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The energetics of the interaction of hydrogen with MgO-
supported Ru catalysts (Ru/MgO, Cs-Ru/MgO) was studied by
combining temperature-programmed (TP) techniques, volumetric
hydrogen chemisorption, and microkinetic modeling. Various TP
experiments (TP desorption, TP adsorption) were carried out, ap-
plying different H, dosing procedures (isothermal flow experi-
ments, pulse flow chemisorption, etc.). The interaction of H, with
a Ru/MgO catalyst can be rationalized as follows: hydrogen pref-
erentially dissociates on low-coordinated defectlike sites (“portal”-
mediated adsorption). These species migrate to high-energy sites
and subsequently fill up via diffusion the intermediate-energy and
then the low-energy sites. Furthermore, a direct adsorption path-
way on the different Ru sites was identified. Results obtained by
volumetric hydrogen chemisorption performed at different temper-
atures correlate well with the amount detected in the TP experi-
ments. By means of microkinetic modeling, the peaks in the ob-
tained TPD signal could be assigned to the desorption from different
Russingle-crystal surfaces. On Cs—Ru/MgO, the dopant was found to
block the portal sites suppressing the fast nonactivated adsorption
path.  © 2002 Elsevier Science (USA)

1. INTRODUCTION

The interaction of hydrogen with ruthenium plays an im-
portant role in numerous industrial heterogeneously cata-
lyzed hydrogenation reactions. In Fischer—Tropsch synthe-
sis, Ru is one of the most active metal components (1-3).
In contrast to Fe or Co, Ru favors the formation of high-
molecular-weight hydrocarbons from synthesis gas at lower
reaction temperatures (1). The Kellogg Brown & Root Ad-
vanced Ammonia Process (KAAP) (4-8) employs a cata-
lyst made of Ru on a graphite support (Ru/C). Recently,
barium-promoted Ru catalysts were developed with un-
precedented activity and stability (9, 10). Methanization
from CO and H, (11, 12), the selective catalytic reduction
of NO (SCR) (see (13) and references therein), and the con-
version of benzene and its derivatives to cyclohexene and
relevant cycloalkenes (14-16) are counted, among other
applications of supported Ru, as a heterogeneous hydro-
genation catalyst.
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The kinetics of adsorption and desorption of Hj has
been investigated on Ru single crystals by various re-
search groups very extensively (17-32). In particular, the
basal Ru(0001) surface was subjected to many studies em-
ploying a large variety of experimental surface science
tools, such as low-energy electron diffraction (LEED),
video LEED (VLEED), high-resolution electron energy
loss spectroscopy (HREELS), angle-resolved ultraviolet
photoelectron spectroscopy (ARUPS), thermal desorption
spectroscopy (TDS), and work function measurements. In
TDS, at low initial coverages of hydrogen, desorption leads
to a single high-temperature peak, which was found to shift
from 470 to 380 K with increasing initial hydrogen cover-
age (23,31). At higher exposures a second desorption peak
was observed with a peak temperature of 320 K, indicat-
ing a strong deviation from the characteristic Langmuirian
second-order desorption. The maximum coverage of hy-
drogen (®y) using gas-phase atomic hydrogen (33) was
found to be 1.42 hydrogen atoms per primitive Ru(0001)
unit cell, in contrast to the one adatom per unit cell obtained
by dissociative chemisorption of molecular hydrogen (30).
At low coverages, hydrogen occupies the fcc threefold hol-
low sites on Ru(0001), as identified by HREELS (30).
At saturation coverage, hydrogen was found to sit addi-
tionally on sites of slightly reduced symmetry. This phe-
nomenon resulted either from reconstruction of the Ru sur-
face or from movement of the hydrogen adatoms toward
the bridge position (30). The low-temperature desorption
peak can be correlated with these less strongly bound hy-
drogen species. Jachimowski ez al. (31) explained the forma-
tion of this peak in terms of coverage-dependent, repulsive
interactions between nearest-neighbor and next-nearest-
neighbor hydrogen atoms in the adsorbate layer. By means
of a lattice gas model (®y <1) and a mean-field approx-
imation (1 <®y <1.42) the TD spectrum for Ru(0001)
was calculated; it agrees well with the experimental pro-
file and the peak positions (31). The isosteric peak anal-
ysis yielded an activation energy of hydrogen desorption,
E4es, on Ru(0001) that increases from ~80 (1 < @y < 1.42)
to ~125 kJ mol~! (®y =1) (31). Similar results have been
obtained by different research groups (22, 30).

The interaction of H, with the Ru(1010) surface was stud-
ied by Christmann and Muschiol (34) by means of video
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LEED, HREELS, TDS experiments, and work function
measurements. They found an extremely high saturation
coverage of ©®y =2, with an initial sticking probability of
so =1. The TD saturation spectra revealed a fairly sharp
low-temperature state (peak at around 220 K) and a high-
temperature state (peak at around 350 K), while at interme-
diate temperatures one can distinguish two other states. The
adsorption energies for the four hydrogen binding states
range between 56 and 80 kJ mol~!. On this rough and open
surface hydrogen can occupy threefold and twofold coor-
dinated sites (27, 34-36).

In a recent experimental TDS and HREELS study, Fan
and Jacobi [32] showed that hydrogen is adsorbed on the
very open Ru(1121) surface in three different states, termed
o«-H, 3-H, and y-H. The TD spectrum displayed a desorp-
tion maximum at 345K (y-H); with increasing hydrogen
exposure a second broad desorption peak appeared in the
range 280-175K (B-H), and at even higher hydrogen ex-
posures a third peak was detected at 100K (x-H) (37).
Based on the interpretation of the spectra they concluded
that the threefold sites are filled prior to the fourfold
sites.

Detailed work on the interaction of H, with supported
Ru catalysts was done by the King group, who applied mi-
crocalorimetry and IR and NMR spectroscopies (38-44),
as well as by the Aika group (45, 46), who performed a
combined IR and steady-state kinetic study. Much atten-
tion was paid to the model system Ru/SiO, (38-44). By
means of in situ 'H exchange NMR spectroscopy a strongly
bound, immobile hydrogen species, termed «;, and two
mobile species, termed &, and 3, were detected. The f3
hydrogen was described as an intermediate or precursor
adsorption state between the gas-phase hydrogen and the
chemisorbed o species, probably sitting on low-coordinated
edge and corner Ru atoms (38, 41). It was possible to corre-
late these three hydrogen species with results obtained by
microcalorimetric measurements. Narayan et al. (40) deter-
mined an initial heat of adsorption of about 90 kJ mol~!.
With increasing hydrogen coverage a Z-shaped curve of
the heat of adsorption vs ®y with two further plateaus was
detected which can be correlated to an intermediate ad-
sorption state (50 kJ mol~!) and a weakly bound state on
Ru/SiO; (7 kJ mol~!). By means of FTIR spectroscopy ap-
plied to a Ru/MgO catalyst, hydrogen was found to adsorb
dissociatively on on-top sites, bridging sites, and threefold
sites (45, 46).

In our laboratory, a systematic study was performed
aimed at obtaining a detailed understanding of the hydro-
gen adsorption and desorption kinetics for MgO-supported
Ru catalysts by applying various temperature-programmed
(TP) techniques. The applicability of these TP techniques
compared to volumetric hydrogen chemisorption as a stan-
dard procedure to determine metal surface areas was
studied from a methodical point of view (Fig. 1). More-
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over, the influence of a thermal treatment on the proper-
ties of the Ru/MgO catalyst (e.g., metal particle size) and
its effect on the adsorption of hydrogen were investigated.
In order to bridge the material and pressure gaps between
heterogeneous catalysis and surface science studies, a thor-
ough microkinetic analysis of the experimental data was
performed. Thus, we were able to correlate the detected hy-
drogen species (represented by the desorption peaks in the
TPD spectra) to the desorption from different Ru single-
crystal surfaces.

2. EXPERIMENTAL

2.1. The Setup for Kinetic Measurements

The TP experiments were carried out in an all-stainless-
steel microreactor setup equipped with a quadrupole mass
spectrometer (GAM 445, Balzers) for fast quantitative and
online measurement in the parts-per-million region. Since
the setup was described in detail in a previous publica-
tion (47), only a brief summary is given here. The setup was
equipped with four gas lines for helium, nitrogen, hydrogen
(all 99.9999%, Messer Griesheim), and ammonia synthe-
sis feed gas (25% N; in Hy; 99.999%, Messer Griesheim).
The feed gas was additionally purified by means of a self-
designed guard reactor to avoid any contamination of the
catalyst surface. Four- and six-port switching valves (Valco)
allowed a fast, back-mixing free switch between the dif-
ferent gas flows. H, pulses were introduced into the He
flow by a dosing loop (V = 50 ul). A glass-lined stainless-
steel U-tube of 3.8-mm inner diameter was used as a mi-
crocatalytic fixed-bed reactor housed in a copper jacket to
achieve an isothermal catalyst bed. Additional analysis of
the effluent ammonia concentration was performed by a
calibrated, nondispersive infrared detector (BINOS 4b.1,
Fisher—-Rosemount).
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2.2. Preparation and Characterization of the Catalysts

Ru/MgO catalysts were prepared by wet impregnation
(imp) of high-purity MgO (Johnson-Mattey, 99.9955%)
with a solution of Ruz(CO); (Strem, 99%) in absolute
tetrahydrofurane (Merck, p.a.) based on the procedure de-
scribed in Ref. (48). At this point a comment on the signif-
icance of the Ru precursors should be permitted: from the
literature it is known that chlorine acts as a severe poison
in ammonia synthesis over supported Ru catalysts (49-51).
The addition of chlorine to chlorine-free precursors was
found to create about six activated adsorption sites for hy-
drogen per chlorine adatom. Thus, in the present work,
as in other recent kinetic studies by our group (9, 52, 53),
the preparation of Ru/MgO was carried out with chlorine-
free Ru-complex compounds. Further details of the cata-
lyst preparation are given in Ref. (54). Recently, Bielawa
et al. [9] obtained stable catalysts with comparable catalytic
activity by intensive mixing of the precursor compounds
instead of wet impregnation, followed by chemical vapor
deposition (CVD) in high vacuum.

The alkali-promoted catalyst Cs—Ru/MgO (nominal
5wt% Ru, Cs: Ru=1:1) was prepared by nonaqueous im-
pregnation using a solution of Cs,COj5 (ultrapure, Johnson
Matthey) in absolute ethanol. After stirring the suspension
for 3 h, the solvent was evaporated and the catalysts were
dried in a vacuum.

In the following we present characterization results for
one reference catalyst (3.3 wt% Ru/MgO) which was uti-
lized throughout the kinetic study. Elemental analysis was
performed by inductively coupled plasma optical emission
spectroscopy (ICP-OES), yielding a total amount of ruthe-
nium of 3.3 £ 0.1 wt%. The total surface area was deter-
mined in an Autosorb 1-C setup (Quantachrome) to be
50 m? g_,! by using the standard BET method (for compar-
ison, pure MgO is 51 m? g~!). The specific active metal
surface area is determined commonly by using selective
chemisorption of probe molecules such as hydrogen, oxy-
gen, carbon dioxide, or nitrogen oxide. In our study, volu-
metric hydrogen chemisorption was applied using varying
dosing temperatures. Based on a Ru:H stoichiometry of
1:1(55-57), the specific metal surface area was determined
to be 12 m? g_,.. Assuming spherical particles, an average
particle size of 1.3 nm was calculated, yielding a dispersion
of 75%. Ex situ X-ray diffraction (XRD) patterns were ac-
quired by use of a Siemens D500 diffractometer and Cu K &
radiation. The size of the Ru metal particles was estimated
by means of a line broadening analysis of the ruthenium
reflexes based on the Scherrer equation.

2.3. Activity Measurements

Additional catalytic tests were performed to ensure the
absence of limitations by heat or mass transport under
the applied experimental reaction conditions. In general,
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200 mg of the 250- to 355-um sieve fraction was placed be-
tween two quartz plugs in the outlet shank of the U-tube.
Prior to each experiment, the catalyst was reduced and acti-
vated by heating it in situ in ammonia synthesis feed gas and
ramping the temperature at 2 K min~! to 783 K, followed
by cycling the temperature stepwise between 588, 663, and
783 K for 2 h each overnight. This procedure ensured that
the catalyst maintained the same catalytic activity and was
in a well-defined state prior to the experimental TP studies.

2.4. The Temperature-Programmed Experiments

Prior to each experiment, activity measurements were
performed as described in the previous section. An
adsorbate-free catalyst surface was achieved by flushing the
catalyst in He at 783 K for at least 1 h (Q = 100 ml (STP)
min~!). The catalyst was then cooled to the desired dosing
temperature (T,gs) in He flow (Q = 50 ml (STP) min~!).

Saturation with adsorbed atomic hydrogen was achieved
by a flow of pure H; in the whole temperature range start-
ing at 300 K, followed by cooling to 78 K. Then, the catalyst
was flushed in He for half an hour. For practical reasons,
78 K was chosen, since the reactor can be easily cooled in a
liquid nitrogen bath. Finally, the temperature was increased
linearly using He as carrier gas. In the following, this pre-
treatment is referred to as the standard TPD experiment.
In order to vary the initial coverage of adsorbed atomic
hydrogen on the catalyst surface prior to the TPD exper-
iments, different dosing procedures were applied. In the
flow mode, the dosing time at a given temperature, the dos-
ing temperature, and the partial pressure of H; in the gas
phase diluted with He as balance gas were varied in order
to collect a wide TPD database for microkinetic model-
ing. Furthermore, the H; pulse flow chemisorption allowed
us to control the amount of dosed hydrogen reliably and
reproducibly. After dosing H, with one of the above de-
scribed methods, the reactor was flushed in a He flow at
the dosing temperature in order to remove residual gas-
phase hydrogen. Then, the catalyst was heated to 783 K at
a linear heating rate of 2, 5, or 10 K min~! (TPD experi-
ments; cf. Fig. 2). In general, the temperature-programmed
adsorption (TPA) experiments were carried out by flowing
a mixture of diluted H; in He (here, 2300 ppm H; in He)
over the reduced adsorbate-free catalyst. The temperature
was kept constant at 78 K for a few minutes and then it was
linearly increased to 783 K at a heating rate of 2, 5, or 10 K
min~!.

2.5. The Volumetric H, Chemisorption Experiments

Volumetric hydrogen chemisorption was applied as a
standard technique to extrapolate to the monolayer of
adsorbed hydrogen and to determine the specific metal
surface area (58). Prior to the volumetric H, chemisorp-
tion measurements, the catalyst was placed in a quartz cell
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between two quartz wool plugs. Reduction and activation
was carried out in ammonia synthesis feed gas (gas flow,
45 ml (STP) min~') by heating the catalyst at 2 K min~!
to 783 K. The gases used for dosing and flushing had all
a purity of 99.9999%; the feed gas (99.9995%) was addi-
tionally purified by an oxysorb cartridge. Subsequently, the
setup was evacuated for at least 2 h in order to achieve an
adsorbate-free reduced catalyst surface. Since we refer to
results obtained by volumetric H, chemisorption, a detailed
introduction into the procedure applied in our study and
into the terminology used is given here. The measurements
were carried out according to the procedure described in
Refs. (55, 58): at first H, was dosed stepwise by 10 KPa
to a final pressure of 100 kPa. The uptake of H; is equal
to the total amount of so-called combined chemisorption
isotherm. The cell was then evacuated and H, was again
introduced stepwise into the cell. The measured amount of
the further H, uptake is termed weak. The difference be-
tween the combined and the weak value yields the amount
of so-called strongly bound hydrogen, i.e., those hydrogen
species that remain on the catalyst surface while the cell
is evacuated. The linear portion of the combined adsorp-
tion isotherm above py,/po = 0.3 was extrapolated to zero
pressure (back-extrapolation method (58)), and the zero-
pressure intercept was taken as the monolayer of adsorbed
hydrogen (55). The results of the volumetric chemisorption
on various catalysts at 300 K and on the reference catalyst at
different T,4s are summarized in Tables 1 and 2, respectively.

2.6. Thermal Treatment of the Catalyst

In order to investigate the influence of thermal treat-
ment on the properties of the Ru/MgO catalyst, 200 mg of
a fresh sample was heated in a silica-glass tube in ammonia
synthesis feed gas to temperatures between 573 and 1330 K
(heating rate,2 K min~!). Subsequently, a standard H, TPD
experiment was carried out. Finally, the catalyst was charac-
terized by means of XRD, BET measurements, volumetric
hydrogen chemisorption measurements, and transmission
electron microscopy (Hitachi TEM H 8100).

TABLE 1
Results Obtained by Volumetric Chemisorption at Tpqs = 300 K

Combined Weak Strong Ndes

(pnmol (pnmol (umol (pnmol

Catalyst Hrgo) Hoga) Hoegw) Heg
3.3 wt% Ru/MgO (imp) 124 31 93 89
4.3 wt% Ru/MgO (imp) 157 35 122 116
1.7 wt% Ru/MgO (CVD) 66 15 51 58
0.9 wt% Ru/MgO (CVD) 33 8 25 18

Note. nqes specifies the amount of H, desorbed in TPD experiment
above 300 K.
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TABLE 2

Results Obtained by Volumetric Chemisorption on 3.3 wt%
Ru/MgO (imp) at Different Dosing Temperatures

Strong Weak Combined
Taas (K) (umol Hy g5,1) (umol Hy g5,1) (umol Hy gz,;)

80 124 97 221
193 98 23 121
300 93 31 124
459 49 52 101
480 46 56 102
493 42 52 94

3. RESULTS

3.1. Temperature-Programmed Methods

The temperature-programmed desorption of hydrogen
(H, TPD) was applied as the central probe experiment (cf.
Fig. 1). Pretreatment process parameters such as the total
dosing pressure, the dosing temperature, the partial pres-
sure of hydrogen, and the dosing time were varied. Pulse
chemisorption was used in order to obtain TPD spectra
varying from low to saturation coverage of adsorbed hy-
drogen. The kinetics of the interaction of hydrogen with
Ru/MgO catalysts was analyzed in detail by means of TPD,
TPA, and the isotopic exchange of a H,/D;, mixture. More-
over, the effect of sintering on the adsorption of H, was
investigated.

3.1.1. Standard H, TPD experiment. Figure 2 displays
the desorption spectra obtained by performing the standard
H, TPD experiment with three different heating rates (2,
5,and 10 K min~!). Three well-resolved signal maxima can
be observed: a sharp, abruptly rising peak with an onset
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FIG.2. Standard TPD experiments obtained with the 3.3 wt%
Ru/MgO catalyst applying a heating rate of 2, 5, and 10 K min~!. Ex-
perimental conditions: Qe = 50 ml (STP) min~".
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temperature below 78 K and a maximum at 120 K (very
weakly bound hydrogen), a second one with a maximum
temperature at 300 K (weakly bound hydrogen), and a
broad peak at around 450-600 K (strongly bound hydro-
gen). For the sake of clarity, the three desorption states
are referred to as «, 3;, and 3, hydrogen, respectively.
The upper temperature limit for the experiments was kept
below 783 K in order to avoid sintering of the Ru metal
particles. Above this temperature the mobility of the metal
atoms increases significantly and the particle size may grow
by sintering processes. From Fig. 2 it can be seen that the
traces have not reached their base lines at 783 K. Obvi-
ously, at this temperature the desorption is not yet com-
plete. Hence, integration for the determination of the total
amount of adsorbed H, was performed in the time regime
by waiting at 783 K until the desorption process was fin-
ished. The total amount of desorbed H, was determined to
be 144 umol g}. The total amount can be roughly divided
into three fractions: «, 25%; 31, 27%; and (3,, 48%. When
dosing H, on Ru/MgO catalysts containing 0.9, 1.7, 3.3, and
4.3 wt% Ru, the detected TPD spectra, shown in Fig. 3, dis-
played a similar signal form with related peak positions. The
amount of desorbed H; correlated well to the Ru loading of
each catalyst, which, in turn, agreed well with the amount
for a monolayer of hydrogen determined by volumetric H;
chemisorption (33, 66,124, and 157 umol g_,1, respectively).

3.1.2. Temperature-programmed adsorption (TPA) exper-
iments. In order to study the interaction of H, with the
catalysts in more detail, TPA experiments were carried out
using a diluted mixture of 2300 ppm H; in He. For closer
inspection of the adsorption process, the TPA spectrum is
displayed in Fig. 4 as a function of time: when switching the
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FIG. 3. Standard H, TPD spectra for Ru/MgO catalysts with different

Ru loading (imp, prepared by impregnation; CVD, prepared by intensive
mixing of the precursor compounds followed by chemical vapor deposition
(CVD) in high vacuum). Experimental conditions: = 10 Kmin™!; Q. =
50 ml (STP) min—".
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FIG. 4. Temperature-programmed H; adsorption experiment. Exper-
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reactor online in the gas mixture at 78 K (Q = 38 ml (STP)
min~!) hydrogen was immediately adsorbed dissociatively
on the surface. It was demonstrated by an isotopic exchange
flow experiment that H, adsorption is indeed a dissociative
process in our investigated catalyst system: while flowing
a diluted H,/D, mixture in He over the Ru/MgO catalyst
under steady-state reaction conditions at 78 K, the forma-
tion of HD reached equilibrium conversion immediately.
The measured uptake of 119 umol H, g, is smaller than
that in the standard TPD experiment by 25 umol H, gzl
An additional uptake of H, at temperatures above 78 K
was not observed. This proves clearly that the adsorption
of H, is a nonactivated process on Ru/MgO.

In a TPA experiment, the hydrogen partial pressure
(224 Pa) in the gas phase is kept higher in contrast to the
experimental conditions runin the TPD experiments (maxi-
mum, 4 Pa). Therefore, the shape of the TPA spectrain Fig. 4
is even more dominated by readsorption. A shift of the TPA
data points by the experimental baseline (2300 ppm) allows
a direct comparison with the traces in the TPD experiment
(cf. Fig. 5). In contrast to the TPD spectra, the peaks as-
signed to «, 3, and 3, hydrogen were strongly broadened
and shifted by 20 («), 80 (f;) and 100 K (f3,) to higher
temperatures. The observed shifts in the TPA experiment
also demonstrate the above-mentioned increasing impor-
tance of readsorption with decreasing hydrogen coverage
at higher temperatures. Due to the higher hydrogen partial
pressure, additional « hydrogen was detected in the TPA
spectra as a very sharp peak at the beginning of the heating
rate (Fig. 4). Contrary to the standard H, TPD experiment,
this contribution from the very weakly bound « species
was probably not detected, because, due to the lower par-
tial pressure, desorption already took place, at 78 K, while
flushing the setup with He.

3.1.3. Hy TPD experiments subsequent to dosing H, at
78 K. Hydrogen was adsorbed at 78 K by means of three
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techniques: (a) an isothermal H, flow experiment until sat-
uration was obtained, (b) a pulse-flow H, chemisorption,
and (c) isothermal H, flow experiments varying either the
hydrogen partial pressure in the flow or the dosing time as
described in the experimental section.

Figure 6 displays the TPD spectra measured after dosing
pure H; at 78 K (black trace A) compared to the standard
H, TPD experiment. The peaks of o and 3; hydrogen be-
came smaller while the desorption peak of the (3, hydrogen
remained constant. Integration yielded a total amount of
118 umol gz}, which was 26 umol g} (20%) less than in the
standard H, TPD spectrum. The additional uptake of H, in
the latter experiment can be explained by a slow adsorption
process with a low activation energy barrier for the adsorp-
tion, E,qs, Which is surmounted when H, is dosed in the
whole temperature range by cooling from 300 to 78 K prior
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FIG.6. TPD experiments subsequent to dosing of H, at 78 K us-
ing different pretreaments: A: T,qs = 80 K; #,0s =1 min; py, =0.1 MPa.

B: Tags =80 K; tugs =10 min; pp, =2.2 MPa. Experimental conditions:
=10 K min~!; Qg =50 ml (STP) min~".
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to the TPD experiment. Thus, additional « and {3; hydro-
gen can subsequently desorb from open surfaces. Neither
an increase in the dosing pressure of H, up to 2.2 x 10° Pa
(black trace B) nor a prolongation of the adsorption time up
to 20 min at atmospheric pressure (not shown here) had any
influence on the subsequent TPD profiles. This also shows
that, in fact, the adsorption essentially is a nonactivated
process and, consequently, the catalyst surface is readily
saturated by cooling in H, to 78 K. The amount of H, de-
tected in the TPD spectrum subsequent to dosing of H; at
78 K corresponds well to the one shown in the TPA spectra
(Fig. 4; 118 umol H; g_.}), since both types of operation are
comparable.

Pulse-flow H, chemisorption was performed in order to
achieve different initial values of ®y for a series of subse-
quent TPD experiments (Fig. 7a). The shape of the TPD
profiles resembles one of breakthrough curves. With an in-
creasing number of pulses the onset of the subsequent TPD
traces shifts toward lower temperatures until a similar TPD
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FIG.7. TPD experiments subsequent to dosing by means of pulse
flow H, chemisorption up to saturation (a) and subsequent to H, dosing

at different T,qs (b). Experimental conditions: B = 10 K min~!; Q. =
50 ml (STP) min—".
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profile is achieved, which was found in experiments subse-
quent to dosing H; at 78 K (cf. traces A and B in Fig. 6).
A slightly changed pretreatment compared to the standard
method led to the TPD profiles displayed in Fig. 7b: H;
was dosed at three different temperatures (448, 300, and
300 K, followed by cooling to 200 K). Then, the catalyst
was cooled to 78 K in He instead of H,. Hence, the fraction
of weakly bound hydrogen is flushed out during this pre-
treatment. The sudden generation of gas-phase H; in the
effluent (Fig. 7b) is caused by recombination of those hy-
drogen species which remained on the surface at the chosen
dosing temperature. The peaks increased slightly in these
experiments compared to the ones obtained in the standard
H, TPD experiment. This phenomenon can be explained
by a low activation barrier which exists for a few additional
adsorption sites (cf. previous paragraph).

3.2. Volumetric Hydrogen Chemisorption

Volumetric H, chemisorption at room temperature is
applied as a standard technique to determine metal sur-
face areas (55). The application of transient operations has
the advantage that significantly more information about
metallic sites becomes available. In our study, a significant
amount of adsorbed hydrogen recombinatively desorbed in
the TPD experiment below 300 K, which is the standard op-
erating temperature for static chemisorption. Hence, strong
emphasis is placed on the correlation between the «, (3,
and 3, hydrogen detected in the TPD experiments and the
amounts of weakly and strongly bound species determined
by means of volumetric chemisorption.

Contrary to the transient TPD operation, volumetric
chemisorption is carried out under isothermal conditions.
Steady state between adsorption and desorption is estab-
lished before a small amount of H, is additionally dosed
stepwise under static conditions. Then, the hydrogen mono-
layer is determined by extrapolation of the linear part of the
combined isotherm to zero pressure, py, =0 Pa (Fig. 8),
yielding the amount 124 pumol g}, which is divided into a
weak contribution of 31 umol g_,! and a strong contribution
of 93 umol g_!, respresenting 25 and 75% of a hydrogen
monolayer, respectively. The total amount is in very good
agreement with the amount of H; adsorbed in the TPA ex-
periment (119 umol gz!; Fig. 4) and of H, desorbed in the
TPD experiment subsequent to dosing H, at 78 K (118 umol
gL Fig. 6). Table 1 summarizes the experimental results ob-
tained from volumetric chemisorption at 300 K on Ru/MgO
catalysts with varying Ru loading. Here, ng4.s specifies the
amount of H, desorbed in the TPD experiments (not shown
here) above 300 K.

3.3. Thermal Treatment of the Catalyst

In order to investigate the influence of the thermal treat-
ment on the shape of the TP spectra, a series of TPD ex-
periments was carried out subsequent to the treatment at
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FIG. 8. Results of the volumetric hydrogen chemisorption at room
temperature for 3.3 wt% Ru/MgO (imp).

different temperatures. The Ru/MgO catalyst was heated
stepwise in ammonia synthesis feed gas starting at 783 K and
going up to 1330 K. Subsequently, the catalytic activity was
measured, and a standard H, TPD experiment followed.
The difference in the two XRD patterns is shown in Fig. 9.
The diffraction pattern of the sample, which was treated
up to a temperature of 783 K (lower XRD pattern), reveals
only the presence of highly crystalline MgO. By means of H,
chemisorption a Ru mean particle size of 1.3 nm was calcu-
lated, which was confirmed by TEM. The lack of diffraction
lines of Ru metal is, in view of these results, due to the pres-
ence of these small particles, because such a particle size lies
below the detection limit of the diffractometer (>2 nm).
In contrast, diffraction lines at 20 = 38.5 and 44° for the
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FIG.9. XRD patterns of Ru/MgO before (lower pattern) and after
sintering at 1330 K (upper pattern). The following reflections can be as-
signed to MgO (20, relative intensity in brackets): 36.9 (4), 42.9 (100),
62.3 (39).



= 140 b [ very weakly bound o
- %
o % ¥ weakly bound B,
° s
S o0l K E::: I strongly bound hydrogen B,
| -
S K] % 5% B sum o+ B, + B,
= e & ) B ’
~ o 53 K K
o~ 100 - K K] o 5%
1 %! y) q
5 & K & & 53
5 o 5% K & &
= 80F k4 5 ot 3% %
= KXY XA %] A4 X4
<A K& 0% KXd KX
=] o Kl ! %! o
o K o & b b K
KX XA K A A KX
L X K& 00! KX KX X
£ 60 i 159 [ 98 b o
6% %)) kX1 oS! KX %
K] R 99 %o S R
© ot & %% ho%s 3% K]
o % o 5% % o k]
0] % B 7 0% o5 0% (%!
g oy & N
<A 1 . 1 J
5 ‘R R R &
@ % ZRl: ZERS Z=Bs Z=u 2 %
o 20 KR R R R 7
& o 78l ZHN: 7HR: ZEME 7 = 2
4 XA 4
2 % 1 1 R 57
Nl ZEl: ZEE: ZEE: ZEEs 7 o 7

800 900 1000 1100 1200

Temperature of thermal treatment / K

1300

FIG. 10. Results after thermal treatment of the catalyst.

thermally treated sample (upper XRD pattern) become vis-
ible which can be assigned to Ru(100) and (101) lines (inset
of Fig. 9).

The thermal treatment has no significant effect on the po-
sition of the TPD peaks. It can be seen from Fig. 10 that the
total amount of active sites for H, adsorption diminished by
about 50% when the thermal treatment temperature was
further increased from 783 to 1330 K (144-68 umol g_}).
However, aslight decrease in the amount of & hydrogen and
a corresponding increase in the (3, peak can be detected,
indicating a loss of defectlike sites.

3.4. Interaction of H, with a Cs-Promoted
Ru/MgO Catalyst

For further investigations, TPD and TPA experiments un-
der comparable reaction conditions were performed with a
Cs-promoted Ru/MgO catalyst. Figure 11 (top) displays the
results of the standard TPD using a heating rate of 2, 5, and
10 K min~!. In contrast to the spectra obtained with the un-
promoted catalyst (Fig. 2), a significant increase in 3, hydro-
gen was observed, whereas a smaller amount of o hydrogen
was detected. Furthermore, a strong impact of the promoter
on the TPD spectrum was also found in the TPD experi-
ment subsequent to dosing H, at 78 K (Fig. 11, bottom).
As areminder, these dosing conditions were applied for the
unpromoted Ru/MgO catalyst, yielding a spectrum similar
to that of the standard TPD experiment (Fig. 6). However,
in the case of the Cs-promoted Ru/MgO catalyst H, ad-
sorption was strongly suppressed (yielding only 70 instead
of 170 umol g2! in the standard TPD experiment), giving
rise only to the high-temperature desorption peak.

Another striking phenomenon was observed in the TPA
experiment (Fig. 11, middle): compared to the TPA spec-
trum for the unpromoted Ru/MgO catalyst an additional
hydrogen uptake was detected in the TPA experiments,
showing a maximum at around 130 K.
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3.5. Microkinetic Modeling

Modeled second-order desorption signals based on the
Langmuir isotherm using the Arrhenius law for the rate
constants are symmetric and shift to higher temperatures
with increasing heating rates. It can be seen from our ex-
perimental results that the peaks were generally broadened.
They showed a tailing toward higher temperatures and their
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Cs—-Ru/MgO.
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FIG. 12. Microkinetic analysis of the desorption signals of the stan-
dard H, TPD spectrum. The notation in the figure and the parameters are
taken from Table 3. Model for contribution C was taken from Ref. (31).

maxima shifted only slightly toward higher temperatures
with increasing heating rates. In contrast to the expected
ideal behavior, these differences can be attributed to two
effects: on the one hand, repulsive interactions among the
hydrogen atoms in the adsorbate layer take place, and on
the other, readsorption occurs in the catalytic bed, which
strongly influences the desorption process and, thus, alters
the form and position of the desorption signals significantly.

In order to bridge the material and the pressure gaps, we
aimed at assigning the three peaks in the TPD spectra to the
desorption from Ru single-crystal surfaces. In a first simple
approach, shown in Fig. 12, the three well-defined surfaces
Ru(0001), Ru(1010), and Ru(1121) were assumed to make
a contribution to the desorption spectra obtained from the
Ru/MgO catalyst (Table 3). In the model, the microreac-
tor was simulated as a continuously stirred tank reactor
(CSTR). The reaction rate of the elementary step for each
site is expressed as

d@ ads (S
o D Augs- e M py - (1= Op)? — 2Ages - e~ 1 - OF,

dt
(1]
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FIG. 13. TPD experiments subsequent to dosing H, by means of a
2300-ppm H,/He mixture compared to the standard H, TPD experiment.

Different initial coverages of adsorbed hydrogen (®y) were achieved by

varying the dosing time at 78 K. Experimental conditions: f = 10 K min™';

Qne = 50 ml (STP) min~!. Dashed traces represent the modeled second-
order desorption signals based on the model given in Ref. (31).

whereas Oy represents the fractional coverage of each site
up to ®g = 1 at complete saturation.

In general, the kinetic parameters of the elementary steps
summarized in Table 3 were taken from the literature when
available or estimated based on transition state theory (59);
e.g., for the second-order desorption of hydrogen, a preex-
ponential factor Ages of 1.0 x 10'® s~! was assumed. Since
the adsorption was found to proceed without an activation
barrier, E,gs was set to be 0 kJ mol~! for all contributions.
Hence, readsorption is only governed by the value for Ags.
Finally, the activation energy of desorption was fixed for
the contributions A and B, but a coverage-dependency for
C was introduced to adopt repulsive interactions among
the hydrogen species. Simulation details for the underlying
model are given in Refs. (31, 60). The main contribution
to the low-temperature TPD signal can be attributed to
species desorbing from more open surfaces, whereas the
broad high-temperature part arises from the desorption
from basal planes. The striking result is the good agreement
between the experimental data and the simulated curves in
the case of (3, hydrogen for two different initial coverages
of ®y (Fig. 13).

TABLE 3

Microkinetic Analysis of the Desorption Signals of the Standard H, TPD Spectrum

Ru(1121) Ru(1121) Ru(1010) Ru(1121) Ru(1010) Ru(0001)
Single-crystal peaks Ay A B, A, B, C
Eges (kJ mol™!) 20 31 50 70 82 92-123
Ages (571 1013 1013 8 x 1013 1013 5 x 1012 3 x 101
Fraction of the signal (%) 12.5 12.5 15.5 15.5 22 22
nRae X 1018 4 4 6 6 7.4 7.4
50 0.5 0.5 0.5 0.5 0.5 0.5
kags ((Pas)™1) 11,000 11,000 6,000 11,000 6,000 3,441
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4. DISCUSSION

4.1. Energetics of the Interaction of H,

For the interpretation of the TPD spectra in terms of
elementary-step kinetics it is fundamental to know how the
adsorption process takes place. In our study, there was no
indication of the presence of physisorbed H,-* in the ap-
plied temperature range. This observation is also in good
agreement with results obtained by inelastic neutron scat-
tering measurements on a carbon-supported ruthenium
catalyst by Mitchell et al. (61). They identified physisorbed
hydrogen at a temperature of 23 K. In general, hydrogen
adsorption on transition metal is thought to be nonacti-
vated (62). From adsorption studies on Ru single crys-
tals (23, 27) it can be deduced that H, dissociatively ad-
sorbs nearly without an activation barrier (E,qs = 0 kJ
mol~!). Our H, TPA experiments described in Section 3.1.2
confirmed that the dissociation proceeds without an ac-
tivation barrier. Hence, we refer to the hydrogen species
detected in the spectra as dissociatively chemisorbed H-x
species.

Nevertheless, repulsive interaction among the hydrogen
atoms is not the only reason for the broadening of the peaks.
The second phenomenon, which appears to have a strong
influence on the form of the signal and on the peak positions,
is readsorption. Gas-phase H, desorbed from the catalyst
is carried by helium through the catalytic bed, and since
the adsorption of H, on Ru/MgO is a nonactivated process,
it can easily adsorb on free surface sites. Thus, desorption
and readsorption take place until the hydrogen molecules
finally reach the end of the catalyst bed. The interactions
are more pronounced at higher temperatures, where more
free surface sites are available for readsorption, causing
a broadening of the desorption peaks and a shift toward
higher temperatures. Engelke et al. (63) detected readsorp-
tion and hydrogen interparticle motion by means of line
broadening in NMR measurements when investigating H,
adsorption on Ru/SiO;.

The TPD spectra presented in this study are compa-
rable to the H, TD spectra obtained with single-crystal
surfaces (23, 30). On Ru(0001), the spectra showed a
low-temperature peak with a broad shoulder tailing to-
ward higher temperatures. Jachimowski et al. [31] inter-
preted this characteristic shape in terms of repulsive inter-
actions between adsorbate atoms and their neighbor and
next-neighbor atoms (31). A maximum of 1.42 hydrogen
adatoms per unit cell (® =1.42) was achieved by using gas-
phase atomic hydrogen (33). The amount of 144 umol H,
g desorbed in our standard TPD experiment corresponds
to an average hydrogen coverage of @y =1.2. This value
is calculated on the base of 124 pmol g_,. determined by
means of volumetric H, chemisorption, which is per defi-
nition equivalent to a hydrogen monolayer (g = 1.0; cf.
Section 3.3). It can be seen from the results of Jachimowski
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etal. (31) that at a coverage of ®y = 1.2 neighbor-neighbor
and other repulsive interactions became significant (31).
On Ru(0001) and Ru(1010), these interactions cause a Z-
shaped dependence of the activation energy of desorp-
tion, E4es, on the coverage Oy (17, 64). A similar trend
was observed for Ru/MgO. At high hydrogen coverages,
intensive repulsions occurred among the hydrogen atoms
and, in turn, Eg4es wWas lower and, correspondingly, hydrogen
desorbed at lower temperatures in the TPD experiment.
With decreasing coverage the repulsive interactions de-
crease, and the hydrogen layer reorganizes, forming more-
stable adsorbate structures (e.g., on the Ru(0001) surface:
® =0.35,v/3;0 = 0.5, p@x1H; ® = 0.75,2x2—3H (30)).
Thus, Eqes increased and the desorption temperature was
found to shift to higher values. The hydrogen coverage is
now lower than at the beginning of the desorption pro-
cess and, correspondingly, the amount of adsorbed H,
diminished, resulting in a formation of a shoulder in the
signal.

4.2. Comparison between Static and Transient Experiments

In a TPD experiment subsequent to dosing, the catalyst
is flushed in a flow of He to remove H; from the gas phase
before starting the heating procedure. A fraction of the
very weakly bound hydrogen may have already desorbed
and is removed by the carrier gas, since pp, is lower than
under dosing conditions. By means of the TP methods the
amount of adsorbed Hj; is determined indirectly, only tak-
ing the amount of desorbed species into account. A pos-
sible loss of hydrogen species during flushing is therefore
not considered. In contrast, the volumetric chemisorption
allows direct detection of the amount of H, adsorbed un-
der dosing conditions. Thus, also the amount of very weakly
bound species can be determined. This is well demonstrated
by the results of the volumetric chemisorption performed
at 78 K, where 97 pmol g_,! of weakly bound hydrogen was
determined (cf. Table 2), which was missing in any TP exper-
iments. Even in the TPA experiment at a higher hydrogen
partial pressure this amount was not detected, since satu-
ration coverage was reached by adsorbing 119 umol g_..
Due to the good agreement of the values for ng.s and
the strongly bound hydrogen it is safe to propose that
the strongly bound hydrogen identified by the volumetric
chemisorption can be quantitatively correlated to those hy-
drogen species detected in the TPD spectra above the dos-
ing temperature at which the volumetric chemisorption was
carried out.

Hydrogen spillover is sometimes observed on supported
catalysts, which, in turn, would lead to an overestimation
of our results. Even when dosing H; at a constant tempera-
ture between 783 and 300 K, no indications for any signifi-
cant hydrogen respillover were found, as was described for
the system Ru/Al,O3 (65). Under the treatment conditions
employed in the present work, the influence of the MgO
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support on the H, adsorption can also be neglected. To the
best of our knowledge, H, adsorption on MgO was detected
only after thermal treatment at 1123 K (66). The formation
of subsurface hydrogen is also very unlikely, since the Ru
particles are too small (1.3-nm diameter) to have signifi-
cant contributions from the bulk. This is in agreement with
Shi and Jacobi, who did not find any indication for the ex-
istence of subsurface hydrogen for Ru(0001) (30).

4.3. Thermal Treatment of the Catalyst

In general, three phenomena may occur during thermal
treatment of metal catalysts (67): phase transformations,
growth of the metal particles, and strong metal-support in-
teractions (SMSI). The increase in particle size corresponds
to a loss of active surface area, since the agglomeration of
smaller metal crystallites to the more stable large particles
leads to a lower surface-to-volume ratio. This growth occurs
either by a migration of single atoms (atomic migration) or
by a coalescence of two or more small crystallites to a bigger
one (crystallite migration).

The decrease in the measured BET surface area by 40%,
from 50 to 31 m? g_l, is accompanied by a loss in micro-
pore volume. Both observations point to a change in the
structure of the MgO support. Nevertheless, SMSI cannot
be excluded reliably. Since the Ru particle size is very small,
a possible formation of Mg ruthenates would not be deter-
mined by means of XRD. During the sintering procedure, a
growth of the metal particle size corresponding to a continu-
ous decrease in the peaks in the TPD spectra was observed.
Based on XRD measurements (Fig. 9) an increase in aver-
age ruthenium particle size from below 2 to around 26 nm
was estimated. The low intensity of the relatively broad
reflections and the overlap with the reflex of the MgO orig-
inating at 44° 20 lowers the precision of the line broadening
analysis. Hence, the value of 26 nm should be regarded as an
overestimate of the real number. By means of volumetric
hydrogen chemisorption and assuming a Ru : H stoichiom-
etry of 1:1 (55-57), the specific metal surface area after
sintering was determined to be 4m? g_|. Taking a total load-
ing of Ru on the catalyst (3.3 wt%) into account leads to an
average particle size of 4 nm. Accordingly, the dispersion
decreased from 70 to 24%.

For the study of the interaction of H, with the catalyst
the applied maximum temperature of 783 K turned out to
be the optimum. An activation up to temperatures below
783 K yielded lower values for the amount of adsorbed H,
(573K, 132 umol g_,}; 673 K, 135 umol g_,} ), presumably due
to the presence of oxide species on the surface. Activation
at temperatures above 783 K led to a loss of active sites
for H, chemisorption, as described above. However, the
turnover frequency for ammonia synthesis increases, while
the specific surface area decreases slightly (Table 4). Re-
cently, Hinrichsen et al. (68) have shown that only a small
fraction of the exposed Ru atoms on Ru/MgO is highly
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TABLE 4

Turnover Frequencies for Ammonia Synthesis after Thermal
Treatment of the Ru/MgO Catalyst at Various Temperatures

T Tsinler xNH3 NRu,s rTOF
(X) X) (ppm) (nmol - gear) C)
573 573 120 132 3.38 x 1073
663 673 1540 135 424 x 1074
583 783 576 141 1.52 x 10~*
663 783 2488 141 6.56 x 10~*
663 873 2585 128 7.51 x 1074
663 973 2671 119 8.34 x 10~*

active for the dissociative adsorption of dinitrogen. Since
this elementary step is rate limiting in ammonia synthesis, it
can reasonably be assumed that only a few Ru sites are ac-
tive for the overall reaction (68, 69). Recent work by Dahl
and co-workers (70) suggests that special sites of a Bs geom-
etry are primarily responsible for the high catalytic activity
on Ru clusters. Hence, the above-mentioned increase in ob-
served ammonia synthesis activity could be explained by an
increase in the total number of Bs-type sites formed during
thermal treatment at higher activation temperatures.

4.4. Bridging the Pressure and Material Gaps

The low-temperature peak in the standard TPD exper-
iments can be assigned to the desorption of & hydrogen
(modeled curve Ay in Fig. 12) from twofold coordinated
adsorption sites on rough single crystal surfaces and from
low coordination sites such as edges, defects, or kinks. They
play an important role in H, adsorption according to the
description by King and co-workers of a “portal”’-mediated
adsorption (43, 71). According to our microkinetic analysis,
the peak assigned to the o hydrogen represents hydrogen
species desorbing with an Eges of 20 kJ mol~! or even lower,
since only H; desorbing above 78 K was detected. Narayan
and King (43) determined by means of microcalorimetry an
Eges of about 10 kJ mol~!. However, a direct comparison
is difficult since the dispersion and activation procedure,
which is important for the formation of defects, differs for
both catalyst systems.

The largest fraction (44 %) desorbs as 3, hydrogen (mod-
eled curves A, B;,and Cin Fig. 12) in the TPD experiments.
Values for Eges of 70 kJ, 80 kJ, and 92-123 kJ mol~! were
determined to be in good agreement with results for the fcc
sites on Ru(1010), Ru(1121), and Ru(0001), respectively.
On Ru(0001), E4es was found to vary strongly, with surface
coverage in the range of 92-123 kJ mol~! (30, 31). Since the
fcc sites are thermodynamically most stable and represent
the largest fraction of sites on Ru(0001), the contribution
to the high-temperature peak can be assigned to the des-
orption from fcc sites of this surface. The other major con-
tribution to this peak is due to the existence of fcc sites on
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Ru(1010) and Ru(1121). The contribution for the 3, peak
(A1 and By in Fig. 12) can be assigned to the population of
hcp sites of Ru(1121) and Ru(1010). Here, the values for
Eges have been determined on Ru(1121) to be 31 kJ mol~!
and on Ru(1010) to be 56 kJ mol~! (27, 36,37, 64). Analysis
of the microcalorimetric data obtained by the King group
for H, adsorption on Ru/SiO; led to a heat of adsorption
varying from 90 to 50 kJ mol~! for the strongly and weakly
bound species, respectively (40).

Based on the experimental observations combined with
the modeling results, the process of the H; adsorption on
Ru/MgO can be described according to the portal-mediated
adsorption proposed by the King group (43, 71): gas-phase
H, preferentially dissociates on the low-coordinated de-
fectlike sites producing the very weakly bound hydrogen
species. These highly mobile hydrogen species diffuse to
high-energy sites, leading to 3, hydrogen, and then fill up
intermediate-energy sites, leading to (3; hydrogen. A frac-
tion of weakly bound hydrogen species desorbs directly
when flushing the setup with He after the adsorption pro-
cedure. This conjecture is supported by means of microki-
netic modeling using the equations reported in Ref. (31)
and transferring them to the conditions applied in our ex-
periment (Fig. 13). When the fractional coverage of the §3,
sites increased from 0.75 to 1.0, the onset of the signal was
found to shift toward lower temperatures, as is known to
occur for second-order desorption. The presented results,
particularly when the results from the TPD experiments
subsequent to H, dosing at 78 K are considered, also clearly
show that a second pathway should be included to allow the
direct adsorption on the basal planes, which especially oc-
curs at higher temperatures. A similar two-pathway mech-
anism was proposed for H, adsorption on single crystals by
Bernasek and Somorjai (72). They reported that stepped
Pt(997) and Pt(553) surfaces were approximately 100 times
more active for the isotopic H,/D; exchange reaction than
were Pt(111) surfaces.

The results obtained with the Cs-promoted catalyst cor-
roborate the model of portal-mediated adsorption. Key to
understanding the microscopic processes is the role the lo-
calization of the promoters plays. Based on calculations,
Hoost and Goodwin (73) found that potassium selectively
decorates surface sites on a Ru/SiO; catalyst. In situ surface
characterization tools, such as atomic-resolution transmis-
sion electron microscopy in the presence of reactive gases
and at high temperatures, are becoming available to clar-
ify how a promoter enhances the activity of the catalyst
(74, 75). From our kinetic results it can be concluded that
the fast path via edges, corners, and low-coordinated sites is
blocked by the dopant. The results clearly reveal that more
sites are filled by dosing H; at 300 K followed by cooling to
78 K, whereas the dissociative adsorption is slowed when
H, is dosed at 78 K. Correspondingly, an additional uptake
of H, was found in the TPA experiment at 150 K. This obser-
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vation suggests the existence of an activation barrier which
is surmounted using the higher dosing temperature applied
in the standard TPD. Further studies are in progress to gain
deeper insight into the microkinetics of activated adsorp-
tion for the Cs-promoted catalyst system and to study the
role of coadsorbates such as O-x and N-* for unpromoted
Ru catalysts.

5. CONCLUSIONS

The application of volumetric hydrogen chemisorption
and temperature-programmed techniques was shown to
yield similar results. As a result of the microkinetic ana-
lysis, a correlation between the amount of desorbing hy-
drogen detected in the TP experiments and the amount of
hydrogen species measured by means of volumetric hydro-
gen chemisorption at different constant temperatures was
obtained.

When dosing H; by cooling it in a flow of pure H; from
300 to 78 K followed by heating the Ru/MgO catalyst in He
with a linear heating rate (the so-called standard H, TPD
experiment), the spectrum displayed three well-resolved
H, desorption peaks: a sharp, steep peak with a maximum at
120 K, which can be assigned to the desorption of so-called
very weakly bound « hydrogen; one with a maximum at
300 K (weakly bound f; hydrogen); and a broad one at
around 450-600 K (strongly bound {3, hydrogen). The inter-
action of H; with a reduced adsorbate-free Ru/MgO cata-
lyst is therefore an example of a nonactivated dissociative
“portal”-mediated adsorption process: hydrogen prefers to
dissociatively adsorb on low-coordinated defectlike sites,
producing very weakly bound, highly mobile hydrogen
species. These species migrate to sites that adsorb hydrogen
most strongly (AH,gs > 70 kJ mol~1), followed by populat-
ing intermediate-energy sites (20 kJ mol~! < AH,q4s < 70 kJ
mol!) and low-energy sites (AH,gs <20 kJ mol™!). In ad-
dition, Cs was found to selectively decorate defectlike sites
suppressing the fast adsorption path based on the model of
the portal-mediated adsorption.

Various TP experiments (TPD, TPA) were carried out
applying different hydrogen dosing procedures (e.g., flow
pulse chemisorption, dosing temperature). The subsequent
spectra differed in the position and the form of the peaks
due to phenomena such as repulsive interactions in the ad-
sorbate layer and readsorption along the catalytic bed. By
means of microkinetic modeling it was found that the low-
temperature peak can be assigned to the desorption of « hy-
drogen from twofold coordinated adsorption sites on open
single-crystal surfaces and from low-coordination sites such
as edges, defects, or kinks. Obviously, there is an overlap
of different desorption processes for the high-temperature
peak (p3, hydrogen). Contributions could be assigned to
hydrogen species desorbing from the fcc sites on Ru(0001)
Ru(1010), and Ru(1121) single-crystal surfaces. The peak
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attributed to (3; hydrogen is due to the population of the
hcp sites on these single-crystal surfaces.

Finally, the stepwise thermal treatment of the catalyst up
to 1330 K caused a growth in metal particle size correspond-
ing to a continuous decrease in peaks in the TPD spectra.
There were also indications of a modification of the support:
the BET surface area decreased about 40% and a loss in
the number of micropores was additionally observed. The
thermal treatment experiments confirmed 783 K as the op-
timum temperature for the catalyst activation before Hj,
TPD experiments.
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