru/carbon) and
would not be reactive to Cs/carbon. This was not the case, how-
ever. A more detailed discussion of the O2 sorption results is
presented later in this paper.

3.2.2. Interaction of the catalysts with water vapour
As expected, hydrogen proved to be the only gaseous prod-

uct of the reaction between water vapour and the catalyst mate-
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Fig. 6. TPR-MS studies (6% H2/Ar) of the CsNO3/B1 sample (0.1610 g) that contained 0.0597 g CsNO3.
rial. A typical MS signal of H2 evolution, as determined for one
of the samples at 50 ◦C, is shown in Fig. 7. An identical signal
was obtained at a slightly higher temperature (70 ◦C). There-
fore, the systematic studies of different catalysts (see below)
were performed only at 50 ◦C.

Fig. 8 illustrates the effect of Cs loading on the hydrogen
evolution. All of the catalysts examined in that series of ex-
periments contained 9.1 wt% Ru in relation to (C + Ru), and
all were derived from carbon B1. The amount of hydrogen
evolved to the gas phase was determined by integrating the
MS-H2 signals. As shown in Fig. 8, H2 emission increases sys-
tematically with the Cs content, from 15 µmol/gC+Ru for the
Cs-free material to 580 µmol/gC+Ru for the material with the
highest caesium content (4.0 mmol/gC+Ru). The H2 emission
data were used, after correction (Ru/B1—15 µmolH2/gC+Ru),
to determine the number of equivalent Cs0 atoms (Cs0

eq) re-

sponsible for the hydrogen production (Cs0 + H2O = CsOH +
(1/2)H2) and, consequently, to determine the reduction degree
of caesium (RD = Cs0

eq/Cstotal). The results of such calcula-
tions (Fig. 9; trace RD) clearly show that a significant por-
tion of the promoter is reduced during operation. However,
whereas the number of Cs0

eq atoms increases monotonically

(trace Cs0 in Fig. 9), the RD parameter decreases slightly with
Cs loading, from a value of 0.43 for the lowest Cs content
(0.33 mmolCs/gC+Ru) to about 0.28 for the highest Cs content
(4.0 mmolCs/gC+Ru).
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Table 2
Interaction of the Ru/carbon and Cs–Ru/carbon catalysts with oxygen

Sample Total
O2 uptake
(µmol/gC+Ru)

O2 uptake corre-
sponding to caesium
(molO/molCs)

FERu dRu
(nm)

Ru9.1/A 80.1 – 0.16 8.4

Ru3/B1 118.3 – 0.73 1.3
Ru9.1/B1 293.3 – 0.59 1.7
Ru20/B1 450 – 0.41 2.7

Ru3/B2 139.5 – 0.86 1.1
Ru20/B2 531 – 0.49 2.2

Cs3.1–Ru3/B1 1600 0.96 – –
Cs0.33–Ru9.1/B1 586 1.76 – –
Cs1.59–Ru9.1/B1 1150 1.08 – –
Cs2.83–Ru20/B1 1820 0.96 – –

Cs3.03/B1 912 0.60 – –

Further study (Table 3) revealed that the effect of Ru loading
on the alkali promoter state is of rather minor importance; an
approximate seven-fold increase in ruthenium loading (Cs3.1–
Ru3/B1 vs. Cs2.83–Ru20/B1) results in a small (about 20%)
enhancement in the Cs reduction degree. Using carbon B2 in-
stead of B1 generally leads (see Table 3) to an increase in Cs
reduction degree, regardless of the promoter content and ruthe-
nium content. This might be ascribed to the higher BET surface
area of carbon B2 (1257 m2/g) compared with B1 (1034 m2/g),
rather than to the differences in Ru dispersion.

In the absence of ruthenium, caesium nitrate deposited on
carbon (sample Cs3.03/B1) is also decomposed partly to a form
that reacts with water vapour (see Table 3). In that case, how-
ever, hydrogen emission and, correspondingly, the Cs reduc-
tion degree determined after standard activation (430 ◦C, 16 h),
are considerably smaller (by a factor of 4) than those for the
Fig. 7. Interaction of water vapour with the reduced catalyst material. The MS signals of H2 and H2O vs. time of the experiment for the Cs2.64–Ru9.1/B1 sample.

Fig. 8. Interaction of water vapour with the reduced Cs–Ru9.1/B1 catalysts. The hydrogen emission vs. the promoter loading.
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Fig. 9. The number of Cs0
eq. atoms and caesium reduction degree (free RD) vs. the promoter loading in Ru9.1/B1.

Fig. 10. Integral reaction rate (TOF) of ammonia synthesis vs. caesium content in the Ru9.1/B1 catalyst; p = 63 bar, H2:N2 = 3:1.
Table 3
Interaction of the reduced Cs–Ru/carbon catalysts with water vapour. Effect of
Ru loading and kind of the carbon support

Catalyst H2 emission
(µmol/gC+Ru)

Cs reduction degree
(Cs0

eq/Cstotal) (mol/mol)

Ru3/B1 10 –
Cs3.1–Ru3/B1 412 0.26
Ru9.1/B1 15 –
Cs3.32–Ru9/B1 513 0.29
Ru20/B1 20 –
Cs2.83–Ru20/B1 480 0.32
Cs3.12–Ru3/B2 510 0.32
Cs2.57–Ru20/B2 580 0.43
Cs3.03/B1

a 120 0.079
Cs3.03/B1

b 167 0.11

a After standard activation at 430 ◦C for 16 h.
b After activation at 520 ◦C for 16 h.

Cs–Ru/carbon catalysts of similar Cs loading. Because ruthe-
nium promotes CsNO3 decomposition in H2, the difference
in RD might easily be explained by the kinetic limitation in
the decomposition process for the former specimen. Indeed, an
increase in activation temperature to 520 ◦C leads to an RD in-
crease from 0.079 to 0.11, but further treatment of the sample
with hydrogen at 550 ◦C does not change the results. Hence
the chemical form (forms) of the promoter in the Cs–Ru/carbon
catalyst operating under steady-state NH3 synthesis conditions
seems to be strongly affected by the presence of ruthenium.

3.3. Activity of the catalysts in ammonia synthesis

All the kinetic tests were performed with the catalysts de-
posited on the same B1 support. Fig. 10 illustrates the effect of
caesium loading in Ru9.1/B1 on the integral reaction rate (an in-
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Table 4
Effect of Ru loading on the integral NH3 synthesis rate at 63 bar

Catalyst
symbol

Ru content in
(Ru + supp.)
(wt%)

400 ◦C 370 ◦C

r (gNH3 /

(gRu h))
TOF
(1/s)

r (gNH3 /

(gRu h))
TOF
(1/s)

Cs3.1–Ru3/B1 3 73 0.165 29 0.066
Cs2.64–Ru9.1/B1 9.1 88.5 0.247 36 0.101
Cs2.83–Ru20/B1 20 68.5 0.275 30 0.121
Cs–Ru/MgOa 3.75 23.3 0.060 – –

a Taken from [67].

let H2:N2 = 3:1 mixture was free from NH3) expressed in terms
of TOF. To avoid thermodynamic limitations that could influ-
ence the relationship, high space velocities were applied in the
experiments, thus resulting in small conversions—significantly
smaller than those in equilibrium. As shown in Fig. 10, the
activity depends strongly on the amount of the promoter in-
troduced. Over the range of small Cs content, up to about
0.9 mmol/gC+Ru, the integral reaction rate (TOFint) increases
very slowly. Above this value, TOFint increases dramatically,
finally reaching a flat maximum. The optimal Cs loading (2.5–
3 mmolCs/gC+Ru) is independent of temperature, and apparent
energy of activation (E370–400 = 107 kJ/mol) is roughly inde-
pendent of the promoter amount. A strong effect of Cs loading
on the NH3 synthesis rate is also observed at high ammonia par-
tial pressures in the gas phase. At 8% NH3 in the H2 + N2 mix-
ture, the catalyst labelled Cs0.83–Ru9.1/B1 is approximately
an order of magnitude less active (differential rates were deter-
mined) than the optimally promoted system (Cs2.64–Ru9.1/B1)
even though the Cs content in the former was only three times
less.

Table 4 presents the kinetic data obtained for the Cs–Ru/B1
systems with different Ru loadings and thus metal dispersions.
The surfaces of extra-fine crystallites (1.3 nm) were found to
be less active than those of larger crystallites. This finding is in
full agreement with our recent results [56] that can be sum-
marised as follows: In the scale of small particles (<4 nm),
the surface-based ammonia synthesis rate over Cs–Ru/carbon
increases with particle diameter (structure sensitivity of the re-
action).

4. Discussion

It is evident that the decomposition of caesium nitrate de-
posited onto the surface of a Ru/carbon system proceeds via
CsOH formation when the material is activated in hydrogen.
This was shown experimentally (in situ XRD) for one of the
specimens (CsNO3–Ru/A; see Fig. 1). Reduction of NO3

− an-
ions (caesium nitrate) leads to the sudden evolution of large
amounts of H2O (see Figs. 3 and 4) and thereby to high wa-
ter vapour concentrations in the gas, thus favouring CsOH, in
accordance with thermodynamic calculations in the literature
[68]. In the case of CsNO3–Ru/B1, the alkali precursor is also
converted to hydroxide, which remains undetectable by XRD
due to high dispersion (extremely small CsOH particles or ad-
sorbed species) forced by the large surface area of carbon B1.
Questions arise, however, as to the steady-state form of caesium
(i.e., the form on prolonged activation), as well as the location
of the promoter during operation. We discuss these two ques-
tions in more detail.

Studies of interaction between water vapour and the Cs–
Ru/carbon materials demonstrate that caesium is “partly re-
duced” after long-term activation. This means that the catalyst
surface is covered with the Cs0 atoms (responsible for H2 evo-
lution) and also with caesium hydroxide (inert to H2O), which
supplements the alkali balance, or, alternatively, that the sur-
face is decorated solely by substoichiometric oxide, which may
also generate H2 in reaction with water (CsxOy + (x−y)H2O =
xCsOH + (1/2x−y)H2; x/y > 2). Clearly, the RD parameter
represents either a fraction of Cs0 atoms in (Cs0 + CsOH) or
reflects an (x/y) stoichiometry in CsxOy , and it is impossible
to distinguish between these two options based on the H2 emis-
sion data.

The results of pulse experiments performed with oxygen
seem to be helpful in explaining the problem under considera-
tion (Cs0 + CsOH vs. CsxOy). For the Ru/carbon catalysts with
high caesium loading, the O:Cs values (typically 1:1; see Ta-
ble 2) are about three times higher than those of RD (about 0.3;
see Fig. 9 and Table 3). Thus, the differences are too great to
justify the concept of Cs0 atoms coexisting with CsOH on the
surface (Cs0 + CsOH option), even assuming that all of the Cs0

atoms are transformed to CsO2 in the pulse experiments. Even
then, the experimentally determined O:Cs ratios would be sig-
nificantly larger (by a factor of 1.7) than those predicted for that
option (O:Cs = 0.6:1 is expected for RD = 0.3). In the case of
low alkali loading (sample Cs0.33–Ru9.1/B1), the comparison
between O:Cs (1.76:1) and RD (0.43) gives a more decisive re-
sponse. Whereas the oxidation of Cs0 atoms to CsO2 requires
only 0.86 molO/molCs, the oxidation of CsxOy species (CsxOy

option; x/y = 3.5 for RD = 0.43) requires 1.72 molO/molCs,
the latter value being in perfect agreement with that determined
experimentally. This is a strong evidence that caesium coad-
sorbed with oxygen (CsxOy species) dominates the catalyst
surface when operating. The contribution of CsOH to the cae-
sium balance, if any, seems to be negligible.

The location of the promoter is a separate question. Sim-
ple calculations show that caesium introduced to the Ru/carbon
system in optimal amounts (2.5–3 mmol/gC+Ru for Ru/B1)
would cover the ruthenium crystallites with several CsxOy lay-
ers if located solely on the active metal surface. However, stud-
ies of ammonia synthesis over polycrystalline iron foil have
revealed that the optimal coverage with potassium is 10–15%
[77], and a similar value might be expected for Ru. It is clear,
therefore, that an essential part of the total promoter amount
must be located on carbon during operation. The other, sig-
nificantly smaller, part of caesium covers the ruthenium par-
ticles. The distribution of CsxOy species between the carbon
surface and surface of ruthenium and, consequently, the activat-
ing effect of the alkali (with promotion proceeding via direct
electron transfer from the alkali to the active metal surface)
seem to be controlled by the loading-dependent variations in
the heats of alkali adsorption on ruthenium and on carbon, re-
spectively. Support for this supposition comes from studies of
alkali adsorption demonstrating that the heat of metallic cae-
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sium adsorption on activated carbon (�H Cs/C) is very sensitive
to coverage [78]. Although at low coverages the alkali metal
is very strongly adsorbed on carbon (with �H Cs/C reaching
500 kJ/mol), the heat of adsorption decreases dramatically with
increased Cs loading.

Extrapolation of the foregoing results to the region of
CsxOy–Ru/carbon systems leads to the conclusion that the
trend of TOF versus Cs loading illustrated in Fig. 10 reflects
that of Ru coverage by the CsxOy species. Due to the very high
heat of adsorption at low caesium content, the CsxOy groups
decorate predominantly carbon, whereas the Ru crystallites re-
main almost uncovered. As a result, a very small promotional
effect is observed (see the left part of Fig. 10), even with a high
reduction degree of the promoter. As the heat of CsxOy adsorp-
tion on carbon falls below a certain value (controlled by the Cs
loading), the ruthenium coverage by CsxOy starts to increase
dramatically, resulting in a dramatic increase in TOF (see the
middle part of Fig. 10; the scope of 0.9–2 mmolCs/gC+Ru). Fi-
nally, the Ru coverage by the CsxOy species reaches an optimal
value, a full promotional effect (see the right part of Fig. 10).

According to the foregoing considerations, the effect of cae-
sium is determined by the state of the promoter and its location
(Ru vs. carbon surfaces), both of which are controlled by the
carbon properties from one side and caesium loading from the
other side. A strongly reduced form of caesium would be re-
sponsible for the significantly higher activities of the optimally
promoted Cs–Ru/C catalysts (see Table 4) compared with those
of Cs–Ru/MgO, even if the x/y stoichiometries for the CsxOy

species located on ruthenium and on carbon were not identical.

5. Conclusion

Ruthenium promotes the decomposition of caesium nitrate
deposited onto the surface of Ru/C catalysts when heating the
specimens in a hydrogen-containing stream. In the presence of
Ru, an onset of the NO3

− anion reduction (Tonset) is shifted (by
about 300 ◦C) toward lower temperatures. CsNO3 is first con-
verted to CsOH·H2O, an intermediate product, which is then
transformed to a reduced Cs form (reduction degree of 0.25–
0.45) or, more specifically, to substoichiometric oxide (CsxOy ;
x/y = 2.7–3.6) covering the catalyst surface under steady-state
ammonia synthesis conditions. The distribution of the CsxOy

species between the carbon and ruthenium surfaces, along with
the x/y stoichiometry in the operating system, are both con-
trolled by the carbon properties and promoter loading. High
activities of the optimally promoted Cs–Ru/C catalysts (opti-
mally covered Ru particles by the CsxOy species) are attributed
to the strong electron donation (electronic promotion) from the
alkali to the active metal surface.
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