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The slective CO oxidation - reactions

|. INTRODUCTION

1. The selective CO oxidation - reactions

The following work is concerned with a detailed mechanistic investigation of the selective
(preferential) oxidation of CO over supported noble metal catalysts in hydrogen-rich gases. As
will be specified in the following chapter, this reaction has an important commercial
application for the purification of hydrogen feed gas streams for low temperature fuel cells

produced by methanol steam reforming.

Although in the past years numerous studies on the pure CO oxidation (i. e, in UHV, a
nitrogen or a helium background) on noble metal surfaces have appeared (e. g., [1-3] and
many others) only a few pulications were concerned with effects arising from coadsorbates
and parallely occuring surface reactions (e. g., [4-7]). Moreover al the latter studies use a
phenomenological approach by kinetics, but in most cases provide no mechanistic
explanations for the observed reaction orders and rates, which consequently is one of the

central intentions of thiswork.

For the preferentiadl CO oxidation in Hy-rich gases two competing, paralely occuring

processes have to be considered, the CO oxidation reaction
CO + 120, - CO, : AH® = -283 kdJ/mol [8] (1-1.2)
and the H, oxidation reaction
H, + %0, - H,0 : AH® = -242 kJ/mol [8] (1-1.2)

The sdlectivity, S, indicates, which of the two reactions is favoured by the kinetics. For

practical reasons it has been defined via the oxygen consumption:

r CcO AO (230— oxidation

== rCO 4+ (H2 - Aogo—oxidation +AO;|2—oxidation (I-1.3)

r* = oxidation rate of CO and H,, resp.; AQO," = oxygen consumed by oxidation reactions

In principle for our complex reaction mixture, which contains CO, O, H, and the products
CO, and H,0, aso afew other reactions must be taken into consideration, e. g., methanation
or methanol formation. Fortunately, on the catalyst systems, which are investigated in the
following chapters, most of these secondary reactions occur only above the applied operation

temperatures at a significant rate, e. g., over Pt/y-Al,O; methanation sets in only for
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temperatures above 250°C, but the optimum temperature range for the selective CO oxidation
is around 200°C [9]. The only interference worth noticing arises from the water-gas shift
(denoted as,, WGS® in the following) reaction:

CO, + H, - CO + H,0 : AHC = +41 kImol [8] (1-1.4)

Although the measured rates for the WGS reaction (forward and reverse direction) are at |east
2 - 3 orders of magnitude smaller than the CO oxidation rates (see, e. g., chapter 111-1.3.2), the
reverse WGS sets the limit for the minimum CO concentration, which may be achieved by the
selective CO Oxidation [10-12].
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2. Technical application: PROX

An increasing awareness for environmental protection over the last two decades has lead to
new efforts in order to reduce the exhaust emissions. For mobile applications a new
generation of fuel cell power sources (e. g., in the NECAR series by Daimler Chrysler [13]) is
expected to replace the currently employed combustion engines. Most of the vehicles, based
on PEM fuel cells (proton exchange membrane), gain power from the electrochemical
oxidation of hydrogen. As aresult the local emission of NOy,, CO and CO, is absent or, for the
latter, at least significantly reduced [14]. Unfortunately, gaseous hydrogen has a very low
energy storage density (1 kJcm? for steel cylinders) [14]. Even if recently developed light-
weight materials for gas cylinders are employed, the required volume and weight is still not
acceptable for a mobile application in cars [13]. Liquid hydrogen would alow for a much
more compact construction (10 kJ/cm?3 [14]), but the necessary low-temperature tank wastes a
lot of additional energy for cooling, decreasing the overal efficiency, and bears several
technical problems, e. g., an inevitable leaking of hydrogen or strictly required safety devices
[15]. Other solutions for a direct storage of hydrogen, e. g., nanotube materials or metal
hydrides, are envisaged for the future but still require time for the development of suitable

prototypes [16].

An alternative concept, which is currently envisaged as an intermediate solution, includes the
»on-board“ production of a hydrogen-rich gas from liquid hydrocarbons or acohols, which
provide a superior energy storage density (17.7 kJcm? for methanol), e. g., by a steam
reformation process [14, 17]. A suitable fuel is methanol, which requires rather low process
temperatures for the reforming step (ca. 250 - 300°C over a Cu/ZnO catalyst), so that the
number of side reactions is limited, and can be easily gained from various sources (methane,
coal, bio-mass) [14, 16]. The steam reformation process provides a feed gas (reformate) which
consists of [175% H, and [(25% CO, (compostion of the dry part) and additionally 10 - 15%
H,0 [18]:

CHsOH + H,0 - 3H, + CO, ; AH®=+131kJImol [19] (1-2.1)

Unfortunately, due the above mentioned reverse water-gas shift reaction (eqg. 1-1.4), up to 2%
CO are contained in the reformate, which would poison the anode catalyst in a subsegently
placed PEM fuel cell (see fig. I-1) and hence decrease the energy efficiency of the system to
an unacceptable level [17, 20-22]. The maximum amount of CO tolerated by currently
employed Pt catalysts at acceptable losses is [20 ppm [18] and the recently introduced PtRu
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Fig. 1-1: Setup scheme for an indirect methanol fuel cell power source.

air

anodes are hardly better (tolerance <100 ppm [16, 23]). A small fraction of the CO can be
removed by dosing traces of oxygen over the anode catalyst (so-called ,air-bleed”) [20],
which extends the CO tolerance to 100 - 500 ppm but this technique induces also unwanted
effects like sintering of the anode catalyst or ageing of the membrane [17, 18]. Consequently
an additional purification stage is required, which reduces the CO content down to levels that
are acceptable to the anode catalyst. Various concepts have been proposed, e. g., selective
methanation, pressure swing adsorption or diffusion membranes and aso the preferential CO
oxidation, which is named ,,PROX" [17, 18, 24]. Currently the latter is preferred, since it
allows for a rather space saving implementation compared to the other alternatives and the

material costs are relatively low [17, 18].

Figure I-1 provides an overview scheme of the above described feed gas supply for a PEM
fuel cell unit including a methanol reformer to produce the Hj-rich feed-gas and a

subsequently placed PROX stage for the removal of carbon monoxide.
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3. Intention of thiswork

The intention of this work is to grant mechanistic insight into the preferential CO oxidation
over afew selected noble metal catalyst systems. Primary object is to explain the activity and
selectivity behaviour, which was recorded in a paralée kinetic study by M. Kahlich [25].
Further aspects of interest are the long-term stability (stable steady-state or deactivation) under
reaction conditions and effects arising from the use of different support materials. Finaly,
since the majority of kinetic experiments were performed in a simplified reaction atmosphere
(i. e, without water and CO»; see, e. g., [7, 26]), the influence of a more realistic atmosphere
on the activity and selectivity is another central subject of this work. As a result the detailed
understanding of these reaction processes might be helpful for the design of new catalyst
systems and reactor concepts in future PROX applications.

The experimental priority is set on infrared spectroscopy, which allows for the in-situ
observance of adsorbed surface species under reaction conditions. Nevertheless, a whole
bunch of further methods, e. g., reactor experiments, temperature programmed desorption, and
X-ray diffraction, had to be additionally employed in order to develop comprehensive

explanations for the observed phenomena.

After a short introduction on the experimental setup, we will start with the investigation of
Pt/y-Al,O3 (and later on aso of other platinum catalysts), which was among the first catalysts
proposed for the selective CO oxidation and still represents the basis for most of the currently
employed systems [4, 10, 14, 18, 27, 28]. Consequently all other catalysts in this work are
compared to it as a reference system. In the following chapter we will turn to a bimetal
catalyst, a Pt-Sn alloy, to see, how the modification with another metal affects the activity /
selctivity behaviour compared to the previously investigated pure platinum metal catalysts.
The last catalyst under investigation is a system with a somewhat different CO oxidation
scheme: supported gold, which was already proposed as an active system for PROX at very
low operation temperatures [29-31]. Finally we will conclude the work with a comparative

summary of the previously presented results.

Since large parts of this thesis are based on the results of a parallelly conducted kinetic study
[25], some illustrations have been drawn from the latter work. These figures have been
marked explicitely with ,{KAH}*".
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Il. EXPERIMENTAL

1. Setup
Mixture c[%] purity degree provider
H, 100 5.0 MTI
N> 100 6.0 MTI
CcO 100 4.7 Linde/ MG
COin N, 2 47 | 6.0 Messer Griesheim
COinH, 4 45 | 56 Mess. Gr./ MTI
COinH, 2 47 | 5.6 Messer Griesheim
COinH, 0.14 47 | 5.6 Messer Griesheim
CO, 100 6.0 Messer Griesheim
O, 100 5.0 MTI
O,in N, 10 5.0 / 5.0 (CO-free) Linde/ MTI
O,in N, 0.35 5.0 / 5.0 (CO-free) MTI
0O, in CO, 10 55/ 6.0 Messer Griesheim
1%CO, 1% O,, 1% CO,, ¥2% CH,, 75% H,, rest N, AGA
1% CO, 1%0,, 25% CO,, rest H, AGA

Tablell-1: Different gases used for the experiments.

1.1 Reaction gases & mixturefacility

In order to simulate reaction atmospheres as close as possible to those produced by a real
methanol reformer (see fig. I-1) and to be able to investigate the effect of each contained
component in detail, we arranged a complex gas mixture assembly, which allows for the
variation over a large concentration range for each reactant. The centra mixture faciltiy
(scheme shown in fig. 11-1) consists of four mass-flow controllers (2 x 100, 1 x 50 and 1 x 20
Nml/min MFCs; Hastings HFC-202), which are set by an electronic control unit (Hastings
power supply 400). Pure gases and commercialy available gas mixtures (table 11-1) are
attached via steel and copper (for CO-containing gases) tubes (Dockweiler) and switched by
three-way valves (Whitey or Parker). Water could be added in a concentration range between
0.6 and 1.5 kPa by bubbling the feed-gas stream through a tempered water vessel (see fig. 1l-
1). For each gas the corresponding MFC was calibrated manually by a flow-meter to ensure
accurate flow rates (for more detailed information see [9, 32]). All flows are given in ,,Norm-

milliliters* per minute (Nml/min), i. e., standardized to 0°C and 1 atm (ideal gas behaviour



‘dnyes Ajddns seb ayy Jo swleyos :T-11 B4

N_I_ NZ
ul 02 ul
09 N .
N:_ Nc_ 0
@ E




Setup Reaction gases & mixture board

term applled (6{0) 02 H2 COz N2 Hzo A
for [kPa] [kPa] i [kPa]:[kPa]:[kPa]: [kPa]
,idealized reformate* | PROX | 0.02-1.5 0.02-1.5 [I5 - ress 015 |29
,more realistic PROX | 0.02-15 0.02-15 [75 rest - 0-15 | 2V
reformate*
reverse - - 75 rest - 1.5 -
WGS?
forward 1.0 - - - rest 15 -
WGS?

1) except indicated differently  2) WGS: water-gas shift reaction

Table l1-2: Most frequently used reaction gas compositions

presumed). For most experiments flow rates between 80 - 135 Nml/min were applied,

corresponding to atypical space velocity of 15 - 25 s™.

The most frequently used reaction gas mixtures are listed in table 11-2. The term , idealized
reformate”, which will be used frequently in the upcoming chapters, corresponds to a CO
oxidation mixture with 75 kPa hydrogen and rest N, and was used, e. g., for the mgjority of
kinetic experiments [7, 9, 25, 26]. For a better overview the exact gas phase compositions,
especially when differing from the standard mixtures, are indicated separately for each
experiment. The partial pressure for the added oxygen in our experiments is expressed

indirectly via the A-value:

p
A=2022 (11-1.2)
Pco

px = partia pressure of CO and O,, resp. [kPa]

By three- and four-way valves the reaction gas mixtures may be directed either into the reactor
tube (described in chapter 1.2), to the in-situ DRIFTS cell (chapter 1.3.2) or directly to the GC
(chapter 1.4) for bypass-measurements, which were required as a reference standard for the

calculation of the degree of conversion (fig. 11-1).
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Figure |1-2: Temperature-profiles inside the plug-flow reactor tube.

1.2 The plug-flow reactor

The test reactor consists of a small quartz tube (ID 4 mm; for the mgjority of shift and TPD-
experiments also ID 10 mm), where the catalyst bed (ID 4 mm: (1100 mg, ID 10 mm: up to
1000 mg powder) is fixed in the middle by quartz wool plugs (see adso [9]). A K-type
thermocouple is attached on the tube above the catalyst bed by a ceramic paste (Polytech 905).
The tube is placed inside a steel cylinder (ID 15 mm; endings sealded by stedl plugs), whose
temperature can be controlled by a facility for heating and cooling, via a resistant wire (Horst
HSQ 900) wrapped around the cylinder and a parallely attached air cooling (1/8" steel tube;
Dockweiler). The latter is split up into two parts, both with the air entrance located at the ends
of the steel cylinder. The addition of the cooling facility produced rather satisfying
temperature profiles, with a stationary zone (+ 2°C) reaching at least over 2-3 cm, which was
sufficient for a standard catalyst bed (see fig. 11-2). For thermal isolation the steel cylinder is
embedded in a thick layer of quartz wool. Operation temperatures of up to 900°C may be
applied to the reactor. On the other hand, when the cooling air is passed through a liquid
nitrogen trap, the reactor may be cooled down to max. -100°C, which was necessary, e. g., for
the temperature-programmed desorption experiments on the bimetallic Pt-Sn catalyst (see
chapter 111-2.1.2).

For a plug-flow reactor it is assumed, that axial diffusion is negligible and that there are no

radial variations of the flow rate [33]. The rates for the CO oxidation are calculated by a
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model, where the changes for a differential mass / volume element over the catalyst bed are

considered via

m dm  *mdX
J— - :-g CO

0
VCOm

_ (1-1.2).
I'co
m = mass of catalyst [g]; \./CO.n = volumetric flow [Nml/min];

X = conversion degree;  rco = rate of CO oxidation [molco/g* g

For differentia flow conditions (i. e., a small conversion), where no major concentration
changes occur and thus the rate becomes virtually constant along the catalyst bed, the average

reaction rate may be calculated by integration of eq. I1-1.1:

r=-X_ 3/ (11-13).
m

Practically, differential flow conditions were fullfilled at conversion degrees below 20%. A
more profund review on the plug-flow theory with a detailed derivation of egs. 11-1.2 and I1-
1.3, respectively, may be taken from ref. [9]. In order to guarantee differentia conversion
most of the catalyst samples had to be diluted with a non-reactive material. For most
experiments a-Al,O; (BET 4.7 m?/g) was used, since it also mitigates the pressure drop over
the catalyst bed, thus any diffusional effects could be safely excluded. Only for the water-gas
shift experiments, where the reaction proceeds at a much lower rate than the CO oxidation, the
formation of a reactive interface by the mechanical mixing of the catalyst and the a-Al,Os
could have falsified the results significantly. Therefore for those measurements the catalysts
were diluted either by a tempered low-surface-area version of the corresponding support
materia (SI02, MgO, TiO,) or by SIC (Aldrich).

For a better comparison between different catalyst samples, in most plots and tables the rate
was normalized to the number of available surface metal atoms and expressed as a turnover-

frequency (TOF; [9]):
M et
TOF =rg BT (n-1.4)
M e = atomic mass of noble metal [g]; D = metal dispersion

The reproducibility of the rates is strongly affected by the type of catalyst used and by
possible deactivation effects during storage (see, e. g., chapter 111-3.4.1). For Pt/y-Al,O3 the

10
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reproducibility was very good (rate less than +20%, selectivity less than +5%), for
Pt3Sn/V ulcan and the gold catalysts the deviations between measurements on different catalyst
beds were sometimes larger, so that for many experiments an average over three or more

experiments had to be taken in order to achieve asimilar accuracy for the data.

11
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Fig. 11-3: Scheme for the measurement of diffusely scattered
light from a powder sample [40].

1.3 Infrared spectroscopy - DRIFTS

Infrared spectroscopy is one of the few methods that can be easily adapted for the in-situ
characterization of surface species under non-vacuum conditions. The (selective) CO
oxidation over noble metalsis an excellently suited object for such studies, since the adsorbed
CO has a large IR cross section (as well as possible by-products, e. g., carbonates) and its
absorbance frequency is very sensitive to both the local environment of the adsorption site
[34] and the presence of other coadsorbed species [35]. This sensitivity is caused by small
variations in the electron density of the substrate metal d-states, which results in an altered
»back-donation“ of electrons from the metal to the 2rt*-orbital of the CO, causing a
corresponding shift in the absorbance fregency of the C-O bond [36]. Moreover, CO
molecules adsorbed in close vicinity exhibit dipole-dipole coupling, which induces a slight
coverage-dependent shift of the corresponding IR-bands to higher absorbance frequencies [37-
39]. Therefore not only the absolute intensity (identical adsorption sites presumed) but also
the position of the COy-band serves as a good indicator for the surface CO coverage at the

applied reaction conditions.

Especialy the analysis of diffusely scattered light from powdered samples, DRIFTS (diffuse
reflectance infrared Fourier transform spectrometry), has found a wide-spread use for
heterogeneously catalyzed reactions. A fast increasing number of publications on apparative
improvements (see e. g. [41, 42]) as well as many applications for catalytic studies (e. g. [32,
40, 43] have appeared in the last few years. The use of a diffuse reflectance setup (see scheme
in figure 11-3) allows for observations on powdered catalysts without any further sample
preparation. Therefore corresponding structural changes, which, e. g., may occur during the
high-pressure formation of a KBr-pellet, required for transmissions FTIR spectroscopy, are
avoided [41, 44, 45]. Moreover, the possibility to conduct high flow rate reactant streams

12
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through the sample, similar to a micro-kinetic reactor, along with the excellent control of
environmental conditions in the used in-situ cells enables measurements under conditions very
close to that of rea technica applications and allows for studies at differential-flow
conditions, which suffer less from the danger of mass-transport induced spectral artifacts. A
major disadvantage of DRIFTS, however, is the unknown penetration depth of the incident
beam, so that an absolute quantification as for transmission experiments is not possible. Thus
for the calculation of, e. g., the surface CO coverage some additional informations, e. g.,
theoretical calculations via adsorption-desorption equilibria, are required as an calibration
point (see, e. g., chapter 111-1.1.3).

Figure 11-3 shows a typica setup scheme for a DRIFTS measurement. With the help of
mirrors the infrared beam is directed to a spherical mirror, which focusses the light onto the
sample. A second spherical mirror collects the diffusely scattered light, which is further lead
to the detector.

Since DRIFTS is not yet fully established as a standard method for applications in
heterogeneous catalysis, we will provide a short review on the DRIFTS theory in the

following section.

1.3.1 DRIFTStheory

The basic equation for describing the intensity of any diffusely scattered light from a powder
sampleis given by the radiation transfer equation [46]:

d
KpdS_I y (11-1.5)

| = light intensity at wavelength A; p = density
K = attenuation coefficient (radiation loss from absorption and scattering);

S=optical pathlength; | = scattering function

This equation may be simplified and solved by introducing well-definded experimental
conditions. For a supported metal catalyst the most suitable approach was shown to be the
Kubelka-Munk theory [47], where the incident and scattered light are approximated by two
opposite fluxes, which are perpendicular to the illuminated surface [48]. For an infinitely thick
sample the diffuse reflection can be described as a function of an apparent absorption and an

apparent scattering coefficient in the so-called Kubelka-Munk equation [46, 49-51]:
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(1-R.)* _k

fRa)="p

(11-1.6)

00

R.. = diffuse reflection from an infinitely thick sample;

k = absorption coefficient; s = scattering coefficient

The coefficients k and s are in priciple characteristic for each material under investigation, but
it should be mentioned that the scattering coefficient, s, is a not only an intrinsic material
function, but also , e. g., dependent on the particle size, the particle distribution, the packing
density and the humidity of the sample, which even for a known penetration depth would

make an absolute quantification impossible [51, 52].

The required criterium of infinite depth is strongly dependent on the absorption of the sample.
For aweak absorber (e. g., Al,O3) a sample thickness of ca. 1 mm is necessary, for a strongly
absorbing material like carbon the infrared beam penetrates only in the range of micrometers

[53]. Additional experimental conditions for the use of the Kubelka-Munk function are [46]:

* adiffuse irradiation of the sample,
* isotropic light scattering,
 alow absorber concentrations (< 10% [53])

» auniform absorber distribution

Since the thickness of the catalyst bed in al our DRIFTS cells is 3 mm or more and the
absorber concentration is very low, due to the dilution with the support material, al pre-
conditions are fullfilled and the Kubelka-Munk function should be well suited for evaluating

our infrared spectra.
In order to avoid the measurement of absolute light intensities the reflection is related to a

reference material, yielding the relative reflection, r,, [40]:

1-r,)% kK
f(rm)=%=g (11-1.7)

(o]

For a weakly absorbing sample the absorption coefficient may be replaced by the extinction
coefficient [49]

k = 2303k (11-1.8)

€ = extinction coefficient; ¢ = absorber concentration
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Sample

Fig I1-4: , praying mantis* mirror alignment [54].

and eq. I1-1.7 istransformed into

2303k [
f(rs) == =% (11-1.9),

hence under these conditions the diffuse reflectance should be linearly related to the absorber
concentration, which is indeed observed experimentally for absorber concentrations below
10% [53]. At higher concentrations, however, deviations due to specular and diffuse Fresnel
reflection (i. e., directly reflected light without penetration into any particle) and due to a

decreasing penetration depth are noticed [55-57].

1.3.2 DRIFTS-setup

For our DRIFTS measurements we used a commercial mirror arrangement by Harricks in the
so-caled ,praying mantis’ form (PM-DRA-2-XXX) to direct the infrared beam. The
compartment is shown in figure 11-4. The mirrors are aligned in an ,, off-axis*-geometry, i. e.,
the interfering specular Fresnel reflectance is being faded out, which results in an extension of

the linear concentration range for the Kubelka-Munk function [57].

We have employed three different in-situ DRIFTS cells. First we started with a commercial
cell by Harricks (HV-DR2; see fig. 11-5), but it was only used for a few of the adsorption
experiments on the Pt/y-Al,O5 catalyst (chapter 111-1.1.1). The maor part of work was donein
a closely related imitation by our university workshop. For the latter model the gas leakage
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Fig I1-5: Harricks DRIFTS-cell HV-DR2 [58].

problem, which is described in detail in appendix A, was reduced significantly, so that mass-
transport related artifacts for spectra acquired during reaction could safely be excluded. The
temperature for both cells is adjusted by an electronic controller (Watlow series 965), which

controls a heating rod. The latter is mounted below the sample cup.

Later on, for measurements, which require the parallel recording of accurate kinetic data, we
designed a completely new cell, which is introduced detailed in appendix A. The latter was
used for our studies on the influence of increasing CO,-contents on the selctive CO oxidation

(seee. g. chapter 111-3.5.2).

All cells alow for a continous gas flow through the catalyst bed (ca. 0.1g powder), which is
placed on a small steel net. ZnSe had to be used as a window material, since the commonly
employed KBr material was not resistant to the water produced in the H, + O, side reaction
during the selective CO oxidation.

In order to achieve areproducible packing density (which results in a more uniform scattering

coefficient; see eq. 11-1.7), we used a small weight to compress the freshly filled catalyst
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powder. Nevertheless, absolute intensities of spectra acquired on different catalyst beds
should be compared with much reservation. Even if an identical catalyst is used, the tolerance
for the signal intensity is more than +10%. Consequently all experiments, where a sample is
examined in different atmospheres were conducted in the form of , switch”-experiments, i. e.,
the same catalyst bed was exposed subsequently to different mixtures. This procedure reduces

the toleranceto 2 - 5%.

1.3.3 Processing of DRIFTS spectra

Spectra were acquired either with an Infinity AR 60 (Mattson) or on a Magna 560 (Nicolet)
spectrometer, both equipped with a narrow-band MCT (mercury cadmium telluride) detector.
The DRIFTS experiments were controlled and evaluated by the WinFIRST (Mattson) and by
the OMNIC software package (Nicolet), respectively.

For each measurement several spectra were added in order to increase the signal to noise ratio
(SNR). The number of coadded scans depended strongly on the penetration depth of the
infrared beam into the powder, which is much larger for brightly coloured samples (i. e., weak
absorbers). Consequently, for Pt/y-Al,O3 (chapter 111-1) 300 scans, corresponding to a total
scanning time of ca. 2.5 min., were sufficient. For the black PtzSn/V ulcan catalyst (chapter I11-
2) measurements were only possible after dilution with a less strongly absorbing material (in
most cases a-Al,Oz; ca 1:20). Nevertheless, at least 1200 scans were required, for very
accurate measurements even up to 3000 scans (scanning time ca. 25 min.), in order to achieve
an acceptable SNR. The experiments on Au/a-Fe,O3 yielded good results with 400 - 600
coadded scans (depending on the degree of dilution), corresponding to atotal scanning time of

up to 5 min..

In order to correct for the DRIFTS geometry, all spectra were evaluated as ,, diffuse spectra’
(designated by Kubelka-Munk units), following this standard procedure:

» At the beginning of each experiment one or more , background spectra‘ (one for each
envisaged measurement temperature - again averaged over the required number of single
scans) are recorded on the freshly conditioned catalyst sample under a flow of pure
nitrogen. Subsequently the ,, sample spectra* at the applied reaction conditions are acquired.
Both are recorded in the form of ,, single-beam spectra’, i. e, as if the infrared light would

be emitted directly from the sample (absolute IR intensity vs. wavelength)
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* In the next step, a conventional ,transmission spectrum” is calculated by dividing the

sample spectrum through the background reference,
T=— (11-1.10)

| = sample emissivity; 1o = background emissivity
which is further transferred into the well-known form of an ,,absorption spectrum®:
A =-1log(T) (11-1.11)

Since the absolute intensity of the diffusely scattered light is highly sensitive to the position
of the catalyst bed's surface [32, 45, 59], the signa may decrease dlightly during a
measurement series as a consequence of a slowly occuring displacement of the surface (e.
0., by the increasing compression of the catalyst bed by the applied gas flow). In order to
correct for such deviations, the sample spectrum is scaled to the background intensity at a
»fixed point*, which is reproducible during the experiment (i. e., where no IR bands are
growing - in most cases between the gas-phase bands of CO and CO, at around 2250 cm™,
as was proposed, e. g., by Barth et al. for the CO adsorption on Pt/Al,O3 [60]). To exclude
spectral artifacts in the final DRIFTS form arising from a cross-over of the sample and
background spectra, since the Kubelka-Munk function (eqg. I1-1.6) produces absolute values
and absorption bands in the negative range would be inverted [61], al sample spectra were
multiplied by a factor 0.96 after the scaling procedure, so that the intensity of the sample
spectrum is safely below the background for all measured wavelenghts.

* Inthe last transformation the Kubelka-Munk function (eqg. 11-1.7) is applied to the absorption
spectrum:

(1-A)

KM-spectrum = (1-1.12)

* Finaly the CO gas-phase signal was removed by scaling and subtracting a reference
spectrum obtained under identical conditions over a non-reactive materia (Al,O3, SIO, or
SiC).

The adjusted nominal spectral resolution was 4 cm™ (Mattson) or 8 cm™ (Nicolet),

respectively, corresponding to an effective reproducibility of roughly + 0.1 cm™ [59]. Higher

resolutions werw not employed, since the ensueing unfolding of the rotational fine structure

would make a proper subtraction of the gas-phase signal impossible [32].
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Most catalysts had to be diluted, not only for an improvement of the sampling depth, but also
to fullfill differential flow conditions. In analogy to our reactor measurements for most
experiments a-Al,O; was employed, which had been tested previously for its non-reactive

character (unpublished results).
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1.4 On-line GC analysis

The reactant/product mixture leaving the plug-flow reactor or the DRIFTS cell, respectively,
is directed to a gas chromatograph for on-line analysis of the CO conversion and selectivity
(fig. 11-1). The GC (model CP9001; Chrompack) is equipped with two paralely installed
widebore capillary columns (O 0.53 mm). Hy is used as carrier gas (18 Nml/min). The GC's
oven temperature is adjusted to 60°C. A diagram of the column setup is provided in fig. 11-6.
After the sample volume (ca. 15 pl) has been introduced via a six-way wave (SV2), in the
first step, CO, and water are separated from the less polar components by a Poraplot U type
column (25 m, 20 pum coating; Chrompack). Subsequently, via a four-way valve (SV1) the
remaining gases (N, O,, CH,4, and CO) are directed to a Molesive 5A column (30 m, 15 pm
coating; Chrompack), where they are finally resolved into single peaks. The resulting total run
time is [B min.. Each channel (Poraplot and Molsieve, resp.) is monitored by a thermal
conductivity detector (Chrompack TCD 914). For the anaysis of CO and O, ,bypass
measurements® (i. e., without passing the catalyst bed), acquired prior to the experiment, are
used for calibration. The CO,- and CH,4-contents (the latter would evolve from the parallely
occuring CO + H, reaction) are evaluated via comparison to a , calibration gas* of known
composition. The GC measurements were controlled by the Maestro software package

(Chrompack), which was also used for the integration of the resulting chromatograms.

The dectection limits for this setup are at least 10 ppm for each component. A reproducibility
(standard deviation) of +0.2% was calculated at the typical analyte pressure of 1 kPa.
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1.5 Other methods used

1.5.1 XPS

The sample chamber for the XPS experiments has a base pressure of 5¢10° kPa. It is
equipped with a hemispherical analyzer (Specs EA 2000; O 150 mm) and a standard dual
anode source. The Al-Ka-line (1486.6 eV) was used for our experiments. The pass energy
was set to 147 eV for survey scans and 88 eV for more detailed spectra, corresponding to a
resolution of 1.4 and 1.2 eV, respectively, for the Ag(3ds,) signa. Signals of Au(4f,) at 84.0
and Ag(3ds,) at 368.3 €V were used for the calibration of the spectrometer. The spectra
acquisition is controlled by the Spectra software package.

For the evaluation of the XP spectra a Shirley background subtraction routine was employed
[62]. The signals were fitted by Gaul3-Lorentz functions. In order to compensate for charging
effects on the Au catalysts (chapter 111-3), the C(1s)-signal was fixed to 284.6 eV. The
PtsSn/Vulcan catalyst (chapter 111-2) showed no charging effects due to its excellent electric
conductivity. For futher information the reader is referred to ref. [63].

1.5.2 On-line IMR-MS analysis

The TPD (chapter I11-2) experiments on Pt3Sn/V ulcan and the oxygen titration experiments on
Au/a-Fe,03 and Pt/y-Al,O3 (111-3.1.3) were performed by on-line analysis with an IMR-MS
(ion molecule reaction mass spectrometer). This type of mass spectrometer (Atomika IMR-
MS SP89) employs low energy noble gas ions (Xe", Kr*) for the ionization of the analyte gas,
so that the fragmentation process is significantly reduced. Consequently it allows for the
detection of CO on the mass 28 without any interference from, e. g., nitrogen, which is not

ionized under these conditions, or from CO,, which is not fragmented [64].

The employed noble gases are dosed by a calibrated leak, resulting in a pressure of 10° kPain
the ionization chamber; the analyte gas is differentially pumped and then dosed separately via
a 60 um iris (10° kPa). The gate-time for analysis (quadrupole MS) was 2 s for each of the
seven surveyed components (CO, CO,, O,, H,0O, CHy, Kr, and Xe) in our TPD measurements.
Together with an additional delay of 1 s, this corresponds to a sampling frequency of 4
datapoints per minute. For the CO titration experiments (chapter 111-3.1.3) a shorter gate-time
of 0.2 s (O, CO,, CO, Kr, Xe) was chosen, equivalent to 1 datapoint per second. The
resulting signals are detected by a SEV. For analysis all signals were normalized to the noble

gas signals and calibrated with the help of reference gases of known composition. The
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measurements are recorded by a software package from Atomika. The integration of peaks
was performed with the Sigma Plot software (Jandel Scientific). Further details on the analysis
by IMR-MS may be taken from ref. [65]. For futher information on the setup see ref. [66].

1.5.3 I sotope studies / pul se experiments

The isotope / pulse studies were performed in a TAP-reactor (temporary analysis of products;
model 1b, equipped with a high pressure assembly) at the Institute of Technical Chemistry,
University of Bochum. A detailed description of a typical TAP-setup and the employed
reactor type, which contained a mass of ca. 50 mg catalyst powder, is found in ref. [67]. All
experiments were performed in the vacuum-flow mode (i. e., with vacuum applied to one end
of the catalysts bed), which is characterized by a very short contact time for the reactants

(incoming flow rate ca. 1-2 Nml/min).

For our investigations on the Au/a-Fe,O5; catalyst (chapter 111-3.1.3) we admitted pulses of
isotopically labeled *°0, (Cambridge Isotope Laboratories; ca. 95% *20; diluted with Argon
1:5; [2*10™ molecules/pulse) to a continuously flowing reaction mixture for the selective CO
oxidation (ca. 1.7% CO, A = 2; 75% H,, rest Ne).

1.5.4 XRD

XRD experiments were performed on a Siemens D5000 spectrometer at the ZSW (Center for
Solar Energy and Hydrogen Research) in Ulm, Germany, using the Cu-Kg line (1.540 A). The
source beam is limited by a variable software-controlled dlit. A further ,, scatter dlit* of 2 mm,
which fades out the diffusely scattered light from the sample, a , receiving dlit* of 0.6 mm and
a graphite monochromator were used for all measurements. The experiments are controlled
and evaluated by software from Bruker. For peak fitting procedures pseudo-Voigt functions
were applied. The determination of the particle size was done via the Scherrer-equation,

where the halfwidth (FWHM) isinversely proportionally related to the particle diameter [68].

Since the very small metal particles on our gold catalysts (see tables I11-10) are already close
to the XRD detection limit, the latter is not a very accurate method for determining the
corresponding dispersion. Therefore the calculated TOFs exhibit arather large tolerance of up
to £50% for those samples which contain the smallest gold particles. Consequently for some
samples additional TEM photographs were recorded for a more precise determination of the

average particle size.
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2. Catalyst characterization

Catalyst company / product | metal loading | Pt particlesize D | Tconditioning
[wi-%] [nm] [%] [°C]
Pt/y-Al,O3 | DegussaF 213 XR/D 0.5 4 (CO-TPD) Y 38 350
2.3+0.6 (TEM) | 422
Pt/MgO Engelhard 41621 05 46+16(TEM) | 20 ) 350
PYSIO,? 05 ca 3 (TEM) 50 3509
PUTIO, Degussa F 700 XR/D 0.5 40° 350
Pt/Vulcan E-TEK 20 3.7+1.0(TEM) | 262 300
Pt black Mateck 100 15.6 (XRD) 10 200
1) seeref. [9]; 2) particle size distribution (TEM) included for calculation of D;
3) preparation via colloid particles, 4) calcination for 90 min.

5) assumption for TOF calculations in chapter I11-3.1.3
Table 11-3: Pt-catalysts used for our experiemts

2.1 Platinum catalysts

Severa different Pt-catalysts were employed in our study (table 11-3). The mgority of the
experiments were performed over a commercia Pt/y-Al,O3 catalyst (Degussa; F 213 XR/D),
which is closely related to currently employed systems for PROX applications (e. g. [10, 16,
18]). Prior to the experiments all Pt-catalysts were pretreated oxidatively by 10 kPa O, in N,
(20 Nml/min; 30 min.) and subsequently reduced in flowing hydrogen (20 Nml/min; 30 min.).

The resulting platinum particle sizes and dispersions are included in table I1-3.

2.2 Pt:Sn catalyst

The carbon supported bimetalic PtSn catalyst (PtzSn/Vulcan by E-TEK) was loaded with 20
wt% metal containing 75 at% Pt. The particle size distribution determined by TEM, with an
average particle diameter of 3.8 +1 nm after catalysts conditioning (see below), yields a
dispersion of 0.27. The formation of uniform alloy particles with nominal composition is

indicated in spot-resolved EDX measurements on the reduced sample.

For PtzSn/Vulcan the best set of pretreatment parameters was evaluated in a series with
different conditioning temperatures (200 - 350°C) and durations (up to 1 h), where the most
active and selective catalyst was achieved after 30 min. calcination (20 Nml/min O,/N,) and
reduction (20 Nml/min H,), respectively, at 300°C.
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2.3 Gold catalysts

All gold catalysts were synthesized (by V. Plzak; ZSW Ulm) in close accordance with
standard procedures from literature (see e. g. [69-72]):

 Coprecipitation (e. g. for Au/Fe;O3, Au/Ni»O3, AU/Mg(OH),, Au/CeOy,):

7 - 10 g catalyst were prepared by titrating a solution containing HAuUCI 4 and the support
metal nitrate with a Na,COs-solution (all 1M) at a constant pH-value and (for most
cases) atemperature of 60°C (volume ca. 1 liter). The exact precipitation conditions are
provided in tables 111-10 and I11-12. Further details on this procedure may be taken from
ref. [73].

* Deposition-precipitation (e. g. for Au/Fe;Oz, Au/Co304, AUMNO,, Au/SNO,):

Differently from the above described coprecipitation procedure, in the first step only the
pure support precursor was formed before the HAuUCl, was added in a second step at

changed precipitation conditions (pH near the isoelectric point; see aso table I11-10-A).
* Impregnation (e. g. for Au/TiO,, AU/AlOg):

The support material (7 - 10 g) was suspended in a buffered aqueous solution of NapCO3
(ca 1 liter) and impregnated near its isoelectric point with chloroauric acid at 60°C.

The amount of employed HAUCI, was calculated in order to prepare samples containing ca. 2
at-% metal. The exact loading along with a detailed characterization of the freshly calcined
catalystisgivenintables1i1-10 and I11-12.

After filtration the wet samples were redispersed several times in water in order to remove
residual chlorine and especially sodium, which was shown to cause a strongly enhanced
sintering of the gold particles during the following calcination procedure (chapter 111-3.2.3).
Subsequently, the samples were dried overnight at 80°C and ground manually.

The resulting catalysts were pretreated by a calcination step with 10% O,/N; at 400°C prior to
al experiments (20 Nml/min, 30 min.). Differing pretreament procedures are indicated

explicitely in the text.

25



Pt/Al,03 The standard catalyst - Pt/y-Al,03

[Il. RESULTS & DISCUSSION

1. The standard catalyst - Pt/y-Al,O5

Alumina and silica supported platinum metals have been extensively studied for the CO
oxidation in the past (see e. g. [74-77] and references therein). Consequently they were among
the first catalysts proposed for the preferentia oxidation of CO in an Hy-rich atmosphere
(PROX) [4, 27, 78-80], which is one way for purifying the feed gas streams for polymer
electrolyte fuel cells (PEM-FC) produced from steam reformed methanol [14, 18, 22].
Currently the Pt/Al,Os-system till represents the basis for the majority of commercially used
catalysts in industrial applications [10, 16, 17, 28, 80, 81], although its performance has been

improved over the years by modification with severa promotors [80, 82].

Consequently, in our efforts to study the selective CO oxidation reaction over supported noble
metal surfaces, we started from a commercia Pt/y-Al,O3 catalyst (for characterization see
chapter 11-2.1). After evaluating the detailed kinetics and selectivity in idealized reformate for
a variety of reaction conditions (Kahlich et al. - [9][7, 12, 83]), we tried to understand the

exact nature of the reaction mechanisms, which are responsible for the observed properties.

In the following part we will try to relate the data obtained in the kinetic studies to surface
species and processes and to characterize the influences, which additional components (Ho,
H,0O, CO,), constituting a real methanol steam reformate, exhibit on the basic CO oxidation
reaction. We will begin with the determination of the CO,y coverage on the metal particles
under reaction conditions by in-situ DRIFTS experiments and demonstrate its close
correlation to the selectivity before we further elucidate the role of coadsorbed hydrogen. In
the subsequent chapter we will focus on effects arising from the presence of H,O and / or CO;
in the reactant feed gas and investigate, whether the simplified approach by idealized
reformate in our kinetic studies is justified. In the last chapter we will compare various
standard support materials with respect to the CO oxidation activity as well asto the water-gas

shift reaction, which determines the minimum CO concentration achievable in a virtual PROX

stage.
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Fig. I11-1: Selectivity over Pt/y-Al, O, in idealized reformate at A = 2 for
different temperatures. {KAH}

1.1. Theinfluence of the CO coverage on the activity / selectivity

1.1.1 Sdlectivity & hydrogen induced rate enhancement

From an economic point of view it is crucia to waste as little hydrogen as possible in the
PROX stage, thus the selectivity, S, which is defined by the ratio between the CO and H,
oxidation rate, is of outstanding importance.

r CO AO go— oxidation

o= _ — _ 11-1.1
rCO + er AO(ZZO—O)qda]on +AO|2'|2—OXIdatI0n ( )

r* = oxidation rate of CO and H,, resp.; AQO,* = oxygen consumed by oxidation reactions

On examining the detailed kinetics of the selective CO oxidation over Pt/y-Al,O3 in idealized
reformate it was found by Kahlich et al., that the dependence of selectivity on the CO partial
pressure changes markedly with temperature (figure [11-1) [7, 25]. Whereas at 150 and 200°C
the selectivity remains amost constant at 40 - 45 % over the whole CO partia pressure range
from 1.5 to 0.02 kPa (at a constant A-value of 2), it decreases significantly at 250°C down to
30% at 0.02 kPa CO. At 300°C the selectivity loss at lower CO partial pressure is even more
pronounced, ending at only 20% for 0.02 kPa.
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Fig. I11-2: CO conversion of 1 kPa CO (A = 2) at different temperatures in the presence

of 75 kPahydrogen (QO; rest N,,) and in a pure nitrogen background (B ), respectiveley
(datataken after 15 min at each setpoint). Inset: Rate enhancement of the CO conversion
at 150°C in the presence of 75 kPa hydrogen as afuncion of CO and O, partial pressure
(A = 2; data taken after 60 min at each point). {KAH}

Another interesting phenomenon, which was observed in the kinetic studies by Kahlich et al.,
isa2 - 3-fold enhancement of the CO oxidation rate, when switching at 150°C from a mixture
of CO and O; in pure N to idealized reformate, which additionally contains 75kPa H, (inset
infigurell1-2) [7, 32]. Consistent with this enhancement, the light-off temperature for the CO
oxidation is shifted to lower temperatures (AT = 30 - 40°C) in the presence of hydrogen
(figure 111-2) [7, 32]. But from the kinetic measurements it could not be clarified how this rate
enhancement is established and if the effect should be attributed to either co-adsorbed
hydrogen or the water, which is produced in-situ as a result of the H, + O, reaction. Muraki et
al. also reported rate enhancing effects of similar magnitude on Pt/a-Al,O3 upon adding either
3 kPa water or 0.3 kPa hydrogen to 1 kPa CO (A = 0.9) in the temperature range between 120
and 200°C [84]. In their DRIFTS spectra they observed a small downward shift of the band
for linearly adsorbed CO and interpreted this as a perturbation of the surface CO.y-layer
induced by coadsorbed water, which would weaken the self-poisoning effect of the CO, but
they could not further substantiate this proposal. In another kinetic study on the selective CO
oxidation over y-Al,Os-supported platinum metal catalysts Oh and Sinkevitch noted a 40°C
downward shift in the light-off temperature for the CO oxidation reaction at 0.09 kPa CO (A =
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2) over Pt, when adding 0.9 kPa hydrogen [4]. Likewise similar effects of hydrogen have been
reported in some other studies dealing with selective CO oxidation [5, 85, 86] and aso, e. g.,
by Dumpelmann et al. for the NO/CO conversion reaction on Pt/y-Al,O3;, where a blocking
COq layer limits the NO conversion rate in a similar way as will be shown for the PROX
reaction [87]. All latter studies speculate on the formation of highly reactive H-CO
intermediates on the metal surface, but yet there exists no direct prove for the formation of

such species[3].

In the following we will investigate the relationship between CO coverage and selectivity
behaviour on the basis of CO adsorption isotherms, recorded by DRIFTS at temperatures from
150 to 300°C. Subsequently, we will take a closer look at the influence of coadsorbed
hydrogen and show that a hydrogen induced displacement in the COy-layer may serve as a

good explanation for the above described rate enhancement effects.

1.1.2 Experimental limitations - neglecting the reaction rate

Provided that the CO and H, oxidation reactions on platinum both follow a Langmuir-
Hinshelwood mechanism [1-3, 88-91], these high selectivities of more than 40% (see fig. 1l1-
1) in a mixture with an H, to CO ratio of 50 and more can only be achieved if on the surface
of the platinum particles a concentration ratio completely different from the gas phase exists.
For the CO oxidation in a pure nitrogen background such a CO-rich surface would be typical
for the so-called , low rate branch®, where the metal surface is covered predominantly with
CO and dissociative O, adsorption is rate determining [1, 76]. Indeed, the kinetic studies by
Kahlich et al. in idealized reformate revealed a negative reaction order for CO (-0.4; attributed
to the self-poisoning effect of the CO4 layer) and an oxygen reaction order close to 1 (+0.8),
which are both typical for the, low rate branch® [7]. This hypothesis was further supported by
the comparison of DRIFTS spectra of 1 kPa CO in a pure N, background and during selective
CO oxidation in idealized reformate (1 kPa CO, A = 2) at 150°C [83]. Thetall band in figure
111-3 at (2060 cm™ is assigned to linearly bound CO on the platinum surface. It consists of at
least two overlapping species: a low-frequency band band (02050 cm™), which is assorted to
COy On step sites, and a high-frequency band (O 2075 cm™), related to adsorption on
extended terraces [92, 93]. The smaller band at (1850 cm™ represents bridge or multiply
bonded CO (similarly consisting of at least two different species, probably also on terrace and
step sites) [94]. In both spectra the integrated intensity of the adsorbed CO is practically

constant within an experimental uncertainty of £ 5%. It is assumed, that in the CO / N>
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Fig. I11-3: DRIFTS-spectra on Pt/y-Al,O; with 1 kPaCO in pure N, ( ) and
during selective CO oxidation (——; 1 kPaCO; A =2; idedlized reformate) at
150°C. Inset: Integrated intensities of the linearly bound CO, (also shown for
same experiment at 200°C)

mixture the platinum surface is saturated by CO4 (this will be essentially proven below), and
hence the selective CO oxidation indeed proceeds on a platinum surface with a comparably
high CO coverage under the applied conditions. The above experiment, however, coversjust a

single set of concentration and temperature parameters and needs to be verified generally.

Unfortunately the above described selectivity experiments could not be simply reproduced in
the DRIFTS cell, since at temperatures above 200°C either the catalyst had to be diluted so
much, that there was no sufficient IR-signal for quantification, or differential flow conditions
were not fullfilled. A high background activity of the DRIFTS unit at low CO concentrations
and temperatures above 200°C adds further limitations. An elegant way out, the validity of
which will be shown in the following paragraph, is neglecting the reaction rate, i. e., analysing
the rates of carbon monoxide adsorption and desorption in the absence of oxygen. The steady

state CO coverage can be expressed in terms of an adsorption / desorption balance:
fed = Tdes + It (1-1.2)

rq = rate of adsorption; rges = rate of desorption; r, = reaction rate (turnover frequency)
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T[°C] Faes [S7] re (TOF) [s]
150 7.3..3.2*10 0.08
200 140 ... 4.1*10° 0.7
250 1.4+10% ... 3.210° 4
300 1¥10 ... 1.8*10’ 17
350 5.1*10" ... 7.5+ 10’ 55

Table 111-1: Comparison of the range for the desorption term rges
(see eq. I11-1.2) with experimental and calculated turnover
frequencies for the selective CO oxidation (1 kPa CO, A =2,
idealized reformate; [7]) [95-98].

Na [P 1 E
1- ©) 30 - =0 O [&x AL H+ 11-1.3
-9 J2OMIROT Mo P p%_ AT% Ir (n-13)

0 = relative CO coverage; s = gticking coefficient; N, = Avogadro number;

p = partial pressure [Pa]; R =gasconstant [Jg*K]; T =temperature [K];
M co = molecular weight of CO [g/moal]; p = surface density of Pt [atoms/m?];
v = preexponential factor [s7]; E, = activation energy [J]

The desorption term can be estimated theoreticaly from the adsorption energies and
preexponential factors given in several CO adsorption studies on Pt single crystal faces. In
table I11-1 desorption rates at saturation coverage from those studies which represent the most
extreme parameters of Ex and v and thus should cover all possible values [95-98] are
compared with the turnover frequency calculated from our kinetic data [7]. For the calculation
of the r, term it was assumed that the kinetics do not change markedly at high temperatures,
which is indeed fullfilled over the whole range of conditions, where the above selectivity
measurements have been taken [25]. For al temperatures the reaction rates are at least two
orders of magnitude smaller than the desorption term, therefore the r, term may well be
neglected and a variation of the CO partia pressure in a CO / N, mixture should yield the
same change of CO coverage as would be expected in the presence of O.. In figure I11-4 the
integrated IR intensities of the linearly bound CO in different gas mixtures containing 1.5 kPa
CO at 150°C are compared. The first two columns, representing the amount of adsorbed CO

in aCO / N, mixture and during oxidation reaction (A = 2) in a pure nitrogen background, are
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Fig. 111-4: CO coverage (relative to saturation coverage) on Pt/y-Al,O; at 150°C in
different atmospheres containing 1.5 kPa CO:—= CO/ N,; CO/0O,/N,
w2 CO/ H, /N, CO/ 0O,/ H, I N, (PROX); (with H,: 75 kPa; O,: 1.5 kPa).

indeed almost identical within a measurement accuracy of + 3%. This clearly verifies the

above proposed simplifications.

1.1.3 Adsorption of CO in pure N,

As was pointed out in chapter 11-1.2.1, DRIFTS is only a relative technique, because an
integration over the whole catalyst bed is not possible. Moreover, the CO coverage at a given
partial pressure cannot be determined simply by a temperature raising experiment, because the
IR cross section changes strongly with temperature, mainly caused by the reduced CO dipole
coupling at elevated temperatures [40, 99] (compare also chapter 111-2.1.2). Insofar some
additional information is required as an absolute calibration point.

In table 111-2 several studies on the adsorption of CO on different platinum single crystal faces
are listed. With each set of parameters (sticking coefficient, s, preexponentia factor and
adsorption energy at high and low coverage) the relative CO coverage at a partial pressure of
1.5 kPa was calculated for temperatures between 150 and 350°C. For simplification purposes
a constant sticking coefficient and a linear relationship between desorption energy and 6¢co
were assumed. One should be aware, that the absolute saturation coverage of CO on platinum
isaround 0.7 ML [95] - the relative coverage of 8 = 1, used in thiswork, which is calculated
by the ssimplified model, corresponds to this absolute value. According to the results from
table 111-2 it is clearly justified to assume a saturation coverage at 150 °C. At 200°C the
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Fig. 111-5: Change in the relative CO coverage on Pt/y-Al,O, with the CO
partial pressurein apure N, background at 150 (@) and 250°C ), resp.
Inset: Corresponding positon of the infrared band for linearly adsorbed CO.

studies from Ertl et al. [95], Yeo et al. [100] and McClellan et al. [97] show deviations but the
rest still indicates a Pt surface at saturation condition. At 250°C the number of deviations
increases dlightly (in most cases on the densely packed (111) crystal face, where the
adsorption energy is by [115% smaller than on the more open faces [107]), but from the vast
majority of studies it should still be justified to assume 6 = 1. At higher temperatures,
especialy at 350°C, deviations become more severe so that clear conclusions on the coverage

at 1.5 kPa CO cannot be drawn any longer from this table.

In our DRIFTS experiments the equilibrium surface coverage of CO is evaluated via the total
integrated IR intensity of the linearly bound CO. Due to strongly increased half width values
on supported catalysts compared to single crystals the two bands for terrace and step sites are
very difficult to resolve and therefore treated as one in the following measurements. Anyway,
at small particle diameters steps are the main type of adsorption site and terrace sites are just a
small minority [40], which is supported by the dominating IR-signal of step bound CO in our
spectra (see e. g. figure 111-3). It is further assumed that the pressure-dependent changes in the
coverage of the COjinear SPECi€S represent the overall changes of COy in a satisfiying manner
and that bridge bonded CO is only a minority species on our catalyst. According to Luo et al.
at high CO coverages (the dominating) steps should be decorated exclusively with on-top
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species and their infrared signal is linearly related to the coverage [96]. In our DRIFTS
measurements this is underlined by the extreme ratio of the integrated intensities of COjinear
and COyigge Of 20 at 150°C and up to several hundred at higher temperatures.

Figure 111-5 shows the experimentally evaluated CO equilibrium coverage in pure nitrogen at
150 and 250°C as a function of the CO partial pressure. The adsorption isotherms were
recorded under a constant gas flow in an ascendig concentration sequence, waiting at least for
2 hours for equilibration at the lowest CO concentration (i. e., 0.025 kPa) and then 30 min. at
every other point before taking a spectrum. According to the calculations above both
isotherms were scaled to the relative saturation coverage (i. e., 8 = 1) at 1.5 kPa CO. Whereas
at 150°C the coverage is near saturation coverage over the whole concentration range of two
orders of magnitude, there is a significant drop in the CO coverage at 250°C down to 80% at
0.025 kPa. The small intensity increase between 1 and 1.5 kPa may be either due to an
imperfect gas phase correction or, more likely, caused by a non-linearity of the IR signal due
to strong coupling effects, which would increase with increasing coverage. However, in every
case the same deviation would apply to al measured isothermes and not affect the relative
differences. The peak position of the linearly bound CO (for the band associated with the step
sites) is displayed in the small inset in figure I11-5. In both cases a decrease of wavenumbers
with falling CO concentration is noticed, which also points to a small decrease in the local CO
density even at 150°C (Due to intensity shifts arising from coupling effects this decrease in
wavenumbers is not necessarily linearly related to the coverage [110]). At 250°C the shift in
peak position is slightly larger, which parallels the different slope of the adsorption isotherms.
The frequency offset between 150 and 250°C of about 5 cm™ at 1.5 kPa CO, where in both
cases a saturation coverage has been calculated, is caused by the reduced coupling of CO
dipoles at elevated temperatures, as described by Persson et al. [99] or Kappers [40].

For comparison purposes theoretically calculated adsorption isotherms for CO on Pt(111),
derived from the values of Campbell et al. [101], and on Pt(321) (step sites) according to the
study of McClellan et al. [97] are presented in figure I11-6. Especially the coverages
calculculated for Pt(111) (including defect sites) reflect our experimental values excellently,
which demonstrates that the adsorption isotherms recorded by the DRIFTS signal of the
linearly bound CO represent the true surface situation quite well. The fact that the Pt(111)
surface even provides a better fit than the (321)-face, which theoretically should be closer
related to small supported clusters, may likely be caused by the simplified calculations (eq. I11-

1), where a constant sticking coefficient (sp) and a linear relationship between desorption
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Fig. I11-6: Adsorption isotherms for the Pt(111) and (321) face (step sites)
calculated by the values from table I11-2 using eq. 111-1.3 [101, 97].

energy and coverage is assumed (which are both counteracting effects, but do not necessarily

exactly outweight each other.

1.1.4 Adsorption of COinH, /N,

The question still remainsif all of the above assumptions and simplifications can be applied if
we proceed to a more complex matrix containing 75% hydrogen. First of all we should clarify
whether we can expect an appreciable surface coverage of hydrogen at such high
temperatures, since its adsoption energy is considerably smaller than that of CO [111, 112]. If
we theoretically estimate coverages for pure Hy-adsorption by similar calculations as were
performed for CO in table 111-2, with the parameters provided in severa previous studies
[113-116], assuming second-order desorption kinetics, for every temperature level coverages
greater than By = 0.1 are obtained at a partial pressure of 75 kPa hydrogen in the gasphase.
Presumed, that the additional presence of COy or Oy does not affect the H, adsorption /
desorption equilibrium significantly, we truly have a competition situation between CO and

H. at the reaction conditions for selective CO oxidation.

Before we start a more detailed investigation of the coadsorption behaviour we will compare
quantitatively the total integrated intensities of the CO,y Species in a pure nitrogen background
(after 2 hours) and with 75 kPa H, (after one additional hour of equilibration). In figure 111-4
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Fig. 111-7: DRIFTS-spectraon Pt/y-Al,O5 with 1.5 kPaCO in pure N, (=) and
in presence of hydrogen (===; 1.5 kPa CO, 75 kPaH,, baance N,) at 250°C.
Inset: Zoom in the region for bridge bonded CO_

the third column represents the integrated IR area of the linearly bound CO at 150°C in 1.5
kPa CO in 75 kPa H, / rest N,. Compared to the hydrogen-free gas mixtures (first two
columns) the IR signal of the linear bond CO is 5% smaller but, as will be explained in more
detail in chapter I11-1.2.5, this is compensated by an increase in the bridge bonded region.
Thus it is rather a change in adsorption site than a significant decrease in 6¢o. So within the
measurement tolerance of + 3% we are till near saturation coverage with 1.5 kPa CO at
150°C in a Hy-rich gas mixture and the corresponding adsorption isotherm may again be

scaled to the relative coverage 6 = 1.

The comparison between CO / H, / N, and selective CO oxidation in idealized reformate leads
again to amost identical peak areas (columns 3 and 4 in figure I11-4), which demonstrates that
the above applied ssimplification of neglecting the reaction rate is also valid in the presence of
hydrogen. It aso clearly proves, that the catalyst operates near saturation coverage during
selective CO oxidation, as was deduced from the kinetic measurements [7, 83] - at least
within the increased measurement tolerance of + 5%. A small loss in B¢o of a few percent,
however, which may be caused by the in-situ produced water, similar to the effects arising
from the addition of water in the gas stream, described in chapter 111-1.3.2, cannot be

completely ruled out. Nevertheless, these results undoubtly confirm, that the selective CO
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Fig. 111-8: Change in the relative CO coverage with the CO partial pressure
at different temperatures on Pt/y-Al, O, in abackground containing 75 kPaH.,.

oxidation proceeds in the ,low rate branch® and therefore explains well the determined

reaction orders.

Due to the lack of published data for calculations in a hydrogen-rich mixture, similar to those
presented in table 111-2, for calibration it is aso necessary to compare the CO coverage at
other temperatures with 1.5 kPa CO in pure N, and in CO / H, / N,. For 200°C there was not
much difference to the switching experiment at 150°C, so the CO coverage at 1.5 kPa CO in
H, / Ny is still at its saturation value (therefore not shown). For 250°C the corresponding IR
spectra are shown in figure 111-7 (The bridge bonded region is magnified in the inset window).
Now there is a significant decrease in the linearly bonded region, which is — other than at
150°C — not compensated by an increase of bridge bonded CO. This represents a true loss in
adsorbed CO, yielding a relative coverage of 8co = 95% in the presence of 1.5 kPa CO and
hydrogen at 250°C. With view on the next chapter it should already be noted that mainly the
step bound CO species (low frequency band) is affected, whereas the signal for the terrace
bound CO is practically retained, although its desorption energy should be approximately 15%
smaller [107]. This is explained with a strong dependence of the hydrogen adsorption upon
site geometry [90, 117, 118], leading to a significant coadsorption of H, on step sites only.

In figure I11-8 the experimental DRIFTS adsorption isotherms between 150 and 300°C of CO

in amixture of 75 kPaH, / rest N, over a concentration range of two orders of magnitude are
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shown. The data were recorded in the same manner as for the above measurement in pure
nitrogen. Since from the theoretical calculations in chapter 111.1.2.3 no absolute calibration
point for the CO / N isotherm at 300°C could be gained and therefore a switching experiment
between a hydrogen-containing and a hydrogen-free mixture is of no use, the coverage at 1.5
kPa CO can only be estimated roughly with a tolerance of + 5% on the basis of the coverage

decrease in figure I11-6 between 250 and 300°C.

Whereas at 150°C the coverage remains well above 90% of the saturation value, similar to the
adsorption in a pure N, background, and for 200°C is only slightly less at low concentrations,
at 250°C there is a significant coverage decrease at decreasing CO partial pressure, which is
even more pronounced at 300°C. These adsorption isotherms exactly follow the same trend
which was observed for the selectivity behaviour (fig. I11-1) and show the same increasing
slope at higher temperatures. Whereas near saturation coverage (6 > 0.9*0«) the selectivity is
between 40 - 45% and decreases hardly with decreasing CO partial pressure, indicating a
situation with a relatively tight COy layer, it soon drops down to smaller values below a
critical value of [0.8* 0. Below this point the local COy density seems to be reduced to such
an extent that hydrogen adsorption is strongly facilitated. The somewhat enhanced selectivity
at 200°C at high CO partial pressures compared to 150°C may be explained by a CO coverage
as high as at 150°C but a relatively lower Hyy coverage, due to a sticking coefficient that

decreases with increasing temperature [ 103].

These measurements demonstrate that the selectivity is directly related to the CO coverage on
the platinum particles. In view of the results on other catalysts (see chapters I11-2.1.2 and I11-
3.3.2) this principle may be generalized for supported noble metal catalysts, that a high CO
coverage (at least high compared to the hydrogen coverage, which is a crucia point for the
Au-catalyst) causes high selectivity values in the PROX reaction.

1.1.5 Coadsorption behaviour of CO and H,

Let us now take a detailed look at the coadsorption of CO and hydrogen on the platinum
particles. Reviewing several studies from literature about coadsorption on platinum single
crystal faces does not yield an uniform picture. The nature of the CO-H interaction seems to
be very sensitive to the local surface geometry. Especially for step sites the results depend

strongly on the orientation of the Pt single crystal.
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On the (111)-face island formation is observed due to repulsive interactions between H and
CO[111, 112, 119]. As aresult of the compression into islands with a higher local density the
adsorption energy of CO is decreased markedly [112]. It is very interesting that for very small
H,-pressures and coverages, respectively, which were not enough to keep up the compressed
CO idands, Parker et al. could also observe a reduction in CO desorption energy of about 4
kJmol [120]. But it was not clear whether this was caused by an increased population of
bridging CO at the expense of atop CO as a result of adsorbate-adsorbate interactions or due
to a weak direct interaction of a similar type as in the case of akali coadsorption as was
proposed by Hoge et al. [119] — however, the latter could also generate such a diplacement
effect in the CO population. The same island formation behaviour was observed upon H,
adsorption on a CO precoverded Pt(997) face [118]. Henderson et al. investigated the
coadsorption of H and CO on the step sites of a Pt(112) crystal by ESDIAD and LEED and
reported likewise the formation of islands but in small one-dimensional structures consisting
of tilted atop CO [121]. Whereas al the mentioned low-index planes behave in a quite similar
way, a completely different situation was reported for the step sites of a Pt(533) crystal which
differs by only one terrace row from the (112)-structure. After coadsorption with hydrogen,
there seem to exist mixed regions of H and CO which have the same local density as for pure
CO adsorption, along with one dimensional islands of pure CO [122, 123]. Within these
mixed regions the site occupancy of CO is atered from atop places to bridging positions. The
mixed phase is reported to show the same CO-CO distance as is found without hydrogen (i. e.,
no compression occurs). For the on-top CO species at the edge sites only a small downward
shift of afew cm™ was observed in the EELS spectra, which was attributed rather to a change
in the work function, ®, caused by the adsorbed hydrogen, than to a change in the local
coverage of CO. As a consequence, coadsorption may be possible at step sites even under
conditions for a saturated COy-layer. On the (111)-terraces of the Pt(533) crystal virtualy no
effect due to the coadsorption of hydrogen could be observed which encounters the studies on
the Pt(111) faces. A possible explanation for this discrepancy, given by Wang et al., isthat in
their experiment H built up from the step troughs and occupied sites that did not significantly
affect the adsorbed CO [122]. Kim et al. reproduced these UHV results in aqueous
electrochemical studies on a Pt(533) crystal and suggested that the hydrogen mainly coadsorbs
a the step sites, since the observed effects on the IR absorbtion frequency for the terrace
bound CO were again much smaller than on the step species [124]. Finadly, in a study of
coadsorption of H and CO on a polycrystalline Pt foil, which showed predominantly (110)
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Fig. 111-9: DRIFTS-spectra on Pt/y-Al,O5 with 1.5 kPaCO in pure N, (=) and
in presence of hydrogen ==; 1.5 kPa CO; 75 kPaH,, balance N,) at 150°C.
Inset: Zoom in the region for bridge bonded CO_

characteristics, Thrush et al. also proposed the existence of mixed H-CO regions. In their TPD
study a saturation coverage of CO completely blocked Hjy-adsorption, but in the reverse
experiment only two third of the CO was blocked. And at very low temperatures they
observed coadsorption without desorption of the predosed species, which must have yielded a
very crowded surface. Their results imply the idea that adsorption places exist which are only
accessible to one of the adsorbents and coadsorption of one species may be possible without
desorbing a corresponding fraction of the competing species. On the basis of this short
literature review, coadsorption on terrace sites seems to be possible only at a low CO
coverage, whereas a saturated COq-layer effectively blocks the surface for hydrogen
adsorption. But on step sites coadsorption of CO and H, may be expected by the formation of

mixed structures.

In figure 111-9 the infrared spectra of 1.5 kPa CO in pure N, and in 75% Hj, rest Ny,
respectively, at 150°C are compared. Previously the catalyst was allowed to equilibrate in CO
/ N for more than two hours before recording the first spectrum and then switching to the
mixture containing 75% H,, where the spectrum was taken after one hour on stream. The IR
band from CO adsorbed linearly on step sites is shifted down for more than 3 cm™ towards

2048 cm™ in the presence of hydrogen and the pesk is significantly diminished in height and
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broadened to lower wavenumbers. It is difficult to evaluate whether the high frequency band,
assigned to on-top CO on terrace sites, changes its intensity, but from the analysis of the
second derivatives it is obvious that it keeps its position with an accuracy of 1 cm™. The
overdl IR intensity of the linearly bound CO is reduced by approximately 5%. This reduction
of linear bond CO is encountered by an increase in the bridge bound region of 22% (see inset).
This band consists of at least two different species, too. There is a clear increase on the low
frequency side (around 1790 cm™). Since the change in atop intensity was limited to step sites,
the increased low frequency band at 1790 cm™ is attributed to the corresponding bridge bond
CO on steps, whereas the | ess affected higher frequency species at about 1820 cm™ is assigned
to COpidge located on terrace sites. Although this site conversion phenomenon is most
eyecatching at 150°C, since it is not accompanied by additional CO desorption as was seen at
250°C, it generally applies to all measured temperatures (150 - 300°C) that in a hydrogen-rich
matrix the ratio between COjinesr and COprigge decreases by a factor of [2 compared to CO
adsorption in pure nitrogen, which corresponds to the displacement of a small fraction of

COijinear to bridging sites.

Our results fully parallel the coadsorption behaviour studied on the Pt(533) face [122-124]:
unaffected terrace bound CO, but a significant influence on step sites. Under our dynamic
conditions (adsorption / desorption equilibrium) such a structure sensitive coadsorption
behaviour may be most likely explained by the strong dependence of the hydrogen adsorption
energy and sticking coefficient upon site geometry. Henderson et al. noticed a difference in
adsorption energy between step and terrace sited of at least 29 kJ/mol in the presence of
coadsorbed CO [121] and Christmann et al. showed that the initial sticking coefficient
increases by a factor 4 on step sites [117]. Therefore a significant H-population is probably
built up only on step sites. Another reason, why the step sites are affected exclusively, may be
the unique coadsorption behaviour found for the Pt(533) step sites, which produces mixed
structures with an unatered CO density. As an interesting note, the paralel coadsorption
behaviour of our supported catalyst with the Pt(533) single crystal face indeed justifies its

frequent use as amodel system for small particles (seee. g. [93])

In figure 111-10 the adsorption isotherms in pure N, and with 75% hydrogen are directly
compared (upper window). Obvioudly, in the H,-rich gas the CO coverage is reduced by a few
percent, even after regarding the site conversion to bridge bound species by scaling the
relative coverage at 1.5 kPa CO at 150°C in both cases to 6 = 1. The more pronounced
decrease of the local CO density with faling CO partia pressure in the presence of H; is also
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Fig. 111-10: Change of the relative CO coverage (upper window) and of the corresponding
band position (lower window; step sites) on Pt/y-Al, O, with CO partia pressurein pure
N, at 150 (@) and 250°C (@) and with 75% H, at 150 ( O) and 250°C ().

indicated by the steeper slope in the evolution of band positions (lower window). Presumed
that the carbon monoxide sticking coefficient and the preexponential factor (see eq. 111-1.3)
are not atered in the presence of hydrogen, the reduction in adsorption energy of CO,
responsible for the increased desorption term, can be calculated from the relative coverages:

By, [(1-6y,)d

AE. = RT [nH 1-1.4
a H(l—eNz)BaHﬁ (19

AE, = difference in adsorption energy [J];
Bx = relative CO coverage in pure N, and with 75 kPa H,, respectively

An average difference in adsorption energy of 2.0 £ 0.9 kJmol is calculated from the
coverages estimated by DRIFTS. Thisisin fair agreement with the 4 kJ/mol decrease for CO
adsorption on a Pt(111) face at low pressures in the presence of hydrogen, which was
observed by Parker et al. [120]. It is also similar to the energetic difference for CO adsorption
on atop and bridge sites on platinum [94], which now implies the hypothesis that the reduced
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desorption energy in our case is essentially caused by the observed transfer from linearly to
bridge bound CO in the mixed H-CO structures at step sites. Possibly this effect originally
emanates from direct electronic interaction between H and CO of the akali-type as was
proposed by Hoge et al. [119].

Since CO oxidation on platinum proceeds in the ,low rate branch* at our conditions, CO
desorption is considered to be the rate limiting step. Therefore we expect the activation energy
for this process to be similar to the activation energy for desorption [7, 88, 125]. If the

turnover frequency is calculated theoretically using a power law approach

— - Ea D a B
r = kCexpl——*HPco” [Po, (I11-1.5)
r =reaction rate; k = constant; o, 3 = reaction orders for CO and O,, respectively

the rate enhancing effect of the hydrogen coadsorption can be derived from a change in the

activation energy, E,, (presumed that E, = Eqe) Via

- AE, O

Ar = expE?E (111-1.6)

Ar = enhancement factor in reaction rate

Although the determined effect on the desorption energy seems to be rather small, the change
of 2 kJmol calculated from the adsorption isotherms is enough to account for a rate
enhancement of afactor 1.8. Therefore the increased rate for the CO oxidation in the presence
of hydrogen (see figure 111-2) is amost solely attributed to the reduced CO adsorption energy
caused by coadsorption of H, at step sites, and if, then only to a minor part to effects arising
from the in-situ produced water, contrary to the hypothesis by Muraki et al. [84]. There exists
also an analogous influence of water, added to the reaction mixture, on the rate for the CO
oxidation over Pt/y-Al,O3 [32]. In view of chapter 111-1.3.2, however, this effect is more a
direct consequence of the stabilization of the initial CO oxidation rate in the presence of water

and not a true enhancing effect.

Our hypothesis, that the hydrogen and not the water is responsible for the rate enhancement, is
also supported by experiments on Pt powder (for charcterization see chapter 11-2.1), where a
similar rate enhancement of even more than a factor five was observed for CO conversion at
150°C with 75 kPa hydrogen (idealized reformate; 1 kPa CO; A = 2) compared to the

oxidation in pure nitrogen. A concomitant decrease in the IR band positon upon the addition
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Fig. l11-10a: DRIFTS-spectra on Pt-black during CO oxidation (1 kPa CO)
in pure N, (===) and during selective CO oxidation (==; 1 kPaCO; A =2;
idealized reformate) at 150°C.

of hydrogen from 2079.0 cm™ to 2076.5 cm™ for step bound CO is observed, indicating the
reduction of this surface species (probably by conversion to bridge bound species as was
shown for Pt/y-Al,Os3), and, which isagain in analogy to Pt/y-Al,Oz, only avery small shift for
the terrace bound CO (2095.4 cm™ - 2095.0 cm™), underlining, that it is predominantly the
step sites, which are affected by hydrogen coadsorption (figure 111-10a). In contrast, the
additional presence of 1.3 kPa H,O showed absolutely no effect within the measurement
tolerance on either of the CO species adsorbed on the Pt powder, demonstrating, that the
influence of coadsorbed hydrogen is clearly different and has to be treated separately from any
effects, which coadded (or in-situ produced) water may exhibit on the COy layer and its
reactivity (See also section 111-1.3.2).
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1.2. From idealized to morerealistic refor mates

After demonstrating qualitatively the dependence of the selectivity on the surface CO
coverage in idealized reformate, the next step is to apply more realistic conditions, i. e., the
addition of water (up to 1.5 kPa) and CO, (up to 25 kPa) to the reaction mixture. Not only the
immediate response upon switching to the new gas phase components is of interest, but also
the long-time evolution of the catalyst’s properties in an altered reaction atmosphere. If we
think, e. g., of mobile applications, an average life-time of up to 5000 hours would required
for the PROX stage [23].

Here we will first summarize the long-term evolution in idealized reformate. A part of these
investigations (e. g., the in-situ DRIFTS measurements) has aready been covered in the
preceeding diploma thesis by Schubert [32]. Subsequently, in the two following chapters the

influence of water and of carbon dioxide is examined in detail.

1.2.1 Self-poisoning by COqq

The typical time development of the activity / selectivity during selective CO oxidation over
Pt/y-Al,0O3 at 150°C in idedlized reformate (1 kPa CO; A = 2) is shown in figure I11-11. It is
characterized by a continuous decrease in the turnover frequency of around 40% within 1000
min. on-stream. At the same time the corresponding selectivity increases slowly from around
36 to 42%. Exactly the same behaviour was found for the increased reaction temperature of
200°C. In anticipation of chapter I11-1.3.1, such a permanent loss in activity, accompanied by
an increasing selectivity, indeed applies to all platinum based systems during selective CO

oxidation which have been evaluated in this work.

Such aloss of reactivity during reaction has often been reported in studies concerned with CO
oxidation, both on single crystals [88] and on real catalysts[7, 74, 75, 126, 127]. For example,
Cant and co-workers observed a reduction in the turnover frequency of around 50% after 1000
min. during CO-Oxidation at 180°C (2 kPa CO, A [11) for a Pt/SIO, catalyst [126, 128]. They
also demonstrated that this deactivation was reversible, by ssimply flushing the catalyst at
reaction temperature with He. Likewise, Nibbelke et al. noticed, that their Pt/y-Al,O; catalyst
showed a higher CO oxidation rate after the daily startup of their reactor than after afew hours
on-stream [127]. As an explanation Cant and Angove proposed a very slow change of the
surface CO/O concentration eqilibrium, which initially depends on the ratio of sticking
coefficients [128]. Based on the EELS/TPD experiments by Gland et al. [102], they assumed
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Fig. 111-11: Time evolution of turnover frequency (upper window) and
selectivity (lower window) during selective CO oxidation over Pt/y-Al,O,
in idealized reformate with 1 kPaCO and A = 2 at 150°C.

.unreactive Oy species at step sites as a possible reason for the unexpectedly slow
replacement of Oy by CO. Recent studies with molecular beams indeed suggest the existence
of a fraction of Oy species, which react only at higher temperatures, probably isolated O-
atoms [129].

The deactivation characteristics for selective CO oxidation on Pt/y-Al,O; were aready
investigated in the diploma thesis of Schubert, where a concomitant slow increase in the IR-
intensity of linearly adsorbed CO, accompanied by a small shift to higher wavenumbers of 1 -
2 cm™, during CO oxidation (in both cases, with and without Hy) at 200°C (1 kPa CO, A = 2)
was noticed. This was interpreted as a build-up of a more and more perfect CO layer with
time [32]. On a more densely packed CO4 layer less oxygen and hydrogen adsorb on the
surface, hence the reaction rate decreases by time, whereas the selectivity shows the opposite
trend. This , self-poisoning® by COq is easily reverted by flushing the catalyst for a few
minutes with a non-reactive gas. Even after only stopping the reactant gas flow for awhile or
when changing the temperature level during our screening tests, where the temperature was

increased by 25°C every 30 min., the initial activity was retained, which further confirmed,
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that the deactivation of platinum catalysts may be understood as a highly reversible slow
approach to the real steady-state.

1.2.2 Influence of water

Although there exists a number of studies concerned with the reaction kinetics of CO
oxidation on supported platinum metals in hydrogen-rich gases (e. g., [4, 7, 16]), relatively
little attention has been paid to the specific influence of water, although it constitutes up to
15% of the feed gas stream from a methanol reformer. In his diploma thesis Schubert noticed
an increase in reactivity by a factor 2 for the CO oxidation in pure N, after adding 0.6 kPa
H,O in the feed gas stream (1 kPa CO, A = 2, 150°C; addition of water after 30 min. of
reaction; [32]). Muraki et al. found promoting effects (ca. factor 2 - 3) for both, hydrogen and
water, on the CO oxidation over alumina suported platinum under steady state conditions at
150°C (1 kPa CO; A = 0.9) and asmall decrease of the activation energy from 55 to 45 kJ/mol
in the presence of 3 kPa water [84]. Since additional CO, production via the water-gas-shift
reaction could be excluded as an explanation due to the negligible water-gas shift rates (eq. I-
1.4) below 200°C, they proposed that the self-poisoning induced by the blocking CO adlayer
must have been reduced in some way. This was concluded from a small down-shift of the
vibrational COy-band upon admission of water. In their pulse experiments the presence of
water accelerated the CO, production, which aso pointed to a reduced CO inhibition in the
oxidation reaction. Finally, Nibbelke et al. also mentioned a promoting effect (factor [2.5) of
1 kPa water for the CO oxidation over Pt/y-Al, Oz (0.9 kPa CO; A = 5; 210°C), which
decreases at higher temperatures. They speculated about O,-dissociation on the support,
enabled in the presence of OH-groups, analogous to what they proposed for ceria supports, but
did not substantiate this hypothesis by experimental evidence [127]. Apart from that small
enhancing effect, the water showed no further influence on their kinetics (CO and O, reaction

orders).

In order to investigate the influence of moisture, we will first compare long-term experiments
over Pt/y-Al,O3; during CO oxidation without and in the presence of water. The upper part of
figure 111-12 diplays the activities for CO oxidation in pure nitrogen and in idealized reformate
at different partial pressures of H,O as a function of time (1 kPa CO, A = 2; T = 150°C). For
the CO oxidation in pure nitrogen without water a step in the activity behaviour is observed
after 2-3 h. This step, the origin of which is still unclear, is absolutely reproducible, even after

re-conditioning the catalyst. For a better comparison of the initial activity aso the
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Fig. 111-12: Time evolution of the turnover frequency (upper window) and

selectivity (lower window) during oxidation of 1 kPaCO (A = 2) at 150°C
over Pt/y-Al,O5in pure N, (m), pure N, with 1.3 kPaH,O added (@),
idealized reformate (®; = 75% H,), and idealized reformate with 0.65 kPa
(©) and 1.3 kPaH,0 (O) added, repectively.

extrapolation to the ,steady-state”-activity after this step is included. Clearly, the initial
activity is only moderately influenced by the presence of 1.3 kPa water (+15% for idealized
reformate, +45% for the CO oxidation in pure N, — +100% if we regard the initial step). This
is less than the influence of hydrogen (initial activity enhanced by a factor 3.2; x4.4 if the step
is regarded), which was already discussed in the preceeding section. Anaogous to the study of

Muraki et al. [84] this ,water-effect” cannot be simply explained by the forward water-gas
shift reaction,

CO + HO o CO, + Hy (|||-17)
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because the rate measured at 150°C (1 kPa CO, 1.3 kPa H,O, Rest N.) is only [9*10”
molco/grt* S (See also section 111-1.3.2), which is more than two orders of magnitude less than
the oxidation rates and a factor 60 smaller than the measured enhancement. And in the
presence of 27 kPa hydrogen it is even one more order of magnitude lower, probably due to
the simultaneously occuring reverse water-gas shift reaction. But what is striking now, is that
the water seems to reduce the deactivation during time on-stream. In idealized reformate, the
rate is amost stabilized on the initial level in the presence of 1.3 kPa water (As would be
expected, with only 0.65 kPa water the effect is somewhat less pronounced). Thus the
measured effect in , switch*-experiments crucially depends on the timing, leading to an
increased apparent reactivity enhacement of water with preceeding reaction time. Therefore
the (predominant) effect of co-added water during (selective) CO oxidation should better be
named a ,stabilizing effect” rather than an ,,enhancement“. Of course, it is not possible to
separate the influences of hydrogen and water on the CO oxidation completely, since in the
first case water is always produced in-situ by the H, + O, side reaction, and in the latter case

adsorbed water may dissociate on the support and produce Hyg on the platinum.

A second, very unpleasant effect arising from the addition of water during selective CO
oxidation at 150°C over Pt/y-Al,O;3 is a decrease in selectivity, shown in the bottom part of
figure I11-12. With 1.3 kPa water in the gas mixture it is reduced from 42% down to 36% at
,»Steady state”. Additional experiments by Kahlich in idealized reformate have shown, that this
effect is clearly afunction of the water partial pressure up to 5 kPa and then remains constant,
leading to selectivities as low as 30% at 150°C and and 1 kPa CO (A = 2) [25].

In order to gather more information on these water induced effects, we have performed
»Switch”-experiments in DRIFTS. Figure 111-13 shows a typical result of such an experiment.
First, spectra were recorded during selective CO oxidation over Pt/y-Al,O5 at 150°C for 3 h (1
kPa CO, A = 2) and then 1.3 kPa water was admitted to the gas mixture. In the left part of
figure I11-13 the infrared bands for linearly bound CO4 after 60 min. in each atmosphere are
shown. The position of the main pesk is down-shifted by ca 2.5 cm™ and the integrated
intensity is reduced by roughly 10% (£5%). Similar results were also obtained in mixtures
without hydrogen. In the right part of figure I11-13 the time evolution of the intensity (upper
window) and the band position (lower window) are shown for the whole experiment. It may
be noticed that the IR intensity (upper window) increases again after the switch to water, but
now the peak position (lower window) shifts in the opposite direction while approaching the
steady-state, indicating, that a new kind of equilibrium isinstaled on the catalyst surface. Due
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Fig. 111-13: Comparison of DRIFTS spectra during selective CO oxidation in
idealized reformate (1 kPa CO; A = 2) over Pt/y-Al, O, at 150°C, first without
water (black) and after 3 h with 1.3 kPa H,O added (grey). Left window: IR
CO_,-bands after 60 min. in each atmosphere. Right window: Time-evolution of
the integrated intensity (upper part) and of the band position (lower part).

to repulsive CO-O interactions the CO,y is compressed into islands during CO oxidation,
whose local coverage is independent from the island size [130, 131]. If there would simply be
less CO on the surface, we would see the reduced intensity but probably no band shift,
because the CO islands just get smaller. Hence in the presence of water also the locals density

of the COy-layer must have been reduced in some way.

To exclude artifacts arising from mass-transport or local temperature change effects, which
cannot be completely ruled out with the used DRIFTS cell model, the influence of water was
also investigated without reaction, i. e., during CO adsorption (1 kPa; 150°C) in 75 kPa Ho,
rest N, (figure I11-14). Exactly the same phenomenon as for the ,, switch”-experiment during
reaction is observed. When comparing the spectra acquired after 1 h in each atmosphere, we
notice a downshift from 2053.3 cm™ to 2050.9 cm™ in the presence of 0.65 kPa water and a
further shift down to 2049.9 cm™ after adding 1.3 kPaH,0 (i. e., 3.4 cm™ overall shift).

But what else happens on the catalyst’s surface after the admission of water during selective

CO oxidation? If we take alook at other spectral regions, we notice, that upon the admission
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Fig. 111-14: Comparison of DRIFTS spectra during adsorption of CO at 150°C
on Ptly-Al,O4 (1 kPa; in 75 kPaH,, rest N,): dry (black), with 0.65 kPa (light
grey), and with 1.3 kPaH,O added (dark grey). Left window: IR CO,_-bands
after 60 min. in each atmosphere. Right window: Band position of main peak.

of water the growth of several bands in the region between 1700 cm™ and 1300 cm™ (and of a
few small bands around 2900 cm™) is drasticaly increased. During reaction in a dry
atmosphere formates (HCOO') were indentified, slowly accumulating on the support as is
indicated by the IR bands at 1593 cm™ (Vocoraym.), @ doublet at 1375/1393 cm™ (8cy and
Vocoiym,) and a few peaks below 3000 cm?t (ven & some combination vibrations). The
formates are most likely formed by insertion of CO44 in a neighbouring OH-group on the
support at the metal/support interface (eqg. 111-1.8; [133])[134, 135].

The time-evolution of these bands during selective CO oxidation over Pt/y-Al,O3 at 150°C for
3 h (1 kPaCO, A = 2) can be followed by the grey spectrain figure 111-15. Upon the addition
of 1.3 kPa water to the reaction mixture the growth of bands in the region below 1700 cm™
increases dramatically. Moreover, new bands arise, whereas the formate species are slowly
reduced (black spectra in figure 111-15). Bands at (11660, (11575, 1460, 1335 and 1395 cm™*
indicate carbonate (CO5%), bicarbonate (HCOs) and / or carboxylates species (CO,), but an
exact assignment of these bands is difficult [71, 136-139]. Even though different IR cross-
sectios for formates and carbonates must be assumed, from the time-evolution of the IR band
intensities is is obvious that the growth rate of these by-products is significantly enhanced in

the presence of water. Of course, (bi-)carbonates could also arise from a reaction between the
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Fig. 111-15: Time evolution of the spectral region between 1280 cm* and
1740 cm™ over Pt/y-Al,O4 in idealized reformate (1 kPa CO, A = 2; 150°C)

for 3 hours (grey) and then with 1.3 kPaH,O added for another 3 hours (black).
Spectra are acquired after 5, 10, 15, 20, 30, 45, 60, 120, 150, and 180 min.

produced CO, and support OH-groups, but as will be shown below, this is only a minority
path and the majority of the by-products is formed indirectly from COy via oxidation of

formate species.

Possible reaction pathways are (compare e. g. [134, 138, 140, 141]):

COq4 + OH & HCOO (111-1.8)
HCOO + H,O(OH)  HCO; (COs%) + Hy (111-1.9)
HCO; + OH o« COs5* + Hy,0 (111-1.10)

These formates or bicarbonates decompose predominantly into CO, and H, when they are in
contact with noble metals [134, 142-144], which was also indicated by our own temperature
programmed experiments on the decomposition of either by-products accumulated during

reaction or predosed formic acid ([145]; see Appendix B):
HCOO + H,O(OH) « CO, + H, + OH (O?%) (111-1.12)

Consistently, they are also observed, when 1.3 kPa water is added during CO adsorption (1
kPa) in 75 kPa Hy, rest N, at 150°C. The complete reaction scheme for these products may be
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quite complex, but without going too much in detail, it can be concluded as a result, that upon
the addition of water the formation of by-products on the support, produced from COg,
increases drastically. The new diffusion and reaction pathway may disturb the build-up of the
steady-state coverage on the platinum surface, described in the preceeding section. CO is
continuogly abstracted from the platinum surface and a new equilibrium between COxypy,
Had(pty, Oadpyy aNd ,, COxgsupporty” (= formates & (bi-)carbonates) is established. This leads to a
relaxation of those CO islands which are in contact with the metal/support interface, which
explains the lower band position observed in DRIFTS. The equilibration of the surface in
presence of water seems to proceed more slowly, which is indicated by the , stabilized” rates
observed in our long-term experiments. The small rate enhancement along with the reduced
selectivity in the presence of water may be caused by the somewhat lower steady state CO
coverage along with a more disordered adsorbate layer, where the adsorption probability for
hydrogen should be increased. Another contribution to the rate enhancement could arise from
the dissociation of water on the support, with a subsequent spill-over of hydrogen to the
platinum particles, leading to a small increase of the Hyy population, which in turn would
decrease the adsorption energy of CO adsorbed in H-CO mixed reagions as was shown in

section 1.2.4.

Consequently and as afinal prove for our hypothesis, the water addition should show no effect
for the CO oxidation on usupported platinum powder, where formate formation is not
possible. Indeed, the rate, the deactivation behaviour and the selectivity (figure 111-16, right
part) for selective CO oxidation (1 kPa, A = 2; 150°C) without and in the presence of 1.3 kPa
water are identical after approximately three hours. The initia rate in the presence of water is
even dlightly lower, maybe caused by coadsorbed water, which is only slowly removed similar
to the initially adsorbed oxygen species, which are held responsible for the deactivation (see
preceeding section). The same applies to ,, switching®-measurements on the Pt powder, where
the addition of 1.3 kPa water after several hours of selective CO oxidation (1 kPa CO, A = 2;
150°C) shows absolutely no effect on the rate or selectivity (not shown here). In the left part
of figure I11-16 the corresponding DRIFTS spectra without and in presence of water (after 90
min. in each atmosphere) are compared. To avoid influences from a possible ,, mechanical”
interface between the platinum particles and the dilution material, which is commonly a-
Al,O3 (apart from the need to guarantee differential flow conditions, especially for the
DRIFTS-measurements it was necessary to dilute the black Pt powder with a brighter

material, in order to achieve an acceptable SNR), SIO, was used as a dilutent for this
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Fig. 111-16: Selective CO oxidation over Pt powder in idealized reformate at 150°C
(1 kPaCO, A = 2; 150°C): Left part: Comparison of DRIFTS spectra (catalyst
diluted with SiO,) dry (—) and with 1.3 kPaH,O added (), after 1.5 hoursin
each atmosphere. Right part: Long-term activity (upper window) and selectivity
(lower window) dry (m) and with 1.3 kPa water added (o ).

experiment (see also below). During selective CO oxidation on the Pt powder two bands in
the region for linearly adsorbed CO are recognized: One at 2095.4 cm™, assigned to extended
low-index planes and one at 2074.8 cm™, related to defect sites [93]. Upon admission of 1.3
kPa water there is indeed only a small down-shift for the high frequency band of 0.9 cm™ to
2094.5 cm™, and absolutely no shift for the low frequency band within the measurement

tolerance for such asmall and broad band (around +1 cm™).

It should be noted that in analogy these results on Pt/SIO,, where no by-products (at least not
within the detection limit) are formed during selective CO oxidation, consequently there was
also no downshift and no reduction of the integrated DRIFTS intensity of adsorbed CO
observed upon the admission of water to the reaction mixture (1 kPa CO, A = 2; 150°C; see

Appendix B).

These results show clearly that the effects observed in the presence of water (rate stabilization,
small enhancement of the initial rate and a reduced selectivity) are related to the y-Al,O3
support, more specifically to the formation of formate / (bi-)carbonate species on the support.

On unsupported platinum or on support materials, where those by-products are not formed to
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such an extent (e. g., SIO,), the water has practicaly no influence on the selective CO

oxidation.

1.2.3 Performance in CO,-rich gas

Up to now, we have simplified most of our experiments by using a matrix for the simulated
reformate, which is made up from [075% hydrogen and [25% nitrogen. But a real feed gas
produced from a methanol reformer consists of H, and CO», therefore it is important to
consider possible differences for the selective CO oxidation arising from the replacement of
N by CO,. Unfortunately, there are very few literature data available on the influence of CO,
on the (selective) CO oxdiation reaction over platinum metals. Nibbelke et al. mention that
the addition of 1 kPa CO, had no significant effect on the CO oxidation activity over Pt/y-
Al,O3 (0.12-4 kPa CO; 0.12-2.5 kPa O,; 163°C). In kinetic studies from our own group,
where idealized reformate (0.01 - 1.5 kPa CO, A = 0.5-10) has been compared to a redlistic
gas mixture, containing 25 kPa CO; (in the dry part) plus 10 kPa H,O, virtually no difference
for the rate and selectivity at 300°C was observed, whereas at 150°C the selectivity decreased
by approximately 10% (absolute), attributed to the negative influence of the water, which was
already discussed above [25]. The activity in the realistic reformate at 150°C was even slightly
enhanced compared to the idealized mixture (factor 2 at 0.2 kPa CO, A = 2). For both
temperature levels the CO reaction order was dightly increased (from -0.44 to -0.14) in the
presence of CO, and H,O, whereas the oxygen reaction order remained practically the same ([
+0.8) [25, 132].

In this section we compare the influence of a more realistic gas mixture on the selective CO
oxidation (1 kPa CO, A = 2) at different temperatures between 100 and 250°C. Every data
point was evaluated on a freshly conditioned catalyst bed after 90 min. on-stream, when the
major deactivation period had been passed. The additional influence of 1.3 kPa water was
investigated by ,, switch®-experiments, where after 2 hours of reaction with 25% CO, the water
was added to the reactant flow (data taken after 1 additional hour).

In figure 111-17 the CO oxidation activity in the different gas mixturesis compared in the form
of an Arrhenius diagram. The activation energy in the presence of 25 kPa CO; is reduced from
little less than 70 kJ/mol (£ 4 kJ/mol) down to (65 kJ/moal (+ 4 kJ/mol). We also recognize a
slight reduction of the turnover frequency for al levels above the light-off temperature for the
selective CO oxidation ([1130°C; see figure I11-2), being more pronounced at higher
temperatures. The maximum difference is a factor 2.5, observed at 250°C. At 100°C, below
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Figure l11-17: Arrhenius diagram for the turnover frequency of CO
oxidation over Pt/y-Al, O, inidedized reformate (O ; 1 kPaCO, A = 2),
amixture containing 25 kPa CO, (O), and in arealistic reformate (@ ;
25 kPa CO,; 1.3 kPaH,0).

the light-off temperature, even a small increase compared to idealized reformate is noticed.
The decrease at higher temperatures indeed represents a real reduction of the CO oxidation
activity and is not just an effect of the reverse water-gas shift (eqg. 111-1.7), which would lead
to are-creation of CO from CO,, since the observed differences in the turnover frequencies
for mixtures with and without CO, are for all temperature levels at least one order of
magnitude above the shift rates (see also chapter 111-1.3.2). Adding 1.3 kPa water to the CO,-
mixture exhibits only a very small effect on the CO oxidation rate, represented by a slight
increase of the activity of 15 - 45%, similar to the enhancement of the initial rates for the
idealized reformate, which was investigated in the preceeding section, but does not change the

activation energy. hour).

The effect of CO, / H,O on the hydrogen oxidation reaction (calculated via selectivity; figure
[11-18, left window) is shown in figure 111-18 (right window). In the presence of 25 kPa CO,
we find similar tendencies as were observed before for the CO oxidation reaction. The
turnover frequencies are slightly decreased, with the effect being more pronounced at higher
temperatures (maximum difference: factor 3 at 250°C). The activation energy decreases to the
same value ([b5 + 6 kJ/mol) as for the CO oxidation reaction. This absolutely parallel
behaviour implies that both oxidation reactions are still coupled by the same rate limiting step.
The activation energy for CO (H,) oxidation in idealized reformate of around 70 kJ/mol
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Figurelll-18: (a) Selectivity and (b) Arrhenius diagram for the calculated turnover
frequency of H, oxidation over Pt/y-Al, O in idealized reformate (O ; 1 kPaCO, A =2), a
mixture containing 25% CO, (@ ), and in realistic reformate (& ; 25 kPa CO,; 1.3 kPaH,0).

reflects the CO desorption energy, which is of the same magnitude in the high coverage range
[1, 125]. The decreased activation energy in the presence of CO, in principle strongly suggests
areduction of the CO , self-poisoning”, which would be consistent with the observed change
of the CO reaction order, from -0.44 to -0.14 [25, 132]. Such an effect could either be caused
by areduced CO desorption energy or by a new oxygen-supplying path on the catalyst surface.
Both suggestions, however, would be expected to induce a marked enhancement of reactivity,
but in our experiments just a slight opposite effect is observed. The only explanation left is
that CO, may indeed reduce the CO poisoning by some way, but exhibits a second poisoning

effect itself which more than compensates the expected rate enhancement.

Up to 200°C the additional admittance of 1.3 kPa water to the CO,-mixture shows a small
enhancement for the turnover frequency of the hydrogen oxidation as was found for the CO
oxidation reaction, probably being caused by the same reasons discussed in the preceeding
section. Again the activation energy compared to the dry ,CO,-mixure’ is not changed.
Interestingly, at 250°C the , water-effect® has vanished — equaly, for the CO oxidation
reaction at 250°C the measured effect of water was aso very small: just +10%. This is
consistent with the observations by Kahlich, that water shows no effect on the rate and
selectivity at 300°C [25, 132]. It is consequent to take alook at the thermal stability of the by-
products accumulated on the support. Temperature-programmed reaction (TPR) experiments
by Schubert et al. have demonstrated, that the maximum build-up rate of formates during
selective CO oxidation (1 kPaCO, A = 2) isat [1170°C, whereas above 200°C the steady state
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coverage decreases strongly due to a very rapid decomposition [32]. Hence, if a similar
temperature window applies aso to the (bi-)carbonates and carboxylates, a possible
explanation, why the , water-effect” is only observed at temperatures below 200°C, may be,
that at elevated temperatures there is not such an extended ,, COaysupport” COVerage (in the form
of formates and the other by-products) formed, which could stay in equilibrium with

molecules adsorbed on the platinum surface and hence affect the rate / selectivity.

As a consequene of the two overlapping effects from CO, onto the H, and CO oxidation
reactions, i. e., reduction of the adsorption energy but also reduction of the activity at elevated
temperatures, a quite complex selectivity behaviour results, which is shown in the left window
of figure 111-18. Whereas without CO, the selectivity is constant around 40% over the whole
investigated temperature range, it is slightly enhanced at 100 and 250°C, remaines almost
identical for 200°C and is somewhat reduced around 150°C in the more realistic mixtures. But
most changes induced by CO, are quite small, also with view on the measurement tolerance of
about +£3-4% for this graph. The additional admittance of 1.3 kPa water to the gas mixture
again causes a drop in selectivity of 5-10% (with the exception at 250°C as was discussed
already above), but the general trends are again not changed compared to the dry CO,-

containing mixture.

In order to investigate the above proposed hypothesis of two overlapping effects (one
enhancing and one, which poisons the reaction) exhibited by the CO, onto the CO oxidation,
additional in-situ DRIFTS measurements were performed. After starting by 60 min. of
reaction in idealized reformate (1 kPa CO, A = 2; 200°C; 0.2 kPa CO, as a result of CO
conversion) the nitrogen was gradually replaced by CO, (1.2, 3.6, 11.1 and 23.4 kPa CO;
each mixture subsequently for 30 min.). In figure I11-19 the results from this combined
DRIFTS / GC measurement are displayed. For the linearly bound CO.-band a blue-shift
(window b), in dependence of the CO, partia pressure, is recognized, but it is not
accompanied by any significant change in the integrated IR intensity of this band (window a).
Nevertheless, the ratio between linearly and bridge bound CO increases very strongly with
increasing CO, partial pressure. The corresponding DRIFT S-spectra are shown in window c.
In the right part of figure 111-19 the turnover frequency (window d) and selectivity ( window €;
data taken after 30 min. in each mixture) are displayed. The somewhat low overall selectivity
compared to the kinetic measurements may well be attributed to leaking in the used DRIFTS-
cell model, where a part of the reactant stream may pass at the side of the catalyst bed (See
appendix A). Although a dlight downward trend for the reactivity and an upward going
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Figure I111-19: CO, influence on the selective CO oxidation over Ptly-Al,O4 (1 kPaCO, A = 2,

200°C): a) ratio between adsorbed COjj, and COyj e (0) and total integrated IR intensity of

CO,; ey (T@), b) peak position of CO;,, (v), €) DRIFTS-spectraof CO;;, ., region with 0.2, 1.2,

3.6, 11.1 and 23.4 kPa CO, (from bottom to top), d) turnover frequency (@ ) and €) selectivity ().
tendency for the selectivity are noticed, these changes are very small (TOF within 6%,
selectivity within 4%). Hence, in accordance with the preceeding experiments, it can be noted,
that the CO, effectively exhibits only a small influence on the activity / selectivity at 200°C.

Nevertheless, from the DRIFTS spectra a significant effect on the adsorbed CO is noticed.

When oxygen is admitted to a CO-mixture over platinum catalysts, in accordance with
previously published studies [128, 131, 139, 146], generally a blue-shift (3 cm™ and more on
our catalyst) is noticed as a consequence of the increased dipol-dipol interactions arising from
the compression of CO into island structures [32]. This shift is usually accompanied by an
increase in the IR intensity of the linearly bound CO4 (around 10% for a mixture of 1 kPa CO
and oxygen in a N, background over Pt/y-Al,O3) and of the ratio between linearly and bridge
bound CO (on our catalyst from 20 to 30), which indicates an increased local density of the
COqy-layer, characterized by the greater amount of occupied on-top sites [32].

Hence, as a possible explanation for the observed CO,-induced blue-shift, we propose the
dissociation of CO; (either on platinum or, which is more likely, since CO, dissociates only at
higher temperatures over Pt metal [147], at the metal-support interface [148]), which would
produce O,y (and CO4y as well) and therefore enrich the platinum surface with oxygen. Thisis

supported by the concomitant increase of the linear/bridge CO ratio, which indicates an
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Figure 111-20: CO, influence on the build-up of support-bound by-products on
Pt/y-Al,O4: Left part: DRIFTS spectra - first during CO oxidation in idealized
reformate for 60 min. (1 kPaCO, A = 2; 200°C; grey lines: aquired after 5, 10, 15,
20, 30, 45 and 60 min.), then with progressing replacement of N, by CO, (0.2, 1.2,
3.6, 11.1 and 23.4 kPa CO,,; black lines: spectra aquired subsequently after 30 min.
in each mixture). Right part: integrated intensity of the IR-band at 1590 cmt,

increase in the local CO density. The missing increase in the IR intensity for the linearly
bound CO may be explained by a small reduction of the overal CO coverage, which would
compensate the expected effect. Since CO adsorbs into oxygen islands for reaction, but not
vice versa [ 76, 129, 149], such an increase of the steady-state oxygen coverage is expected to
reduce the ,, self-poisoning” by CO, and as a consequence theoretically increase the reactivity
enormously. This scenario is consistent with the reduced CO reaction order (ca. -0.14), which
was observed in the presence of CO, [25, 132], as well as with the lower activation energy,

which is now less dependent on the desorption energy of COq.

In analogy to the last section, it may also be interesting to take a short look at the spectral
region of by-products (support bound species) in the presence of CO,. In figure 111-20 (left
window) the DRIFTS spectra recorded during selective CO oxidation in idealized reformate
(1 kPa CO, A = 2; 200°C) over Pt/y-Al,O3 for 60 min. and after subsequent replacement of
background nitrogen by increasing amounts of CO, (1.2, 3.6, 11.1 and 23.4 kPa CO,; each
mixture for 30 min.) are shown. But neither the formation of new species (apart from a very

small band at 1450 cm™, which may be assigned to bicarbonates, HCOs5', or carboxylates,
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COy) nor any major deviation from the usual growth rate of the formate bands in idealized
reformate (represented by the integrated IR area of the band at 1590 cm™; right window) are

observed.

In summary, athough the apparent influence of CO, on the rate and selectivity is small, the
DRIFTS spectra show significant changes for the platinum steady-state surface equilibrium.
For consistence there must exist a second, poisoning, effect of the CO,, which compensates
the expected rate enhancement. With the applied methods, however, it could not be identified
yet. Our model explains well the kinetic changes (reaction order, activation energy) observed
by Kahlich [25, 132], but of course, the hypotheses in this section are based only on two
different methods (DRIFTS + microkinetic reactor measurements) and, not least due to the
lack of data from previous studies, are rather speculative. The CO oxidation in presence of
CO, should be tested in further experiments, especially on UHV model systems, to gain

further insight into this quite complex behaviour.

In total, the influence of water (small concentrations) and / or CO, on the selective CO
oxidation over Pt/y-Al,Os is rather moderate, causing deviations for the rate and selectivity of
only a few percent, but not of any order of magnitude, so that our measurements in idealized

reformate indeed are an appropriate first approach to real feed gas from a methanol reformer.
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1.3 Other support materials

This chapter is focussed on the influence of the support material on the performance
characteristics of platinum catalysts for the PROX reaction, especialy, in order to evaluate a
catalyst with a better turndown ratio for the load following behaviour in mobile applications,
which is limited by the simultaneously occuring reverse water-gas shift reaction [10, 11]. In
the first section we will compare the activity and selectivity of various platinum catalysts
supported on conventional supports (y-Al>Oz, MgO, SiO,, TiO,, and carbon) at a standard
temperature of 150°C. The second chapter is concerned with the influence of the support on
the reverse water-gas shift activity and closes with a short summary on the PROX / shift

ratios at 150°C.

1.3.1. Comparison of activity / selectivity

In principle we may think of three possible ways, how the support could influence the CO
oxidation. First, Mojet et al. proposed a direct electronic interaction between the metal and the
support, which would alter the adsorption energy of the carbon monoxide and lead to changes
in the IR frequency of the COy-band and in the COjinea/COprigge ratio [150]. But such a
phenomenon should be expected only for very small platinum cluster sizes. Second, the
support may induce a restructuring of the Pt particles, forcing the exposure of new crysta
faces and changing the site composition on the metal surface, which may lead to different
reaction rates, since, e. g., the CO oxidation on stepped single crystal faces has turned out to
be a structure sensitive reaction [107, 151]. Unfortunately, we do not have access to methods,
which could elucidate such theories, hence we cannot confirm or exclude the additional
influence of restructuring phenomenons in the following context. Third, the support provides
a reactive chemical interface to the metal particles, causing, e. g., COy to spread on the

support via formate or carbonate species (see chapter 111-1.2.2) [133].

To our best knowledge, no studies exist, which investigate the support influence upon CO
oxidation on platinum metals extensively. For the , high rate branch* (0.01-0.1 kPa CO, 0.5
kPa O,) aswell asfor the ,,low rate branch* (> 0.3 kPa CO, 0.5 kPa O,) Fuchs et al. measured
similar turnover frequencies of around 1*10" s* for Pt/a-Al,O; and Pt/ZrO, at 300°C [152].
The same activity applied to a polycrystalline Pt foil. When comparing Pt/SIO, and Pt/Al,Os,
Mergler et al. noticed a fivefold higher activity of the latter system (7.2*10* s* compared to
3.610° st at 2.7 kPaCO, A = 1; 150°C) [77], whereas Sarkany et al. recognized a somewhat
enhanced performance (factor three) for the silica-supported catalyst (1.5*10° s* and 0.5*10°
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Catalyst TOFco [s]*10°Y | S[%] Y | TOFy, [sY] *10°Y
Pt/y-Al,05 9.6 (15.3) 42 (36) 13.3 (27.2)
Pt/MgO 155 (22.2) 53 (40) 13.7 (33.3)
PUTiO, 35 1.1 315
PU/SIO, 2.4 58 1.7
Pt powder 2.0 (1.7 56 (55) 1.6 (1.4)
Pt/Vulcan (freshly cond.) 0.68 (1.0)? 87 (57)?| 0.10 (0.75)?
Pt/Vulcan (recond.) 0.88 43 1.2

() = with 1.3 kPawater added 1) after 2 h on-stream 2) after 1000 min.

Table I11-3: Turnover frequencies for CO and H; oxidation and selectivities over
various Pt catalysts in idealized reformate (1 kPa CO, A = 2) at 150°C.

s*, respectively, a 3 kPa CO, A =1; 100°C; data taken after 60 min) [75]. The discrepancy,
which is relatively small anyway, probably arises from large tolerances for the determination
of the dispersion. Moreover their absolute TOFs seem to be very low compared to other
studies concerned with CO oxidation over such systems, hence should be considered with
care, anyway. Muraki et al., e. g., reported a TOF of 1.1*10 s* over Pt/y-Al,O3 (1 kPaCO, A
= 0.9; 150°C) [84], Cant and co-workers found TOFs of around 1.3-4*10? s for Pt/SiO,
(1.3-2 kPa CO, A = 0.8-1, 177°C) [74, 126, 153]. For single crystal faces Hardacre et al.
observed a conversion of 3107 s (0.9 kPa CO, A = 1; 157°C) over Pt(111) [154] and
Berlowitz et al. reported a TOF of 1.5*102 s* (2.1 kPa CO, A = 1; 150°C) over Pt(100) [88].
The similar magnitude of the measured values for supported and unsupported systems implies
that the support does not exhibit any major effects upon the CO oxidation reaction (at least not

in absence of hydrogen).

In figure I11-21 the activities (as a turnover frequency, upper part) and selectivities (lower part)
of severa platinum catalysts are compared for the selective CO oxidation in idealized
reformate (1 kPa CO, A = 2) at 150°C. The characteristic parameters for the various catalysts
(Pt/y-Al,03, Pt/MgO, Pt/SIO,, P/TIO,, Pt/Vulcan and Pt powder) are summarized in chapter
[1-2.1. For comparison the dispersion of Pt/TiO,, which was not known, was estimated to be
40% in order to calculate the TOF roughly. To provide a better overview, the TOFs and
selectivities after 2 hours on-stream are put together in table 111-3. Included are also the rates
with 13 kPa water added for some catalysts as well as the hydrogen oxidation rates cal culated

via selectivity.
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Figurelll-21: Time evolution of turnover frequencies (upper part) and selectivities
(bottom) over various platinum catalystsin idealized reformate (1 kPaCO, A = 2)
at 150°C: ®Pt/y-Al, O, OPU/SIO,; APt/Vulcan (freshley conditioned);

v Pt/Vulcan (after re-conditioning); ©Pt/MgO; BPUTIO,, ©Pt powder.

The Pt/y-Al,O3 catalyst possesses a relatively high activity - one order of magnidute higher
than reported in the above cited references, which may be largely ascribed to the enhancement
in presence of hydrogen and of in-situ produced water (see chapters I11-1.1.5 and 111-1.2.2).
The conversion over Pt/MgO is even larger (+60%). The TOFs on Pt/SIO, and Pt/TiO, are
about a factor three below that of Pt/y-Al,Os. The apparently more stable conversion rates on
these catalysts may be caused by organic residuals after the conditioning procedure from the
colloid precursor shell, which were removed slowly during the reaction and counteract the
»hormal® deactivation, for Pt/SIO, and by the strongly enhanced water production (extremely
low selectivity), which may prevent an approach to the steady-state for Pt/TiO,, repsectively.
The activity over Pt powder is again slightly smaller and shows a strongly decreasing tendency
with time on-stream, which is probably caused by the faster approach to the steady state, since
no support bound species participate in the equilibration process. The Pt/Vulcan catalyst
shows a large initial , step” for the activity. If we regard the rate after [1L000 min., when the
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»Step” has been passed, it is slightly higher than on the unsupported platinum. Interestingly —
different from the ,step* on Pt/y-Al,Os, which was observed for CO oxidation in a pure
nitrogen background (see figure 111-12) — , after a second conditioning procedure the ,, step”
has vanished and the catalyst shows the ,,norma® deactivation behaviour as it would be
expected. Therefore, we correlate this,, step” to the build-up of thermally rather stable species
on the carbon support (e. g., OH-groups or COO -species) during the reaction, which facilitate
the CO oxidation reaction, similar to what has been observed for OH-groups on the Pt/y-Al,O3
catalyst (see chapter 111-1.2.2). As a general summary, we may claim the following order of

reactivity for the selcective CO oxidation:
Reactivity: P/MgO = Pt/y-Al,05 > PY/TiO, = Pt/SIO, = Pt/Vulcan = Pt powder

But indeed the effects are relatively small (within one order of magnitude), as was aready

expected from the small differences between the literature TOF's, cited above.

The selectivity are relatively similar, except for the Pt/y-Al,Os, which shows a relatively low
value. The latter effect may be ascribed to the very small particles (see table 11-3), which
should favour hydrogen adsorption and oxidation due to the greater number of step sites,
where the hydrogen coverage builds up preferably (chapter [11-1.1.5). Another, much clearer
exception is P/TiO, with an extremely low value, where the H, + O, reaction is probably
catalyzed by a redox-mechanism on the titania support (Ti** o Ti*"). The selectivity over the
re-conditioned Pt/Vulcan catalyst was also surprisingly small, probably a direct consequence

of the species formed during the preceeding reaction.
Selectivity: Pt/Vulcan = Pt powder = Pt/SiO, = Pt/MgO > Pt/y-Al,03 >> Pt/TiO,

From an economic point of view Pt/MgO seems to be a good alternative to Pt/y-Al,Os. The
reactivity is somewhat higher and the selectivity is slightly enhanced, hence the required mass
of catalyst for a PROX stage should be less. The reason for the superior conversion on these
two catalysts is probably the large amount of OH-groups on the support surface along with the
stronge basicity, which enables the extensive formation of by-products and therefore increases

the conversion rate (see chapter 111-1.2.2).

1.3.2. The water-gas shift - limiting the CO conversion

For the envisaged employment of PROX as a purification stage for methanol reformer gas in

vehicles the requirements are quite restrictive. Currently used anode catalysts (Pt, PtRu) in
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PEM fuel cells are poisoned by only traces of carbon monoxide in the feed gas. The maximum
concentration, which is tolerated, is around 100 ppmT00O23] especially when a so-called
air-bleed is employed (oxygen dosage over the anode caf2itput ideally should be less

than 20 ppn{18, 155] For such extreme demands also the simultaneously occuring (reverse)

water-gas shift reaction must be considered:
H, + CO o HO + CO (11-1.12)

The re-creation of CQia the WGS reaction, which parallels the CO oxidation, but is
negligible under oxidation conditions, becomes significant as soon as the oxygen is used up. It
limits the achievable minimum CO concentration from a PROX dthge156] and, as a
consequence, determines the maximum turndown ratio for the load following behaviour in
vehicles, which depends on the ratio between the CO oxidation reaction and the reverse water-

gas shift reactiof5].

Therefore we investigated the shift rates over various platinum catalysts at temperatures,
which result in good selectivities and activities for the primary CO oxidation reactien,
between 150 and 300°, 25], and with the simultaneous addition of water, as it would be

found in real methanol reformates.

The exact mechanism of the water-gas shift reaction is still subject of an ongoing debate (see,
e. g, [138, 157-160). In principle there are two possible pathways: The ,associative

mechanism*, which proceeds intermediates (usually formates, HCQO
CO + HO o intermediate « CO + H, (1-1.13)
and the ,regenerative” or ,redox mechanigb57]:
HO + ° o H + Qg (11-1.14)
O+ CO o CO + (111-1.15)

Chinchen and Spencer suggested that for catalysts and conditions, which allow the
regenerative mechanism to operate, this mechanism is the fast¢t6dieand therefore

would be applicable to our platinum systems.

Unfortunately, there are only few reference data available concerned with the WGS over
platinum catalysts, since commercially employed catalysts are based on other engtals (
copper), which yield much higher ratg$62, 163] Grenobleet al. investigated the forward
water-gas shift reaction over different Pt-catalysts at 300°C (24.3 kPa CO, 31.40Pankl
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Figurelll-22: a) Arrhenius diagram for the reverse water-gas shift activity over platinum catalysts
over various supports (~25 kPa CO,, ~ 74 kPaH,, 1.3 kPaH,0): @ Pt/y-Al,O,; OPYSIO,;

A Pt/Vulcan; ©PY/MgO; mP/TiO,; OPt powder; b) comparison of shift-rates over Pt/y-Al,O5:

@ reverse WGS, ® forward WGS (1 kPa CO, 1.5 kPaH,0); ®forward WGS with 27 kPa H,, added.

noticed a marked influence of the support material [162]. Pt/Al,O; (TOF 6.35¢10° s?) was
one order more active than PY/SiO, (6.1¥10° s*) and two orders more than Pt/C (7*10* ™).
They attributed this effect to the different ability of the support materials in activating the H,O
dissociation. Wolf et al. investigated the reverse water-gas shift reaction (2 - 6 kPa CO, and
H,, resp.) over platinum powder and Pt/MgO, but at much higher temperatures of 800-950°C,
and ascribed the enhanced activity (x25-50) of the latter system to the facilitated CO,
dissociation at the metal/support interface [148]. For iridium catalysts Erdohelyi et al.
registered an outstanding activity for the forward reaction over the titania supported catalyst,
which turned out to be a factor of ten more active than Ir/Al,O3; and 1r/MgO and an additional
factor three more than 1r/S IO, (8 kPa CO, 16 kPa H,0O; 350°C) [160].

On our platinum catalysts (for characterization see chapter 11-2.1) we tested the reverse WGS
reaction in an atmosphere as close as possible to a real methanol steam reformate, consisting
of (5 kPa CO,, (074 kPa H, and 1.3 kPa H,O. Figure I1I-22a provides an overview in the
form of an Arrhenius diagram. The values at 150°C (as mass-specific rates) as well as the
determined activation energies are enclosed in table 1ll-4. For all data points the CO,
conversion was so small that the resulting CO concentration was well below the
thermodynamic equilibrium concentration. The activity for the reverse water-gas shift reaction
follows in principle the same trend as for the H, oxidation and with the exception of the more
active PU/TiO, also that of the CO oxidation reaction (see table 111-3):

68



Pt/Al,03

Other support materials

Catalyst rPRO% at 150°C V| r¥"at 150°C? | PR%gune | B (2 5)
[molco/grt* s [molco/gpi* 9] ratio [kJ/mol]
Pt/Al,O5 1.910* 2.810° 70 62
PYMgO 1.6*10™ 3.010° 55 74
PYSIO, 6.8¢10° 9.2¢107% 75 69
PYTIO, 7.2%10° 1.7¢10° 4 69
Pt/Vulcan 9.1*10°% 8.310%% 110 69
Pt-Black 1.010° 1.7¢10® 600 65
PYAILO;3° 1.9%10™ 9.6*10” 200 67
1) after 2 hourson-stream  2) after 30 min 3) extrapolated 4) after 1000 min  5) forward WGS

Table I11-4: Comparison of PROX and reverse WGS activities over several
platinum catalysts and determined activation energies of the shift reaction.

PUTiIO, > PUMQO > Pt/y-Al,03 > P/SIO, > Pt/VVulcan > Pt powder.

The order of reactivity as well as the relative differences between the various supports
matches excellently the tendency that would be expected from the above cited references. The
titania supported catalyst is by far more active than the other oxide supported catalysts,
analogous to the outstanding activity, noticed for the hydrogen oxidation, which again points

to an active role of this support in the reaction process.

As a consequence of the same order of reactivity for the oxidation and shift reaction, the ratio
between both remains at a rather constant level for the different supported platinum catalysts
(except Pt/TiO,). The only significant improvement in the turndown ratio of the load
following behaviour would be established for unsupported platinum, but its generally poor
activity and the strong deactivation for the CO oxidation vote unequivocaly against a

commercial employment.

Although a rather narrow distribution for the activation energy of the reverse water-gas shift,
ranging between 55 and 90 kJ/mol for oxides as well as for most supported noble metals, is a
generally observed phenomenon [157], the striking similarity of the values in table I11-4,
including also the unsupported platinum, implies an identical reaction pathway on all of these
catalysts. The lacking stability of intermedate oxygenates on pure platinum [143, 164]
strongly suggests the regenerative mechanism to be operative as was predicted by Chinchen et
al. [161]. Nevertheless the support exhibits a marked effect on the reaction rate, possibly due

to afacilitated CO, dissociation on the oxidic supports (or metal-support interfaces).
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In figure 111-22 b the reverse water-gas shift over Pt/y-Al,O3 is compared to the forward
reaction (1 kPa CO, 1.5 kPa H,0, rest N,). Both rates are of the same order of magnitude with
the latter being dlightly (factor 3) smaller. The activation energy (67 kJ/mol) for the forward
reaction — dighly lower than the 82 kJ/mol observed by Grenoble et al., but the latter was
measured at much higher reactant concentrations (24.3 kPa CO, 31.4 kPa H,0) [162] —isaso

of the same magnitude as for the reverse reaction.

After adding 27 kPa hydrogen, the forward WGS turnover fregency decreases by
approximately one order of magnitude, probably due to the simultaneously starting reverse
reaction, which clearly proves that under typical PROX conditions the contribution of the
forward water gas shift is very small compared to the CO oxidation reaction and may well be

neglected for smulations (seeg, e. g., [12]).

As a comprehensive result, the magnesia supported catalyst may be considered as a possible
aternative due to its high rate and good selectivity. The dsightly higher PROX / shift ratio,

however, favours the employment of Pt/y-Al,Os.
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1.4 Summary on platinum catalysts

In the preceeding chapters we have seen, that the selectivity for the PROX reaction is closely
coupled to the CO, coverage on the metal surface under reaction conditions. With the help of
adsorption isotherms, recorded by DRIFTS, the existence of an almost saturated CO.g-layer on
Pt/y-Al,0O3; was directly confirmed for temperatures up to 250°C and over a large variety of
CO partia pressures. This demonstrates that the selective CO oxidation proceeds in the ,,low
rate branch®, which explains the observed reaction orders on platinum cataysts as well as the
independence of the selectivity from the CO partial pressure. The enhanced reactivity
compared to a hydrogen-free reaction mixture was traced back to the coadsorption of
hydrogen at step sites, which would displace the CO on bridging positions and lower the
desorption energy of the latter by approximately 2 kJ/mal.

During time on-stream the Pt/y-Al,O3 catalysts looses activity due to the build-up of a more
and more perfect COy-layer, which increasingly blocks the dissociative oxygen adsorption.
This deactivation process is reduced in the presence of water due to the extensive formation of
oxygenate species on the support, which reduce the local CO-density on the metal surface and
alter the approach to the steady-state surface equilibrium. Unfortunately, the lower COy
coverage alows for an enhanced adsorption of hydrogen (and oxygen) on the platinum,
leading to a decreased selectivity, which must be taken into consideration for serious

calculations on PROX reactors employed for the purification of methanol steam reformates.

CO, exhibits a two-sided effect on the selective CO oxidation when compared to mixtures,
where the CO, had been replaced by nitrogen. The activation energy is lowered for both, CO
and H, oxidation, from [I70 to [65 kJ/mol, which suggests that the strong poisoning effect of
the CO is reduced, as was already implied by the more positive CO reaction order in realistic
reformate, determined by Kahlich [25]. DRIFTS measurements suggest a relative increase in
the Oy coverage, most likely as a direct consequence of the CO, dissociation at the metal-
support interface. But the rate enhancement, which would be expected, is obviously masked
by an additional poisoning effect of the CO, on the reaction, which could not be identified yet.
In the end, the effects of CO, and water on the reaction kinetics were found to be of a minor
magnitude, which justifies our initial approach by the ssmplified model of idealized reformate
[7, 12, 25].

When comparing different support materias, only Pt/MgO turned out to be a possible
aternative, dueto its slightly higher activity and selectivity for the CO oxidation.
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The generally small PROX-shift ratios over platinum catalysts cause a low turndown ratio for
the load-follwing behaviour in mobile applications, hence allowing only a rough purification
(down to several hunderd ppm CO) of methanol steam reformates at temperatures, which
guarantee a satisfying mass-specific activity of the catalyst [12]. As a consequence, for most
of the recent PROX concepts, based on a two-stage system [11, 156, 165], the Pt/y-Al,Os-
based catalyst is useful only for the first (high temperature) reaction stage and other catalyst
systems (e. g., supported Au [29, 30]), which exhibit a better PROX-shift ratio at relatively

low A-values, must be empolyed for the final removal of the carbon monoxide [12].
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2. |mproved performance on bimetallic systems - Pt;Sn/Vulcan

As was pointed out in the preceeding chapters, alumina supported platinum metals (Pt, Rh,
Ru) were proposed and successfully tested as PROX catalysts by several groups (see, e. g., [4,
6, 14]. There is till a need, however, for improved performance under dynamic conditions
and for lowering the operating temperature to the PEM fuel cell level of about 80°C. The lat-
ter offers advantages in system integration, including improved cold start properties for
mobile applications [166] and the possibility of implementing the catalyst directly into the
fuel cdll, in form of a double layer anode [155, 167, 168] and also reduces the role of the

reverse water gas shift reaction [12].

PtSn aloys are already known as good catalysts for the electrooxidation of CO in sulfuric acid
solution [169, 170], and have aso been proposed as active catalysts for gas-phase CO oxida-
tion [171, 172]. Very closely related systems, Pt catalysts supported on SnO,, have been
demonstrated in extensive studies to be good catalysts for low temperature CO oxidation (see,
e. g., refs. [173-178].

A genera objective for the use of alloyed metals in heterogeneous catalyzed reactions is to
improve the activity or selectivity of the originaly employed metal by mixing it with another
element. The second component either induces an electronic (or ligand) effect due to the
formation of metal-metal bonds, which, e. g., for platinum metal causes a modification of the
reactive d-orbitals, leading to a modified adsorption energy for the reactants / products, or it
blocks distinct reaction sites (ensembles), where unwanted side-reactions occur (geometric or
ensemble effect) [179-182]. Moreover, on some alloys the second metal may also actively

participate in the reaction process, equivalent to the formation of areal bifunctiona surface.

In the following chapters we will examine in detail how the addition of Sn improves the
PROX characteristics of a Pt catalyst, so that it is now able to match the stringent
requirements of a highly active low-temperature system, capable of reducing the CO content
of feed gas made up from steam reformed methanol down to a level, which is acceptable to
currently used anode catalysts (Pt, PtRu).

In the following chapter we will present first kinetic results on the activity and selectivity of
our vulcan supported PtSn catalyst for the PROX reaction, supplemented by temperature
programmed CO desorption (CO-TPD), infrared spectroscopic (diffuse reflectance infrared
Fourier transform spectrometry - DRIFTS), and photoel ectron spectroscopic (XPS) data. For

comparison similar data for a standard Pt/y-Al,O3 catalyst obtained in a previous study are
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included [7]. Based on these results and by comparison with similar data from other systems
such as Au/a-Fe,O3 and Pt/SnO, catalysts, we will suggest a mechanistic model to explain the
selectivity behavior of the PtsSn/Vulcan catalyst. In a further chapter, we will evauate its
suitability for the envisaged application in alow-temperature PROX stage by investigating the
long-term stability as well as the performance in more readlistic reformate gas mixtures and
finally demonstrate its superior water-gas shift characteristics. Further details of the reaction
Kinetics, in particular their dependence on reactant partial pressures, are currently determined

and will be published in aparallel thesisby M. Kahlich [25].
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Fig. 111-23: Turnover frequency (upper window) and corresponding selectivity (lower
window) for selective CO oxidation over Pt,Sn/Vulcan ({J; data acquired after 90 min.
on-stream) and Pt/y-Al, O, (O; after 20 min) in idealized reformate (1 kPa CO; A = 2).

2.1. L ow-temperature CO oxidation over Pt;Sn/Vulcan

2.1.1 Superior performance on Pt;Sv/Vulcan vs Pt/y-Al,O3

Results on the activity (top) and selectivity (bottom) of the Pt3Sn/Vulcan and, for comparison,
of the Pt/y-Al,O; catalyst in idedlized reformate (1 kPa CO, A = 2) at different temperatures
between 0° and 175°C are presented in figure 111-23. Data for the Pt catalyst were recorded
consecutively on the same catalyst bed, waiting for 20 min. at each temperature, so that the
system was close to stationary conditions. Nevertheless, since complete steady state had not
been established yet, the rates on the Pt catalyst are slightly higher, between 0% at 200°C and
50% at 150°C, than those reported in ref. [7]. For Pt3Sn/Vulcan each point was measured on a
freshly conditioned catalyst bed because of the more pronounced tendency for irreversible
deactivation (see also chapter 111-2.2.1). These data were recorded after 90 min. on-stream,
where most of the loss in reactivity has aready occurred. Figure 111-23 clearly reveals the su-
perior performance of the PtSn catalyst for the PROX reaction: Over the entire temperature
range investigated the activity of the bimtallic PtSn catalyst is significantly higher than that of
the Pt catalyst. At 80°C (PEM fuel cell operating temperature) the difference in turnover
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System D T p(CO) p(Oy) r<° TOF Ref.
[°Cl  [%] [%] x10°[mol/(s'gm)]  x10°[sT]

098%Pt-SnO,/ | 06 60 08 1 2.2 (12) 7.3 (70) [177]

CX-A|203

28% - 35 1 0.5 0.4% (4.6) - [176]

Pt-Sn0,/SIO;

0.46% Pt-SnO/ | 06 60 1 6 1.7 (11) 6.5 (70) [175]

Cordierite

3% Pt-SnO; M2 150 16 18 3.7(200%)  39(m300%) | [174]

2% Pt-SnO, - 75 5 5 11° (15) - [173]

2.7% Pt-Sn/SIO, | - 50 16 8 13% (7.1) - [171]

® evaluated at high conversion @ with 8% CO, added  ® extrapolated

Table 111-5: Comparison of published data for CO oxidation rates at atmospheric
pressure in the absence of H, on similar catalysts. Experimental conditions are listed
above. Data from fig. 111-23 at the respective temperature and p(CO) = p(O,) = 1 kPa,
75 kPa H,, balance N, are given in parenthesis.

frequencies is about two orders of magnitude, 0.15 s on PtsSn/Vulcan vs 2x10° s on Pt/y-
Al,O3. The activity of the PtSn catalyst at 80° is reached only at 150°C by the Pt catalyst. This
reactivity can be compared with that of another low temperature PROX catalyst, Au/a-Fe;Os,
where under identical conditions (80°C) a TOF of 0.7 s was determined [26].

For the CO oxidation on the chemically rather similar Pt/SnO,, in the absence of Ho,
significantly lower activities, by about one order of magnitude, were reported for similar
reaction conditions (seelines 1 - 4 in table 111-5). On our PtSn catalyst we noted an increase in
CO oxidation activity by a factor of 2 - 3 in the presence of H, (see chapter 111-1.1.1),
nevertheless, a difference by a similar factor remains which must be attributed to differences
between the catalysts. Only for higher reactant concentrations [173] activities of comparable
magnitude were observed (table 111-5).

A plot of In(r®) vs UT (fig. I11-24; idealized reformate with 1 kPa CO, A = 2) yields an
apparent activation energy of 31 (£4) kJ/mol on Pt3Sn/Vulcan, which is clearly less than the
76 (£5) kJ/mol determined on Pt/y-Al,Os. Likewise, activation energies of around 49 (+5)
kJmol on the bimetallic PtSn catalyst and 77 (£7) kJ/mol on Pt/y-Al,O3 are determined for
the concomitant hydrogen oxidation (r "z calculated via the selectivity), where the latter value

is essentially identical to the activation barrier for the CO oxidation. Note that the values for
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Fig. 111-24: Arrhenius diagram of turnover frequencies for CO oxidation (upper
window) and H, oxidation (calculated via selectivity; lower window) over
Pt;Sn/Vulcan ([0) and Pt/y-Al,O; (Q) in idealized reformate (1 kPaCO; A = 2).

the activation barrier refer to an effective barrier for the complete process, in the presence of

the respective other species (CO or hydrogen), rather than to a specific reaction step.

Similar to the reactivity discussed above aso the selectivity and its temperature dependence
(Fig. 111-23, bottom) differ significantly between the two catalysts. On Pt3Sn/Vulcan the
selectivity more or less steadily decreases with temperature, starting from a very high value of
about 85% in the low temperature regime around 0 - 20°C to about 45% at 120°C (Note that
because of the very low hydrogen oxidation rates at 0°C the experimental uncertainty is rather
high, so that the seemingly constant selectivity at 0° and 20°C should not be overinterpreted).
In contrast, on Pt/y-Al,O3 the selectivity is much lower, around 35%, but constant up to
175°C. Only at temperatures above 200°C the selectivity was reported to decay in this system
([7]; see also chapter 111-1.1.1). The constant selectivity and small turnover frequencies at low
temperatures on the Pt catalyst were explained by assuming the platinum surface to be fully

covered by CO. In that temperature regime CO desorption controls the dissociative adsorption
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of oxygen and is rate limiting, and the steady state coverages 6 and 6 are very low ([7]; see
also chapter 111-1.1.1). This situation is characteristic for the so-called 'low rate branch’ for CO
oxidation [1]. The decay in selectivity sets in at temperatures where these conditions no longer
hold true, i. e., a temperatures where the CO desorption rate is sufficient to cause adeclinein
the CO coverage under steady state conditions, allowing the hydrogen and/or oxygen
coverage, By and B, to build up. If similar mechanistic explanations are valid aso for PtSn,
then the CO adsorption energy should be significantly reduced on the Pt3Sn/V ulcan catalyst as
compared to Pt, at similar conditions, so that the decrease in CO coverage would already
occur above room temperature as compared to above 200°C on Pt/y-Al,Os. This hypothesisis

tested in the next section by a CO desorption experiment.

2.1.2 Alloying effects

The freshly conditioned Pt;Sn/Vulcan catalyst was cooled down to -48°C and exposed to a
flow of 10 Nml/min CO for 5 min.. After purging the reactor with nitrogen the sample was
heated up linearly at 5°C/min (10.4 Nml/min of nitrogen). Again a CO-TPD on Pt/y-Al,O3 is

shown for comparison [7].

The CO-TPD spectra in the top part of figure I11-25 alow the following conclusions. First of
all the onset of desorption from the PtSn catalyst is shifted to lower temperatures, from about
50°C on Pt to about -20°C on Pt3Sn/Vulcan. For desorption from Pt/y-Al,O5; two peaks at
110°C and 220°C are found, which are commonly assigned to CO adsorbed on terrace and
step sites, respectively [92, 123]. The additional high temperature peak from the Pt/y-Al,O3
catalyst at around 280°C is probably due to the decomposition of formates, which accumulate
on the support during adsorption [133]. For PtzSn/Vulcan, the first maximum appears at
around 45°C, followed by a shoulder at [1105°C and another maximum at 215°C. From the
analogy in desorption temperatures the two latter states are tentatively assigned to CO
desorption from small clusters of Pt surface atoms on the alloy particles. The low temperature
peak at 45°C, which is only observed on Pt;Sn/Vulcan, is attributed to CO desorption from Sn
modified Pt sites. Ross explained the lowering of the CO adsorption energy on the Sn
modified Pt sites by an electronic effect due to metal-metal interactions between Pt and Sn,
which would result in a downshift and narrowing of the platinum d-states, so that the overlap
with the 2rt*-orbitals of the adsorbed CO molecules and hence the CO adsorption energy is
reduced [183]. This qualitative picture was confirmed by recent calculations in the group of J.
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Fig. 11-25: Upper window: temperature programmed desorption of pre-
adsorbed CO over Pt;Sn/Vulcan &——; 5°C/min, 10.4 Nmi/min N,) and
Pt/y-Al,O4 (- - - - ; 3°C/min, 15 Nml/min He [7]; size scaled); lower
window: calculated loss of CO in monolayers fractions of metal surface.

Narskov, which demonstrated the close correlation between the position of the d-band and the

CO adsorption energy [182].

Assuming first order desorption kinetics and a (coverage independent) preexponential of 10*
s* we can estimate an activation energy of Eges = 110 kJ/mol for CO desorption on Pt/y-Al,0Os
(for the first maximum) and around 90 kJ/mol for the first maximum on the Pt3Sn/Vulcan
catalyst, which corresponds to a reduction of Eg4es by roughly 20 kJ/mol for the aloyed surface.
Similar results were reported by Ross, who determined a temperature shift of 50°C compared
to pure platinum in CO desorption experiments on an ordered PtzSn single crystal, equivalent
to a decrease in the desorption barrier of about 20 kJ/mol [183, 184], or by Paffett et al., who
reported desorption maxima at 60°C - 80°C and 110°C resulting in desorption barriers of 100
- 105 kJ/mol and 122 kJ/mol for ordered PtSn surface alloys and pure platinum, respectively
[185] (For these calculations the authors assumed a prexponential of 4*10™ s™). In total, the
(surface) aloy formation leads to an appreciable reduction in the onset of desorption at high

coverages. For the present purpose, however, it is decisive to estimate the change in steady
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state coverage under reaction conditions. Using the desorption parameters determined above
and sticking coefficients between 0.1 and 1, we can calculate that the reduction in CO
coverage is negligible at 60 - 80°C and 1 kPa CO partial pressure. Hence it is unlikely that the
PtSn system is operated in alow coverage situation at these temperatures, contrary to findings
for Au/a-Fe,O3 [186]. Theoretically, for a similar reaction mechanism on Pt3Sn/Vulcan as on
Pt/y-Al,O; the decay in selectivity should begin at temperatures around 120°C as concluded
from the difference in the onset of desorption, while based on experimental findings this onset
of a decaying selectivity must be below or at 20°C (see Fig 111-23), pointing to additionally

effects contributing to the change in selectivity behavior as well.

In addition to the change in adsorption energy also the CO saturation coverage on the metal
particles differs significantly. Because of the different catalyst loading and dispersion in the
two TPD experiments we aso plotted the integrated desorption curves, corrected for these
differences and normalized to adsorbate coverages on the total metal surface, in the bottom
part of figure 111-25. Assuming a saturation coverage of 0.7 monolayers (ML) on the Pt
particles [7], we obtain an absolute coverage of dlightly more than 0.1 ML on the PtSn
particles. Thisis by afactor of 5 below the saturation coverage extrapolated for a surface with
PtsSn composition, if we assume the same saturation CO density on the Pt surface atoms. The
latter assumption was put forward and confirmed in UHV experiments on ordered single-
crystal PtSn aloy surfaces (e. g., [184, 185, 187]). Hence, the CO adsorption capability of the
PtSn particles must be significantly reduced. Most plausibly the surface has become strongly
enriched in Sn during the pretreatment procedure. Similar effects, significant Sn surface segre-
gation of PtSn-alloys during annealing (or) in the presence of oxygen, were indeed found in
earlier studies [171, 188-190]. Most likely the calcination step during conditioning (20
Nml/min of 10 kPa O, in N, for 30 min. at 300°C) causes a massive segregation of Sn to the
surface, forming SnOy clusters or a (partia) SnO, overlayer, which are not completely
reverted during subsequent reduction in H,. A situation with 80% of the surface covered by Sn
or an oxidic species after the conditioning sequence does not appear unrealistic (see aso next
section). Thisis supported by our XPS results, where the calculated Pt:Sn ratio on the freshly
conditioned catalyst is only 2.0 (table I11-6), pointing to a strong surface enrichment of tin of

more than 50%.

Note that the CO TPD experiment does not account for a possible influence of the coadsorbed
hydrogen, which is present under steady state conditions during selective CO oxidation, on the

CO desorption kinetics. Although we found that the influence on B¢o is rather small in the
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Fig. 111-26: DRIFTS spectra (region for linearly adsorbed CO) in idealized
reformate (0.1 kPa CO; A = 2) at varying temperatures over Pt/y-Al,O,
(upper window) and Pt;Sn/Vulcan (lower window).

case of Pt/y-Al,Os, where the adsorption energy of CO is lowered by only 2 kJ/mol in the
presence of coadsorbed hydrogen (chapter 111-1.1.5), this may be different for the PtSn system.
Similar effects could also play arole for the CO oxidation kinetics.

More detailed statements require precise knowledge of the temperature dependent CO cover-
age under steady state conditions. This will be topic of the DRIFTS experiments described in

the following section.
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2.1.3 Coverage dependence of the selectivity

The use of infrared spectroscopy for the determination of temperature dependent changes in
the CO coverage is based on earlier observations, showing that the exact position of the C-O
stretch vibration, on an identical adsorption site, changes both with coverage and with tem-
perature [38, 39]. The former shifts result from static changes in the C-O bond, due to direct
and indirect adsorbate-adsorbate interactions, and from a coverage dependent dynamical
coupling between neighboring dipoles. Temperature dependent shifts, at constant coverage,
arise from thermal decoupling, i. e., from a temperature induced reduction in dynamical cou-
pling [40, 99, 191]. Monitoring the evolution of the C-O stretch frequency with temperature

should therefore allow conclusions on the temperature dependent coverage behavior.

For these experiments IR spectra were recorded on a freshly conditioned catalyst in an
atmosphere of 0.1 kPa CO, 75 kPa H,, and rest N, for 90 min. at increasing temperatures,
starting at 20°C and staying for 60 min. at each temperature. The spectra obtained on both
catalysts are reproduced in figure I11-26, the shift of the band position with increasing
temperature, in the temperature range between 20°C and 120°C, is plotted in figure 111-27. As
evident from figure 111-26, the overall shape of the spectra does not change significantly with
temperature. On Pt/y-Al,O3 two distinct CO species appear in the region of linearly adsorbed
CO. A large band at around 2050 cm™, which is attributed to CO at step sites, and a shoulder
at around 2073 cm™, which is assigned to a small fraction of CO on extended terraces [133].
Both bands reveal a small shift to lower wavenumbers of 3 - 4 cm™ in the temperature range
investigated. From parallel adsorption measurements on the Pt/y-Al,O3 catalyst we know that
the platinum surface is fully saturated with adsorbed CO over the entire temperature range at
the conditions of figure 111-23 (chapter 111-1.1.4). Therefore this IR-shift is attributed solely to
a thermal reduction of the dipole coupling at constant coverage. Alike conclusions were also
drawn in very similar earlier experiments on Pt/Al,O5 catalysts by Anderson [191] or Primet
[39].

Previous studies had shown that for adsorption on PtSn alloy surfaces the CO band is dlightly
shifted to lower frequencies (up to 20 cm™) compared to pure platinum (at a corresponding
metal dispersion), which was mainly attributed to a dilution effect, which reduces CO
coupling, and an additional small electronic influence (ca. 5 - 10 cm™) of the tin [192-194].
The band at around 2075 cm™ found in the present study on the bimetal-PtSn catalyst is there-
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Fig. 111-27: Position of the IR band for linearly adsorbed CO in idealized
reformate (0.1 kPa CO; A = 2) as afunction of temperature over Pt;Sn/Vulcan
(@) and Pt/y-Al, O, (Oterrace bound CO and > edge bound CO).

fore associated to linearly bound CO on Pt sites on the aloyed surface. With increasing tem-

perature the band shifts by about 9 cm™ to lower wavenumbers.

For comparison, Balakrishnan et al. reported in a similar study on a PtSn/Al,O3 catalyst con-
taining 1% Pt and 0.1% Sn an infrared band at 2068 cm™ at room temperature (after saturation
with 101 kPa CO), which down-shifted about 25 cm™ as the coverage decreased at higher
temperatures [193]. Likewise, de Ménorval et al. observed an IR band at 2072 cm™ on their
PtSn/Al,O; catalyst (1.4% Pt, 0.2% Sn; D = 64%), shifting to 2043 cm™ after desorption at
200°C [195]. For samples containing more tin (up to 1%) the downward shift was
significantly smaller (112 cm™), indicating that the coupling is reduced by the dilution with tin
[193].

If the contribution of direct thermal effects is around 3 cm™, similar to Pt/y-Al,03, the
additional shift of about 6 cm™ must be attributed to a reduction in CO coverage with
increasing temperature. Comparison with the cited literature data ([193-195]) implies, that the
present shift of 6 cm™ would correspond to a coverage decrease of ca. 20%, assuming a linear

relationship between the band position and B¢o.

Based on these results the CO coverage on the PtzSn/Vulcan catalyst drops continuously with
increasing temperature under steady state conditions, especially above 60°C. Even if we take
into account that the kinetic data were recorded under oxidizing conditions and at a somewhat

higher CO content of 1 kPa (a concentration which could not be redlized in the IR

83



PtsSn/Vulcan Low-temperature CO oxidation over PtzSn/Vulcan

XPS intensity [cps]

binding energy [eV]

Fig. 111-28: XPS spectra of the Sn 3d,, level on Pt;Sn/Vulcan during conditioning

(a) first 30 min. with 10 kPa O, in N,, then b) 30 min. H,; both 300°C), c) after exposure
of the freshly conditioned catalyst to air (20°C; 15 min.) d) after 16 h of CO oxidation in
pure nitrogen and ) after 1 h PROX in idedlized reformate (spectrad & ewith 1 kPaCO;
A = 2; 80°C; with subsequent exposure to air at 20°C, ca. 15 min.).

experiments, since under these conditions the gas phase CO signa completely covered the
COyq band on the carbon supported catalyst), this infrared experiment confirms the
conclusions from the TPD experiment, that the steady state CO coverage decreases
significantly in the temperature range 60 - 120°C, which in turn would serve as a good
explanation for the decay of selectivity under PROX conditions in fig. 111-23. On the other
side, both experiments indicate that the coverage decrease is smal, if at al existing, at
temperatures below 40 - 60°C, pointing to another contribution to the increasing selectivity in

this temperature range.

2.1.4 Catalyst state during conditioning & reaction

In addition to aloy formation Sn can affect the reaction also by forming SnO, which may
cover part of the metal particles. Therefore information on the oxidation state of the Sn
component, under reaction conditions, is a precondition for understanding the reaction

mechanism. This question was investigated by XPS measurements. XP spectra were recorded
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Treatment Pt(4f7;) | Sn(3dse) | ,SN*™ | Pt/Sn-
[eV] [eV] [%] ratio
conditioning:
10 kPa O, at 300°C 71.6 486.9 9 16
+ 10 kPaH, at 300°C 71.7 4858 | =100 2.0
+ exposureto air at 25°C 71.6 486.1 57 18
after reaction (ex-situ):
1 hid. reformate (1 kPaCO, A = 2; 80°C) 71.6 486.3 39 1.7
20 hiid. reformate (1 kPaCO, A = 2; 80°C) 71.6 486.3 37 1.7
16 h CO oxid. in pure N, (1 kPaCO, A = 2; 80°C) 71.6 486.1 52 18

Table 111-6: XPS results on our Pt3Sn/Vulcan catalyst after treatment in different
atmospheres (C(1s) at 284.6 eV).

on the freshly conditioned catalyst and on a used catalyst, after 1 and 20 h reaction,
respectively. Since these measurements cannot be performed in-situ, we also characterized a
catalyst conditioned in a high pressure cell of the XP-spectrometer (30 min. 10 kPa O, + 30
min. 10 kPa H,, both at 300°C) for comparison, avoiding subsequent transport through air.
The spectra (Sn(3ds/2) peak) recorded after the different treatments are shown in figure 111-28.

The reactive treatments lead to the following results (also listed in table I11-6): After oxidation
in the high pressure cell the Sn(3ds/,) signal appears at a BE of 486.9 eV (spectrum (a) in fig.
[11-28), the subsequent reduction cycle causes a down-shift to 485.8 €V. Furthermore,
compared to the rather large width of spectrum (@) (full width at half maximum (FWHM) 2.3
eV) the latter spectrum is significantly narrower, with a FWHM of 1.8 V. From a comparison
of the positions to those given in previous studies, which were obtained on various supported
and unsupported PtSn and Sn samples (listed in table 111-7; the BE-range for the 3ds, signal of
Snin its different states is also graphically illustrated in figure 111-29), we attribute the latter
spectrum to Sn in its metalic state (which is slightly shifted upward for alloys and small films
when compared to bulk Sn [196, 197]), whereas after the calcination treatment Sn*"** species
dominate the spectrum. The latter are hardly distinguished by XPS[198, 199]. The large peak
width of 2.3 eV, however, points to contributions from different oxidation states. Hence Sn
oxidation is still incomplete, in agreement with previous findings that oxidation of PtSn alloys

isvery slow, much slower than for metallic Sn[196, 200].

After the subsequent reduction cycle, the BE's are reduced but still slightly higher than those

reported in the literature for aloy surfaces/particles. Since significant particle size effects are
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PtsSn/Vulcan Low-temperature CO oxidation over PtzSn/Vulcan
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Fig. 111-29: Binding energy range for the Sn(3d;,) peak of various Sn and
PtSn samplesin literature studies [171, 185, 189, 196, 198, 199, 202-206]

unlikely at an average particle size of 3 - 4 nm, the higher BE might reflect an incomplete
reduction of the particles. Similar effects have in fact been observed, during reduction of an
Al,O3 supported PtSn catalyst at 500°C in a H, flow, where EXAFS spectra recorded in-situ
showed significant Sn coordination to oxygen atoms [201]. On the other hand, for a SO,
supported PtSn catalyst the same procedure led to a more complete reduction and alloy
formation. Similar conclusions have been reached in numerous other studies, which confirmed
that after reduction in H, a significant fraction of the Sn in Al,O3; supported catalysts was
involved in PtSn aloy formation, but a large fraction, presumably unreduced tin oxides,
remained unaffected on the surface [193, 204, 206, 208-211]. For carbon supports the
situation appears to be similar: After reduction part of the Sn is metallic and dissolved in PtSn
alloy particles, another part of it is still in an oxidic state, adsorbed on the PtSn particles and
presumably aso on the support material [207, 212]. Likewise, the increased Pt:Sn ratio
measured after reduction, which indicates diffusion of Sn into the alloyed metal particles,
underlines the formation of a real bimetallic catalyst after our conditioning procedure.
Because of the ten times higher H, partial pressure during reduction in the reactor the degree
of Sn reduction for the conditioned catalyst prior to reaction may be somewhat higher than

after the in-situ reduction in the X P-spectrometer.

Next we compare with spectra recorded on the catalysts after conditioning in the reactor and
after 1h reaction in idealized reformate (1 kPa CO, A = 2; 80°C), respectively (fig. 111-28 c,d),
and subsequent transfer into the spectrometer. For better comparison these spectra are overlaid
on top of each other. The Sn(3d) peaks in these spectra are almost identical, both with respect
to their peak position, with binding energies (BE's) of 486.1 and 486.3 €V, respectively, as
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well as to the Sn(3d)/Pt(4f) intensity ratio. The only significant difference is a shoulder on the
high BE side of the spectrum, which is more pronounced after reaction than after
conditioning, which may be attributed to either an enhanced amount of oxidized Sn species or,
more likely (since the broadening is not observed after CO oxidation in a pure N,
background), to the formation of Sn(OH), species, which can be expected as a consequence of
the parallely occuring H, + O, reaction. A virtually identical spectrum was obtained on a
catalyst after 20 h reaction (seetable 111-6).

The rather wide peaks (FWHM 2.3 eV) can be deconvoluted into and fitted by contributions
of the 'reduced' and the ‘oxidized' component in figs. 111-28 a and b (Note that the 'reduced'
component is presumably also partly oxidized.) The apparent shift of 0.3 eV and the increase
in peak width from spectrum (111-28b) to spectrum (111-28c) reflect an increase in the oxidized
component, which is caused by the sasmple transfer. The relatively low increase in oxidation is
consistent with findings from previous studies on the oxidation of PdSn and PtSn (surface)
alloys, which reported only slight peak shifts of below 0.5 eV for oxygen exposures around
10" L (1 L = 1.3310° mbar s) [196, 200], much less than obtained for bulk Sn or thick Sn
films[185].

In contrast to the tin component, the Pt(4f;,) signa remains constant at a BE of 71.6 eV for
al treatments, indicating a fully reduced state. The somewhat higher BE compared to the
values listed for pure Pt (ca. 71.2 eV [213]) is probably an effect of the Pt-Sn alloy formation
[214].

In total these results indicate that the working catalyst, under reaction conditions, contains
partly oxidized Sn on the surface. Similar conclusions were reached in additional in-situ
XANES measurements on the Pt3Sn/Vulcan catalyst during reaction in idealized reformate
(The results will be published in detail in an upcoming article). This formation of SnOy
species during CO oxidation was also confirmed in post-mortem AES experiments by Logan
et al. for a Sn overlayer on a Pd(100) substrate (reaction at 1 kPa O,, < 0.2 kPa CO; [200°C)
[215]. Nevertheless, part of the tin in our catalyst is present as metallic Sn° in form of PtSn
alloys. The close similarity of the spectra (111-28c) and (l11-28d) indicates that during the
reaction the catalyst largely keeps the morphology and (surface) composition it had after
conditioning, with a slight increase in the amount of oxidized Sn species. After the oxidative
treatment, more highly oxidized SnOy surface species are formed, accompanied by reaction

induced Sn segregation. Similar conclusions can aso be drawn from a quantitative analysis of
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the Sn(3d)/Pt(4f) intensity ratios. Moreover, the XPS data support the strong Sn surface
enrichment on the freshly conditioned catalyst when compared to the nominal composition
(Pt3Sn), as was aready indicated by the low saturation coverage of CO in our TPD
experiment. This is also in agreement with a recent study of de Miguel et al., who reported
extreme surface compositions of Pt:Sn = 1:16 and more on a PtSn/C catalyst after reduction at
350°C [207].

2.1.5 Mechanistic proposal - avoiding the CO poisoning

From the data presented above, the mechanism for preferential CO oxidation on carbon sup-
ported PtSn catalysts, at 1 kPa CO and 1 kPa O,, must satisfy the following conditions:

i) Theratefor CO oxidation is much higher on Pt;Sn/V ulcan than on Pt/y-Al,Os, by about 2
orders of magnitude at 80°C; it is close to that observed on Au/a-Fe;O3; under identical

conditions.

ii) The effective activation energy for CO oxidation on Pt3Sn/Vulcan is much lower than on
Pt/y-Al,0O3, and closely similar to that observed on Au/a-Fe,Os; under identica
conditions. It is also much lower than the CO desorption barrier on this surface, implying

that CO desorption is not the rate l[imiting step.

iii) The low temperature selectivity of 85% on the PtSn catalyst is much higher than that ob-
tained for the common Pt catalyst (35%) in the temperature range where this is active. It

decreases with temperature above 20°C.

iv) CO adsorption on the PtSn aloy surface exhibits an additional low temperature state not
existent on Pt, which reduces the onset for CO desorption by 60 - 70°C at saturation
coverage. Despite of the resulting decrease in steady state CO coverage with temperature
the reaction proceeds at a substantial local CO coverage on the free Pt surface sites, much

higher than for Au/a-Fe,Os, but below saturation coverage.

v) Under reaction conditions part of the Sn is oxidized, while the remaining part is metallic,
forming PtSn alloy particles. A large fraction of the surface, about 80%, is blocked for
CO adsorption, by both SnO, patches and alloyed Sn atoms on/in the surface.

These requirements are met by the following tentative mechanistic picture for the PROX reac-
tion on the Pt3Sn/Vulcan catalyst in the parameter range investigated here: During reaction the
catalyst operates at high CO coverages, which may reach saturation in the low temperature
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regime between 0° and 40°C and decreases steadily with increasing temperature. But even at
120°C the CO coverage is still considerable (reduced by approximately 20% based on the
infrared results). Areas covered by SnO, as well as Sn surface sites are not accessible for CO
adsorption. These areas are active, however, for oxygen adsorption. Since the sticking
probability of oxygen on a CO covered PtSn surface, even with only Pt sites being occupied,
is expected to be low, oxygen adsorption will be dominated by adsorption on small SnOy
islands. Oxygen adsorption on Pt sites vacated by reacting or desorbing CO molecules, which
isthe rate limiting step on pure Pt, is still possible, but is much less efficient than on the SnOy
areas. CO oxidation takes place by reaction between CO adsorbed on the Pt areas/sites of the
catalyst particles and O,y adsorbed on adjacent SnO, islands/Sn sites or by spill-over of one
the species and subsequent reaction to CO,. Since oxygen adsorption is not limited by CO
desorption, the activity of the PtSn catalyst is much higher than that of Pt catalysts, at least in
the regime of high CO coverages. A rather similar mechanism had been proposed for low
temperature CO oxidation on Pt/SnO, catalysts by Lintz and coworkers [177], explaining the
high activity at low temperatures by adsorption of oxygen on the tin-dioxide and subsequent
reaction with CO adsorbed on Pt sites. The still lower activity of the SnO, supported Pt
catalysts as compared to the present system (see table I11-5) can be understood from the higher
dispersion of the SnO, component, if this material is present on the surface of the active metal
particles. The reduced CO adsorption energy and hence decreased steady state coverage of
CO, which work in the same direction, would not be sufficient to explain the rather high
reaction rates even at the lowest temperatures, around O - 20°C. Since CO desorption is no
more a precondition for oxygen adsorption and subsequent reaction, the activation energies for
CO oxidation and CO desorption on the PtSn catalyst are distinctly different, in contrast to
pure Pt catalysts, where the creation of vacancies by CO desorption is the rate limiting step, at
least in the 'low rate branch’, and the barriers for CO oxidation and CO desorption, in the high

coverage limit, are of similar size[1, 216].

The hydrogen oxidation reaction, in the presence of small amounts of CO in the gas phase,
seems to be dominated by hydrogen adsorption on Pt surface sites. The much higher
selectivity of the PROX reaction on PtSn than on Pt results from the much higher rate for CO
oxidation, while the enhancement of the hydrogen oxidation rate is less pronounced. This
points to a low steady state coverage of Hay, Which is most easily explained by a hydrogen
adsorption path where hydrogen adsorption on PtSn proceeds in the same way as on Pt, by
adsorption into vacancies of the CO adlayer. This way hydrogen adsorption is effectively
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inhibited at high CO coverages. Hydrogen adsorption on SnOy areas, being the dominant route
for oxygen adsorption, does not seem to play arole. Furthermore, even in the absence of CO
the sticking coefficient for hydrogen adsorption on the PtSn surface is significantly lower than
on a pure Pt surface [185], probably a geometric effect, which reduces the number of reactive
Pt ensembles [195, 217, 218].

In that picture it is straightforward to explain the much higher selectivity on the bimetallic
PtSn catalyst as compared to the pure Pt catalyst and the steady decrease of the selectivity
with temperature. At low temperatures (and high CO coverages) hydrogen adsorption and
oxidation are practically inhibited, since limited by CO desorption. With increasing
temperature at least at temperatures above 40 - 60°C, the CO coverage decreases on PtSn,
while on Pt it remains practically constant up to much higher temperatures. Consequently the
hydrogen oxidation rate increases steadily, leading to a steady decline in selectivity. For Pt/y-
Al,Og, in contrast, the selectivity is constant over a wide temperature range and decays only
above 200°C (chapter 111-1.1.1).

These effects are reflected in the activation energies measured for the two oxidation reactions.
While on Pt/y-Al,O5 the apparent, measured activation energies for CO and H, oxidation are
practically identical, the latter is significantly higher than the former one on PtzSn/Vulcan, in
accordance with the observed decrease in selectivity with temperature. It is important to note
that these activation energies are not simple barriers for the individual oxidation step, i. e., for
the reaction between adjacent CO, and Oy (or Hag and O4), but rather result from a complex
interplay between different processes, each of them exhibiting a different temperature
dependence, with considerable consequences for the overall reaction process. For instance for
PtSn, where oxygen adsorption is possible also on Sn areas, CO desorption is no longer rate
l[imiting and the apparent barrier for reaction (31 kJ/mol) is much lower than that for CO
desorption (CI70 - 90 kJ/moal). In that case the actual reaction step is likely to be rate limiting,
with the measured activation barrier actually describing the activation energy of this reaction
step. For the hydrogen oxidation rate on Pt3Sn/Vulcan, on the other side, the measured
activation barrier must include also effects from the decline in CO coverage with increasing
temperature. On pure Pt the hydrogen oxidation rate is directly coupled to that for CO
removal, i. e, CO desorption, CO oxidation and H, oxidation exhibit the same apparent
activation energies, at least up to 200 °C [7].
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At last we compare the reaction mechanism for CO oxidation on PtSn with that on another
low temperature CO oxidation catalyst, on Au/a-Fe,Os. The latter catalyst is very different
from PtSn in that on the Au surface CO adsorption is much weaker, leading to a very low
steady state CO coverage at operating temperatures between 40° and 80°C ([186]; compare
also chapter 111-3.3). On the other side, despite of the low CO coverage oxygen adsorption on
Au is practically not possible because of the very low sticking coefficient for dissociative
oxygen adsorption on Au [219, 220]. Existing reaction models therefore assume oxygen
adsorption on the FeOy support, followed by diffusion to the perimeter of the Au particles and
subsequent reaction either at the perimeter, or, after a spill-over process of one of the compo-
nents, on the adjacent Au or support areas (see chapter 111-3.1). Hence, aso in this case CO
desorption is not rate limiting, at least not for the supply of oxygen, and this catalyst shows
reaction characteristics similar to the present Pt3Sn/Vulcan catalyst, with the selectivity de-
creasing with temperature [26, 186]. In this case, however, the competing adsorption and
oxidation of hydrogen is not inhibited by a CO adlayer on the metal particle, but by the high
activation barrier for the dissociative hydrogen adsorption on Au [221-223].

Finally we would like to note that if the mechanism suggested above is correct, one would ex-
pect for the PROX reaction on PtSn catalysts that in the parameter range investigated here the
selectivity is independent of the O, partia pressure in the low temperature regime, where
oxygen adsorption is limited to adsorption on the SnOy islands, and decreases with CO partial
pressure, at least at temperatures above 40°C. These proposals are currently investigated and
will be presented in a parallel thesiswork by M. Kahlich [25].
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2.2 Other important characteristicsfor an application in a PROX-stage

Not only a high activity and selectivity are decisive for an employment in a real PROX
application, there are other important factors, which have to be considered as well, e. g., the
long-term stability or effects arising from a more realistic composition of the reaction gas

mixture.

The currently employed Pt/y-Al,O3 system showed a quite satisfying long-term stability in our
tests in idealized reformate, characterized by a rather moderate and highly reversible decline
of activity (chapter 111-1.2.1). But due to its high operation temperature (150 - 250°C), which
iS necessary in order to ensure a sufficient mass-related activity, its performance suffers
strongly from the reverse water-gas shift reaction occuring at the same time in presence of
CO,, which limits the CO purification level achievable in a PROX stage (see, e. g., [11, 12];
compare also chapter 111-1.3.2).

Similar to the procedure for Pt/y-Al,O3 in the preceeding part of this work, in the following
context, we will first investigate the long-term performance of our Pt3Sn/Vulcan catalyst
before we subsequently discuss effects arising from a more realistic reformate containing CO,
and / or H,O. Finally we will evaluate the activity for the water-gas shift reaction and compare
it to the standard Pt/y-Al,O3 catalyst.

2.2.1 Long-term stability

The evolution of the CO oxidation activity over PtsSn/Vulcan during time-on stream in
various gas mixtures (all 1 kPaCO, A = 2; 80°C) isdisplayed in figure 111-30 and compared to
the deactivation behaviour of the Pt/y-Al,O3 catalyst in idealized reformate at 150°C (black
circles). The deactivation over the bimetallic PtSn catalyst (diamonds) in idealized reformate
(46% within 1000 min.) is aimost identical to that of the Pt catalyst. But due to the different
reaction mechanism, where the oxygen supply is not limited by the CO desorption but occurs
via the Sn component, the activity loss on PtzSn/VVulcan cannot be simply traced back to a
slow , self-poisoning” by a more and more perfect CO4-layer as was proposed for Pt/y-Al,O3
([32, 128]; see also section 1.2.1). For the CO oxidation in pure nitrogen this deactivation is
strongly enhanced (86%; triangles). Moreover, the activity is significantly lower (factor 2 for
the inital TOF), which is in analogy to the pure Pt catalysts and probably caused by a similar
effect of coadsorbed hydrogen on the adsorption energy of CO in idealized reformate (Chapter
[11-1.1.5). On the closely related P/SnO, system Gardner et al. observed a similar severe

93



PtsSn/Vulcan Other important characteristics for an application in a PROX-stage

01fp 1
"o,
LL
O
I_

0.01 | -

10 100 1000
t [min]

Figure111-30: Long-term activity of Pt;Sn/Vulcan (80°C) in idedized reformate (¢ ;
1kPaCO, A = 2), inidedlized reformate + 1.3 kPaH,O (&), during CO oxidation
inapure N, background ( w ) and in pure N, with 1.3 kPa H,O added (O);

for comparison: Pt/y-Al, O, in idealized reformate at 150°C (®;1 kPaCO, A = 2).

deactivation of roughly 70% within 1000 min. (1 kPa CO, A = 1; 55°C) [224]. The addition
of water (1.3 kPa; hexagons) to the hydrogen-free mixture increases the activity dlightly
(+40%), which is again similar to Pt/y-Al,O3; and also in accordance with alike observations
by Croft et al. on a Pd/SnO, catalyst (5 kPa CO, A = 8; 60°C) after the addition of 2.8 kPa
H,0 [225], but it does not alter the deactivation behaviour markedly. Such an increase of the
initial activity is also noted for idealized reformate in the presence of water (square symbols),
but here the effect is slowly reduced with proceeding time on-stream, leading to an asymptotic

approach to the data obtained in the dry mixture (see next section).

The reversibility of this activity loss on Pt3Sn/Vulcan (in idealized reformate) was
investigated in subsequent long-term measurements, which are shown in fig. I11-31. Other
than for Pt/y-Al,O5 the activity is not fully restored after intermediate purging with pure
nitrogen at 80°C (i. e., at reaction temperature; 20 Nml/min for 1 h) and 170°C, respectively.
Just 65 - 70% of the initial rate are regained by this procedures. Only after an intermediate
purging step at 270°C (inset window in fig. 111-31), which is aready close to the conditioning

temperature, theinitial activity is restored to the full extent.
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Figurelll-31: "Regeneration-tests’ over Pt;Sn/Vulcan after reaction in idealized
reformate at 80°C (1 kPaCO, A = 2): first by intermediate purging with nitrogen
for 1 hour at reaction temperature, then at 170°C - a) reaction rate and

b) selectivity; Inset: Regeneration-test” by purging with N,, at 270°C (1 h).

At the beginning of the experiment and after each purging step the selectivity starts from a
low level (ca. 45%) and then slowly increases to its fina value (ca. 67%), a behaviour which
iswell known from our experiments on the Pt/y-Al,O3 system. On the latter, this phenomenon
was explained by a CO4-layer approaching its final steady state coverage only very slowly
and hence initialy allowing more hydrogen to adsorb on the surface. The fact, that the same
effect exists for the bimetallic PtSn surface, too, underlines that we indeed operate at a rather
high 6¢o at our reaction conditions (at least high enough to block the H, adsorption) as was
already suspected in the preceeding chapter. It furthermore confirms clearly that CO and H,
still compete for the same (Pt) adsorption sites and that the latter does not additionally adsorb

on the tin component.

Since we may exclude the ,, CO-poisoning” model as an explanation for the observed activity
loss on the PtzSn/Vulcan catalyst, in principle two other models must be take into account.
First, by-products may form on the catalyst surface during reaction and block active sites, as
was demonstrated, e. g., for the carbonate species, which accumulate on a Au/a-Fe,Os catalyst

during time on-stream (see chapter 111-3.4). Second, the surface composition, which has
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Figure 111-32: Time-evolution of the IR-band for linearly bound CO
on Pt;Sn/Vulcan in idealized reformate (3 ) and during CO oxidation
in a pure nitrogen background (@ ; 1 kPaCO, A = 2; 80°C).

Inset: Time-evolution of the band position in idealized reformate.

shown to be rather dynamic during the conditioning process, may change gradually in order to
approach a new enthalpy minimum in the employed reaction atmosphere. For this model it is
quite difficult to predict which metal would be expected to accumulate in the surface layer in
idealized reformate: On the one hand CO and H, would favour a platinum enrichment, on the
other hand oxygen as well as the in-situ produced water support the segregation of tin to the
surface [188, 189, 203, 226]. The following DRIFTS and TPD experiments were recorded in

order to confirm or refute the above hyphotheses.

First, we acquired DRIFTS spectra during several hours of CO oxidation in idealized
reformate and in a pure nitrogen background, respectively (1 kPa CO, A = 2, 80°C). In figure
[11-32 the time-evolution of the integrated IR area of the band for linearly bound CO (at
around 2085 cm™) is shown. For a better comparison the initial value (acquired after 15 min.
of reaction) is scaed to one. Quite clearly, in both experiments the CO,y4 signa grows
significantly during time on-stream. Moreover, this effect even accelerates with progressing
reaction time instead of slowly approaching a steady-state value, which would be expected for
a simple equilibration of adsorbed species as was observed on Pt/y-Al,O3; [32] (and would
would give rise to changes the intensity by less than 10%, anyway). Since for a bimetallic

PtSn surface the CO adsorbs exclusively on the platinum under our conditions [227, 228], the
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Figure111-33: Difference spectra on Pt;Sn/Vulcan obtained in idealized reformate
(0.5kPaCO, A = 2; 80°C) between a spectrum acquired after 15 min. and after
10 hours, respectively - Upward bands: increase; downward bands: |oss.

intensity increase in our DRIFTS spectra strongly suggests that the platinum is enriched at the
surface of the aloyed particles during CO oxidation. The parallel increase of the wavenumber
(fig. 111-32, inset window) likewise suggests a gradual reduction of the small electronic effect
of tin, which for alloyed particles originally down-shifts the band position compared to pure
Pt particles [192-194].

Nevertheless, the much more pronounced IR-effect in idealized reformate, obviously a
consequence of the high Hp-content in this gas mixture, contrasts the more moderate
deactivation compared to the hydrogen-free mixture, which was found in our long-term
experiments (fig. 111-30). Hence the observed segregation effect cannot be responsible for the

activity loss on Pt3Sn/Vulcan (at least not for the reversible, major part).

Next, we investigated the formation of by-products in DRIFTS. But due to the very small
penetration depth of the infrared beam into the black coloured catalyst powder, the spectral
region below 1800 cm™ was hardly accessible, resulting in an extremely low signal-to-noise
ratio (even at atotal scanning time of more than 20 min.). The only information, which could
be obtained from a long-term measurement in idealized reformate (0.5 kPa CO, A = 2; 80°C)
over a PtzSn/Vulcan catalyst diluted with diamond powder (which should be a completely
inert material), is that upon dividing the spectra acquired after 15 min. and 10 h on-stream,
respectively, aslight growth of bands at 1590 and 1750 cm™ appears (fig I11-33), which indeed
suggests the accumulation of byproducts (most likely carbonates, CO5%) on the surface during

the reaction.
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Figure I11-34: TPD experiment (8 Nml/min N,; 5°C/min) after 12 hours of
reaction over Pt;Sn/Vulcan in idedlized reformate (0.6 kPa CO; A = 2; 80°C)
and the subsequent oxidative removal of the CO_, at -20°C (=——). For
comparison: CO,-TPD over freshly conditioned Vulcan support - Both plots
are normed to the employed mass of support materia ( ).

In order to confirm this idea, we performed a temperature programmed desorption (TPD)
experiment post mortem, which is shown in figure 111-34 (a CO,-TPD on the pure Vulcan
support is included for comparison). After approximately 12 hours of reaction in idealized
reformate (0.6 kPa CO, A = 2, ca. 40 kPa Hy; 80°C), we cooled the catalyst bed down to
-20°C, removed the adsorbed CO by purging with 10 kPa O, in N (ca. 5 min.; 20 Nml/min)
and then slowly increased the temperature (5°C/min) in a flow of nitrogen (8 Nml/min).
Indeed some CO, evolved at elevated temperatures, with two broad maxima at [1170°C and
[280°C. The measurement was cut off at 300°C, since at temperatures above the conditioning
temperature large contributions from residual catalyst impurities cannot be excluded. From the
paralel TPD experiment on the pure support (grey line in fig. I111-34) as well as from the
negligible CO, signa (up to 300°C) during our CO-TPD experiment in the last section (fig.
[11-25), we infer, that the CO, evolution on the used catalyst is indeed related to by-products,
which are formed during the selective CO oxidation over Pt;Sn/Vulcan. The amount of ca. 1.9
pmol CO; is dlightly less than the total amount of Sn in the catalyst (3 umol; but of course not
all Sn is a the surface) and hence implies the location of these by-products on the tin
component (probably on the SnO, patches). These results strongly suggest, that an
accumulation of by-products is responsible for the observed deactivation by blocking the
oxygen adsorption on the Sn / SnOy sites. But this deactivation model obviously only holds
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true for the easily reversible part of the activity loss, since according to our CO,-TPD at a
purging temperature of 170°C (see fig. 111-31) the major part of the by-products should have
been removed. Hence, the more irreversible rest of deactivation must be attributed to other

reasons.

Consequently, the rather moderate deactivation in a hydrogen-rich gas compared to the CO
oxidation in pure N is traced back to aless pronounced accumulation of by-products (e. g., by
a faster decomposition in idealized reformate), but without further experimental data it is

difficult to speculate for reasons.

The deactivation part, which is reverted only at temperatures close to the initial formation
temperature (at 270°C), may indeed be caused by a superposed segregation effect, as was
inferred by the DRIFTS experiment. Only at very high temperatures the surface composition
isrestored closely to the state of the freshly conditioned catalyst.

Very similar conclusions were reached in a study by Hoflund et al. on a Pt/SnO,/SIO, catayst,
where the largest part of the observed deactivation could be reverted by heating or exposing
the sample to vacuum, which was accompanied by the evolution of CO, and therefore
attributed to the accumulation of carbonates during reaction [176]. Y et a portion of the decay
remained irreversible, which they attributed to changes in the surface morphology /

composition.

Finally it should be noted that this section of course was based only on a very limited set of
data, since the Pt3Sn/Vulcan catalyst is hardly accessible by DRIFTS. Hence the developed
model should be considered only as a suggestion. Additional methods (e. g., in-situ XRD,
XAFS) are required in order to ultimately confirm or refute our proposal and are currently

employed on our catalysts. The results will be published later.

2.2.2 Performance in morerealistic refor mates

At the beginning of this section we will first investigate the effect of the addition of water
only to our idealized reformate on the performance of our Pt3Sn/Vulcan catalyst, before we
proceed to more realistic reformate mixtures, where the balance nitrogen has been replaced by
CO..

In figure 111-35 two long-term measurements in idealized reformate are shown (1 kPa CO, A =
2; 80°C), one in adry gas mixture and the other with 1.3 kPa water added. The initial activity
is slightly enhanced in the wet mixture, but this effect diminishes with proceeding time on-
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Figurell1-35: Activity (upper window) and selectivity (lower window)
over Pt;Sn/Vulcan in idealized reformate (1 kPaCO, A = 2) inidealized
reformate at 80°C: dry (®) and with 1.3 kPaH,O added (9).

stream. In analogy to Pt/y-Al,O3 (see chapter 111-1.2.2) we attribute the enhancement to an
extensive by-product formation (probably on the tin component, most likely on SnO-patches)
in the wet gas mixture. The latter enables the CO4 to spread on a larger area and in turn
causes a more disordered surface layer with a somewhat lower local coverage on the platinum
component, hence allowing more oxygen (and hydrogen) to adsorb. An additional
contribution may arise form the dissociative adsorption of water on the Sn/ SnOy, which, after
a subsequent spill-over of hydrogen to the platinum, would lead to a dlightly reduced
adsorption energy of CO due to the displacement of CO from on-top to bridge sites by
coadsorbed Hgg, as was shown in section [11-1.1.5 for Pt/y-Al,O3. An analogous enhancement
of the CO oxidation rate (without presence of H,) by water (2.8 kPa) of even one order of
magnitude has been observed in earlier studies by Croft et al. over a Pd/SnO, sample (5 kPa
CO, A = 8; 60°C) [225)].

At prolonged reaction time, the H,O induced enhancement is constantly reduced, probably a
saturation effect, resulting from the limited number of tin (oxide) sites available for the by-
products formation. Indeed, CO,-TPD measurements on Pt3;Sn/V ulcan, which were conducted
after PROX reaction in idealized reformate in order to confirm the formation of by-products,

revealed exactly the same quantity of CO, after (112 hours (see preceeding section) and after
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Figure 111-36: Arrhenius diagram for the turnover frequency of the CO
oxidation over Pt;Sn/Vulcan in idealized reformate (O; 1 kPaCO, A = 2),
amixture containing 25 kPa CO, (O), and in amore realistic reformate
(@, 25 kPaCO,; 1.3 kPaH,0).

[60 hours of reaction (not shown for brevity), respectively, which strongly supports the idea
of a saturation effect.

The time-evolution of selectivity resembles also very closely the observations on the Pt/y-
Al,O3 catalyst (chapter 111-1.2.1). It increases slowly with time on-stream, due to a tighter
COy-layer, which blocks the hydrogen adsorption (but this time not the oxygen adsorption on
the bimetallic metal!). Again in the wet mixture the selectivity is significantly lower (up to
15% with 1.3 kPa H,0), but other than on Pt/y-Al,O3; on Pt3Sn/Vulcan this effect cannot be
related to an enhanced / stabilized conversion rate (after (11000 min.). The fact that (at
advanced reaction time) solely the hydrogen and not the CO oxidation rate is affected, shows
that the equilibrium suface coverage on the Pt has not been atered. This in turn implies, that
the presence of water (probably in the form of OH-groups) catalyzes a second H, + O,
reaction pathway on the support material or at the Pt-SnOy interface, as will be essentially

shown in the following context (compare aso fig. 111-37).

The kinetic effects on the CO oxidation reaction arising from a replacement of the balance
nitrogen in the idealized reformate (1 kPa CO, A = 2) by CO, are shown in figure I11-36 (data
taken after 90 min.; each set of temperatures was measured on a new catalyst bed). The rates

are slightly reduced in a CO,-containing mixture, but the effect is very small (decrease by 25 -
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Figurell1-37: (a) Selectivity and (b) Arrhenius diagram for the calculated turnover
frequency of the H, oxidation over Pt;Sn/Vulcan in idedized reformate (O ; 1 kPa CO,
A = 2), amixture containing 25 kPa CO, (), and in amore redlistic reformate

(®; 25 kPaCO,; 1.3 kPaH,0).

40%). Consequently the activation energy of 32 £ 6 kJ/mol in idealized reformate remains

quite constant for the CO,-containing mixture (37 £ 6 kJ/moal).

This result was surprising, since Arana et al. noticed a complete inhibition of the CO
oxidation in a pure argon matrix (16 kPa CO; A = 1; 25°C) in the presence of 32 kPa CO, for
their PtSn/SIO, catalyst [171]. They suggested a site blocking of CO by CO,, which, e. g.,
lead in their infrared experiments to a significant intensity reduction of the CO.y-band after
the previous adsorption of CO, [229]. Likewise, Hoflund and co-workes mention a negative
influence of 8 kPa CO, on the performance of their Pt/SnO,/SIO, catalyst (1 kPa CO, A = 1,
35 and 55°C, resp.) [176, 230]. At the moment we are not able to explain the discrepancy to
our measurement, but it is interesting to note that in the same study from Arana et al. a
PdSn/SIO, sample aso showed no effect at al upon the addition of up to 48 kPa CO,, which
would resemble the behaviour of our PtzSn/Vulcan catalyst much more closely [171].

The additional presence of 1.3 kPa water in the CO,-containing reformate showed virtualy no
effect for 80 and 120°C, respectively. But at 40°C the activity is significantly enhanced (O
factor 2), which results in a strongly decreasing activation energy at lower temperatures,
getting smaller than 13 kJ/mol. This probably indicates a change in the reaction mechanism at
low temperatures in a wet atmosphere. We could think, e. g., of a second pathway, becoming

dominant for these conditions, which involves support OH-groups as oxidizing agents as was
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CatalySt r PROX 1) r Shift at 150°C 2) PROX/Shift
[molco/gme™s] | [Molco/gve™s] ratio
Pt/y-Al,03 1.9*10" 2.8¢10° 70
Pt/Vulcan 9.1¥10°% 8.3¢10% % 110
PtsSn/Vulcan 2.310" 47%101°3 49000
1) after 2 hours on-stream at 80°C (PtzSn/Vulcan) and 150°C (pur Pt catalysts), resp.
2) after 30 min. at 80°C (PtSn) and 150°C (Pt), resp. 3) extrapolated

4) after 1000 min

Table 111-8: Comparison of PROX and reverse WGS activities
over Pt3Sn/Vulcan and pure platinum catalysts.

proposed by Schryer et al. for the CO oxidation on their Pt/SnOy catalyst at temperatures

around 80°C [231]. Thiswould be well compatible with our observations.

The hydrogen oxidation reaction (TOFs calculated via selectivity in fig. 111-37a) follows in
principle a similar scheme (fig. 111-37b). At 120°C we observe almost identical rates in all
three gas mixtures, at 80°C the activity is dightly enhanced for the wet mixture (+65%
compared to the dry CO,-containing mixture) and at 40°C we notice very strong enhancing
effects of both CO, (+80%) and H,O (additional factor 4) on the H, oxidation. This would
again be consistent with a second reaction pathway, which becomes dominant at low

temperatures and which is promoted by the presence of CO, and especially HO.

As a consequence of this , low-temperature” mechanism the selectivity becomes very poor at
40°C for CO,-containing mixtures, whereas it is hardly affected at higher temperatures, where
the ,,normal” CO oxidation mechanism operates (see preceeding chapter). With the additional
presence of water this effect is intensified and now applies already to 80°C and explains

clearly the very low selectivity valuesin wet gas mixtures (compare also fig. 111-35).

2.2.3 The water-gas shift activitiy of Pt;Sh/Vulcan

In analogy to our measurements on Pt/y-Al,Os, the reverse water gas-shift activity (eq. 1l1-
1.12) over Pt3Sn/Vulcan, which finaly is the decisive factor for the minimum CO
concentration achievable at the reactor outlet [11, 12], was tested in an atmosphere as close as
possible to a redlistic reformate mixture, containing (074 kPa H,, [R5 kPa CO, and 1.3 kPa
H,O (compare chapter 111-1.3.2). Since the Pt3Sn/V ulcan catalyst had to be diluted in order to
avoid diffusion effects, we used SiC this time instead of the a-Al,O3, which was usually
employed for the PROX measurements, (see also chapter I1-1.2), in order to avoid any effects
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Figure I11-38: Arrhenius diagram for the reverse water-gas shift activity over
O Pt/y-Al, 05, APt/Vulcan and @Pt,Sn/Vulcan (ca. 74 kPaH,, ca. 25 kPa CO,,
1.3kPaH,0).

due to a mechanically formed interface by the mixing procedure). The same applied to the

Pt/V ulcan catalyst, which is used as a comparison in the following.

In figure 111-38, the shift activity of PtsSn/Vulcan is compared to that of Pt/y-Al,O; and
Pt/Vulcan in an Arrhenius diagram. The results are also summarized in table 111-8. The
observed activation energy is close to that of the pure platinum catalysts, which suggests an
identical reaction mechanism (i. e., the ,regenerative mechanism®, which includes the direct
dissociation of CO, on the metal surface [157]; eq. 111-1.14 and 111-1.15). Nevertheless, the
absolute TOF on PtzSn/Vulcan is significantly smaller, even when compared to the Pt/Vulcan
catalyst (factor 50). This may be rationalized by a, geometric* effect of the alloyed tin atoms,
reducing the number of active Pt-ensembles for the H, and probably aso CO, dissociation,
similar to what has been proposed for PtSn surface alloys[185, 217, 218].

When we compare the PROX/shift ratios calculated for the envisaged operation temperatures,
80°C for PtzSn/Vulcan and 150°C for the pure platinum catalysts, we notice an improvement
of ailmost four orders of magnitude for the bimetallic PtSn system (table 111-8). Consequently,
much higher degrees of purity should be obtained for a reformate cleaned over Pt3Sn/Vulcan
at 80°C than for a conventional platinum catalyst operating at temperatures of 150°C and
above, which was indeed demonstrated experimentally by M. Kahlich [25].
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2.3 Summary on bimetallic Pt3Sn catalyst

In the preceeding sections we have seen that the performance of our bimetallic PtsSn/V ulcan
catalyst in idealized reformate (1 kPa CO, A = 2) is superior compared to that of a commercial
Pt/y-Al,O3 system. This was explained by a bifunctional surface, where the oxygen can adsorb
also on Sn / SnOy sites and its supply therefore is not limited by the CO desorption from the
platinum metal. Another contribution to its outstanding low-temperature activity arises from
an electronic aloying effect, which reduces the CO adsorption energy by ca. 20 kJ/mol, as
was shown by our TPD experiment. Unfortunately, this effect causes a significant shift of the
on-set temperature for the selectivity decay to much lower temperatures due to a reduced CO
coverage, which progressively deviates from the saturation value at increasing temperatures
under our conditions. Nevertheless, the selectivity, though steadily decreasing with tem-
perature as a consequence, is remarkably high, with 85% at low temperatures around 0°-20°C
and even at 120°C it is with 45% till higher than that of standard Pt catalysts. XPS
measurements indicate that under reaction conditions only part of the Sn is reduced, included
in PtSn alloy particles, while another part isin an oxidic state, forming SnOy islands on and

presumably also aside the active particles.

Our observation that CO desorption is not rate limiting and that the selectivity decreases with
increasing temperature, are consistent with a mechanistic model involving separation of the
reactant adsorption sites (bifunctiona surface), with competing CO and hydrogen adsorption
on Pt sites/areas and oxygen adsorption predominantly on SnOy islands on/adjacent to the
active PtSn particles. The reaction takes place at the perimeter of these islands or by invoking
a spill-over process. Due to the possibility of oxygen adsorption also at high CO coverages
CO desorption is not rate limiting, as evidenced by the very different barriers for these proc-
esses, while hydrogen adsorption on the Pt sites/areas is effectively inhibited by the CO
adlayer.

A small drawback for the commercial employment of Pt3Sn/Vulcan, isthe irreversible activity
loss, which could not be recovered completely after purging procedures at the operation
temperature level and was traced back to surface segregation effects during reaction. The
largest part of the deactivation, however, which we suspected to arise from the accumulation

of by-products, was easily reverted, similar to the Pt/y-Al,O5 catalyst.

When we change from idealized reformate to more realistic mixtures, containing CO, and / or

water, we have seen that at higher temperatures (>80°C) neither CO, (25 kPa) nor water (1.3
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kPa) exhibit significant effects on the selective CO oxidation. At lower temperatures a second
mechanistic pathway for both, the CO and H, oxidation reaction, seems to become dominant
(probably via OH groups and carbonate-like intermediates on the SnOy or at the Pt-SnOy
interface), which is catalyzed by the presence of CO, and especialy of H,O and leads to
drastically reduced selectivity values. The resulting optimum operation temperature
(maximum selectivity) on our Pt;Sn/Vulcan catalyst in more redistic reformates (for 1 kPa
CO and A = 2) istherefore around 80°C.

Its excellent performance along with the extremely low reverse water-gas shift activity makes
PtsSn/Vulcan a very interesting candidate for the fuel gas purification in low temperature fuel
cell technology (PEM-FC).

106



AuFe03 An aternative for the low-temperature conversion - Au/a-FeOs

3. An alternative for the low temperature conversion - Au/a-Fe,O3

Gold has long been disregarded for catalytic reactions due to the inert nature of bulk surfaces,
caused by a high activation barrier for the dissociative adsorption of molecules like O, or H,
[182, 221, 223, 232, 233]. However, when it isin a highly dispersed state supported on metal
oxides it exhibits a surprisingly high activity for several reactions — not only CO oxidation
[234],[71, 235-238] but also, e. g., catalytic hydrogenation [72, 233, 239, 240], partia
oxidation of hydrocarbons [233, 240, 241], hydrochlorination of ethyne [242] or the NO/CO
conversion [233, 240, 241]. According to Haruta and co-workes, gold clusters supported on
certain reducible oxides (Fe;Os, TiO,, NiOx or CoOy) and on Group Il metal-hydroxides
(Mg(OH),, Be(OH),), respectively, are able to oxidize CO even at temperatures as low as -
70°C at reasonable conversion rates [234, 243], which led to first applications in gas sensors,
filters or for the recombination in CO, lasers[71, 233, 235, 244].

Moreover, since the hydrogen oxidation rate is enhanced to a much smaller extent than the CO
oxidation, when compared to pure gold powder [71, 234], these catalysts recently have gained
attraction for the preferential oxidation of CO in Hy-rich gas (PROX) [26, 29-31, 240, 244].
The obtained mass-specific reaction rates [molco/(gau-S)] on supported Au catalysts are indeed
equally high at 80°C, and even lower temperatures, as compared to standard PROX catalysts
such as Pt/y-Al,03 [28, 28, 156] and Ru/y-Al,O3 [245] at their operating temperature of 150° -
200°C [16]. This, in principle, improves the cold-start properties in a fuel cell system [166]
and also alows for a thermal (and spatial) integration of the PROX unit with the PEM fuel
cell stack in form of a thin second layer placed on top of the anode-side of the membrane
electrode assembly (MEA) [155]. Since the efficiency, in particular with respect to the load-
following behavior, of the PROX unit critically depends upon the rate of CO back-formation
from CO, via the reverse water-gas shift reaction, a significantly improved performance is

expected at low temperatures, where the shift equilibrium becomes more favorable [12].

In our own group, we started with a Au/a-Fe,Oz catalyst, which was initialy studied
extensively for its kinetic properties during selective CO oxidation in idealized reformate (M.
Kahlich [12])[25, 26]. In this work it is the priority purpose, to gain mechanistic insights into
the (preferential) CO oxidation, in order to explain the kinetic observations (reaction orders,
selectivity) as well as the deactivation behaviour or the influence of additional componentsin

the reaction mixture, which are present in areal reformate (Hz, H,O and COy).
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Hence, in the first chapter we will turn to the molecular level of the CO oxidation on gold
catalysts and show that the support is involved in the reaction for some of the systems.
Subsequently we focus closer on the Au/a-Fe,O3 catalyst, by investigating the dependence of
activity / selectivtiy upon the Au particle size and the detailed properties of the iron oxide
support. The third chapter is concerned with the metal CO coverage under reaction conditions
and establishes its influence on the selectivity and the reaction order. Thereupon we will
examine the long-term stability of our gold catalysts, where the observed deactivation will be
related to a poisoning by surface carbonate / carboxylate species, which are produced during
the PROX reaction, before we investigate the influence of water and CO, on the reactivity /
selectivity. In the next chapter we will take a short look onto the water-gas shift reaction and
show that the oxidation / shift ratio is much more favourable than, e. g., for the commercially
employed Pt/y-Al,O5 system, before we finally compare the activity and selectivity of several
gold catalysts supported on various metal oxides, to see, if there are other promising

candidates for the envisaged application.

All of the Au catalysts presented in the following chapters were prepared by V. Plzak (ZSW
Ulm). The preparation / pretreatment procedures are given in chapter 1-2.3.
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3.1 Mechanisticinsight into the CO oxidation over gold catalysts

3.1.1 A short review

Due to the inability of large bulk surfaces to adsorb oxygen (or hydrogen) dissociatively at
temperatures below 200 - 300°C [219, 232, 246], which is traced back to a high dissociation
barrier arising from the completely filled d-states of gold [182, 223], the high reactivity of

small supported clusters for the CO oxidation is not straight-forward.

There isageneral agreement, that the CO is adsorbed on the gold, characterized by an infrared
band at (2110 cm™ (which is not present on pure Fe,Os) and that the reaction follows a
scheme, where both reactants are adsorbed on the catalyst’s surface [26, 71, 186, 236, 247-
253]. But many details, especialy concerning the oxygen adsorption and activation, are still
highly controversial: Where does the oxygen adsorption take place? Is it dissociatively
adsorbed or in a molecular form? Where does the reaction take place? Does the reaction

proceed directly or via intermediate species?

When we start from UHV studies over gold single crystals, we notice that the CO oxidation
reaction only takes place readily when atomic oxygen (produced, e. g., from ozone [254] or by
a hot filament [220, 246]) is preadsorbed on the metal [220, 255]. But oxygen offered in its
molecular form does not adsorb dissociatively over gold single crystal faces up to
temperatures of more than 400°C and consequently no reaction occurs [219, 246, 256]. On the
other side the activation energy for desorption is quite large, leading to desorption maximain
TPD studies as high as 280°C on Au(111) [120], or 280°C [255] and [B80°C [246] on
Au(110), respectively, corresponding to an E e between 120 and 160 kJ/mol.

Severa models have been proposed in order to explain why small supported gold clusters
work for the CO oxidation even at temperatures as low as -70°C, in spite of the inhibited
oxygen dissociation. For a better overview the various proposals are visualized in figure I11-
39.

The first models were based on intermediates adsorbed on the support, which were observed
by IR spectroscopy. Knell et al. postulated the reaction over a Au/ZrO, catalyst to proceed via
the formation of aformate species (HCOQO'), formed by the insertion of CO into support OH-
groups, followed by the oxidation to carbonate species (COs%), which finally decompose to
give CO; [236]. But the presence of formates was solely based on IR bands, which cannot be

assigned unambigously, hence this pathway must be considered with some reservation.
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Fig. 111-39: Different mechanisms proposed for the CO oxidation over gold
supported on reducible metal oxides (here Fe;04, which is the active phase
during reaction in simulated reformate for our Au/a-Fe,O3 catalysts).

Anyway, we exclude this mechanism for our Au/a-Fe,Os; system, since we never detected
formate bands during our DRIFTS measurements (Therefore this pathway is not included in
fig. 111-39). The Haruta group initially proposed a mechanism via carbonate-like
intermediates, which would form at the metal-support interface from a reaction between CO
adsorbed on the gold and oxygen adsorbed on the support (probably in the form of O,-
species, similar to pathway 2b in fig. 111-39). But subsequent studies with isotope labelled
oxygen demonstrated that the carbonates (other than the CO,-product), which were observed
over Au/ZnO and AuU/TiO,, predominantly originate from a reaction of CO with (unmarked)
support lattice oxygen and not with the atmospheric oxygen offered for the reaction [248,
257]. Therefore, in the more recent papers Haruta and co-workers distanced themselves from
their initial model and assumed, that the latter is just a low secondary pathway, which is not
relevant for the overall oxidation rate [233, 240].

In analogy to the initial , Haruta-model® most of the recent papers, the majority of which is
dealing with Au/TiO, systems, propose the adsorption of oxygen to occur on the support [249,
253, 258-260], probably on oxygen vacancies [250], which are abundant on semiconductor
materias like TiO,, Fe;O3 or ZnO [261], especially in the proximity of Au clusters due to the
formation of a Schottky-junction effect at the interface [262]. Iwasawa and co-workers favour
the adsorption to proceed via superoxide species (O;'; reaction pathway no. 2 in fig I11-39),
which were observed in ESR measurements, but did not specify, whether these dissociate at
the interface to give Oy (pathway no. 2a) or react directly with adsorbed CO (pathway no. 2b;

which would probably include a carbonate-like intermediate as in the first , Harutamodel*)
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[250, 258]. Fukushima et al. and Grunwaldt et al. agree in principle with the spatially
separated adsorption of the reactands but assume that the oxygen dissociates on the support
(producing ,, lattice oxygen®; pathway no. 3 in fig. 111-39) with a subsequent reaction at the
interface or after the spill-over of oxygen to the gold metal [249, 260].

Based on infrared measurements on Au/TiO, and Au/ZnO, where Boccuzzi et al. noticed a
significant blue-shift for the CO.y-band when oxygen was admitted to the catalyst (a similar
effect was aso noticed in our own DRIFTS measurements on Au/a-Fe,Os; see chapter I11-
3.3.2), which implies a spatial proximity of the adsorbed reactants, i. e., both are adsorbed on
the gold particles (pathway no. 1 in fig. 111-39) [248], the more recent papers from the Haruta-
group now assume a direct adsorption of oxygen on the gold clusters (This model was also
favored in the recent publications by Valden et al. [263, 264]). The oxygen bond cleavage was
suspected to be induced either by the formation of a four-center surface complex including
CO and O, being adsorbed on a common Au site, which would form a labile precusor state
[240], or to occur on metal surface defect sites [233]. According to this theory, the role of the
support material would be limited to the production of gold particles as small as possible or to

promote the appearance of highly reactive gold sites or crystallite faces.

3.1.2 The , support-effect”

First we want to clarify, how the choice of the support material influences the reactivity of a
gold catalyst for the CO oxidation. In table 111-9 numerous previous studies are evaluated
(rates and TOFs are extrapolated to our standard reaction temperature of 80°C) and compared

to our own results.

It is evident that relatively high activities can be obtained on any support material (even on
pure gold), even on those, which are not explicitly known for exhibiting extensive oxygen
adsorption or storage properties at such low temperatures, such as Al,Os, MgO, SiO; or ZrO..
Therefore it is a logical consequence that the oxygen adsorption and dissociation must be
possible directly on the gold metal for these systems (Corresponding to pathway 1 in fig. I11-
39).

Nevertheless, there are noticable differences in the reactivity between gold on such ,inert*
materials and on those catalysts, which are supported on reducible transition metal oxides
(Fex03, TiO,, and NiOy). The TOF of the latter seems to be enhanced by up to one order of
magnitude. The existence of such a,, support effect” was also demonstrated by Tsubota et al.,

who
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AuFe03 Mechanistic insight into the CO oxidation over gold catalysts
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Figure 111-40: TOFs (upper window) and Au particle diameters (lower
window) of Au-TiO,-samples (1 kPa CO, A = 40, 0°C) vs calcination
temperature: [ physical mixture of Au-colloid and TiO, powder,
OAU/TIO, prepared by deposition-precipitation method [272].

mechanically mixed Au-colloids with TiO, and noticed an increasing activity at increasing
calcination temperature (although the gold particles were sintering rapidly!), caused by the
progressing development of the reactive metal-support interface ([272]; see figure 111-40).
Whereas after calcination at 200°C the TOF of the mixture was very low — similar to pure Au
powder —, it matched the initially superior reactivity of a conventionaly prepared (DP)
AU/TIO, catalyst after calcination at 600°C. The enhancing effect of titania for the CO
oxidation can be aso inferred from catalyst samples prepared by Grunwaldt et al. (see table
[11-9), where the TOF of the titania supported sample is one order of magnitude higher than
the one on zirconia [256, 268] (The generally much lower TOFs in their study are likely to be
caused by the low calcination temperature for the colloid precursors, so that the reactive
interface has not been developed fully yet, as was proposed by Feldmeyer et al. [273]).
Likewise, Bollinger and Vannice demonstrated, that a subsequently added titania coating

increases the reactivity of agold powder considerably [253].

If we take a closer look, we find another interesting difference between the two groups. For

»inert* support materials the activity of the catalyst seems to depend very critically upon the
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Figurelll-41: Au particle size (lower window) at 600°C and activity (upper
window) in idealized reformate (1 kPa CO, A = 2; 80°C), normed to the dispersion
calculated for 600°C, on Au/Fe,0;*MgO mixed-oxide-support catalysts.

particle diameter of the gold crystallytes and only extremely small particles yield highly active
samples. This illustrates, why our own catalysts (Au/y-Al,O3 and Au/Mg(OH),) are slightly
less reactive than those in the previous studies. It is worth noticing, that a higher conditioning
temperature (400°C instead of 300°C, i. e, the ,Au/MgO“-sample) consequently lead to a
reduced TOF on our Au/Mg(OH), catalyst (see chapter 111-3.7). This dependence of catalysts
with ,inert* support was aso observed by Okumura et al. for Au/SiO,, where a sample with
20 nm particles showed no measurable activity [270], as well as by Cunningham et al. for the
AU/MgO system [269]. It may be speculated, if the small clusters simply feature more reactive
defect sites (edge, kink or step sites) [43] or if agradual change in the electronic structure with
decreasing size is responsible for the high reactivity as was suspected, e. g., in the studies by
Valden et al. [263, 264] and Cunningham et al. [269].

In contrast, the size of the metal component seems to play only a minor role, when an ,, active"
oxide like TiO, is used. From the references cited in table I11-9, it is obvious, that even gold
particles as large as 30 nm still exhibit a surprisingly large reactivity. This effect was
confirmed for conventionally prepared Au/TiO, catalysts by Bollinger and Vannice, who
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noticed equally high TOFs for 33 and 4.5 nm particles [253], as well as by Iwasawa and co-
workers for their samples (30 vs 3 nm), produced from phosphine-stabilized precursors ([258]
and references therein). Although we did not cover such a large range of particle sizes with
our Au/a-Fe,O5 catalysts (I between 2.8 and 11 nm), the same tendency applies, since all
samples exhibit a similar high TOF within £ 50% (see following chapter). But, as will be
shown later on, the microscopic structure of the interface plays a crucia role for the overal
activity of the catalyst.

In order to demonstrate that similar enhancing effects can be expected for iron oxide, a
catalyst with a mixed support, MgO*Fe,O3, in varying compositions was prepared (ZSW
Ulm; preparation by coprecipitation - the exact parameters are not listed here for the
observance of secrecy because of patent applications). The reactivity, which is calculated from
the rate in idealized reformate after calcination at 400°C (1 kPa, A = 2; 80°C) and this time
normalized to the number of surface atoms after calcination at 600°C (presumed that the
sintering behaviour is similar for al support compostions, the particle growth at the higher
temperature level alows for a much preciser size determination by XRD; day, 01 nm) is
displayed in figure I11-41 (upper window) along with the measured size of the gold particles
(lower window). The growth of the support material particles during calcination directly
governs the sintering of the attached gold clusters [274]. For the mid-range of the ,Mg-
concentration“ MgO and Fe,O3; form a non-stochiometric hydrotalcite-like precursor, namely
Pyroaurite (Mgs.«xFe»+xCO3(OH)16*4.5H,0) [275], which incorporates the gold in its layer
structure (spacing 2.3 nm [276]) after preparation. Therefore the gold precursor is fixed during
the thermal reduction of AuO, to Au® (> 350°C; TGA results by V. Plzak; to be published
later), which obviously causes the production of very small gold particles for the freshly
conditioned samples in the mid-range of , Mg-concentrations*. On the ,Mg-rich* side as well
as on the ,Fe-rich* side the sintering is increasingly governed by the growth of the pure oxide
components, resulting in larger gold particles. The determined reactivity for the ,Mg-rich®
cataysts (> 50-60% MgO) indeed decreases with increasing particle size, as would be
expected from the above context (The lines included in fig. I11-41 are just to guide the eye and
do not intend to imply any calculated dependencies). But in the the opposite direction with
increasing amounts of Fe,O3, the activity is even enhanced in spite of the growing Au cluster
size, demonstrating that the iron oxide support also enhances the reactivity of attached gold
particles as was shown above for TiO, (The sample with 25% MgO yielded a somewhat too

low activity - probably a consequence of a non-uniform gold distribution, with the major part

115



AuFe03 Mechanistic insight into the CO oxidation over gold catalysts

attached to the magnesia, which is indicated by a very strong deactivation during time on-
stream, typical for pure Au/MgO catalysts).

Hence it seems that for gold cataysts based on these transition metal oxides (TiO, and Fe;Os,
probably also NiOy), the support ensures the oxygen supply for the reaction and that the direct
dissociative adsorption on the gold particles is no longer the limiting factor. The following
transient response experiments were conducted in order to elucidate this oxygen supplying

role of the iron oxide support further.

3.1.3 Oxygen supply from the FeO,-support (Transient response measurements)

In order to investigate the reaction mechanism over Pt/SnOy, another system which shows a
high low-temperature activity for the CO oxidation, Grass and Lintz performed titration
experiments with one of the reactants, either CO or O being preadsorbed on the catalysts
surface [177]. Whereas they observed a sharp CO, peak when the CO was predosed (tmax at
0.6 min. and FWHM = 0.5 min.), the resulting response was much slower (tna a 1.5 min.),
very broad (FWHM = 1.5 min.) and the signal decayed with a pronounced tailing over 2 - 3 h
with preadsorbed O,. The observed difference was interpreted in terms of COy being
adsorbed on the platinum metal, which would react very fast with the incoming oxygen. On
the contrary, the predosed oxygen is also adsorbed (dissociatively) on the support oxide and
its slow diffusion to the reaction sites (on the platinum or at the interface) causes the retarded

reaction to CO..

In the following we present similar CO-Titration experiments with and without preadsorbed
oxygen on our Au/a-Fe,O3 system (sample no. 051198; see table 111-10) at 80°C and compare
the result to a commercial Pt/y-Al,O; catayst (at 150°C, so that the TOFs in idealized
reformate are of a similar order of magnitude), where it is known that the oxygen adsorbs
exclusively on the metal surface, as well as to a pure a-Fe,Oz support. From these titration
experiments we will not only gain qualitative information, if there are any differences in the
time scale for the CO, evolution, but we will aso be able to roughly quantify the amount of
reactive, preadsorbed oxygen. Prior to the experiment the catalysts were conditioned as usual
(see chapter 11-2.3). For the Pt/y-Al,O3 the reactor (containing ca. 2.76 pmol Pt) was cooled
down to 150°C, then saturated with 10 kPa O, in N for 10 min. (20 Nml/min) and purged
with nitrogen (20 Nml/min) for ca 5 min. in order to remove the residual gas-phase O..

Subsequently, a stream of 2 kPa CO in N, (10 Nml) was admitted and the resulting response
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Figure I11-42: CO,-response (—) over Pt/y-Al, O, (ca. 1.2 pmol
surface metal) upon reaction of predosed oxygen at 150°C with 2 kPaCO
( ; *0.25) in N, at aflow of 10 Nml/min.

recorded by IMR-MS (ion molecule reaction mass spectrometer) on-line analysis, which
allows for the selective detection of CO in a nitrogen containing background. The resulting
CO; peak (See figure 111-42) shows its maximum at 1.67 min. and is quite sharp (FWHM =
0.26 min.) as would be expected for a fast reaction. The calculated amount of adsorbed
oxygen is 1.3 pmol, which corresponds fairly good to the number of surface metal atoms (ca.
1.2 pumol). The small excess may be atributed to the formation subsurface oxygen species
[277] (The off-set in the baseline after admission of the CO is caused by CO,- and O,-

impuritiesin the feedstream and was corrected for integration).

For comparison the pure support, a-Fe;Oz (ca. 18 umol Fe), was calcined at 400°C just like
the gold catalysts (30 min. 10 kPa O, in N, at 20 Nml/min) and after cooling down in pure
nitrogen titrated with 2 kPa CO in N, at our standard reaction temperature of 80°C (figure I11-
43, window a). Indeed a small fraction of surface lattice oxygen reacts after a while (tmax =
12.3 min.; FWHM = 6 min.), corresponding to a partial conversion (ca. 17%) of the a-Fe,O3
to Fes04, which is aso the stable iron oxide phase formed during the PROX reaction in Ho-
rich gas (determined by TGA; ZSW Ulm). After a subsequent pre-adsorption of oxygen at
80°C no further CO,-evolution could be detected upon switching to the CO-mixture,
demonstrating that the Fe;O4-phase was not re-oxidized at this temperature level (not shown

here for brevity).
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Figure I11-43: CO,-response (—) at 80°C to aflow of 10 Nml/min of 2 kPa
CO( ; *0.1) in N,: @) on pure a-Fe,O, after calcination at 400°C and pre-
dosing oxygen at 80°C, b) on Au/a-Fe,O4 (no. 051198; 0.25 pmol total metal)
after calcination at 400°C and c) after subsequent predosing oxygen on the partly
reduced "Au/Fe;O," at 80°C.

The identical sequence was repeated on the Au/a-Fe,O; catalyst (ca. 17 pmol Fe and 0.25
pmol Au). After calcination the catalyst was cooled down to 80°C in N and then the CO/N,-
mixture admitted to the reactor (window b). Asfor the pure support we observe a rather broad
CO, response, but this time the production increases very fast (after ca. 1.7 min.) and shows
its maximum already at [17.5 min. along with a pronounced tailing (FWHM ca. 10 min.). The
calculated amount of reactive oxygen is also much larger (corresponding to ca. 43%
conversion of a-Fe,Os to Fes0,). It seems, that the presence of gold clusters accelerates the
reduction of the a-Fe,O3z support, probably due to the additional CO adsorption on the gold

component.
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On this partialy reduced catalyst (, Au/Fes04*), which should be rather close to the ,rea*
state during PROX reaction, we pre-adsorbed oxygen (at 80°C; 20 Nml of 10 kPa O in N, for
10 min.) and after purging with nitrogen switched again to the CO-mixture (window c). This
time we observe an extremely sharp peak (tmax = 1.38 min; FWHM = 0.38 min.), very similar
to the reaction on the Pt/y-Al,O3 catalyst (even dlightly faster) and no further slowly reacting
oxygen species as on the freshly conditioned sample are found, which was already expected
from the lacking reaction on the pure support. This titration sequence could be duplicatd
repeatedly after the renewed preadsorption of oxygen, even when simulated reformate was
admitted to the reactor in the meantime in order to fully establish the steady state of the
catalyst. From its extremely high reaction rate, we infer, that this oxygen, which is believed to
be the active species for the CO oxidation, is not a,,normal“ lattice oxygen (O*), as would be
characteristic for a reaction sequence including oxygen dissociation on the support and the
subsequent transport to the gold interface by the oxide (scheme no. 3 in fig. 111-39). Due to the
large amount (ca. 3 times more oxygen than Au atoms are available), it cannot be solely
adsorbed on gold sites but must be necessarily located (at least the major part of it) on the

support.

We think, that superoxide species (O;), as were observed by Liu et al. on their Au/TiO,
during reaction by ESR measurements, would indeed serve as a good explanation for the fast
reaction (= high mobility) of the pre-adsorbed oxygen as well as for the large amount [250].
As a result of these step-response experiments, we believe that pathway no. 2 (fig. 111-39)
describes best the oxygen adsorption over Au/a-Fe,O3; and that the enhancing effect of the

support originates from this additional oxygen reservoir on the metal oxide.

Perhaps an even more elegant way to distinguish between the different kinds of oxygen
adsorption (and diffusion) would be monitoring the CO,-response after pulsing isotopically
labelled oxygen (**0,) during the CO oxidation in idealized reformate, which would
undoubted guarantee the correct steady state of the support material. We tried to realize this
experiment in a TAP reactor (temporary anaysis of products, see, e. g., ref. [67]), but
unfortunately, it did not yield clear results due to the extremely strong readsorption of the
CO,-product on the support material, leading to an enormous broadening of the observed
response signal. Nevertheless, a few other aspects from this experiment are worth noticing.

First, no isotopic scrambling of oxygen,

%0, + ¥0, o 2%0, (111-3.2),
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was observed at our reaction temperature between 76 and 99°C, which fully paralels the
findings of Liu et al. on Au/TiO, [250]. Thisis afurther hint, that the oxygen either does not
dissociate immediately after adsorption (corresponding to the existence of O, species) and /
or that the desorption step after dissociation is governed by a high energy barrier (as would be
characteristic for O on the gold metal). Second, no doubly marked product, C**0*®0, was
observed. Thisisin in strong contrast to the experiments of Boccuzzi et al. over Au/ZnO and
AU/TiO,, who noticed the appearance of all possible products, C'°0'°0, C**0"0, c*0*0
and even C*®0, upon reaction of C*°O with *°0, at room temperature [248, 257]. But due to
the strong interaction of CO, with our support, which was noticed during our TAP
experiments, we attribute this scrambling to the readsorption on the support, followed by
oxygen exchange, which for CO, occurs very fast according to Liu et al. [250]. For our own
experimental setup, subsequent reactions of the product are of minor importance due to the
extremely small contact times in the TAP reactor, which clearly explains the difference in the
results. But the fact that no doubly marked CO, is observed, now rules out any reaction
pathway, which includes the direct reaction between molecular oxygen species and CO via a

carbonate-like intermediate (or transition state):

1
eg, C% + %0, +¢ o [, . Ads]z' (111-3.2)

For such a carbonate-like molecule the cleavage of each oxygen bond in the following
decomposition step, to give CO,, should have the same probability, which as a consequence
would lead to the formation of 33% doubly marked CO,. Therefore, from the missing
appearance of the latter product, we infer a reaction pathway, where the superoxide molecules
dissociate at the metal-support interface in a first step, probably followed by the subsequent
spill-over to the gold, corresponding to reaction scheme no. 2ain fig 111-39. The presence of
O« oOn the gold is aso indicated by our DRIFTS measurements, where we noticed a
significant blue-shift (8 cm™) for pre-adsorbed CO upon the admission of oxygen to the cell
(see chapter 111-3.3.2), which was aso observed by other workgroups [43, 248]. Iwasawa and
co-workers did not notice such a IR shift, however, their IR spectras were rather diffuse and

therefore a change would be rather difficult to recognize [278].
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3.1.4 Proposed reaction scheme

From the preceeding context along with a few other hints we may draw the following picture

for the CO oxidation over supported gold catalysts:

* The reaction takes place between CO4y and O on the gold surface. Thisis also mirrored by
the very similar activation energies on the various support materials as well as for the
reaction of pre-adsorbed CO with atomic oxygen on a Au(110) single crystal (38 kJ/mol)
[279].

» With ,inert” support materias, such as SiO,, Al,O3; or MgO aso highly active gold catalysts
can be prepared, but only, if the gold is in an extremely high dispersed state. For these
systems the oxygen adsorption probably occurs directly on the gold clusters, either on
defect sites (steps, edges, kinks) or facilitated by variations in the electronic structure of
small meta particles. These catalysts show a strong dependence on the metal particle size
and loose their activity soon with increasing diameters of the gold particles. The additional
role of residual impurities from preparation, which would show a much stronger impact for

small clusters, should also be taken into consideration.

» Some transition metal oxides (FeOx, TiOy, NiOy) enhance the reactivity of the gold particles
significantly by supplying the oxygen, necessary for the CO oxidation. This leads to a
relative independence of the turnover frequency from the gold particle diameter (see aso
next chapter), but makes the performance very sensitive upon the microcrystalline structure
of the metal-support interface. The latter explains, why the activity of such systems, often
depends crucially upon the pretreatment method (see, e. g., [237, 280]). Of course, the
argument for a constant TOF should only holds true for low metal |oadings, where the gold
particles are sufficiently distant from each other and the oxygen supply rate is not rate-
[imiting.

» The oxygen adsorbs in large quantities on these , active" support materials in the form of a
superoxide (O species, which possess a sufficiently high mobility so that the diffusion to
the gold particles is not the rate-limiting step. Liu et al. proposed the adsorption on oxygen
vacancies [250], which should be abundant numerously in the vicinity of the gold clusters,
due to the Schottky junction effect between the gold and the n-semiconducting support
materials [262]. For the reaction it dissociates probably at the metal-support interface to
produce O, adsorbed on the gold. Therefore, these superoxide species may be designated

as a precursor species for the dissociative adsorption on catalyst's surface. However, a
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reaction scheme including the oxidation with molecular oxygen species cannot be ruled out
if other transition states than the carbonate-like type are assumed and which would not give

rise to isotopic scrambling.
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Fig. 111-44: Turnover frequency of the CO oxidation on several Au/TiO, catalyst
samples at room temperature (1 kPa CO in air) asafuncition of the Au particle
diameter according to Haruta [240]: Preparation by deposition-precipitation (M )
and by photodeposition( Q).

3.2 Theinfluence of structural parameters on the activity / selectivity

There is an ongoing debate about the influence of morphological parameters (especially of the
Au cluster size, but also concerning the support particle size or the predominant support
crystal phase) of gold catalysts on the reactivity of those systems (see, e. g., [258] and
references therein). Hence, within this chapter, we will first summarize the measured
properties of our different Au/a-Fe,O; samples and try to derivate regularities, which relate
the activity and selectivity to structural parameters. Subsequently, the influence of different
conditioning temperatures will be evaluated. The final section focusses on the role of residual

impurites (especially of sodium), left from the preparation procedure.

3.2.1 The dependence of the activity on the particle size

Whereas in former publications based on the early work of the Haruta group (see [71] and
references therein) an inverse proportional relationship between the TOF and the Au particle
size (in the range of 2 - 15 nm) was assumed, Valden et al. proposed in arecent study, that for
particle sizes below 25 - 3 nm the activity decreases due to increasing non-metal
characteristics [263, 264] (It should be mentioned that there exist some contradictory studies,
where it was shown that the characteristics remain ailmost unchanged for gold clusters sizes

above [115 atoms [281]). For illustration, the turnover frequencies for the CO oxidation on
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several Au/TiO, catalysts observed by the Haruta group are presented as a function of the Au
particle size in figure 111-44(data taken from [240]). The maximum acitvity was observed for
particles which arelittle less then 3 nm. At smaller (down to 2.5 nm) and larger (up to 3.5 nm)
diameters the measured activity was by about one order of magnitude less. Findly, with a
more strongly increased particle size (up to 6 nm) the activity dropped by several orders of
magnitude. But one should be aware that the latter samples were prepared by a different
method (named ,, photodeposition”) so that not only the particle size but also the form of the
Au crystallites and the nature of the Au-Fe-interface may have changed which can lead to
drastic changes in the reactivity [71]. A similar activity dependence was obtained by Valden et
al. on planar Au/TiO, model systems leading to a slight difference in reactivity by a factor of
three when comparing Au particles of 6 and 3 nm. Hence, within this section we will, after
summing up the characteristics for a mgjor part of the samples, try to find out, whether
equivalent correlations between the morphology of our Au/a-Fe,O3 catalysts and their activity

or selectivity may be drawn.

In table I11-10-A the preparation methods and some characteristic parameters (Au loading,
BET, predominant FeOy-phases in the dried precursor at 80°C and the TEM-results) of the
freshly conditioned (400°C, 30 min synthetic air) catalysts are summarized. Table 111-10-B
provides an overview on the Au-particle sizes determinded by XRD after conditioning at 400
and 600°C, respectively, the sodium content after preparation and the results of our activity
tests in idealized reformate (1 kPa CO, A = 2) at 80°C. Unfortunately, especially with very
small particles there is a large tolerance for the size determination, because only a small
fraction of the Au crystallitesis visible in the XRD (The considered fraction is calculated by
comparing the Fe;O3: Au XRD peak ratios after conditioning at 800°C, where 100% of the Au
should be visible, due to the increased particle size, and at 400°C or 600°C, respectively).
Such an effect could arise from either an inhomogeneous particle size distribution with a
fraction of very small particles or be caused by extremely flat shaped Au crystallites as were
observed, e. g., by Blick et al. on Au/MgO [282]. Hence the given particle sizes and the
calculated turnover frequencies contain a quite large tolerance (maximum deviation £ 50% for
the TOF).

With the deposition-precipitation method (T, = 80/60 or 60/60°C, pH ca. 7.8 - 8.2; see also
chapter 11-3.2), used for most of the recent catalyst samples, the smallest achieved average
particle size was 2.8 nm (no. 061197), which is comparable to the Au/TiO, cataysts prepared
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Fig. 111-45: CO conversion rate (80°C, idealized reformate, 1 kPaCO, A = 2) of
various Au/a-Fe,O; samples (see Table 111-10) as afunction of the Au particle size
obtained by XRD after conditioning at 400°C (synthetic air; 30 min). Predominant
precursor support Fe-phase; Ferrihydrite (®), Hematite (® ), and Goethite (©).

by Haruta and co-workers by similar procedures [71, 233]. The mass-specific activity (in
molco/gay*S) indeed shows an increasing trend at smaller XRD-determined particle sizes. But
upon investigating the dependence of the turnover frequency, which is normalized to the
dispersion of the freshly conditioned samples (for the calculation a (hemi-)spherical droplet
form was assumed for simplification; ra, = 0.144 nm), on the particle diameter (figure I11-45),
it becomes evident that this trend is predominantly arises from the increased fraction of
exposed Au surface atoms at decreasing particle size, since the calculated TOF's remain
surprisingly constant within +50% (average value ca. 2.5 s™) for particles ranging from 2.8 up
to 11 nm, which isin contrast to the activity dependence claimed by Haruta [240] or Valden et
al. [263]. The strong scattering is probably caused by the different sodium contents of the
samples (see below): The four samples which deviate significantly in fig. 111-45, having a TOF
lower than 1 s*, are those with extremely large Na'-contents (samples no. 201196, 300996,
100896 and 120499). Exactly the same tendency is recognized, when the TOF for our catalyst
samplesis related to the number of exposed surface atoms after calcination at 600°C (see table
[11-10-B), which would yield much more precise vaues due to the larger fraction of XRD-
considered Au particles (not shown here for brevity). Other than in the above cited references
we find no pronounced particle size effect. Likewise, Bollinger and Vannice could not find
any significant differences between the reactivities of Au/TiO, sampleswith 4.5 and 33 (!) nm
particles, respectively [253]. This independence of the TOF on the particle diameter agrees

well with our reaction model (oxygen supply via the support), which was developed in the
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preceeding chapter. But unfortunately, we have only few samples with Au particles smaller
than 4.5 nm so it cannot be completely excluded, that there may exist a narrow maximum for
the reactivity around 3 nm as was observed by the Haruta group on Au/TiO, (see figure I11-44;
[240]).

Moreover, there seems to be little influence of the iron oxide precursor phase (after drying the
freshly prepared catalyst) on the resulting TOF. This is not very surprising, since in all cases
0-Fe;0O3; is formed after calcination at 400°C. But when starting from a Ferrihydrite
(Fes(OH)g* 4H,0) precursor, samples with smaller gold particles could be prepared than on a
support consisting of major parts of Hematite (a-Fe,O3) or Goethite (a-FeEOOH). Obviously,
for the Ferrihydrite precursor phase, sintering of the oxide particles is less favourable during
the calcination process. Consequently, with this type of catalysts the smallest gold clusters are
achieved, since the sintering of the support strictly governs the growth of the attached Au
particles, as was shown by detailed XRD measurements after calcination at various
temperature levels [274]. We aso tried to pre-reduce the Au on some of the catalyst samples
by adding H,O, or NaBHj, to the catalyst suspension, but this resulted not only in much larger
gold particles (e. g., sample no 230899H), but also in avery poor performance for the NaBH,-
treated samples (= lower TOF; see table 111-10). Probably on these samples the established
Au-FeO-interface must have been smaller or less reactive [283]. Those results demonstrate
once more that the activity for this type of catalysts crucially depends on the pretreatment

procedure.

Similar effects of different FeOy precursor phases were also observed by Kozlova et al., who
suggested that stronger Au-support interactions on very amorphous FeOy phases indeed
reduce the sintering of Au particles[278, 284].

It is interesting to note that Wagner et al. reported a significant dependence of the reactivity
on the type of the used iron oxide with Ferrihydrite-supported catalysts being superior to
Hematite- and Goethite-supported catalysts, which seems to contrast our results. But they
investigated uncalcined samples, where the original support phase should be largely retained
during CO oxidation, whereas for our catalyst the resulting phase after cacination is

uniformly a-Fe,O3 [285]. Hence these results should be compared with reservation.

Haruta and co-workers claimed that other than for the CO oxidation, the H, oxidation rate is
almost independent from the Au particle diameter (and aso from the kind of support), which,

according to their model, would lead to an increased selectivity at smaller particle sizes as a
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consequence [270, 286]. But on our catalyst the selectivity shows no discernible trend, varying
between 60 and 75% on the different samples for particle sizes up to 11 nm (it should be
mentioned that these deviations are well outside the measurement tolerance of < 5%!).
Nevertheless, from our datain table I11-10-B (and also from the results in the next section) we

can exclude that it isjust a simple function of the gold particle size.

It isinteresting to note, that the pre-reduction treatment by H,O, (sample no. 230899H) led to
a strong decrease in the selectivity, when compared to the untreated, identically produced
fraction (no. 230899), but yet we cannot offer a satisfying explanation for this behaviour at the

moment.

As aresult it may be concluded, that the exact nature and morphology of the interface affects
the reactivity of our catalysts very strongly, whereas the particle size of the gold crystallites
seems to have no or little impact on the performance. It is interesting to note that Vannice and
co-workers noticed a very similar trend for the other highly active system (see preceeding
chapter), Au/TiO,, where the activity seemed to depend in a very subtle manner upon the
nature of the support phase (and its interface to the metal) for the conditioned catalysts, but
not on the size of their gold clusters [72, 237, 253, 287]. Our results underline that for this
type of gold catalysts the support plays an active role in the CO oxidation reaction, probably
as an oxygen supply as discussed in the preceeding chapter.

3.2.2 Influence of the calcination temperature

For the Au/a-Fe,O3; sample no. 110599 the long-term stability (fig. 111-46a, ), the activity
(window b) and selectivity (window c) were tested for different conditioning temperatures

(calcination in 10% O, in N2 for 30 min.; each experiment with a new catalyst bed).

When going from 200°C to 300°C, the CO oxidation rate increases significantly, but then
drops again at higher calcination temperatures. Thisis in excellent agreement to observations
by Haruta et al. on a coprecipitated Au/a-Fe,O3 catalyst employed for the CO oxidation in air
(1 kPa; -70°C). At 200°C the gold, which is initially in an ionic state, is probably not yet
reduced to the full extent. This would be constistent with XPS-measurements of Sze et al.,
Haruta et al. and Kozlova et al. on Au/a-Fe,O; catalysts, where after calcination at 200°C the
Au(4f) BE is till located at 84.1-84.2 eV (normed to the Ci-peak at 284.6 eV) [234, 278,
288], which is somewhat above the position for metallic Au of [B3.8 eV [235, 246, 278].

Likewise, for this low temperature pretreatment Park and Lee recorded a very broad XP
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Fig. 111-46: a) Comparison of the selective CO oxdiation in idealized reformate
(1kPaCoO, A =2, 80°C) over Au/a-Fe, 0O after calcination at different temperatures:
©200°C, © 300°C, ®400°C, and ®500°C; b) Activitiesfor CO (o) and H, oxidation
activity (©; calculated via selectivity) after 120 min.; ¢) Selectivity (v) and loss of
reactivity between 30 and 1000 min. (A ;extrapolated for 500°C data).

spectrum on an impregnated Au/a-Fe,Oz catalyst, which they attributed to the parallél
presence of ionic and metallic Au species [289]. Moreover, the ferrihydrite precursor is not
yet converted to its final Hematite form [71]. We therefore attribute the lower activity of our
catalyst after the low temperature calcination to both of these missing structural
transformations. An additional role of residual carbonate (originating from the preparation
procedure), which is not fully decomposed after calcination at 200°C (TGA results by V.

Plzak) and was shown to decrease the activity (see chapter 111-3.4.2), cannot be excluded.

At elevated temperatures (> 300°C) the gold is probably reduced to its metallic state,
Unfortunately, in the above cited XPS studies, there is a dlight disagreement about the
resulting gold state after calcination at 300°C. Whereas Sze et al. and Park et al. observed
already metallic Au® (83.8 - 83.9 eV; normalized to the C1s peak at 284.6 eV), Haruta and co-
workers still claim ionic contributions, which dissappeared only at 400°C (83.9 eV). At higher
temperatures the gold particles probably increase significantly in size, which is responsible for
the corresponding decrease of the mass-related activity rate after calcination at 400 and
500°C, respectively.

It should be mentioned, that there is an intense debate, in which state the gold is in its most

active form. Whereas, e. g., Minico et al., Visco et al. and Park and Lee propagate a superior
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performance of positively charged Au species [251, 289, 290], the results from Dekkers et al.,
Boccuzzi et al. and Haruta and co-workers [71, 269, 291, 292] and our own data as well
suggest, that ionic gold is a less reactive species. In the former studies the most active
catalysts were the samples calcinated at 200°C and below, whereas in the latter publications
the catalysts only gained high activity after formation at 300°C and above. We cannot solve
this obvious contradiction finally here, but it is noteworthy that even for our own Au/a-Fe,Os
catalysts the optimum conditioning temperature was not identical for al samples. No. 061197
showed, e. g., its highest activity after conditioning at 400°C (Therefore, 400°C had been
chosen as a genera calcination temperature for our standard activity tests and the kinetic
measurements). This indicates that the activity is not solely a function of the oxidation state of
gold aone, but probably also of other factors like, e. g., the structure (quality) of the Au-FeOy
interface, which depends in a very subtle manner on the preparation method. For example
Park and Lee produced their catalysts by impregnation of freshly prepared Hematite [289],
whereas on our catalysts this support phase was formed only at higher temperatures, starting
initally from a ferrihydrite precursor. Most likely such differences in preparation account for

the observed differences in the optimum pretreatment procedure.

The hydrogen oxidation activity (window b; grey diamonds in fig. 111-46) follows in principle
an identical trend - but is dlightly enhanced at lower calcination temperatures, relative to the
CO oxidation rate, leading to somewhat lower selectivities at decreasing calcination
temperatures (window c; white triangles), which in turn implies that on positively charged
gold particles (which are still present after the low-temperature calcination procedure) the H,
+ O, reaction is more favoured. Similar conclusions were reached in the early work of the

Haruta group [234].

With respect to chapter 111-3.4, where we will explicitly examine the deactivation behaviour, it
is interesting to compare the long-term stability after the different pretreatment temperatures.
In figure 1l1-46¢c (grey triangles) the reactivity loss (in %) between 30 and 1000 min.
(extrapolated for the ,500°C"-measurement) is illustrated. The deactivation behaviour is
essentialy identical for the three higher temperatures (-30%), only at 200°C the rate decreases
by less than 10%. Thisisin contrast to the study by Sze et al. on CO oxidation in air at 60°C,
where they noticed a continuous, strong increase in activity loss with increasing pretreatment
temperature for all levels above 300°C, which may be attributed to the somewhat different
reaction atmosphere they used (e. g., absence of hydrogen) [288]. For our series the stabilized

rate at 200°C islikely to be caused by a simultaneous slow reduction of the less reactive ionic
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gold species to their metallic state, which would counteract the ,,normal® deactivation process

and as a consequence yield an apparently stabilized rate.

3.2.3 The dependence of the particle size on the sodium content

We aso investigated the possible influence of impurities on the formation and activity of our
gold catalysts. The preparation starts from HAUCI 4, NaxCOs is used for the precipitation step.
Hence Na’ and CI™ are likely to be included. Other impurities than these were never observed
in XPS or EDX measurements, but of course for both methods the dectection limit is quite
high. Whereas there is a broad agreement that chloride probably acts as a poison for the CO
oxidation and leads to increased Au particle sizes after conditioning [233, 237, 286, 293, 294],
there is no consistence upon the influence of Na’ impurities. Haruta reported reduced activity
and a more pronounced deactivation of the Na-containing samples [233]. In contrast, Y uan et
al. even noted a rate enhancement in the presence of Na' in their study on Au/Fe,Os catalysts
[294].

In fact, the chloride was removed quite well from our gold catalysts after severa washing
steps, so that only for one sample (no. 120897) traces of Cl° were established by EDX
measurements. Due to the lack of sufficient statistical data we can not draw any conclusions

concerning the Cl-influence on Au/a-Fe;Os.

The Na" was somewhat more difficult to remove: In a series of samples which differed only
by the cleaning procedure (no. 100399; see tables I11-10) four redispersion steps at 80°C,
following the precipitation-deposition procedure, were required to reduce the Na-content
down to 0.1 wt-%. Figure 47a clearly shows that there is just a very moderate negative
influece of sodium on the turnover frequency of Au/a-Fe,Oz (only ferrihydrite-precursor
catalysts are regarded for this figure). An increase of almost three orders of magnitude in the
Na-content reduces the activity by only a factor of 3 - 4, nevertheless, this may well explain
the large scattering in the TOFs in fig. I11-45. But there is a striking effect of sodium
impurities on the formation behaviour during calcination. From figure 111-47b it is obvious
that above a critical content of approximately 0.2 wt% Na" promotes the sintering of the gold
clusters. In this figure the particle diameter after conditioning in synthetic air (30 min.) at
600°C is displayed, since at this temperature level the XRD already covers the magjor part of
particles and the uncertainty hence decreases (see table 111-10-B). Nevertheless the same
tendency applies as well for the data obtained at 400°C.
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Fig. 111-47: @) Turnover frequency for CO conversion (80°C; idedlized
reformate; 1 kPaCO; A = 2) of various Au/a-Fe,O, samples (see tables
[11-10-A,B) as afunction of the Na-content. b) Average Au particle diameters
(determined by XRD) after conditioning in sythetic air at 600°C (30 min) as
afunction of the Na-content after the final washing step.

Kang and Wan claim the observation of a similar phenomenon for zeolite supported gold
catalysts, where the resulting particle size of the conditioned catalyst shows a dlightly
increasing tendency with increasing NaOH addition during preparation [295]. At the moment
we can just speculate for reasons, but a possible explanation may be the simple blocking of
anchoring sites for gold particles on the support by Na'-ions, so that they possess a higher

mobility during the formation process, leading to larger agglomerates.

133



AuFe03 The CO coverage and its influence on the kinetics

3.3 The CO coverage on Au and itsinfluence on the kinetics

The general suitability of the Au catalysts for the PROX reaction was investigated in a
previous studiy on a Au/a-Fe,O; catalyst, where Kahlich et al. determined the CO oxidation
rates and selectivity in Hop-rich gas [26]. These studies revealed drastic differences in the
reaction kinetics as compared to the PROX reaction over a Pt/y-Al,O3 catalyst, which we had
studied earlier [7, 12, 83]. While the selectivity remained constant on Pt/y-Al,Os for operating
temperatures <200°C, it decreased strongly with decreasing CO partia pressure (1.5 -
0.02kPa) and increasing temperature (40° - 120°C) on the Au/a-Fe,O; catalyst. It was
proposed that these differences result from different steady state CO coverages on the two
catalysts during the reaction, with the Pt catalyst operating at very high CO coverages,
practically at saturation coverage (see chapter 111-1.2), while the Au catalyst was expected to
run at low CO coverages. Direct proof for the latter assumption, which is crucia for the

mechanistic understanding of the reactions, however, is still lacking.

In this section, we will first compare basic kinetic data on the PROX reaction on both
catalysts. We then present in-situ DRIFTS measurements, during CO adsorption/selective
oxidation at varying CO partial pressures, which yield direct information on the steady-state
CO coverage under PROX operating conditions. These data show unambiguously that the
steady state CO concentration is low on the gold particles compared to platinum. This
difference is shown to lead to the observed strong decrease of the selectivity on Au with
decreasing pco, while it remains independent on Pt. Finally, we show DRIFTS data recordedat
lower temperatures which support the above conclusions and aso rationalize the
experimentally observed changes in the CO reaction order with temperature. All data in this
section were obtained on the Au/a-Fe,Os catalyst no. 201196 (See tables 111-10).

3.3.1 Kinetic observations

Figure 111-48 compares the turnover frequencies and selectivities of both catalysts at their
envisaged operating temperatures during selective CO oxidation in idealized reformate at a
constant A-value of 2, demonstrating the high activity of Au/a-Al,O3; at 80°C and its superior
selectivity at high CO partial pressures (figure taken from [25]). Assuming a ssmple power-
law model for the CO oxidation kinetics, the slope in fig. 111-40a corresponds to the sum of
the reaction orders with respect to p(O,) and p(CO) [7].
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Fig. 111-48: Selective CO oxdiation in idealized reformate (A = 2) over Pt/y-Al,O; at
200°C (O) and Au/a-Fe, O, at 80°C (@): @) CO oxidation activity; b) selectivity. {KAH}

In microkinetic studies on the preferential CO oxidation over Pt/y-Al,O3 at 150-250°C, the
reaction orders with respect to p(CO) and p(O,) were determined to be -0.4 and +0.8, respec-
tively [7], which is consistent with the selective CO oxidation reaction occurring in the so-
caled ,low-rate branch®, where the Pt surface is thought to be completely covered by CO
under reaction conditions [83]. Consequently, the oxidation rate of co-adsorbed hydrogen is
also rate-limited by the same step (dissociative O, adsorption), so that the CO and H;
oxidation rates are coupled, effecting an essentialy constant selectivity of ca. 40% (Fig. Ill-
48b) on Pt/y-Al,O5 over the entire range of CO and O, partial pressures at temperatures below
250°C ([7]; see also section 111-1.2.1).

As was already mentioned, the Au/a-Fe,O5 catalyst shows a comparable activity at the much
lower temperature of 80°C. However, from the different slope in Fig. I11-48a it is aready
apparent that the reaction orders, i.e., the reaction kinetics, are very different on the gold
catalyst. The reaction orders with respect to p(CO) and p(O,), determined in microkinetic
studies in idealized reformate, were +0.55 and +0.23, respectively [26]. In terms of a
mechanistic model, the positive CO reaction order suggests that there is no self-poisoning of

the CO oxidation reaction by adsorbed CO, contrary to what is observed for the Pt catalyst.
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Fig. 111-49: a) Integrated IR intensity and b) band position of the linearly bound
CO,, inidealized reformate (A = 2) over Pt/y-Al, O, at 200°C (O) and Au/a-Fe,O,
at 80°C (@) and during CO adsorption in pure N, over Au/a-Fe, O, at 80°C A ).

Boccuzi et al. [248] proposed that the reaction follows a Langmuir-Hinshelwood type
mechanism where both reactants are adsorbed on the Au surface (see aso chapter 111-3.1), asit
iswell established for CO oxidation on platinum metal surfaces [1]. In this case the positive
CO reaction order implies that under reaction conditions the CO coverage is significantly
below saturation and hence a decrease of the CO partial pressure decreases the reaction
probability for CO oxidation. The relatively high selectivity of the Au catalyst, particularly at
high CO partia pressures (Fig. I11-48b), can be rationalized by the very low dissociative
sticking probability for H, on a gold surface [219, 223, 223]. Assuming low CO coverages
under PROX conditions, hydrogen dissociation would be expected to be essentially
unperturbed by adsorbed CO, so that the H, oxidation rate (at constant p(O;)) should be inde-
pendent from the CO oxidation rate which, indeed, is experimentally observed [26]. Conse-
quently, a decrease in p(CO) with a concomitant decrease in the CO oxidation rate results in
the loss of selectivity shown in Fig. I11-48b, a striking difference to the behavior of the
Pt/y-Al,O3 catalyst.
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The following in-situ DRIFTS experiments were conducted to support the suggested low CO
coverage conditions during the PROX reaction on Au/a-Fe,Os.[26, 83]

3.3.2 Comparison of the CO coverage on Pt/y-Al,03 versus Au/a-Fe,0s

Since the DRIFTS signal depends on the penetration depth of the infrared beam into the pow-
der catalyst sample and is a strong function of the support material, the particle size, and the
packing density, a direct quantitative determination of the CO coverage from the DRIFTS
spectrais generally not possible [50, 51]. Therefore, the experimental CO adsorption intensi-
ties measured during the PROX reaction by in-situ DRIFTS will be referenced to the COgy
intensities produced by CO adsorption in a pure N, background. For the latter, we showed in
section 111-1.2.3, that the CO-coverage on the Pt catalyst can be estimated using first order
Langmuir adsorption-desorption kinetics for CO. For a CO partial pressure of 1 kPa and tem-
peratures up to 200°C CO coverages arein al cases are close to saturation (8co > 0.9* O; see
also table 111-2). We aso proved that under reaction conditions the reaction rate can be
neglected compared to the desorption term (see table IlI-1). Therefore, on the basis of
equation 111-1.2 (and assuming that the IR cross-section of CO is not significantly altered by
the presence of O, and Hy), essentially identical CO intensities were predicted and observed
(see Fig. I11-3) for CO in a pure nitrogen background and in idealized reformate. This, in
conjunction with the above estimated CO coverage based on the pure adsorption experiments
provides strong evidence that the PROX reaction under our reaction conditions (1 kPa CO, A

=2; T <200°C) does, ideed occur at saturation coverage on Pt/y-Al,0s.

Based on equation I11-1.2 we can estimate that the CO coverage on Pt/y-Al,O3; remains close
to saturation during the reaction in idealized reformate even at much lower CO partid
pressures (A = 2; 200°C), reflecting the adsorption-desorption behavior in the high pressure
regime of a Langmuir isotherm. Thisis confirmed by the DRIFTS measurements in fig. [11-49
(square symbols), which show that the IR intensity and hence the steady-state CO coverage
(see above) decreases by less than 20% as the CO partial pressure is reduced from 1 to
0.05 kPa. At the same time, the CO frequency remained almost constant at 2050 cm™ (not
shown). Despite the dlight loss in CO coverage the adlayer is still sufficiently dense to
efficiently inhibit the adsorption of H, (and O,) during the reaction, explaining the small loss
in selectivity (Fig. I11-48, square symbols). Hence, over the entire pressure range in fig. 111-48
the selectivity in the PROX reaction on Pt/y-Al,O3 catalyst is controlled by the high CO

coverage
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Fig. 111-50: In-situ DRIFTS spectra (region 1950 - 2250 cm'l) of linearly bonded
CO recorded at adsorption-desorption equilibrium on Au/a-Fe,O, at varying CO
partial pressures between 0.05 and 1 kPain pure N, at 80°C.

The IR vibrational spectra of the Au/a-Fe,O3 catalyst during CO adsorption or oxidation are
characterized by a CO band at ca. 2110 cm™ (see fig. 111-50), which is generally assigned to
linearly adsorbed CO on single crystalline gold surfaces [296] and supported Au particles
[257]. An assymetric tailing on the low frequency side was interpreted by Boccuzzi et al. in
terms of a second CO adsorption state at the perimeter places on their Au/ZnO catalyst [248,
248, 257]. However, since such a tailing could also emanate from a heterogeneous particle
dispersion, we will refer to the band at (2110 cm™ as deriving from a single CO adsorption
species. Additional CO species, such as CO adsorbed on (partly) ionic Au atoms (stabilized by
the support) as it had been assigned to the high frequency bands on Au/TiO, and Au/ZnO at
2130 - 2150 cm™ [248, 291, 292] as well as on Au/Fe;O; at around 2138 and 2159 cm' [251],
were not observed under our experimental conditions. The absence of these species is
probably related to different catalyst pretreatment conditions and/or the presence of H, during

our CO oxidation experiments.

Similar to the above analysis of the CO adsorption characteristics of the Pt/y-Al,O3 catalyst
during the PROX reaction, we will first examine the adsorption of CO on the Au/a-Fe;Os
catalyst in the absence of reaction, i.e,, in a pure CO/N, mixture at the PROX operating tem-
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system T [K] pressure range vib. shift [cm™] Bt ref.
Au(332) 92 2510 - 10° kPa 2124 - 2110 0.17 [296]
105 2510 - 10° kPa 2125 - 2113
Au powder 273 0.7-3kPa - 0o0.22 [297]
Au film on AlL,Os 2 0.01-08L? 2125 - 2108 [298]
AU/SIO, 298 0.034 - 10.9 kPa 2120 - 2110 [299]
AuU/SIO, 298 1.7%10" - 59 kPa 2129 - 2106 0.17 % [247]
Au/ZnO 298 0.0002 - 5 kPa 2116 - 2106 0.22 [257]
Au/Fe;0, 353 0.05- 1 kPa 2111 - 2104 this work

1 9 = 6 at highest pressure and lowest vco

2 calculated from their adsorption isothermes using an atomic density of 10*° m?2
) CO dosing in UHV

9 coverage at 2 kPa

w

Tablell1-11: CO vibrational frequency shifts as a function of CO partial pressure (and
CO dosing) reported for unsupported and supported gold particles and estimated CO

coverages for the maximum indicated saturation pressure.

perature. DRIFTS spectra obtained at different CO partial pressures at 80°C are reproduced in
fig. 111-50; the resulting CO adsorption intensities and the corresponding IR frequencies are
plotted in fig. 111-49a and b, respectively (triangular symbols) as a function of the CO partial
pressure (balance N2). Upon increasing the CO partial pressure from 0.05 to 1 kPa, the CO4y-
intensity increases by nearly one order of magnitude. Assuming a roughly linear relationship
between signal intensity and absorber concentration, this represents a significant increase of
the CO coverage on the gold particles. The conclusion is supported by a concomitant decrease
in wavenumber from 2111 cm™ to 2104 cm™ (Fig. 111-49b) since v on gold surfaces is know

to decrease with increasing B¢o, contrary to what is observed for platinum metals [247].

For comparison, the CO coverage dependency of the IR vibrational frequency of CO4 on
various gold surfaces reported in the literature is summarized in Table I11-11. In contrast to
platinum, neither the adsorption temperature nor the dispersion (i.e., particle size) seem to
have a significant influence on vco. The highest values are between 2120 cm? and 2130 cm™
for the low coverage regime and generally decrease to slightly below 2110 cm™. The
maximum coverage under the conditions listed in Tablelll-11, which corresponds to the
lowest wavenumbers, does not exceed B0 = 0.2. This relatively low saturation value even at
high pressures may be due to a strong decrease in adsorption energy at higher adsorbate
densities [296]. Therefore, a simple comparison of band positions suggests that the
equilibrium CO coverage in 1 kPa CO (balance N>) on the Au particles of our catalyst should
not exceed B¢o = 0.2.
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Fig. 111-51: Adsoption isotherms calculated via Langmuir-kinetics for CO on goldin a
pure nitrogen background at 80°C based on the data by Ruggiero et al. [296].
assumptions: s,=1andv = 10" (O);gy=1landv = 10" (®);5=01andv = 10" (0).

The low CO coverage under our conditions (1 kPa CO) is consistent with the data by lizuka et
al., who for pure gold powder determined a coverage of [D.2 at a partial pressure of 3 kPa CO
and 0°C [297]. It is furthermore consistent with an estimate based on Langmuir adsorption-
desorption kinetics for CO, in conjunction with published CO adsorption energies on Au sur-
faces (reconstructed Au(100): 58 kJ/mol [300]; polycrystalline Au: 55 kJ/mol [301]; Au(332):
55 kJ/mol [296]; Au(110): 33 kJ/mol [220] and 40 kJ/mol [302], resp.), preexponential factors
between 10" and 10°s?, and maximum sticking coefficients of 0.1-1. Calculations
(analogous to fig. I11-6) based on the values given by Ruggiero et al. on Au(332) [296] are
shown in figure 111-51. The resulting CO coverages for 1 kPa CO are indeed in the range
between 0.1 and 0.35* 8 for all applied conditions.

In contrast to the approach used for the Pt/y-Al,O5 catalyst, where the CO intensity for the
pure adsorption case (CO/N, mixtures) was directly compared to the intensity observed under
PROX conditions, this direct comparison is not possible for the Au/a-Fe,O5 catalyst. In the
latter case the support phase changes from a-Fe,O; (Hematite) to Fe;O, (Magnetite) in the
presence of H,, concomitant with a change in the DRIFTS signal due to a different penetration
depth. Therefore, a comparison of the absolute CO intensities in CO/N, with those measured

during selective CO oxidation in idealized reformate (A = 2) is meaningless. We therefore
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Fig. 111-52: In-situ DRIFTS spectra (region 2000 - 2200 cm'l) of linearly bound
CO recorded during CO oxidation in idealized reformate (A = 2) on Au/a-Fe,0,
at varying CO partial pressures between 0.05 and 1 kPain pure N,, at 80°C.

estimate the steady state coverage during the PROX reaction under our experimental
conditions from the adsorption/reaction kinetics. As in the case of P, rges (€qg. 11-1.2) is
several orders of magnitude larger (using the above kinetic parameters) than the TOF for the
gold catalyst (seefig. 111-48d), so that the CO coverage in a pure N, background should be the
same as during the PROX reaction, i.e., < 0.2 ML (assuming that the CO adsorption properties
of the Au particles do not change in the presence of O, and Hy). To reflect the similar
coverages, the CO intensities were normalized to each other at the highest CO partia pressure
infig. 11-49a.

Consistent with a low CO coverage even at the highest CO partial pressure of 1 kPa (filled
circles in fig. 111-49a), the CO intensity (and therefore the CO coverage) decreases with
decreasing CO partia pressure. This coverage dependence fits also to the observed positive

reaction order with respect to p(CO), owing to a reduced reaction probability at reduced B¢o.

The p(CO)-dependence of the CO vibrational frequency during the selective CO oxidation (A
= 2) is shown in fig. 111-49b (filled circles), the associated DRIFTS spectra are displayed in
fig. I11-52. Compared to the case of CO adsorption from a pure CO/N, mixture (Fig. 111-50),
the COy4 frequency under PROX conditions is now shifted to significantly higher

wavenumbers and barely changes with decreasing CO partial pressure (2113 - 2111 cm™). A
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Fig. 111-53: @) Turnover frequencies of CO (M) and H, oxidation (O) and b) selec-
tivitiy (W) over Au/a-Fe,O; at 80°C and Po, = 1 kPain idealized reformate. { KAH}

very similar blue-shift of the COy4 band (1 kPa CO partial pressure) upon admission of
oxygen (partial pressure not given in reference) of (110 cm™ was noted by Boccuzi et al. on the
closely related Au/TiO, system [248].

Thisincrease in vco is assigned to the coadsorption of oxygen and its effect of decreasing the
electron density in the gold particles. Since the bonding of CO to gold surfaces is dominated
by the 50 orbital [247], electron donation to the metal becomes more favorable under these
conditions. Owing to the weak antibonding effect of the 50 orbital with respect to the C-O
bond, the IR band frequency would increase for areduced electron density of the gold surface.
Since fig. I11-52 was recorded at a constant value of A = 2, p(O,) decreases in the same way as
p(CO), so that the up-shifting effect of O, is expected to become smaller at lower partial
pressures. The nearly zero net shift observed in fig. 111-52 (see aso filled symbols in fig. I11-
49b) can be understood as a result of these two counteracting effects (decreasing vco with
increasing Bco, but increasing wavenumber veo with increasing p(Oyz)). A similar effect may
also exist for the IR cross-section, which would explain the more pronounced decay of the

intensity with smaller coverages for the PROX reaction as compared to CO adsorption.

Under the above hypothesis of low CO coverages during the PROX reaction even at the
highest CO partial pressure of 1 kPa examined in our study, it is reasonable to assume that the
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Fig. [11-54: In-situ DRIFTS spectraon Au/a-Fe,O in idealized reformate
(1 kPaCO; A = 2) at different temperatures. Inset: Integrated IR intensities
of the linearly bound CO versus temperature.

dissociative adsorption of hydrogen on the Au surface is not significantly perturbed by the
presence of CO. Therefore, one would expect that the H, oxidation rate is independent of the
CO partial pressure if the O, partial pressure remains constant. This, indeed, is confirmed by
kinetic measurements (taken by M. Kahlich) on both CO and H, oxidation rates over Au/a-
Fe,Os in idealized reformate at 80°C and p(O,) = 1 kPa at 80°C, shown in fig. 111-53 [26].
While the CO turnover frequency decreases with decreasing CO partial pressure owing to a
decrease in CO coverage, the H, oxidation rate remains essentially constant (Fig. 111-53a).
This demonstrates that r°° and r"2 are completely decoupled, contrary to what is observed for
the Pt/y-Al,O5 catalyst. As a consequence, the selectivity of the Au catalyst decreases with
decreasing p(CO) (Fig. I11-53b). Since the dissociative sticking probability for H, on a gold
surface is very low [219], due to a strongly activated adsorption process [223], the overal
selectivity is still rather high. Thisis different from the case of the Pt/y-Al,O; catalyst, where
the high selectivity is only caused by the nearly complete blocking of the surface with
adsorbed CO.

3.3.3 Temper ature dependence

In this section we finally present and discuss in-situ DRIFTS data recorded during the PROX

reaction on Au/a-Fe,O3 at varying temperatures, which will provide afinal piece of evidence
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for the hypothesis that the CO coverage under PROX conditions at 80°C is very low, far
below saturation. These data will rationalize the observed decrease in the CO reaction order
during selective CO oxidation with temperature, which was found to change from +0.55 at
80°C down to +0.35 at 40°C [26]. A similar behavior was observed aso by Linet al. on a2.3
wt% AU/TiO, catalyst, with a decrease in the CO reaction order from 0.6 to 0.2 as the
temperature was decreased from 87° to 37°C in a Hp-free gas mixture (pco = 0.1-2.5 kPa,
Po,= 0.1-2kPa, balance He) [237]. FigurellI-54 shows in-situ DRIFTS spectra recorded in

idealized reformate (10 kPa CO, A =2) at 20°, 40°, 60° and 80°C, respectively (all spectra
taken after 30 min. of equilibration). Clearly, the amount of linearly adsorbed CO decreases
by afactor of three (seeinset in fig. 111-54) with increasing temperature. It cannot be excluded
that a part of this apparent coverage variation may also be caused by changes in the Oy
coverage, which would influence the band position and probably also the IR cross section of
COq4 (see below). Nevertheless, a strong decrease of the CO coverage with temperature
resembles the behavior expected in the steep, middle regime of a Langmuir adsorption-
desorption isobar, where the CO coverage is far below saturation, which in turn gives further
credence to the hypothesis that the CO coverage under PROX conditions at 80°C is rather low
on the Au/a-Fe O3 catalyst. Such a strong variation of the steady-state CO,y concentration fits
well to a reaction scheme where the CO supply is increasingly rate limiting, which

qualitatively rationalizes the increase in CO reaction order with increasing temperature.

Consequently, one would expect a more moderate decrease of Oco with pco at lower
temperatures, i. e, a 40°C. In figure 111-55 the integrated intensity and peak position of COsq
in idealized reformate are shown as a function of the CO and O, partial pressure (A = 2; 40
and 80°C, respectively). While at 80°C the CO4 band is reduced by a factor 11 as pco is
decreased from 1 to 0.05 kPa, at 40°C only a lowering by a factor 6 is observed. Exactly the
same trend applies for CO adsorption in a pure N,-background (not shown here for brevity):
At 40°C the difference in band area between the highest and lowest CO partial pressure is
only a factor 3 compared to factor 6 at 80°C. This observed reduction in the CO partial
pressure dependence of B¢o at lower reaction temperatures implies a somewhat larger absolute
coverage at 40°C (as was aready suspected from the temperature-experiment above), which
explains the observed decrease of the CO reaction order from +0.55 at 80°C down to +0.35 at
40°C [26].
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Fig. 111-55: a) Integrated IR intensity and b) band position of the linearly
bound CO_, over Au/a-Fe,O; at 80°C (@) and at 40°C (O ) in idedized
reformate (1 kPaCO, A = 2).

In contrast to 80°C, where due to the simultaneously occuring oxygen coadsorption the CO-
band position remained almost constant over the whole examined partial pressure range (see
figure 111-49b), at 40°C we notice a stronger dependence on the CO partial pressure. It now
resembles more closely the behaviour during CO adsorption in pure N,. The observed blue-
shift upon switching from 1 kPa CO in N, to idealized reformate (A = 2) is also reduced to
only 3 cm™ at 40°C (at 80°C: 10 cm™). Consequently, the influence (i. e., relative amount) of
coadsorbed oxygen must have been reduced at this lower temperature level, implying that the
COy : Oy ratio must have been increased at 40°C.

In summary we have seen in this chapter by direct in-situ DRIFTS observations that under
typical reaction conditions the reaction kinetics and the selectivity in the PROX reaction on
Au/a-Fe,0; are largely determined by the steady-state CO coverage on the active metd
surface. Bco changes significantly with temperature or CO pressure, yielding coverages below
0.2 ML at 80°C and at 1 kPa CO. The CO coverage and its variation with partial pressure and
temperature not only parallel the selectivity behavior in the kinetic measurements by M.
Kahlich, i. e., apronounced loss of selectivity at lower CO partial pressures on Au/a-Fe,Os. It

also rationalizes the observed CO oxidation reaction orders with respect to CO and O, and

145



AuFe03 The CO coverage and its influence on the kinetics

their temperature dependence as well as the independence between the H, and CO oxidation

over Au/a-Fe,O3 (and the coupling over Pt/y-Al,Os, respectively).
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3.4 Deactivation behaviour

3.4.1 ., Off-line deactivation*

Figure 56: Activity (upper window) and selectivity (bottom) of Au/a-Fe,0, (061197)
at 80°C inidealized reformate (1 kPaCO, A = 2) four month after catalyst preparation
(o) and one year later (m).

For the gold catalysts we have to distinguish two different kinds of deactivation. The loss of

reactivity during reaction (,on-line deactivation), which is the object of the forthcoming

sections, and a deactivation during storage (in air at room temperature), which occurs over a

time-scale of month and years (,, off-line deactivation®).

In figure 111-56 two long-term measurements in idealized reformate (1 kPa CO, A = 2; 80°C)

are compared, one within four months after preparation of the sample (no. 061197) and

another, which was recorded with a temporal seperation of ca. 11 months (,aged” catalyst).

The initia activity of the latter is reduced by more than 30%, but without any maor

consequences for the selectivity. The deactivation during reaction is also somewhat enhanced

(46% instead of 36% within 1300 min. at equal absolute conversion rates). This , off-line
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deactivation” applies in the same way for al other ,aged* Au/a-Fe,O; samples, e. g., sample
no. 280598 lost [45% activity within 11 months. This irreversible deactivation is probably
caused by a slow recrystallization process of the initially amorphous support, which induces a
paralel growth of the attached gold clusters, now leading to larger particle sizes after
conditioning. This hypothesis is substantiated by XRD measurements on the 061197 sample,
which indeed showed sharper bands on the ,aged” catalyst ((1l6 months after preparation),
indicating larger particles (unpublished results). Of course an additional influence of
contaminations from the surrounding atmosphere, e. g., sulfur, cannot be generally excluded.
As will be shown explicitely in the next section, the enhanced ,,on-line" deactivation of the

»aged” catalyst isrelated to the increased cristallinity of the support phase.

3.4.2 . On-line deactivation* during CO oxidation

Apart from this , off-line* deactivation during storage, all Au/a-Fe,O3; samples suffered from
astrong activity loss during our standard screening tests in idealized reformate (1 kPa CO, A =
2; 80°C) under differential flow conditions, which, e. g., amounts to [40% of the initial
activity after 1000 min. on-stream for the 061197 sample (see figure 111-56). But we noticed a
gualitative difference in the deactivation behaviour between our initially prepared samples, e.
g., no. 201196, which were produced by coprecipitation at temperatures >60°C, with the
support consisting of larger hematite parts after drying, leading to a more crystalline structure
after calcination, and the more recent samples, e. g. no. 061197. The latter were prepared by
deposition-precipitation or coprecipitation at only 60°C, resulting in a very amorphous iron
oxide structure after the conditioning procedure (see also table 111-10-A). Whereas the first
samples loose their activity very fast and it is hardly regained by any purging procedure, on
the latter the deactivation is much more moderate and the initia rate is fully restored after a
simple flush of the catalyst bed with an inert gas at reaction temperature. Therefore, in the
subsequent sections we will treat the deactivation phenomenon separately on both catalyst
types (investigated exemplary for the samples no. 201196 and 061197, respectively), before
we finaly develop a comprehensive model, which explains the activity loss on our Au/a-

Fe,O; catalysts during the PROX reaction.

For most supported gold catalysts, which were examined in numerous previous studies for the
low-temperature CO oxidation, a sSimilar permanent deactivation during time on-stream was
recognized. Lin et al. noticed, e. g., areduction of 40 - 60% of the inital activity within 1000
min. on a Au/TiO, catalyst (0.5 kPa CO, A = 2; 40°C) [237], Torres Sanchez et al. reported a
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reactivity decrease of roughly 30% during 90 min. of selective CO oxidation over a Au/MnOy
catalyst (1 kPa CO, A = 2, rest Hy; 16°C) [31] and the model systems (Au particles on thin
TiO; films) studied by Valden et al. even lost 80% activity after only 150 min. reaction (0.9
kPa CO; A = 10; 27°C) [263, 264].

Since the CO4y coverage on gold under our reaction conditions is much lower than on
platinum metal s (see preceeding chapter), we can safely exclude a CO ,, self-poisoning” effect
asisgeneraly observed on the latter systems (compare chapter 111-1.2.1).

Several models were proposed in order to rationalize the loss of reactivity during reaction: In a
study on a Au/Mg(OH), catalyst during CO oxidation in air (1 kPa CO; -70°C) Haruta.and co-
workers blamed a slow recrystallization process of the gold clusters, which initialy are not
deposited in their thermodynamically most stable form, to be responsible [269, 303]. But this
model could not be transferred to a Au/TiO, catalyst, where the Au particles exist in the stable
fcc geometry from the beginning on [283]. Other studies suggest the blocking of reactive
(interface) sites by the slow accumulation of by-products on the support. Cunningham et al.
claimed that carbonate species were the reason for deactivation on a Au/CozO, catalyst (1 kPa
in air; -76°C), whereas Knell et al. suspected formate species, indicated by IR-bands around
1590 and 1370 cm*, which were exclusively observed in mixtures with excess oxygen (0.25
kPa CO, A = 2 and 80, resp.; 100°C) on their Au/ZrO, catalyst [236]. Interestingly, in a
stochiometric reaction mixture (A = 1) no deactivation (and consequently no formate bands)
was noticed over a period of 1000 min.. Furthermore in severa studies on uncalcined or
initially not fully reduced samples the slow transformation from ionic gold species to metallic
gold was held to be responsible for aslow decrease of the activity [251, 280, 290, 304], but on
the contrary recent studies have shown that the positivized gold intrinsically owns no superior
activity [291, 292]. Anyway, this type of deactivation should not be relevant for our Au/a-
Fe,O3 system, since the gold is metalic after calcination at 400°C as is indicated by several
XPS studies on Au/Fe,Os catalysts [234, 278, 288] (compare also section 111-3.2.2).

Other possible aspects that should be seriously taken into consideration are a slow
crystallographic or chemical transformation of the iron oxide support during time on-stream,
which may affect the metal-support interface structure or the oxygen adsorption properties of
the catalyst. If oxygen vacancies on the support material play an important role in the
mechanism of CO oxidation, also a high oxygen content of the gas phase may exhibit a

negative effect due to the complete saturation of these vacancies [262], which could be
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Fig. 111-57: Long-term deactivation over Au/a-Fe,O4 (no. 201196) during CO

oxidation (1 kPaCO, A = 2;80°C) in different atmospheres: in idealized

reformate (containing 75 kPaH,), @dry and ®with 1.3 kPawater added, resp.,
oin apure N,-background; @ in apure N,-background at A = 0.5.

For comparison: V idealized reformate over Pt/y-Al,O; (1 kPa CO, A = 2; 200°C).

another explanation for the strong activity decay observed by Knell et al. in O,-rich reaction
mixtures over Au/ZrO, [236]. But the latter theory should be ruled out for the deactivation
during the PROX reaction on our Au/a-Fe,O; catalyst, since we operate in a much more
reductive atmosphere (containing 75% hydrogen), which would rather favour the existence of

oxygen vacancies.

Figure I11-57 provides an overview on the deactivation behaviour of Au/a-Fe,O3 (no. 201196)
in different reaction atmospheres (al 1 kPa CO, A = 2; 80°C). For comparison a so the activity
loss on the standard catalyst Pt/y-Al,Osz is displayed, which is around 37% within the first
1000 min. in idealized reformate (triangle symbols; 1 kPa CO, A = 2; 200°C). In an identical
gas mixture (containing 75 kPa H,) the gold catalyst clearly deactivates much more severely
than the platinum catalyst, losing ailmost one order of magnitude of its initia rate (-83% in
1000 min.; black circles). Likewise, al other deactivation values, given in %, in the following
context are calculated for the first 1000 min. on-stream. In a hydrogen-free gas mixture the
deactivation on Au/a-Fe,O3 is even more pronounced (-99.7% = more than two orders of
magnitude; grey circles), independent of the CO:O; ratio (tested for A = 2 and 0.5, resp.),
demonstrating, that the deactivation on our catalysts cannot be traced back to a ,self-
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Figure [11-58: a) Time evolution of DRIFTS spectra during CO oxidation in idealized
reformate (1 kPa CO, A = 2; 80°C) over Au/a-Fe, 04 (no. 201196); b) time-evolution

of carbonate bands (integrated IR intensity) around 1600 and 1300 cm™.
poisoning® from excess oxygen. On the other hand, when 1.3 kPa water is added to the

idealized reformate, the rate becomes surprisingly stable (only -19%; white circles).

We think, that a thorough investigation of these differences in the long-term deactivation (i.
e., stabilizing effects by water and hydrogen (and / or in-situ produced water)) provides an
important key to the understanding of the deactivation process itself. Consequently, in the
next step we follow the time-evolution of surface species during reaction in idealized
reformate (figure I11-58a; 1 kPa CO, A = 2; 80°C) and during CO oxidation in pure nitrogen
(not shown here for brevity) by in-situ DRIFTS. During time on-stream we notice an
enormous growth of IR-bands in the region below 1700 cm™ (bands at 1300, 1360, 1480-
1530, 1550-1625 and 1635-1720 cm™), which are attributed to either carbonate (COs*) or
carboxylate (CO;) species [71, 136, 250, 305]. As for the formate species, which were
recognized during selective CO oxidation over Pt/y-Al,O5 (see chapter 111-1.2.2), the amount
of by-products (evaluated by a TPD in pure nitrogen conducted after several hours of reaction;
not shown here) exceeds several times the number of surface metal atoms, which is a

indication for the location of these carbonates / carboxylates on the support.
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Figure I11-59: Time-evolution of the CO_,-band during selective CO oxidation in
idealized reformate (Q©), during CO oxidation in a pure nitrogen background (@)
and after switching back to idealized reformate (& ; 1 kPaCO, A = 2; 80°C)

In window b of figure I11-58, the time evolution for the build-up of these by-products
(evaluated via integration of the bands at 1250-1400 and 1550-1700, resp.) isillustrated. After
a few minutes of reaction the surface is ailmost saturated and the following increase is only
very slow with proceeding time. This fast saturation, which is on a completely different time-
scale as the activity decrease, seems to vote against a ,,carbonate poisoning” model as an

explanation, at least on first sight.

The time-evolution of DRIFTS spectra in a hydrogen-free reaction mixture (1 kPa CO, A = 2,
rest N; 80°C) seemed practically identical (and is therefore not shown explicitely here), with
one small exception. The small band at 1450 cm™ (see arrow in figure 111-58), which
emerged slowly in idealized reformate, was completely absent during CO oxidation in a pure
N, background. As will be rationalized in the following context, we assign this band to
bicarbonate species (HCOg3), which are formed by a proton transfer from water (or OH'-

groups) to carbonates:
COs* + H,O « HCO3 + OH (111-3.3).

Additionally to the evolution of by-products, we also monitored the IR band for CO adsorbed
on the gold surface during CO oxidation in idealized reformate and in a pure N, background,
respectively, which is indicated by a band around 2113 cm™ (after subtracting the gas-phase
CO contributions). From figure I11-59 it is evident that the signal decreases slowly during

reaction in idealized reformate (grey circles), which would resemble the time-scale of
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Figure 111-60: Difference of DRIFTS-spectra after 1 h CO oxidation (1 kPa
CO, A = 2; 80°C) and after purging for 30 min. in different gas mixtures -
Upward bands indicate a loss, downward bands an increase.

deactivation more closely. Likewise, the COy band decreases much more rapidly in the
hydrogen-free mixture (black circles), again consistently with the activity trend, and is hardly
to recognize after 40 min.. Since the band position of the CO remains unchanged at 2113 cm™
in both experiments, we feel that not only 8¢o but also the oxygen coverage must have been
reduced proportionally, since a change in the CO4y:O4 ratio would influence the CO4y-band

position markedly ([248]; see also chapter 3.3.2).

When 75 kPa hydrogen are added after the CO signal has disappeared during CO oxidation in
a pure N, background, the corresponding IR band grows again (grey squares), indicating, that
hydrogen, or, more likely, the in-situ produced water (from the H, + O, reaction, which is now

possible in a hydrogen-rich atmosphere), exhibits a stabilizing effect on the CO,y coverage.

Since the water (or hydrogen) seems to play an important role in the deactivation process, we
decided to take a closer look on possible interactions with the carbonate / carboxylate species
formed during reaction. After accumulating these by-products during one hour of CO
oxidation in a pure nitrogen background (1 kPa CO, A = 2; 80°C), we exposed the Au/a-
Fe,Os3 catalyst to different gases at 80°C and recorded the decomposition behaviour by
DRIFTS. In figure 111-60 difference spectra are presented, where the spectrum obtained at the

end of the CO oxidation reaction was divided by a spectrum recorded after 30 min. exposure
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Figurel11-61: Deactivation behaviour of Au/a-Fe,0, (no. 061197) during CO oxidation

(1 kPaCO, A =2; 80°C): ®idedized reformate (differentia flow); Oidealized reformate
(total conversion); mmore realistic reformate with 25 kPa CO, (; ®CO oxidation in a
pure N, background ); midealized reformate with 1.3 kPa H,O; @ idealized reformate with
switch to 1.3 kPaH,O ). - For comparison: ©Pt/y-Al, O, (200°C) and YAu/a-Fe,O,

(no. 201196) in idealized reformate. - *: "aged" catalyst

to the,, purging gas‘. Upward pointing bands indicate a reduction of the corresponding surface
species during ,,purging”, the growth of species is characterized by downward bands. In the
first three gas mixtures (pure nitrogen, mixed with 10 kPa O, and with 75 kPa H,) the
carbonate / carboxylate bands decrease somewhat, which indicates the relative lability of these
species, but the degree of decomposition (indicated identical band intensities) is similar in all
three atmospheres. In contrast, a mixtures, which contains 75 kPa hydrogen and 1 kPa oxygen
(similar to idealized reformate), enabling now the in-situ water production, enhances clearly
the decomposition of the by-products. Moreover, new bands arise at 1450, 1650 and 3615
cm™ (indicated by arrows), which are associated with bicarbonate species (HCO3) [137, 138,
248, 253]. Hence these rather labile bicarbonate species [306] appear to be the intermediates

of awater induced decomposition process of carbonates:
H,O (or OH) + COs* « HCO3 + OH (O?%) (111-3.4)
HCO; o CO,t + OH (11-3.5)

We aso investigated the decomposition in an atmosphere of 1.3 kPa water in nitrogen, but

this experiment was recorded on a different spectrometer and in a different DRIFTS cell, so
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that a simple comparison of absolute intensities may be misleading. Consequently, this
difference spectrum was omitted in figure 111-60. Nevertheless, we noticed an extremely fast
decomposition of carbonates in the water containing mixture, similar to the H, + O, mixture,
along with the evolution of bicarbonate bands, as would be expected from the preceeding
experiments. In afirst conclusion, we may record, that the presence of water, which stabilizes
the rate, promotes the decomposition of the support-bound by-products and (as a consequence,
as will be specified below) mitigates the reduction of the surface CO (and aso O) coverage
during the PROX reaction.

Figure 111-61 shows the deactivation over the Au/a-Fe,O3 sample no. 061197 in different
reaction atmospheres (all 1 kPa CO, A = 2; 80°C), which was prepared by deposition-
precipitation and featured a much more amorphous iron oxide structure after calcination, as
was confirmed by XRD measurments. The time-evolution of the activity on Pt/y-Al,O3 (grey
hexagons, at 200°C) and the Au/a-Fe,O3; sample no. 201196 (black triangles), which was
discussed above, in idealized reformate are added for comparison. The stability of the 061197
sample in idealized reformate under differential flow conditions, where the decrease is only
34% (similar to the 37% of Pt/y-Al,Og), is clearly superior compared to the 83% on the
sample no. 201196. Surprisingly we detected that the degree of deactivation is strongly
dependent upon the absolute conversion (in %co). When the degree of conversion was
increased — by either reducing the flow rate or decreasing the portion of inert a-Al,Os in the
reactor, which was required as a dilutent in order to guarantee differential flow conditions for
our conversion measurements [26] — the rate became definitely more stable (not shown here
for brevity). Finally, at total conversion, we could not even recognize any loss of activity for a
period of almost six days (grey circles). We attribute the difference between the differential
and integral measurements to the larger absolute water concentration (produced in-situ) in the
latter case. This is underlined by a similar positive effect of water on the deactivation
behaviour of the sample no. 061197, when it is additionally admitted (1.3 kPa) to the idealized
reformate. On the freshly prepared catalyst the response was small (white dotted squares,
deactivation 28% instead of 34%). But in measurements conducted one year later on the
»aged’ catayst, the effect was more pronounced with the initial deactivation being 44% for
the dry reaction mixture (diamond symbols), whereas the activity behaviour resembled the

,0ld* measurement (on the freshly prepared catalyst) after switching to the wet mixture.
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Figurell1-62: Activity (upper window) and selectivity (bottom) of Au/a-Fe,O, (061197)
at 80°C inidealized reformate (1 kPaCO, A = 2) - intermediate purging with 135 Nml/min
pure N, at 80°C for 60 min. after approximately 1200 min. of reaction (dashed line).

Similar to what was noticed for the other sample in the preceeding section, in a hydrogen-free
mixture the deactivation is markedly stronger, this time running up to 80%. In amore realistic
reformate, containing 25 kPa CO,, the deactivation is also dightly enhanced (47%), as would
be expected from the enhanced by-product accumulation on the support in such an

atmosphere.

In principle both gold catalyst samples show the same trend, but the deactivation is much
more distinct on the samples which were prepared by coprecipitation at > 60°C. This leads to
a change in the reversibility of the activity loss. Whereas the severely deactivated sample no.
201196 (after several hours of CO oxidation in a pure nitrogen background) showed no
recovery upon purging with pure nitrogen for 30 min. and only a small effect after purging
with a mixture containing 75% H, and 1% O, for 30 min. at reaction temperature, the 061197
sample regained more than 80% of its initial activity (idealized reformate; 1 kPa CO, A = 2;
80°C) after purging the reactor for just 15 min. with pure nitrogen. After prolonged purging

for one hour, almost the complete initial activity isrecovered (seefigure 111-62).

If we compare the formation of by-products during time on-stream, we notice again such a
gradua difference in the DRIFTS spectra (figure I11-63). The spectra match each other very
close in shape, but even though the dilution (with a-Al,O3) was 2.5 times higher for the

sample no. 061197, which, in the worst case, may cause a signa decrease of the same
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Figurel11-63: Time-evolution of DRIFTS-spectrain idealized reformate (1 kPa CO;

A =2, 80°C) over Au/a-Fe, O, (no. 061197); spectrataken after 5, 20 and 60 min.,

resp. (arranged ascendingly) - For comparison: DRIFT S-spectrum of Au/a-Fe,0,4

(no. 201196) after 1 h CO oxidation (grey line; 1 kPaCO; A = 2; 80°C)
magnitude (but probably much less, since the penetration depth of the infrared beam increases
simultaneously due to the enhanced reflectance), and if we take into consideration that there
might be slight differences in the spectroscopic properties of the two Au/a-Fe,O3; samples,
there is more than one order of magnitude difference in the band intensity for the carbonate /
carboxylate bands. This may serve as a well explanation for the reduced deactivation of the
recent sample. Other than on the sample no. 201196, the intensity of the CO-band is not

reduced during reaction (within a measurement tolerance of 5-10%).

The reversible nature of the deactivation clearly argues against models, where the gold
crystallites or the support are slowly restructured into a thermodynamic more stable
conformation. Furthermore, deactivation is only observed for those substrates, which also
form stable bulk carbonates (such as Fe,Os, Mg(OH)y); but, e. g., not for a Au/y-Al,O3
catalyst (see chapter 111-3.7).

Since the time-scale of the carbonate / carboxylate formation does not match the deactivation
behaviour, but the activity loss is clearly dependent upon the water content, which

decomposes the by-products, we propose the following model:
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* During the (selective) CO oxidation carbonates and carboxylates are produced on the
support, which blocks active sites for the CO oxidation(e. g., at the Au-Fe,O3 interface) or
the oxygen supply from the support phase. On the sample no. 201196 the by-products (or
CO.a4, Which is rather stable on gold; see next chapter) are accumulated to such a large
amount, that the CO4 is even sterically blocked. An aternative explanation for the
pronounced intentsity decrease of the IR CO4g-band on this sample would also be the slow
formation of bulk iron carbonate. The original Au-Fe,O3 interface (metal-semiconductor)
induces a negative charge at the perimeter atoms of the gold clusters by the Schottky-
junction effect [262], which may influence the adsorption strength of CO [307]. With the
destruction of that interface, adsorption on these sites may become less favourable,
resulting in a decreased surface coverage. Of course we cannot exclude an additional
ateration of the IR cross section by such charge transfer effects, which may over-

emphasize this effect.

* The presence of OH-groups (or water), which are continously replaced (at least partly) in the
immediate surrounding of the gold particles during the PROX reaction by the parallely
occuring hydrogen oxidation, enhances the decomposition of the carbonates and prevents
the fast poisoning of the reaction. Consequently, this would lead to a zone which is
relatively free of carbonates / carboxylates around the gold clusters (see figure 111-64).
When the replacement is not fast enough (dry reformate at differential conversion) or
completely missing (CO oxidation in a pure nitrogen background) this carbonate-free zone
melts slowly, which causes the observed permanent loss in reactivity (i. e., the catalyst
surface slowly dries off). When the OH-groups are replaced at a rate which is fast enough,
the deactivation is reduced, or even completely stopped.

* The less deactivating Au/a-Fe;Os (e. g., 061197) samples feature a much more amorphous
support structure after calcination, which probably contains more OH-groups from the
beginning. We may speculate that in addition the formation of by-products is more difficult
on an amorphous Fe,O3 support, which would explain the somewhat more pronounced

deactivation of the ,aged” catalyst in figure I11-56.

In summary we have shown that the degree of deactivation during reaction over Au/a-Fe,O3
catalysts depends on a subtle balance between the hydration degree of the support and its
ability to form poisoning carbonate / carboxylate species. The highly reversible nature (at least
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Figure I11-64: Surface model for the by-product distribution during reaction —
grey: carbonates / carboxylates; white: water / OH’-rich decomposition zone.

on the samples with an amorphous support structure) of the deactivation compared to other
catalysts (see, e. g., section 111-2.2.1) is a further aspect, which makes Au/a-Fe,O3 a very
promising candidate for industria applications, e. g., in vehicles for the purification of
hydrogen produced from the steam-reformation of methanol, which is used as a feed gas for
PEM fuel cells[14, 16].
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3.5 Effects of CO», and H-O on the activity / selectivity

Since the CO has a rather moderate adsorption energy on the Au surface, causing a low
steady-state coverage during reaction (see chapter 111-3.2), in principle a lot of free meta
surface remains for the coadsorption of other molecules. Therefore, especialy for gold
catalysts it is important to take a look at possible effects on the activity or selectivity when

changing from idealized to more realistic reformates, containing water and / or CO..

As for Pt/y-Al,O; (see chapter 1.3) we will first take a short look at the influence of water on
the PROX reaction at 80°C and subsequently investigate CO,-containing mixtures by

combined DRIFTS and GC measurements.

3.5.1. Sdlectivity enhancement by water

There exists a vast number of studies, where the influence of coadded water on the CO
oxidation over supported gold catalysts has been investigated. But the results differ extremely
— even on equally prepared catalysts and using the same type of support. From the Haruta
group predominantly positive effects are reported over alarge variety of support materias, e.
g., the activity of a Au/a-Fe,O3 catalyst (1 kPa CO in air; 30°C) increased from 95% to total
conversion upon addition of water (0.6-4 kPa) [234]. This was different from pure support
oxides, which were deactivated seriously by moisture [240]. Positive effects were also
claimed among others for Au/TiO,, Au/Co304 or AU/NIO [71, 240, 243, 248]. Sakurai et al.
demonstrated, that this observed reactivity enhancement cannot be the result of the water-gas
shift equilibrium (eg. 111-1.7), since the shift activity over Au/TiO, was negligible at such low
temperatures [308]. Likewise, Park et al. noticed a very slight but positive effect of 0.7 kPa
for their Au catalyst calcinated at 400°C, supported on TiO,, Fe;,O3 or Al,O3 (1 kPa CO, A =
10 or 20; T =40 - 80°C). In contrast, Bollinger and Vannice claim an irreversible decrease of
activity by a factor three for AU/TIO, after the addition 0.6 kPa H,O (4.8 kPa CO, A = 2;
40°C) [253]. Similar observations were made by Grunwaldt et al., who noted a reduced
activity over Au/TiO; (0.25 kPa CO, A = 2; 30°C) with only 0.1 kPa H,O present in the
reaction atmosphere, but in their study the effect was easily reverted by simply switching back
to a dry mixture [268]. As far as the H, oxidation reaction is concerned, which has to be

regarded for the PROX process, no relevant data could be found.
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Figure 65: Activity (upper window) and selectivity (lower window) during a
switch-experiment over Au/a-Fe,O, at 80°C in idealized reformate
(1 kPaCO, A = 2) - first dry mixture and after 1300 min. 1.3 kPa H,O added.

In our own measurements we tested the influence of water (1.3 kPa) on the selective CO
oxidation at the envisaged operation temperature of 80°C in idealized reformate (1 kPa CO, A
= 2) for severa Au/o-Fe,Os catalysts. Surprisingly no uniform effect is observed on the
different samples. Whereas, e. g., on the freshly conditioned sample no. 061197 (See table I11-
10) virtually no influence upon the activity was seen after switching to a wet reaction mixture,
the aged (several month after preparation) catalyst shows a slight increase of the reaction rate
(+35% compared to the initia rate; see figure 111-65) along with a clearly stabilizing effect,
which was aready discussed in the preceeding chapter. In contrast, on the sample no.
280598N even a dlightly negative influence of water (rate -35% after admission of 1.3 kPa
water to the reaction mixture) was seen. As a comprehensive conclusion for our catalysts, it
may be claimed, that no matter if one sample reacts somewhat positive and another slightly
negative upon the addition of water, the absolute effect on the CO oxidation is generally rather
moderate (max. +35%). Since for the sample no. 061197 we observed even a different water

influence on the freshly prepared and aged catalyst (which differ mainly in the crystallinity of
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the support material; see section 111-3.4.1), we can conjecture that smallest differences in the
microstructure of our catalysts, which are not obvious from table I11-10, may aready cause the

observed differences in behaviour.

But whereas the effect on the CO oxidation activity is quite small and not uniform, it is
striking that the admission of water to idealized reformate produces an increase in selectivity
of 15-20%, which is similar for all Au/a-Fe,O3; samples. As a consequence the calculated H,

oxidation rate must have been reduced by afactor 2-3 in the presence of water.

We also tried to repeat the experiment in figure 111-65 in our DRIFTS cell. But upon the
admission of 1.3 kPa water to idealized reformate (1 kPa CO, A = 2; 80°C) the COy4 band
dissolves in a very broad diffuse band at around 2100 cm™ (FWHM 1120 cm™; not shown
here for brevity), which is very difficult to analyse. Therefore we cannot make any precise
statements on the CO coverage or band shifts in the presence of water. Boccuzzi et al.
observed a similar effect (increase of absorbance around 2000 cm™, but here with an FWHM
of the same magnitude) after addition of 0.2 kPa water to 0.5 kPa CO over Au/ZnO and
speculated about an electronic effect arising from the icreased production of Vo* (monovalent

oxygen vacancy) levels on the oxide support [248]. A possible reaction pathway is, e. g.:
CO + H,O + O - HCO; + H + Vo* - HCO; + Vo' + H" (111-3.6)

In the DRIFTS spectraindeed a strong intensity increase of the bands assigned to bicarbonates
in the presence of water is observed, as was shown in the preceeding section for the sample
no. 201196 (which applies also to the other Au/a-Fe,O3; samples). This would be consistent
with this hypothesis.

During our activity screenings we aso tested the influence of water on the performane of a
AU/TiO, sample (no. 170899; for characterization see tables 111-10). It is interesting to note,
that it fully paralleled the above described behaviour of the Au/a-Fe,Os; samples upon
addition of 1.3 kPa water to idealized reformate (1 kPa CO, A = 2; 80°C) and showed an
increased selectivity by about 15% (not shown here for brevity).

There is much space left for speculation on the exact nature of the water effect, but it can be
definitely concluded that H,O exhibits a strong negative influence on the H, oxidation
reaction, which leads to the observed selectivity enhancement on Au/a-Fe,Os; (and also on
AU/TIO,). The extremely one-sided nature of the effect (affecting only the H, oxidation)

implies furthermore either a different reaction scheme for the CO and H, oxidation or a
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Figure 66: Long-term evolution of activity (upper window) and selectivity
(lower window) over Au/a-Fe,O; inidealized reformate (O; 1 kPa CO,
A = 2) and with 25% CO, (m) at 80°C.

reaction on different surface sites. But due to the lack of reference studies on model systems,
which could provide a more basic insight into the H, oxidation reaction over supported gold

catalysts, we cannot draw any further conclusions here.

3.5.2 Performance in CO,-containing mixtures

Before we investigate the temperature dependence we will first take alook at changes in the
long-term behaviour at our standard reaction conditions (1 kPa CO, A = 2; 80°C) when
replacing the nitrogen of the idealized reformate by CO..

In figure 111-66 the activity (upper window) and selectivity (lower window) for the sample no.
061197, recorded over several hours under constant conditions, are compared. Quite clearly
the reactivity for the CO oxidation is reduced by afactor 2.5 in the presence of 25 kPa carbon
dioxide. A similar behaviour applies to all other Au/a-Fe,O3 catalysts, which were tested for
CO,-containing gases - in most cases the activity decrease is even stronger (e. g., factor 4 for
the 280598 sample). Consistently, Hoflund and coworkers noticed a reduced reactivity on
their AUMnOy catalyst by a factor of two in the presence of 16 kPa CO; (1 kPa CO, A = 1;
55°C), but they did not give any explanations [230]. The deactivation during time on-stream is
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Figure 111-67: Arrhenius diagram for the turnover frequency of CO oxidation over
Au/a-Fe,O; inidealized reformate (O ; 1 kPa CO, A = 2), amixture containing
25 kPaCO, (O), and in aredlistic reformate (4p; 25 kPa CO,,; 1.3 kPaH,0).

also more pronounced in the CO,-rich mixture (-50% compared to -20% in the idealized
reformate; measured at similar absolute CO conversion values). With respect to chapter 111-3.4
this may well be attributed to an enhanced by-product formation (carbonates / carboxylates)

on the support, which was assumed to severely inhibit the CO oxidation reaction.

A very striking effect is the change in selectivity, which decreases absolutely by 15-20% in the
presence of CO, and even keeps a dightly negative tendency during time on-stream. Other
than in the preceeding section, where the water blocked almost exclusively the H, oxidation,
now predominantly the CO oxidation rate is affected, whereas the conversion of hydrogen,
calculated via selectivity, is about equa in both gas mixtures (only -20% in the presence of
COy,). Hence the effect of CO, on the selective CO oxidation over Au/a-Fe,O3 seems to be
just the opposite of the water effect described in the preceeding section.

In figure 111-67 the temperature dependence (40 - 120°C) of the CO oxidation rate over Au/a-
Fe,Oz (no. 280598) in different gas mixtures is compared in the form of an Arrhenius
diagram. In idealized reformate (1 kPa CO, A = 2) an activation energy of 29 + 5 kJ/mal is
obtained, which correlates quite well to the 31 kJ/mol determined by Kahlich et al. under
identical conditions on our sample no. 201196 [26] or to the 35 kJ/mol given by Haruta et al.
for the CO oxidation without hydrogen over a coprecipitated Au/a-Fe,O3 catalyst (0.2 - 6 kPa
CO; 1-20kPa0y) [71].
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Figure I11-68: (a) Selectivity and (b) Arrhenius diagram for the calculated turnover frequency
of H, oxidation over Au/a-Fe,0O, inidedized reformate (O ; 1 kPaCO, A = 2), amixture
containing 25% CO, (O), and in arealistic reformate (¢ ; 25 kPaCO,,; 1.3 kPaH,0).

Upon replacing the nitrogen of the idealized reformate by CO, (25 kPa), the reactivity is
decreased by a factor 3-4, but the activation energy remains amost constant (33 + 5 kJ/mol).
When 1.3 kPa water is added to the CO,-containing mixture, the activity is partialy restored,
an effect, which is more pronounced at lower temperatures. As a consequence the activation

energy is reduced to alower value around 20 kJ/mol (z 5 kJ).

The selectivity (figure 111-68a) parallels this behaviour: With 25 kPa CO, the selectivity is
reduced by about 20% as a consequence of the reduced CO oxidation rate, but the
temperature-dependence found for idealized reformate is completely retained. Upon additional
admission of water to the reaction mixture, the selectivity behaviour changes and S decreases
now linearly with higher temperatures at avery steep slope. In window b (figure 111-68) the H,
oxidation rates, calculated via selectivity, are displayed. Quite clearly, the changes are much
smaller than for the CO oxidation reaction. In the presence of 25 kPa CO,, the rate decreases
by only 20-40%. And, what is very surprising in view of the preceeding section, in the
additional presence of water, the H, oxidation rate remains unchanged, hence the influence of
water in CO,-rich mixtures is to restore the CO oxidation reaction and not to suppress the
competing H, + O, reaction as was found for idealized reformate. As a consequence of the
minor changes for the rates of the H, oxidation the resulting activation energy remains

constant at around 45 kJ (+ 7 kJ).

To get a better insight into the mechanisms leading to the CO,-induced poisoning of the CO
oxidation over Au/a-Fe,Os, we gradually increased the CO, content in an idealized reformate
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Figure111-69: CO, dependence of the CO (O) and H,, oxidation activity (3 ; upper
window) and of the sdlectivity (A;lower window) over Au/a-Fe, 0, in CO,-containing
reformate (1 kPaCO, A = 2) at 80°C. black symbols: after addition of 1.3 kPaH.,0.

(1 kPaCO, A =2, 9 kPaN,, up to 22 kPa CO,, balance H,) at 80°C (sample no. 280798). This
experiment was conducted in a newly designed DRIFTS cell (see appendix A), which allows
for a synchronous analysis of IR-bands and conversion data (GC) within very small

tolerances.

In figure [11-69 the rates for CO and H, oxidation (upper window) and the corresponding
selectivities (lower window) at increasing CO,-contents are displayed (each data point
acquired after 30 min.). The selectivity decreases strongly with increasing CO, content as a
direct consequence of the more pronounced reduction of the CO oxidation rate (factor 4-5)
compared to the H, oxidation (only factor 2), ending up at only 50% for a CO, content similar
to real reformates. Upon addition of 1.3 kPa water to this reaction mixture (black symbols)
again exclusively the CO oxidation rate is amost restored to its initia value, wheras the
competing reaction remains totally unaffected, which leads to a strongly enhanced selectivity
of [070%.

In the IR data obtained simultaneously, shown in figure I11-70, a significant blue-shift of the
linearly bound CO.-band (from 2110.5 cm™ to 2114.1 cm™) at higher CO,-contents is seen,
accompanied by an increase in the integrated intensity of 25% (Therefore the shift cannot just
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Figurel11-70: CO, dependence of the DRIFTS CO_-signal on Au/a-Fe,O; in CO,-containing
reformate: a) band position (Q), b) integrated IR intensitiy (); ¢) DRIFTS spectra of the
CO_4-region (CO, content increases upward); inset: by-products seen in the DRIFTS spectra;
black symbols/ line: after addition of 1.3 kPaH,0.

be the result of a reduced CO4 coverage). These effects strongly suggest the coadsorption of
CO, on the gold particles. CO, acts as an electron acceptor, reducing the electron density in
the nearby Au-atoms, which should induce such a blue-shift (similar effects for band position
and intensity were also observed upon admission of oxygen to a CO / N, mixture; see chapter
3.3.2). This coadsorbed CO, may either directly block the sites for CO oxidation or alter the
reactivity by its electronic influence, characterized by the blue-shift for the COy-band. At
higher partial pressures of CO, a second band evolves in the spectral region for linearly bound
COy a around 2067 cm™. It had been neither observed in our own measurements without
CO; nor reported in any literature study dealing with IR spectroscopy during CO oxidation in
CO.-free mixtures over Au cataysts, therefore it is clearly bound to the presence of
coadsorbed CO,. But the exact nature of this new linearly bound CO,y species is still

unknown.

The coadsorption of CO, on Au was already suggested in a study from Bollinger and Vannice
on a Au/TiO, catalyst, where they noticed shoulders at 2320 and 2378 cm™ for a central band
at 2342 cm™ (correlated with adsorbed CO, on TiO,), which they assigned to adsorbed CO,

167



Au/Fe03 Effects of CO, and H>O on the activity / selectivity

on the gold particles [253]. They also mention that the CO, inhibits the CO oxidation activity
and that this effect is reversible, which fits excellently to the mechanistic picture, developed in
this section. This model, including coadsorption of CO,, is aso likely in view of studies by
the Christmann group on Au(110), where an activation energy for desorption of (27 kJ/mol
was evaluated for the oxygen-precovered surface, which is not too far away from the Eq of
CO (40 kJ/mol) [302]. Therefore, at such high partial pressures indeed a significant surface

coverage is expected.
It isinteresting to note, that Schwank reported a reduced activity for the reaction
*CO + CO, - *CO, + CO (1m-3.7)

over supported Au catalysts with an increased p(CO,)/p(CO) ratio, which equally underlines,
that CO, acts as a poison for the CO adsorption / oxidation [221].

An additional negative contribution for the performance may arise from the adsorption of CO,
on the support, especialy at Au-Fe;Os-interface sites, possibly as CO, -species, which would
inhibit the oxygen supply from the support, as was proposed by Fukushima et al., who
observed a negative influence of CO, on the CO oxidation over a Au/MgO catalyst ([260]; see
also preceeding chapter). But such an effect would be expected to affect both, the CO and H,

oxidation rate, in the same way.

Upon the addition of 1.3 kPa water the CO4-band shifts back to the orignal position (figure
[11-70), but the integrated intensity is strongly decreased and the band becomes somewhat
broader. A possible explanation for the reverted band shift is, that adsorbed CO, is removed
from the Au surface in the presence of water. Indeed in the inset window in figure 111-70,
which shows the spectral region below 1700 cm™, a strong increase of bands, assigned to by-
products on the support, is noted. Especialy the bands at (11600 and 1450 cm™, which could
be attributed to bicarbonate species, grow strongly (see also section 3.4.2). A possible reaction
pathway on a hydrated surface would be:

COsa + OH - HCO5 (111-3.8)

Other than in the CO,-free mixture (idealized reformate), this time the H, oxidation is
absolutely not affected by the presence of water. But on the one hand, the rate has aready
been reduced somewhat by the presence of CO,. Moreover it may be speculated, if an effect

which creates oxygen vacancies on the support, as was proposed by Boccuzzi et al. for the
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presence of water ([257]; eg. 111-3.6) could be inhibited or compensated in the presence of
CO..

As a short summary of this chapter it can be recorded, that water and CO, exhibit opposite
effects on the CO oxidation. H,O blocks the H, + O, reaction (in a CO,-free mixture), CO,
predominatly reduces the CO oxidation activity. Due to the DRIFTS results the latter is
attributed to the coadsorption of CO, on the gold particles. Additional adsorption on the
support may inhibit the oxygen supply and further contribute to the reduced performance. The
presence of water in a CO,-containing mixture releases the inhibition of the CO oxidation.
Both effects seem to be more or less additive and, as a consequence, compensate each other.
The one-sided nature of the water- and CO,-effects on either the CO or H, oxidation strongly

suggest different reaction sites and / or mechanisms for both reactions over Au/a-Fe;Os.
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3.6 Reverse water -gas shift over Au/a-Fe,0;

Since supported gold catalysts are not only active for the low-temperature CO oxidation, but
also for a vast variety of other catalytic reactions, e. g., partial oxidation of hydrocarbons,
hydrogenation of CO and unsaturated hydrocarbons or reduction of nitrogen oxides [239,
240], recently some groups examined the water-gas shift reaction over such systems and
reported an outstanding activity, amost similar to the commercially employed Cu/ZnO
catalyst [70, 308, 309].

In this section we will study the reverse water-gas shift reaction
CO;+H; - CO+H0 (11-3.9)

analogous to the investigations on the above described catalyst systems (see chapters 111-1.3.2
and 111-2.2.3). Measurements were performed on the sample no. 061197 (for characterization
see tables 111-10), which turned out to be our most active gold catalyst for CO oxidation. The
sample was diluted with a-Al,O3;, similar to the PROX measurements. The reactant gas
mixture contained [174 kPa, 1.3 kPa H,O and [R5 kPa CO,. Data points were taken after 30

min. of reaction before increasing the temperature to the next setpoint.

In figure 111-71 the reverse water-gas shift activity (Arrhenius diagram) of Au/a-Fe,Os is
compared to that of Pt/y-Al,Os. Obviously both catalysts exhibit approximately the same
activity in the temperature interval investigated between 150 and 250°C. The TOF for Au/a-
Fe,0O; at 150°C is 8.3*10™ s (corresponding to a rate of 2.1*10°° molco/gas*s), which isin
excellent agreement with the activity of ca 1*10° s (2¢10° molco/gas*s) reported by
Sakurai et al. for Au/Fe,O3 in a mixture of 67 kPa H,, 23 kPa CO,, balance Ar [308]. When
extrapolated to the envisaged temperature level for the selective CO oxdiation of 80°C, a TOF
of 1.2¥10° s (2.9%10® molco/gas*9) is calculated. In earlier measurements by Kahlich et al.
a similar order of magnitude for the reverse water-gas shift (< 3*10® molco/gas*s) was
estimated for the sample no. 201196 at 80°C, but the absolute conversion was too small, to
determine more precise values [26]. Since the activity for the selective CO oxidation at 80°C
is comparable to that of Pt/y-Al,O5 at 200°C, but the rate for the WGS is significantly lower
on the gold catalyst due to the reduced temperature level, the resulting turndown ratio for the
load following behaviour in aPROX stage is theoretically improved by aimost three orders of
magnitude. Hence the Au catalyst should be a suitable catalyst for a final PROX stage in the
two stage concept proposed by Kahlich et al. [12]. The activation energy for the reverse
water-gas shift is 76 kJ/mol, somewhat higher than on the platinum catalysts.
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Figurelll-71: Arrhenius diagram for the turnover frequency of the reverse
water-gas shift reaction on Au/a-Fe, 0O, (©) and P/y-Al, O, @) in amixture
of 74 kPaH,, 1.3 kPaH,0, rest CO,,.

It should be noted that at temperatures above 250°C the measured rates were lower as would
be expected from a simple extrapolation in the Arrhenius presentation. This is obviously
caused by a progressing reduction of the support to Fe’ [310] as was also confirmed in

subsequent post-mortem X PS-measurements.
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catalyst no. prep. ((F%,0) P | Au:Me| calcinationat | BET ?
[at-%] [m?%q]

Au/a-Fe,0s - DP (8%, g 614884)| cal | 400°C-30min. | 54°
AU/NiOy 190499 | CP (¥gs) 1.7 | 400°C - 30 min. 67
AUTIO, 170899 | IMP (*Y5.55) 1.7 | 400°C - 30 min. 56
Au/CeO, 130897 | CP (¥gs5.72) 25 | 250°C - 30 min. 91
Au/CeO*VO, | 170699 | CP(%%s-) 379 | 400°C - 30 min.
Au/MnOy 200298 | DP (*%70:455) 1.0 | 400°C - 30 min.
AU/SnO 160699D4 | DP (*Ys.55) 2.1 | 400°C - 30 min. 82
AUMg(OH), | 200499 | CP (%5 1.3 | 300°C-30min. | 74
Au/MgO 200499 | CP (¥gs) 1.3 | 400°C-30min. | 105
Auly-Al,O5 180799 | IMP (*%;5z) 1.7 | 400°C-30min. | 107

1) DP = deposition-precipitation, CP = coprecipitation, IMP = impregnation 2) after calcination

3) statistical average of DP-catalystsin table 111-10 4) wt-% 5) from NaMnO,

TableI11-12-A: Au catalysts prepared with different support materials (prepared at the
ZSW Ulm): preparation & conditioning.

3.7 Other support materials

In chapter 111-3.1 we have seen, that the reactivity of gold clusters is significantly enhanced
when they are supported on a metal oxide, which is able to supply large amounts of oxygen
for the CO oxidation reaction, such as Fe;Os. In order to evauate, whether they are equally
suitable, we have tested several other support materials, which have been reported to yield
highly active gold catalysts, namely Mg(OH), [269, 303], MnOy [31, 224, 311], NiOy [234,
265] and TiO, [237, 240, 253, 258, 312]. Moreover, we have prepared gold catalysts on metal
oxides, which are well known for exhibiting such oxygen storage / adsorption properties when
they are combined with platinum metals, e. g., SnO, [176-178] or CeO, [313-315]. The tested
catalysts are listed in table I11-12-A (preparation / conditioning methods, Au loading & BET

surface).

Figure 111-72 provides a graphical illustration for the activity / selectivity tests of the various
samples for selective CO oxidation in idealized reformate under our standard conditions (1
kPa CO, A = 2; 80°C). Additiondly, the activity and selectivity as well as the calculated
turnover frequencies are listed in table 111-12-B. Quite clearly, the Au/a-Fe,O3; samples (grey
circles — no. 061197, which was the most active, and no. 280598, an average sample, are
displayed; see table I11-10-B) show a superior activity and a rather high selectivity, when

compared to the other support materials. Only Au/TiO, (white diamonds) comes close,
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Figurelll-72: Activity (upper window) and selectivity (lower window) of several
Au catalystsin idealized reformate (1 kPa CO, A = 2; 80°C): e Au/a-Fe,0,

(no. 061197), ®Au/a-Fe, O, (no. 280598), ¢ AU/NiO,, CAU/Mg(OH),, ® Au/MgO,
©AUTIO,, AAUly-Al,O,, ©AU/SNO,, AU/Ce0,*VO,, ©AUMNO,, v Au/CeO,,.

especially after a few hours on stream, due to its superior long-term stability (only -10%
within 1000 min.), but its selectivity is somewhat lower, probably due to the active

participation of the titaniain the H, + O, reaction via

2Ti™" + H, o 2Ti* + 2H" (111-3.10)
2Ti% + 1,0, o 2Ti* +0O* (111-3.12),

similar to what has been observed for PUTIO, (see chapter I11-1.3.1). A similar redox
mechanism probably happens on the vanadium oxide component of the Au/CeO.*V Oy, but
due to its low activity it is not of interest, anyway. NiOx aso seems to be an interesting
support material, increasing the reactivity of Au, when compared, e. g., to Al,O3, which is not
known to exhibit any oxygen storage properties, but is not as effective as Fe;O3 or TiO,. The

enhanced activity of gold supported on these three metal oxides (Fe,Os, TiO, and NiOy) as
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AuFe03 Other support material

CataJySt d&mport 1) dAu 1) r *104 2) TOF 3) S Other
[nm] | [nm] |[mol/ga.*s] [s*] [%]
Au/a-Fe,0s 16-17 | 26-7 39 1.3-3 654 | seetables!ll-10
AU/NiOy 9.6 4.3 20 1.2 56 XPS: Ni'"" after
conditioning
AU/TIO, 219 4.6 33 2.0 48 | TiO,: Degussa P25
Au/CeO, 409 [11.09| 047 0.02 [60
AU/CeOy-V Oy 0.28
Au/MnO, amorphous | < 4 149 | 0.04-0.09| 70 Mn,Os after
conditioning
Au/SnO, 909 |1489 8.2 0.25-05 | 43
Au/Mg(OH), | 13-21 <4 14 0.5-0.9 67
Au/MgO 5.3 6.0 3.8 0.3 64
AU/y-A|203 5-11 4.4 6.3 0.35 59 y—A|203: Degus&a
no. 213
1) after calcination (XRD or TEM) 2) after 2h 3) spherical particles assumed for calculation
4) statistical average of DP-catalystsin table 111-10 5) 92% anatase
6) after calcination at 300°C (2 h) 6) after 50 min. 7) after 30 min. 8) after calcination at 800°

Table111-12-B: Au catalysts prepared with different support materials (ZSW Ulm):

characterization, activity & selectivity.

well as the measured turnover frequencies are in excellent agreement, when compared to the
results of several previous studies — in most cases for the CO oxidation in a pure nitrogen
background — , which are summarized in table I11-13. Moreover, Au/NiOy exhibits also a

satisfying long-term stability (-23% within 1000 min.) and a selectivity similar to Au/a-Fe;Os.

With Mg(OH), and y-Al,O3, which should be , inert* support materias (especially the latter),
nevertheless quite active catalysts are produced, exhibiting turnover frequencies only one
order of magnitude lower than with the reducible metal oxides. But in contrast, their activity
strongly depends on the size of the gold clusters and is only high for very small particles,
which probably causes the lower TOFs on our samples when compared to the literature values
in table 11-13. A similar trend was recognized by Okumura et al., who showed that even for
AU/SIO; high turnover frequencies are obtained, if only the gold clusters are prepared small
enough, which was achieved by a CVD method [270]. Aswas aready discussed in chapter I11-
3.1.2 the dissociative oxygen adsorption proceeds probably directly on the Au clusters for
these systems and decreases rapidly with increasing particle size, which in turn causes a

reduced activity. Consequently ,Au/MgO*, i. e., the AuU/Mg(OH), catalysts conditioned at
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higher temperatures, shows an even lower rate and TOF, which is caused by the enhanced
sintering of the gold clusters during calcination. A major drawback to the Au/magnesia
catalystsis their very rapid deactivation (-80-90% within 1000 min.), probably a consequence
of the fast formation of a closed MgCOs surface layer (monitored by TGA), which blocks the
adsorption of further reactants and was also observed in XRD after 3 days in reformate feed
gas[274].

For Au/MnOy, which was proposed for the selective CO oxdiation by Torres Sanches et al.
[31], arather low reactivity was noticed, but the absolute values are again in good agreement
with the literature values. A possible explanation for the poor performance could be the strong

tendency for the formation of bulk MnCOs, which would occur from the produced COs,.

The catalyst samples, supported on CeO,, SnO, and on a mixed oxide CeO,*VO,, yielded
dissappointingly low TOFs, although a small enhancing effect for the SnO, is visible, when it
is compared to Au/y-Al,Os. But if we consider the support particle diameters obtained by
XRD, it is obvious, that the gold particles are considerably larger than the metal oxide
particles, which counteracts the formation of a large and reactive metal-support interface.
Moreover, the selectivity of Au/SnO; is quite low with only 44%, which is also more similar
to unsupported gold [234] and therefore underlines the very imperfect interface formation on

this sample.

In summary we may conclude, that Fe;O3; and TiO, supports yield the most active catalysts
due to their oxygen adsorption properties. Au/a-Fe,O; owns the better selectivity,
nevertheless AU/TiO, isinteresting, since it exhibits a better long-term stability and, seen from
the engineeric point of view, may alow for a much more ssimple preparation of formed
catalysts (e. g., pellets). Gold catalysts on non-reducible oxides (e. g., Mg(OH),, Al,O3) are
only active, when the Au isin a highly dispersed state, but none of our samples could match
the superior activity of the Au/a-Fe,O3 or Au/TiO, samples. Au/CeO, or Au/SnOx may be
promising new candidates, but the preparation procedure needs to be improved, so that larger
support particles are obtained after conditioning (e. g., by an impregnation method). These

samples are currently produced, and the results will be published later.
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3.8. Summary on gold catalysts

On the molecular level of the CO oxidation on supported gold catalyst we have seen that the
reaction proceeds between COy4 and Oy adsorbed on the metal component. Whereas CO
adsorbs directly on the gold, on active support materials (FeOy, NiOy, TiO,) the oxygen is
supplied via the support, where it adsorbs in the form of molecular species and dissociates
subsequently at the Au-MeOy interface. This mechanism explains the observed independence
of the turnover frequency from the gold particle size for Au/a-Fe,Os, but involves also a
strong dependence on the interface structure. In general, those samples, which were prepared
predominantly from a ferrihydrite precursor, yield the smallest Au particles after conditioning.
The best activity is achieved after calcination at 300-400°C, when the gold is present as Au’.
Naresiduals from the preparation step seem to have only a small direct influence on the

turnover frequency, but induce sintering of the gold particles during calcination.

The CO coverage at our reaction conditions in idealized reformate (up to 1 kPa CO, A = 2; 20
- 120°C) is far from saturation. Based on a comparison of our DRIFTS results with published
values it is estimated to be < 0.2 ML. The low surface coverage explains the strong
dependence of B¢o upon the partial CO pressure, corresponding to the middle, steep regime of
a Langmuir adsorption isotherme, as well as the observed decoupling of the H, and CO
oxidation reaction. As a consequence, this leads to the observed decrease of selectivity with
decreasing pco. It aso rationalizes the temperature dependence for the CO reaction order,

which was noticed in our kinetic investigations.

The Au/a-Fe,O; catalysts slowly loose activity during storage (,off-line deactivation®),
caused by a slow, irreversible crystallization process of the initially amorphous support, and
during the PROX reaction (,,on-line deactivation®). The latter shows large gradual differences
on the various samples, being less severe and rather reversible on those catalysts with a very
amorphous support structure. The accumulation of carbonates / carboxylates during time on-
stream on the support and at the interface is believed to be responsible for the slow decrease
of reactivity. The deactivation is mitigated in the presence of water, which decomposes the
poisonous by-products via formation of |ess stable bicarbonate species, resulting in a reduced

decrease of conversion rates at integral flow conditions.

When proceeding to more redlistic reformates, we note, that the presence of water strongly
enhances the selectivity in idealized reformate (+ 15-20% at 1.3 kPa H,O) by suppressing the
H, oxidation reaction, but the exact nature of this effect could not be €lucidated. CO, exhibits

177



AuFe03 Summary on gold catalysts

the opposite effect, a strong poisoning of the CO oxidation, leading to a reduced selectivity by
[P0% (at 25 kPa CO,), which is suspected to be caused by the coadsorption of CO, on the
gold or at interfacial sites. As aresult of the enhanced carbonate / carboxylate formation in the
presence of CO,, also the ,,on-line” deactivation intensifies. Fortunately, the presence of H,O
compensates the negative effects arising from the presence of CO,, which in the end should
results in an excellent performance of Au/a-Fe,O3 catalysts in real mixtures from steam

reformed methanol.

The low operation temperature level (ca. 80°C) along with a dlightly larger activation energy
for the reverse water-gas shift reaction leads to a drastically improved turndown ratio for the
load following behaviour of the PROX stage in mobile applications, when compared to that of
standard platinum metal catalysts.

When comparing different gold / metal oxide systems, the activity of Au/TiO, comes close to
the performance of our Au/a-Fe,O3 catalyst. The slectivity is slightly lower, but the long-term
stability is superior. Other combinations, like, e. g., Au/SnO,, may aso be active, but the
preparation still needs to be improved, in order to optimized the metal-support interface.

In summary, Au/a-Fe,O5 catalysts should be excellently suitable for the envisaged PROX
application due to their high reactivity, relative ,,inertness’ towards mixtures containing water
and CO, and their large PROX / shift ratio at the envisaged operation temperature level of
around 80°C.

We believe, that the performance of todays , simple” supported gold system is near the
maximum achievable level, since the gold particle size is already close to the lower limit with
[2.5 nm. With other support material (e. g., TiO,) the industrial production of formed catalyst
samples may be facilitated, but in the end these oxides will barely exceed the enhancing
properties of the iron oxide, since diffusion of oxygen is not the rate limiting step on these
catalysts. Improved catalysts may be gained from modifying the metal component by alloying
with other metal's, which would increase the adsorption energy and therefore also the resulting
COy coverage and hence lead to a better selectivity and perhaps also higher reactivity (at least
at low CO concentrations). An interesting candidate, e. g., could be gold-copper alloys, since
the second component is quite cheap and the alloy formation probably would decrease the

nobility of the gold but increase it for the copper.
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V. SUMMARY & FUTURE PERSPECTIVES

In the previous chapters we have studied three different catalyst systems for the selective CO
oxidation in Hy-rich gas: pure Pt catalysts (especidly Pt/y-Al,Oz), a platinum catalyst
modified by aloy formation with another metal (Pt;Sn/Vulcan) and gold catalysts (in
particular Au/Fe,O3). Compared to standard Pt catalysts which require higher temperatures
above 150°C to operate at reasonable rates, the latter low temperature PROX catalysts are
characterized by a combination of facile oxygen adsorption and largely inhibited hydrogen
adsorption under reaction conditions. This can be achieved either by an active materia that is
inert for both, hydrogen and oxygen adsorption, but allows for CO adsorption, and where oxy-
gen adsorption proceeds on the support materia (i. e., Au/Fe;03), or by a material that would
be active for adsorption of all reaction partners, but which is blocked for hydrogen and
consequently also for oxygen adsorption by a CO adlayer. In the latter case oxygen adsorption,
but not hydrogen adsorption, must be possible on the support material or on oxidic islands on
the metal particles themselves (PtsSn/Vulcan). In all of these cases the oxidation reactions will
take part at the interface between the different areas, or via a spill-over process. In al of these
cases the reaction is not limited by CO desorption, which is the limiting factor for the PROX

reaction on Pt catalysts at temperatures below 150°C.

For all three catalyst systems, the selectivity is a function of the steady-state CO coverage
under operation conditions. On Pt/y-Al,O3 the saturation coverage, which is maintained over a
large range of operation conditions, leads to a rather constant selectivity by the blocking of the
hydrogen adsorption. On the low-temperature catalysts the selectivity is also very high due to
the high activation barrier for dissociative hydrogen adsorption. However, on the latter it
decreases very fast at decreasing CO partial pressures or increasing temperatures as a result of

the reduced CO surface coverage.

All investigated systems show a more or less severe tendency for deactivation during time on-
stream, but the reasons and therefore the degree of reversibility are very different. The CO
self-poisoning on Pt as well as the blocking by surface carbonate / carboxylate species on the
recently prepared Au/Fe;Os catalysts are easily relieved, whereas the irreversible deactivation
on PtzSn/Vulcan, which is probably the result of a slow segregation effect, constitutes a major
drawback for its technical application.
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Upon changing the reaction atmosphere from a simplified composition without CO, and H-0,
which was used in most of our kinetic experiments (e. g., [7, 12, 26]), to more redlistic
simulations of areal methanol reformer gas, we found that the platinum-based systems suffer
especially from large H,O-contents, which decrease the selectivity significantly. Au/a-Fe;Os
is more sensitive to CO,, but this effect is amost outweighted by the presence of water,
therefore this catalyst seems to be the best suited system for an application in real reformate.
Nevertheless, the effects of H,O and CO, are of such a moderate extent, that the approach via
idealized reformate indeed seems to provide a reasonable basis for quite accurate reactor

caculations.

Within this work we have introduced two |low-temperature aternatives for the PROX reaction,
which should be both capable of removing completely the CO impurities from a methanol
reformer feed gas stream. We have explained their high activity as well as the selectivity
behaviour. On basis of this mechanistic understanding new future catalyst systems may be
designed, which are even more effective. One may think of platinum alloys containing other
elements (e. g., Co, Fe, Ni or Ti), which may lead to the formation of more stable bimetallic
particles or of alloyed gold catalysts (e. g., Au-Ti or Au-Cu), where the extremely noble
character of the gold is mitigated, which would increase the steady-state CO coverage.
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APPENDI X

A. Improved DRIFTS-cell design

As was explicitely shown in the first chapters, DRIFTS is a quite ssimple, but nevertheless
powerful method for surveying surface species in-situ on disperse catalysts under realistic
reaction conditions (see, e. g., [41, 46, 51, 56]). But many commercially available DRIFTS
cells are predominantly designed for the identification of organic compounds (e. g., in quality

control) and not optimized for in-situ applications in heterogenous catalysis.

In the preceeding chapters, we presented IR measurements during the selective CO oxdiation
in Ho-rich gases over supported noble metal catalysts. Most of the data were obtained in a
commercialy available DRIFTS cell by Harricks (HV-DR2) and in a very closely related
copy, produced by our university workshop, respectively (See chapter 11-1.2.2). But these cells
have both many disatvantages, which limit the range of applicable reaction conditions and the

reliability of results:

a) An unfavourable geometry of the catalyst bed (ID 6.3 mm, but height only 3.1 mm), which
may lead to flow irregularities in some parts of the catalyst bed, sometimes even to
channeling effects. With exothermic reactions (as is, e. g., the case for the CO or H;
oxidation reaction) large temperature gradients may occur from the center of the catalyst
bed to the outside, especialy at irregular flow rates. The existence of flow rate and
temperature gradients may cause artifacts in the resulting spectra, leading to a false
interpretation of the acquired data. Another, more practical problem is the loss of material
by the erosion of the catalyst bed as a consequence of channeling along the wall, which
additionally produces a more rough surface, decreasing the absolute signal during the

measurement.

b) A large background reactivity of the cel itself (stainless steel) for some reactions,
impairing measurements at high temperatures or low reactant concentrations. Schubert
demonstrated in his diploma thesis, that, e. g., for the selective CO oxidation of 1 kPa CO
(A = 2; atmospheric pressure: 75 kPa H,, balance N,) measurements at more than 200°C
are impossible with the commercia Harricks DRIFTS cell, since the oxygen and CO
conversion exceed 10% (at a flow rate of 120 Nml/min) in the empty cell [32]. At a
reduced CO content of 0.1 kPa (A = 2; similar conditions), even 150°C, which represents
already the lower limit of the interesting temperature range for, e. g., our Pt/y-Al;Os
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AD

Fig A-1: Drawing of the new DRIFTS cell.

catalyst, is a problem. These large background contributions are predominantly a
consequence of the oversized heating rod, which warms up not only the catalyst bed but

also extended wall surfaces of the call interior.

c) A large gas volume of the cell (esitmated to be >10 ml), which causes long response times
after changing the reaction atmosphere. Finally, the large surface area of the cell interior

additionally contributes to the above mentioned high background reactivity.

d) Leaking, caused by the outlet gas channel, which is stuck only loosely into a whole at the
bottom of the catalyst bed. Hence, depending on the pressure drop over the catalyst
material, alarge fraction of the gasis not passing through the powder, but going directly to
the outlet - sometimes more than 50% of the overall gas flow (estimated by GC analysis of
conversion data). Thus any simultaneously collected conversion data shows large
tolerances (see, e. g., chapter 111-1.3.3) and there is always the danger of producing artifacts
in the DRIFTS spectra due to mass transport effects, if for example one reactant component

is completely used up during reaction in the reduced flow rate over the catalyst bed.

Hence we developed a new DRIFTS cell, compatible for the use with the origina , praying
mantis* mirror compartment by Harricks (PM-DRA-2-XXX). The basic concepts of course

can be easily adapted for other products. The mgjor intention was the implementation of a
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Figure A-2: Temperature-profile at the inner wall of the catalyst bed.

better catalyst bed into the cell (with a geometry similar to common microreactors),
containing about 80-120 mg of catalyst, which alows for an accurate on-line analysis of
conversion data during a DRIFTS experiment. Important prerequisites were the prevention of
gas leaking and the reduction of the background activity to acceptable values. After
introducing the construction, we will present very detailed examinations on the properties
necessary for the envisaged applications, which will demonstrate, that the new cell design is
well suitable for a simultaneos acquisition of correct kinetic data during a DRIFTS

measurement series.

Figure A-1 provides an overview over the whole construction: The catalyst is situated on a
circular steel net, which rests on the small edge at the bottom of the catalyst bed (CB). The
temperature is regulated by a heater (HT) of hollow cylinder shape which surrounds the outer
wall of the catalyst bed. The latter consists of a ceramic ring with a resistant wire (CrNi; 0.2
mm) mounted on the inner side. Good contact to the catalyst bed walls is established by a
ceramic paste of high thermal conductivity (Polytech 944). On the outside the heater it is
thermally isolated by a small gap. The temperature is regulated by a conventional low voltage
power supply. A K-type thermocouple (TC; @ 0.1 mm; Watlow) can be inserted into small
holes (two possible positions) inside the catalyst bed walls in order to control the actual
temperature level. Below the catalyst bed an outlet gas tube is attached via a thread (sealed by
asmall Viton ring). Tubes for gas supply (as well as for the cooling water) are connected via
V CO fittings to the cell (Swagelok). From above the cell is closed by a dome (DO), with an
identical geometry as in the original HV-DR2 cell. It contains two ZnSe-windows ([J 13 mm)

and a glass window on the back-side for surveying the experiment. Below the dome a
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Figure A-3: Calibration of the temperature in the catalyst bed asa
function of the measured temperature at the thermocouples - white circles:
in 20 Nml/min N.,; grey squares: in 100 Nml/min of 75% H., rest N,

horseshoe-shaped water cooling (WC) is implemented into the cell body to prevent an
overheating of the sealing ring (SR; Kalrez). The top part of the cell is made from stainless
steel, wheras the middle block (MB) consists of copper for providing a good thermal
conductivity. On the bottom an adapter part (AD) is attached in order to mount the cell on the
original basis of the HV-DR2 cell.

The changed geometry (catalyst bed ID only 4 mm (top), compared to 6.3 mm for the
commercial Harricks cell, leading to a much smaller probing area) of course causes a
corresponding loss in the absolute signa intensity of roughly 50%. Therefore, the scanning
time now theoretically requires a four-fold increase, in order to obtain spectra of equal quality
(i. e, similar SNR) [50].

Two very important preconditions for measurements on a ,real“ microkinetic catalyst bed are
a constant temperature level over the whole bed lenght, which is quite difficult to arrange with
such a small heater, and a correct temperature calibration. In figure A-2, the temperature
profiles for different temperatures up to 400°C are displayed. The difference between the top
and the bottom of the catalyst bed is constant at 5% for all temperatures, a deviation, which is
quite satisfying. It should be mentioned, that the commercial Harricks DRIFTS cell, which we

use here for comparison, has an excellent temperature profile as well.

The recorded temperature calibration (the temperature inside an a-Al,Os filled catalyst bed vs

the output of the thermocouple) is shown in figure A-3. For the maximum level of 400°C a
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power output of approximately 90W is required. The temperature dependence is linearly,
which allows an easy calculation of the temperature in the catalyst bed from the aguired
equations in fig. A-3. Unfortunately, the calibration revealed a slight dependence upon the
composition of the gas mixture flowing through the cell. When 75% hydrogen are added (grey
squares), the top surface of the cell, and as a consequence aso the thermocouple inside the
wall, are cooled down due to the increased thermal conductivity of the gas phase, leading to
larger temperature difference (+ 10%) between the catalyst bed and the thermocouple when
compared to a flow of pure nitrogen (white circles). Hence, for the new DRIFTS cell design a
correction at the temperature controlling device would be necessery, when the composition of
the gas phase changes drastically, e. g., in a,, switch experiment®. The dependence upon the
absolute flow rate was much smaller, showing a difference of approximately + 2°C for 150
and 20 Nml/min at 200°C, respectively. Due to the small dependence of the T-calibration on
the gas phas composition, for most ,simple’ experiments, the commercial DRIFTS cell is
preferred, showing virtually no difference between the calibrations in the two different gas

mixtures, at least as long as no synchronous kinetic datais required.

After demonstrating the general suitability of the new design for DRIFTS experiments on a
powder catalyst bed, we checked the background conversion of the new cell in a typical gas
mixture, required for our PROX experiments (1 kPa CO, A = 2 in 75 kPa H,, rest Ny; 40
Nml/min). The CO and oxygen conversion of the a-Al,O; filled DRIFTS cell, recorded in an
ascending temperature row by on-line analysis with a GC, are displayed in figure A-4. Only at
temperatures as high as 300°C, a noticeable consumption of oxygen is observed (white
circles), but even the loss of 11% oxygen at 400°C would in principle still be tolerable for
rough conversion measurements at high concentrations (i. e., partial pressures of 1 kPa and
more). The background CO conversion performance is excellent as well with a maximum of

only 2% at 400°C (white sguares), and absolutely no methanation activity is observed.

In comparison to the background activity of the commercial Harricks cell obtained under
identical conditions (grey symbols), where, e. g., at 250°C aready a conversion level of 20%
for both, CO and O,, is reached, the new DRIFTS cell design is clearly superior, which now

enables measurements at low reactant concentrations or elevated temperature levels.

Finally, the cell was tested in a real experiment, i. e., the oxidation of CO in an idealized
reformate over Au/a-Fe,O3 (1 kPa CO, A = 2 in 9 kPa N, up to 22 kPa CO,, balance Hy;

80°C), where the position of the linearly bound CO,y species and the by-product formation as
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Figure A-4: Activity of the DRIFTS cells (filled with a-Al,O5) in simul ated
reformate (1 kPa CO; A = 2): a) CO conversion and b) oxygen conversion at a
flow rate of 40 Nml/min - empty symbols: newly designed cdll; filled symbols:
original Harricks HV-DR2 cell.

well as the activity and selectivity were recorded as a function of a slowly increasing CO,
partial pressure. The correspondig data along with an interpretation was aready presented in
section 111-3.4.2. The measured activity in the DRIFTS cell at the lowest CO,-content (i. e.,
without addition) is in excellent agreement with the rate obtained in idealized reformate (1
kPa CO, A = 2; 75 kPa Hy, rest N») in our microkinetic measurements in the quartz reactor
(4.45¢10° compared to 4.38*10° molco/gas*s, data taken after 30 min.) as well as the
selectivity (67% vs 64%), which demonstrates, that very accurate kinetic data may be obtained

with the new cell design.

In summary we have seen, that our new cell is generally suitable for the observation of
heterogeneous catalyst under reaction conditions. The excellently low background activity
along with the new geometry of the catalyst bed allows for the simultaneous recording of very

accurate kinetic data.

203



Appendix B Additional figures

B. Addititonal fiqures
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Figure B-1: Temperature programmed desorption of formate species from Pt/y-Al,O,
(accumulated during 6 h of selective CO oxidation at 165°C with 1 kPaCO and A =2)
in 12 Nml/min N, at 5 K/min (residual CO was removed previously with 10 kPa O, in
N, at 80°C)
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Fig. B-2: DRIFTS-spectrafor region of linearly bound CO_, on PY/SIO,:
— during selective CO oxidation oin idealized reformate with 1 kPa CO

and A =2 at 150°C and after switching to a mixture containig 1.3 kPe
water additionally (both spectrataken after 30 min. in the corresponding
atmosphere).

204



Appendix C English abstract

C. English abstract

The selective CO oxidation in Hy-rich gases is investigated over three different catalyst
systems - supported platinum (especially Pt/y-Al,O3), a supported bimetallic catalyst
(PtsSn/Vulcan) and supported gold (especially Au/a-Fe,Os). Compared to standard Pt
catalysts which require higher temperatures above 150°C to operate at reasonable rates, the
latter low temperature PROX catalysts are characterized by a combination of facile oxygen
adsorption and largely inhibited hydrogen adsorption under reaction conditions. This can be
achieved either by an active material that is inert for both, hydrogen and oxygen adsorption,
but allows CO adsorption, and where oxygen adsorption proceeds on the support material (i.
e., Au/Fe;O3), or by a material that would be active for adsorption of all reaction partners, but
which is blocked for hydrogen and consequently also for oxygen adsorption by a CO adlayer.
In al of these cases the oxidation reactions will take part at the interface between the different
areas, or via a spill-over process and the reaction is not limited by CO desorption, which isthe

limiting factor for the PROX reaction on Pt catalysts at temperatures below 150°C.

For al catalysts the selectivity is generally a function of the steady-state CO coverage under
operation conditions. On Pt/y-Al,Osthe saturation coverage, which is maintained over a large
range operation conditions, leads to a rather constant selectivity. For the low-temperature
catalysts the selectivity is also very high due to the high activation barrier for the dissociative
adsorption of hydrogen. On the latter systems the selectivity decreases very fast at decreasing
CO partial pressures or increasing temperatures as a result of the reduced CO surface

coverage.

All investigated systems show a more or less severe tendency for deactivation during time on-

stream, but the reasons and also the degree of reversibility are very different.

Upon changing the reaction atmosphere from a simplified composition without CO, and H-0,
which was used for our kinetic experiments, to more realistic simulations of a real methanol
reformer gas, it is found that especially the platinum-based systems suffer from alarge H,O-
content, which decreases the selectivity significantly, wheras Au/a-Fe;O3 is more sensitive to
CO,. Nevertheless, the effects of H,O and CO, are of such a moderate extent, that the
approach via idedized reformate (without CO, and H,O) indeed seems to provide a

reasonable basis for future reactor calculations.
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For Pt and Au a large variety of support materials is tested, but none of them appears to be
significantly superior to the originally employed Pt/y-Al,O; or Au/a-Fe,Os; catalysts.
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D. Deutsche Zusammenfassung (german abstract)

Im Rahmen dieser Arbeit werden Mechanismen der selektiven CO Oxidation werden auf
unterschiedlichen getragerten Edelmetallen untersucht — Platin (v. a Pt/y-Al,03), en
bimetallischer Katalysator (PtzSn/VVulcan) sowie Gold (v. a Au/a-Fe;Os). Im Vergleich zu
reinen Platinsystemen, die Reaktionstemperaturen von mindestens 150°C erfordern, werden
auf letzteren Systemen durch ein Zusammenspiel vereinfachter Sauerstoffadsorption sowie
grofdteils blockierter Wasserstoffadsorption enstprechend hohe Aktivitéten schon bei
wesentlich niedrigeren Temperaturen erreicht. Voraussetzung ist ein Metall auf dem lediglich
CO, nicht aber O, und H,, adsorbiert (Au/a-Fe,O3) oder auf dem die Adsorption letzterer
Moleklle durch eine geséttigte CO Schicht blockiert wird. Der notwendige Sauerstoff wird
jeweils rdumlich getrennt Uber eine weitere Katalysatorkomponente (FeOx bzw. Sn/SnOy)
aufgenommen. Die anschlief3enden Oxidationsreaktionen finden an der Grenzfl&che oder nach
einem ,, Spill-over”-Prozess eines der Reaktanden statt. In jedem Fall wird die CO Oxidation,
anders als bei reinen Platin-Katalysatoren, nicht durch die CO Desorption limitiert.

Weliterhin ist fur alle untersuchten System die gemessene Selektivitéat direkt von der CO-
Bedeckung unter Reaktionsbedingungen abhéngt. Auf Pt/y-Al,OsfUhrt die Sattungsbedeckung,
die fir einen breiten Bereich von Reaktionsbedingungen festgestellt wird, zu einer relativ
konstanten Selektivitét. Die ebenfalls sehr hohen Selektivitétswerte der , Niedertemperatur-
Katalysatoren® erkléaren sich aus einer hohen Aktivierungsbarriere fir die dissoziative
Wasserstoffadsorption. Bei diesen Systemen fdlt jedoch die Selektivitét stark mit fallendem
CO Partiadruck oder steigender Temperatur a's Folge der reduzierten CO Bedeckung.

In Langzeitexperimenten werden fir ale untersuchte Systeme Desaktivierungstendenzen
festgestellt. Die genauen Ursachen sowie die Reversibilitdt der Desaktivierung sind jeweils

individuelle Eigenschaften jedes untersuchten Katalysatorsystems.

Beim Ubergang von einer vereinfachten Gaszusammensetzung ohne CO, und H,O, die firr die
Mehrzahl der kinetischen Experimente benutzt wurde, zu realistischeren Simulationen von
Methanol-Reformat wird festgestellt, dal3 auf Pt basierende Systeme vor alem durch Wasser
beeintrachtigt werden (fuhrt zu niedrigerer Selektivitéat), wahrend Au/a-Fe,Oz durch CO,
negativ beeinflul®t wird. Die Effekte sind allerding in jedem Fall relativ gering, so dal3 die
Messungen in der vereinfachten Gasatmosphéare in der Tat eine gute Basis fur zukinftige

Reaktorrechnungen darstellen.
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Ausserdem wurden fur Pt und Au noch zahlreiche weitere Tragermaterialien getestet, von
denen jedoch bei keinem eine entscheidende Verbesserung im Vergleich zu den zunéchst

verwendeten Pt/y-Al,O3; und Au/a-Fe,Os-Systemen festzustellen war.
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