Journal of Molecular Catalysis A: Chemical 315 (2010) 163-170

Contents lists available at ScienceDirect =
: : ‘CATALYSS
Journal of Molecular Catalysis A: Chemical
journal homepage: www.elsevier.com/locate/molcata e =

Support effects and catalytic trends for water gas shift activity
of transition metals

A. Boisen®P* T.V.W. Janssens?, N. Schumacher?®, I. Chorkendorff®, S. Dahl2*

2 Haldor Topsoe A/S, Nymaellevej 55, DK-2800 Kgs. Lyngby, Denmark
b Center for Individual Nanoparticle Functionality (CINF) and Department of Physics, Technical University of Denmark, Building 312, DK-2800 Kgs. Lyngby, Denmark

ARTICLE INFO ABSTRACT

Article history:
Available online 26 June 2009

Water gas shift activity measurements for 12 transition metals (Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Re, Ir,
Pt, Au) supported on inert MgAl,04 and Ceg75Zro 250, are presented, to elucidate the influence of the
active metal and the support. The activity is related to the adsorption energy of molecular CO and atomic
oxygen on the metal; the latter is a good measure for the reactivity of the metal towards H, 0. Generally, the
activity of the catalysts with the Ceg 75Zro 250, support is higher, compared to the corresponding MgAl,04-
supported catalysts. Exceptions are Cu and Au, which have a higher activity on the MgAl,0,4 support
and are both characterized by weak CO adsorption. For the MgAl,04-supported catalysts a volcano-type
relation between the activity and the adsorption energy of atomic oxygen on the metal is obtained. The
maximum activity is found for metals with a binding energy of oxygen around —2.5 eV. No clear correlation
exists with the adsorption energy of CO. In contrast, the activity for the Ceg75Zr¢250, support increases
with increasing adsorption strength for CO, and based on a relatively low activity of Cu the activity does
not seem to depend on the adsorption energy of oxygen. Such a change in activity-descriptor for the
different supports can be rationalized by the possibility that water dissociation occurs on the redox-active
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Cep.75Zr0250; support, whereas the MgAl,04 support is inactive.
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1. Introduction

The production of pure hydrogen is essential for, e.g. ammonia
production and power generation by hydrogen-based low-
temperature fuel cell technology. At present, hydrogen is generally
produced by steam reforming or partial oxidation of methane or
other carbonaceous feed stocks, which yields gas mixtures contain-
ing significant amounts of CO. The water gas shift (WGS) reaction

CO(g) + H20(g) = COz(g) + Ha(g) (1)

is commonly applied to purify the hydrogen. Possible on-board
reforming of fuels in connection with fuel cell-powered vehicles
has created a renewed interest in WGS catalysts. A high and stable
water gas shift activity is crucial in this application, since it allows
both for a lower reaction temperature, which favors the conver-
sion of carbon monoxide and the production of hydrogen, and for a
reduction of the size of the fuel processor [1].

Traditionally, Cu based catalysts are used for WGS at tempera-
tures below 300 °C and iron oxide based catalysts for WGS at higher
temperatures, because iron oxide is more stable towards sintering
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than Cu [2]. Some other supported transition metals are known
to be active for the WGS reaction as well [3-11] and it is conceiv-
able that improved WGS catalysts can be obtained by using another
metal or an appropriate alloy catalyst.

In order to contribute to the fundamental understanding of a
catalytic reaction over different metals it is useful to correlate the
activity with easily accessible chemical and physical properties of
the active metal in the catalyst. Such understandings of the cat-
alytic trends contribute to the understanding of the reaction and
can help to the identification of catalyst systems with a potentially
higher activity. By example, for the methanation [12] and ammo-
nia synthesis reactions [13], such correlations were helpful in the
development of new catalysts. In the case of WGS over different
transition metals, Grenoble et al. found that a volcano-type relation
between the water gas shift activity of alumina supported metal
catalysts and the strength of interaction of molecular CO on the
metal [14] with the optimum around Cu. This type of correlation is
a reflection of the principle of Sabatier which states that the opti-
mal catalyst binds adsorbates moderately to the surface. With a too
weak adsorption, the reaction rate will be low due to a low cover-
age of reaction intermediates (and/or too low reactivity to activate
some of the reactants). Conversely, with a too strong adsorption, it
is difficult to release reaction products into the gas phase, and the
rate is low due to the lack of free adsorption sites on the surface
[15].
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Schumacher et al. [16] used a kinetic modeling approach to
suggest that both the adsorption energy of carbon monoxide and
atomic oxygen on metal surfaces are required as descriptors to
adequately describe the water gas shift activity of a number of tran-
sition metal catalysts. This was done by extending the microkinetic
model proposed by Ovesen et al. [17] for Cu to other metals. The
description is based on the observation that all relevant adsorption
and activation energies that are required in the microkinetic model
correlate linearly with either the adsorption energy of CO or that
of 0. Hence, in this description, the adsorption energy of CO and
O should not only be interpreted literally, but also as two param-
eters with a broader meaning. In particular, the adsorption energy
of O, Eg, can be interpreted as the general reactivity of a metal,
e.g. the ability to activate water [18]. The adsorption energy of CO,
Eco, is important, because the CO coverage can be high on metals
with a strong CO adsorption, which may block the active sites and
inhibit the WGS reaction. The two parameters were recently suc-
cessfully used to describe the trends for catalytic CO oxidation, a
reaction that also involves activation of CO and a molecule mainly
interacting with the surface though oxygen atoms [19].

New insights about the WGS reaction on Cu and Pt-based
catalysts were recently obtained through a combination of DFT
calculations, microkinetic modeling, and experimental studies
[20,21]. The reaction mechanism was found to be similar on the
two metals. Extraction of the first H from water is a slow and the
subsequent reaction of CO and OH results in a carboxyl (COOH)
intermediate which decomposes into CO, and H. CO, formation
through the surface redox step CO+ 0O was found to be negligible.
For both metals the reaction step COOH+OH=CO,+H;0 was
found to be the CO, formation path, with the lowest activation
barrier. However, due to high CO coverage on the Pt surface the
microkinetic modeling showed that this reaction step is limited
by the small OH coverage. Instead, the direct decomposition step:
COOH =CO5, +H is dominating.

The activity of a supported metal catalyst does not exclusively
depend on the nature of the metal, but the support may play an
active role as well. For example, the activity of WGS catalysts based
on a cerium oxide support [22-26] has been ascribed to a redox
mechanism, where CO, is formed by reduction of the cerium oxide
surface with CO adsorbed on the metal and hydrogen is formed
by reoxidation of the cerium oxide with water [27]. As the role of
the metal in such a mechanism is different from that in a catalyst
with an inactive support, it can be anticipated that the parameters
controlling the WGS activity depend on the type of support that is
chosen.

In order to obtain a better understanding of the water gas shift
reaction over transition metals supported on different supports,

we present WGS activity measurements for 12 transition metals
supported on inert MgAl, 04 and redox-active Ceg 75Zr( 250,. Zirco-
nium is added to the cerium oxide in order to improve the thermal
stability [28]. All catalysts were produced and treated in a very sim-
ilar way, in an attempt to create a consistent set of catalysts in which
the differences in activity can be ascribed to the type of metal. The
metals used in this series of experiments are: Fe, Co, Ni, Cu, Ru, Rh,
Pd, Ag, Re, Ir, Pt and Au. The activity data are related to the adsorp-
tion energies for carbon monoxide and oxygen on the metals, and
it is discussed how improved metal or alloy based WGS catalysts
can be conceived. It should be pointed out that comparing a large
number of catalysts for trends has the price of abandoning com-
paring the individually optimized catalysts. This will, however, be
the subject of future work having identified the most promising
metal-support systems.

2. Experimental

The MgAl, 04 support used in the present study was an industri-
ally produced material from Haldor Topsee A/S, with a BET surface
area of 60.4 m2/g (N, adsorption), a pore volume of 433 ml/kg (Hg-
intrusion), and a spinel crystallite size of 133 A, determined by
X-ray diffraction (XRD). To prepare the Ceg 75Zrg2505 support, 580 g
Ce(NO3)3-6H,0 was dissolved in water to a total volume of 400 ml,
and 160¢g of a 70 wt.% Zr(OCH(CH3),)4 in 1-propanol was diluted
with 2-propanol to a total volume of 600 ml. The aqueous solution
was added to the alcohol solution under turbo mixing and a solid
phase precipitated. The precipitate was filtered off, washed, dried
and calcined at 500°C for 5 h. The cerium and zirconium content
in the calcined product are 62.8 wt.% Ce and 13.2 wt.% Zr, corre-
sponding to a molar stoichiometry of Ceg75Zrg250,. XRD showed
cubic cerium oxide with a crystallite size of 68 A (D220), and a lat-
tice constant of 5.39 A, which is somewhat lower than the lattice
constant for pure cerium oxide (5.41 A), indicating incorporation of
zirconium in the cerium oxide lattice [28]. The BET surface area of
the material is 70 m2/g, and the pore volume is 410 ml/kg.

All metal catalysts were prepared by incipient wetness impreg-
nation. The support material (particle size 150-300pm) was
impregnated with an aqueous solution of the metal salts of appro-
priate concentrations, and a volume that equals the pore volume of
the support. The following metal salts were used: Fe(NOs3)3-9H,0,
CO(NO3 )2 6H2 o, NI(NO3 )2 6H2 o, CU(NO3 )2~2.5H20, RU(NO)(NO3 ),
Rh(NO3 )3, Pd(NH3 )4(HC03 )2, AgNO3, NH4ReOy4, Il‘Cl3-XH2 o,
Pt(NH3)4(HCO3),, and HAuCly-3H,0. The Re and the Ru catalysts
were dried at room temperature and reduced in flowing hydrogen
at 450°C for 2h to avoid possible formation of volatile oxide
species; all other catalysts were dried at 120°C and calcined in a

Table 1

Results for MgAl,04 supported metals. Metal content determined by ICP. Metal particle size diameter from TEM investigations. WGS rate constant determined as described

in text.

Catalyst Metal content Number average Standard deviation Metal surface area? k at 270 °C (mmol/ E, (kJ/mol)
- diameter (nm) (nm) (m?/g) (mol metal s atm?))
wt.% mmol/g

Fe on MgAl,04 1.07 0.191 - - - 4.0 74

Co on MgAl,04 4.86 0.825 9.28 3.23 2.87 2.1 91

Ni on MgAl,04 0.97 0.166 28.53 12.88 0.16 26.8 111

Cu on MgAl, 04 1.04 0.164 4.17 1.11 1.45 1509.8 44

Ru on MgAl,04 1.70 0.168 2.74 2.56 0.56 10.5 126

Rh on MgAl,04 1.77 0.172 1.98 1.18 2.36 98.0 86

Pd on MgAl,04 1.83 0.172 5.61 5.29 0.45 432 76

Ag on MgAl,04 1.96 0.181 3.22 2.81 1.05 9.4 57

Re on MgAl;04 3.22 0.173 - - - 32.0 82

Ir on MgAl,04 235 0.122 3.84 3.42 0.59 5.9 86

Pt on MgAl, 04 3.00 0.154 4.44 2.69 1.05 284.3 87

Au on MgAl,04 3.18 0.161 3.66 1.66 1.86 25.1 34

2 Calculated by assuming hemispherical shape of the metal particles on the support.
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Table 2
Results for Ceq 75Zro250, supported metals. Metal content determined by ICP. WGS rate constant determined as described in text.
Catalyst Metal content k at 270 °C (mmol/(mol metal s atm?)) E, (kJ/mol)
wt.% mmol/g
Fe on Ce0_752rg_2502 0.78 0.140 194 94
Coon C€0.75 Zl‘g‘2502 0.99 0.168 60.8 103
Ni on CEU'7521’0425 Oz 1.03 0.176 175.4 87
Cuon Ce0_752r0_2502 1.15 0.181 449 84
Ru on C€0‘75Zl'0‘25 02 1.52 0.150 639.0 67
Rh on Ceg75Zr0250> 1.54 0.150 849.1 67
Pd on C60_75Zr0_2502 1.76 0.165 690.1 62
Ag on CEO_75ZI'0,2502 1.53 0.141 31.9 81
Re on Ceg75Zr02502 2.51 0.135 1163.5 70
Ir on CEQ_752[‘0_2502 2.40 0.125 101.2 76
Pt on Ceq75Z102502 3.37 0.173 3560.0 74
Au on Ceo,752rg,25 02 3.00 0.152 6.8 61

furnace at 450°C for 2 h. The final metal contents in the catalysts,
as determined by ICP, are given in Tables 1 and 2. High-Angle
Annular Dark Field Scanning Transmission Electron Microscopy
(HAADF-STEM) in a Philips CM-200 electron microscope and XRD
were used to evaluate the metal particle size in the catalysts
supported on MgAl;04.

The WGS activity of the catalysts was determined in a setup of
10 parallel fixed-bed reactors. The reactors consisted of stainless
steel tubes with an inner diameter of 6 mm, which were mounted
in a single heater block and connected to a common gas inlet. The
flow distribution over the reactor channels, obtained by placing
flow restrictions upstream of the reactors, varied from 7 to 12%
of the total flow per channel. The flow distribution, however, was
stable and reproducible, and is accounted for in the data analysis.
Water was evaporated into the gas stream using a syringe pump at
260 °C, just upstream of the flow distribution. To monitor the reac-
tor exit gas, a calibrated mass spectrometer (Balzers GAM400) is
sequentially connected to each reactor via a 10-position sampling
valve (Valco). An empty reactor is always included to monitor the
concentrations in the feed gas.

To perform the activity measurements, each reactor is filled with
a 250 mg catalyst sample with a sieve fraction 150-300 pm. Prior
to the activity measurements the catalysts were heated to 360°C in
a mixture of 20% CO in Ar in order to reduce and stabilize the metal
particles. After this treatment, water was added to the gas feed to
produce a mixture of approximately 16% CO and 16% water vapor
in Ar, which is the feed gas, used in the activity measurements. The
measurements were done by stepwise lowering the temperature
from 360 to 210°C in steps of 30°C, and measure the composition
of the reactor exit gas at an average flow of 150, 100, 75, 60, 50, and
40 Nml/min per reactor channel. By starting at high temperature
the deactivation due to sintering of the metal particles in the mea-
surements at lower temperatures is minimized, and a more stable
behavior is obtained. The components He, Ar, O,, H,0, H;, CO, CO5,
CHy4, and CH30H were monitored. The final concentration values
are obtained from the average of 10 mass spectrometer measure-
ments, which were collected during about 2 min for each reactor
channel.

3. Results
3.1. Basis for comparison of catalytic activity

The goal of this study is to compare the water gas shift activity
for 12 different transition metals on 2 different support materials,
and relate the activities to the chemical nature of the transition
metal. The conversion is measured with the same feed gas and at the
same process conditions for all catalysts. However, it is not trivial to
compare the measured activities, due to the diverse chemical nature
of the catalysts, even though the all catalysts are very similar and

contain about the same molar amount of metal. In the following,
we briefly discuss our considerations to establish a basis for the
comparison of the activity for the different catalysts.

3.1.1. Reaction kinetics

In principle, each catalyst could have its own kinetic behavior,
since the reaction mechanism and intermediates that are formed
may be different depending on the active metal. This means that
the ranking and relative activities of the catalysts can depend on
the specific conditions of the measurement, and the reaction gas
used. However, since we compare the activities measured at the
same feed gas and process conditions, a single kinetic expression is
used for all catalysts. As a consequence, the differences in activity
are reflected in the rate constants only. Evaluation of the activity
with a rate equation also allows for the required integral analysis,
as the experimental data cover a wide range of conversion levels.
An example of this is shown in Fig. 1: the measured conversion
at 270°C and a flow of approximately 60 Nml/min, ranges from
about 60% for the most active catalyst to below 1% for the least
active catalysts. Moreover, we also conveniently correct for the
differences in flow through the parallel reactor channels in such
an analysis. Therefore, the rate constant based on a single kinetic
expression is considered a better measure of the activity than the
measured conversions or a differentially determined reaction rates.

3.1.2. Catalyst pretreatment

For practical reasons, the same pretreatment procedure was
used for all catalysts. As mentioned in the previous section, this pre-
treatment comprises heating to 360 °C in a dry mixture 20% CO/Ar,
followed by addition of water, which starts the WGS reaction. This
pretreatment may be very suitable for some metals, while it can be
less appropriate for others and we realize that the measured activity
may be close to the maximum attainable activity for some metals,
while it may be significantly lower for other catalysts. Therefore
some differences in the trend may be observed if a different pre-
treatment procedure or temperature range is chosen, although the
general picture is expected to hold.

3.1.3. Dispersion

The dispersion of the metal particles depends on the surface
energy of the metal and the metal/support interaction energy,
and therefore the above mentioned pretreatment will result in
a different dispersion of the metal particles for each catalyst.
Table 1 includes the measured particle size distributions, repre-
sented as an average particle size and standard deviation, and
the corresponding metal surface areas of the used and passivated
MgAl,O4-supported catalysts determined from HAADF-STEM
images. Co, Ni, and Cu have a lower contrast in HAADF-STEM, and
additional EDS mapping was used to identify the metal particles in
the HAADF-STEM images. The Co, Ni, and Cu on MgAl,04 catalysts
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Fig. 1. Measured conversions for water gas shift at 270°C over MgAl,04 (black) and - Ceg75Zr9250> (grey) - supported transition metal catalysts. Feed 16% CO, 16% H,0 in

Ar. Flow approximately 60 Nml/min.

were heated to 360°C in a gas mixture of 16% CO, 16% water in Ar
for 10h in a separate treatment, to simulate the heat treatment
in the activity measurements, and transferred to the electron
microscope in a protective atmosphere.

Most MgAl,O4-supported catalysts have particles in the size
range 3-5nm, and a metal surface area in the range 0.5-1.5 m?/g.
The Ni/MgAl,04 catalyst has much larger particles, indicating
significant sintering of this catalyst, possibly due to Ni-carbonyl for-
mation during activation and use. The Rh/MgAl, 04 catalyst shows
a high dispersion, indicating a lower degree of sintering of this cat-
alyst, compared to the other catalysts. The metal particles were
not detected in XRD in any of the samples, which could indicate
polycrystalline metal particles.

For the Ceg 75Zrg250,-supported catalysts, we did not succeed
to obtain a reliable measurement of the particle sizes or disper-
sion. HAADF-STEM does not yield good contrast between metal
particles and support, due to the high amount of Ce in the sup-
port. Hy, and CO chemisorption is complicated by the reactivity of
the support towards these compounds, which result in large uncer-
tainties, in particular for metals with a weak adsorption (Cu, Ag,
Au). XRD did not show diffraction related to the metal particles,
like the MgAl,04-supported catalysts. This indicates either small
or polycrystalline metal particles, or possibly some incorporation of
the metals in the support [29-37]. Therefore, we find that the cat-
alytic activity expressed per mol metal is the most reliable basis for
comparing the activities of the catalysts with the different supports.

3.1.4. Oxidation state of the metals
To compare the activities in a meaningful way, it is required that

the metal compounds are present in the metallic state. A simple
thermodynamic analysis reveals that Fe is the only metal used with
a tendency to form a bulk oxide in the reaction gas around 300°C
[14]. The measured WGS activity on the Fe catalysts is possibly due
to the activity of Fe oxide, as magnetite is the active component
in high temperature shift catalysts [38]. Therefore, the measured
activities for the Fe catalysts may be misleading, and these data are
omitted in the comparison of the activity of the different catalysts.

3.2. Determination of catalytic activity

As explained above, a single kinetic expression is used to eval-
uate the activity of all catalysts. A simple expression to describe
the WGS reaction is obtained by assuming that the rate of the WGS
reaction is first order in CO and H;0, which results in the following

rate equation:

1 = k*pcoPH,0 — K™ Pco,PH, ~ kPcoPH,0 (2)

where k* and k~ are the rate constants for the forward and back-
ward reactions in the WGS equilibrium, respectively, and p is the
partial pressure of the indicated compound. The term for the back-
ward reaction is ignored in the evaluation of the rate constant; its
contribution is less than 1% at a conversion level of 40%, and about
5% at a conversion level of 60%.

By writing the partial pressures as the mole fraction of the total
pressure, y-prot, and expressing the mole fraction in terms of conver-
sion, and the initial concentrations of CO and H,O, the rate equation
becomes:

= Yo gy = kPRariol1 ~ X108 ~ ¥,oX) 3)
W is the catalyst weight, F is the total gas flow, and py is the total
pressure at the reactor inlet.

Formation of methanol and methane, which are possible
byproducts in our experiment, did not occur, and therefore the par-
tial pressure of hydrogen can be used to measure the WGS activity.
The stoichiometry of the water gas shift reaction prescribes that the
consumed amounts of CO and water, and the produced amounts of
CO, and H, are all equal. Our analysis is based on the measured
concentration of Hs, since for hydrogen there is no signal due to
the feed gas, and therefore an accurate measurement of the con-
version can be obtained down to a conversion of about 0.01%. The
conversion X is then determined as:

YH,

X= (4)

0
Yh,0

where yy, is the measured mole fraction of hydrogen, and ygzo is
the mole fraction of water in the gas feed.

For each catalyst, the rate constant k is determined at 360, 330,
300, 270, 240, and 210°C, using Eq. (3). The validity of the rate
expression (Eqgs. (2) and (3)) is corroborated by the similar k val-
ues obtained in measurements for different W/F values at the same
temperature. All measured data were adequately described with an
error margin in the rate constant of 20% at high conversion levels,
and about 10% at low conversion levels, which is acceptable for the
purpose of the present study. Choi and Stenger have also shown
that, in the case of the WGS reaction over a Cu/ZnO/Al, O3 catalyst,
the difference between more complicated rate expressions and the
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Fig. 2. Comparison of activities at 270 °C for MgAl,04 and Ceq 75Zr¢ 250, -supported
catalysts. The rate constant k is expressed in mmol/(mol metal s atm?). The solid line
indicates equal activity. Cu and Au are below the line, indicating that the activity on
the MgAl, 04 support is higher than on the Ceq 75Zrg250, support; all other catalysts
are more active on the Ceg 75Zr 250, support.

simple expression in Eq. (3) [39], suggesting that Eq. (3) equation is
a good approximation for WGS kinetics.

3.3. Water gas shift activity

The trends observed in the activity for the different metals
are very similar for all the temperatures investigated; we use
the rate constants at 270°C to identify the trends and these val-
ues are also included in Tables 1 and 2. Cu is the most active
metal on the MgAl,04-supported; and the measured activities
follow the order of Cu>Pt>Rh>Pd>Re>Ni>Au>Ru~Co~Ag>Ir
(~Fe) at 270°C when the rate constant is measured in mmol/
(molmetal satm?). For the Ceg75Zrg250,-supported catalysts, Pt
is the most active metal, and the activity follows the order of
Pt>Re>Rh~Pd>Ru>Ni>Ir~Co>Cu>Ag (>Fe)>Au. This agrees
very well with the trend found by Radhakrishnan et al. [40]. These
trends are also visible in the measured conversions shown in Fig. 1.
We also find that the activity of the Ce75Zrg250,-supported cata-
lysts generally is higher than for the MgAl,O4-supported catalysts;
only Cu and Au show the opposite effect. This result is visualized in
Fig. 2, which displays the activity for the metal compounds on the
Ceg.75Z10 250, support as a function of the activity on the MgAl,04
support. The Cu and Au lie below the line that indicates equal activ-
ity; all other metals are above the line.

The apparent activation energies for the catalysts are deter-
mined from the Arrhenius relation, using only results with a
measured conversion below 40% to avoid inaccuracies due to
the approach to equilibrium. The activation energies for all
Ceg.75Z1r0250,-supported catalysts are in the range 60-100 kJ/mol.
For the MgAl,0O4-supported catalyst we find a higher activation
energy for Ni and Ru, and a noticeable lower activation energy for
Cu/MgAl,04 (45 k]J/mol) and Au (34 kJ/mol).

4. Discussion
4.1. WGS activity of MgAl;04-supported catalysts

To relate the water gas shift activity with the chemical properties
of the transition metal, the relevant properties that determine that
activity must be identified. Schumacher et al. [16] have proposed
that the activity of the transition metal catalysts can be described

by the adsorption energy of CO (AEco) and oxygen (AEp), the latter
also representing the interaction of water with the metal surface.
The COOH surface species, recently found to be a reaction inter-
mediate [22,23], was not included in the analysis that lead to this
conclusion, but as COOH binds to the surface via the C atom like
CO it is our assumption that AEcq is also a good descriptor for the
adsorption energy of COOH. Fig. 3 shows the water gas shift activity
of the MgAl,04-supported catalysts as a function of the adsorption
energy of CO (top) and oxygen (bottom). The adsorption energies
for step sites on the pure metals, obtained from DFT calculations
[41], are used; the values are given in Table 3. The adsorption ener-
gies at step sites are chosen for two reasons. First, it is likely that
the step sites, and not the terrace sites, are the most active sites
for the WGS reaction, since the step sites are generally more reac-
tive [42]. Secondly, by using the adsorption energies for step sites,
the influence of the crystal structure of the metal (fcc, bcc, or hcp)
is reduced, since the step sites on different crystal faces are more
similar to each other than the low index planes. Since the adsorp-
tion energies of CO and O on step sites of Re are not known, this
metal is omitted; Fe is omitted, since it probably is oxidized under
the conditions of the activity measurement (see Section 3.1).

It is clear from Fig. 3, that a comparison of the WGS activ-
ity with the adsorption energy of CO on transition metals (top
panels) result in a somewhat less clear correlation for the MgAl,04-
supported catalysts. The CO adsorption energy is apparently not
a good descriptor for the WGS activity of transition metals sup-
ported on MgAl,;04: Cu and Pt are the two most active metals, but
the adsorption energy of CO is very different on these metals. This
is clearly different from the findings of Grenoble et al. [14], who
obtained volcano-type relationship between WGS activity and CO
chemisorption energy for Al,O3-supported catalysts. The volcano-
shaped curve in that work, however, is mainly based on the large
metal particle size for Cu and, consequently, a very high turn-over
frequency, as compared to the other metals, which we do not find
to the same extent.

In the bottom panels of Fig. 3, the WGS activity of the MgAl,04-
supported metals is compared to the dissociative adsorption energy
of oxygen, AEgp. This results in a volcano-shaped curve with a
maximum around AEg=-2.5eV. This suggests that AEg is an
appropriate descriptor for the WGS activity for transition metals,
pointing to the activation of water as the property that determines
WGS activity. A correction for the dispersion of the metal, shown in
the right panels in Fig. 4, does not change the observed trends in a
significant way, although the ranking of the metals changes.

An interpretation of this volcano-type relation is that the metals
with oxygen adsorption energy below 2.5eV have a low activity
due to a low rate for dissociation of water, and the metals with
higher oxygen adsorption energy are poisoned by surface species
binding to the surface via oxygen atoms, e.g. OH and oxygen [16].
The rate of the WGS reaction, however, also depends on the coverage
of CO, which can be very different for the different metals. This is

Table 3
Values for the adsorption energy of atomic oxygen and molecular CO obtained from
DFT calculations [41].

Element AEp (eV) AEco (eV)
Co -5.07 -1.50
Ni -3.90 -1.66
Cu -2.51 -0.62
Ru -4.62 -1.77
Rh -4.03 -1.79
Pd -1.20 -1.74
Ag -0.65 —-0.06
Ir —4.65 -1.96
Pt -2.17 -1.89
Au 0.54 -0.35
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Fig. 3. Left panels: Activity (Ink, k in mmol/(mol metal s atm?)) of the MgAl,04-supported catalysts at 270 °C as a function of the adsorption energy of carbon monoxide, Eco
(top) and atomic oxygen, Eo (bottom). A correction for dispersion (right half) largely results in the same trend.
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Fig. 4. Surface coverage of carbon monoxide (represented by grey scale) at varying
adsorption energies of oxygen and carbon monoxide relative to values for Cu as
predicted by the kinetic model developed by Schumacher et al. [16] that describe
the water gas shift reaction over transition metals. The turn-over frequencies are
superimposed as contour lines (iso-TOF lines) and the position for the maximum
shown. The corresponding energy coordinates for the included metals are marked.
Conditions are p=1.02bar and T=270°C. The feed gas composition is 0.15 bar CO,
0.01 bar CO3, 0.01 bar Hy, 0.15 bar H,0, and 0.7 bar Ar.

illustrated in Fig. 4, which displays the estimated CO coverage at
270°C and 1.02 bar for a gas mixture that resembles that used in
our experiments. Clearly, the Cu, Au, and Ag catalysts show a low
CO coverage, which is consistent with their significantly lower CO
chemisorption energy, whereas all other metals, which all have a
high CO chemisorption energy, show a high CO coverage. The metals
on the left side of the volcano-plot in Fig. 3, Co, Ir, Ru, Rh, and Ni, all
belong to the metals with a high CO coverage, and therefore the low
activity for these metals could be lower due to a surface poisoning
by CO as well.

If we consider the WGS activity for the metals with a high CO
coverage separately, again a volcano-type relation is found with an
optimum around AEg=-3eV for these metals. The metals with a
low CO coverage (Cu, Au, and Ag) are all to the right of the maximum,
and the WGS activity increases with increasing oxygen adsorption
strength. Since the activities for the metals with a weak oxygen
adsorption (Cu, Au, Ag, Pt, and Pd) all seem to follow the same line,
it could be argued that the CO adsorption energy does not play a
significant role for the WGS activity for these catalysts. The metals
investigated here do not include a metal or alloy with a weak CO
chemisorption and a stronger oxygen adsorption. This would result
in a higher surface coverage of OH and oxygen species, while the
coverage of CO remains low, preventing CO poisoning. It can be
speculated that such a metal would show an improved WGS activity
compared to Cu [16].
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The metals with a weak CO adsorption strength (Cu, Au, and Ag)
also show a low activation energy compared to the other metals
(see Table 1). The lower activation energy can actually be under-
stood from a low surface coverage of CO on these metals. In a
Langmuir-Hinshelwood type of model, a term (1+Kcopco)™ is
included in the rate expression to account for surface coverage of CO
[43]; where K¢ is the equilibrium constant for CO adsorption, pco is
the partial pressure of CO and n the number of sites involved in the
rate limiting step. At low CO coverage, the term Kcopco becomes
very small, and can be neglected. At high CO coverages, the term
is approximately equal to (Kcopco)™, which results in a contri-
bution to the apparent activation energy of —nAHco. This means
an increase in the apparent activation energy, since the adsorption
enthalpy of CO, AHco, is a negative number. Therefore, the activa-
tion energy for WGS is expected to be higher for metals with a high
coverage of CO, in full agreement with the activation energies found
in the present study. This simple analysis, however, overestimates
the effect of CO adsorption, since it does not include the coverage
dependent CO adsorption strength, due to the repulsive interaction
between the adsorbed CO molecules [26,44-46] and explains why
the apparent activation energies for the metals with high CO cov-
erage is not as high at the simple Langmuir-Hinshelwood analysis
suggest.

The order of activity for MgAl,O4-supported catalysts found in
this study is Cu>Pt>Ni>Pd>Rh>Ru>Au>Ag>Ir>Co (corrected
for dispersion). The ranking found by Grenoble et al. for Al,03-
supported catalysts is Cu>Co>Ru>Ni>Pt>Au>Fe>Pd>Rh>Ir.
Clearly, Cu is found to be active in both studies, and Ir is inac-
tive in both studies. In contrast to Grenoble et al., we find a high
activity for Pt and Pd, and a low activity for Co. These differences
are possibly related to the different support material, the activa-
tion procedure, or the specific conditions at which the activity was
measured. The ranking found by Schumacher et al., based on corre-
lations between activation energy and the adsorption energies for
COand O, is Cu>Co>Ru>Fe>Ni>Rh>Au>Ir>Pd>Pt, ifadsorption
energies at steps are used [ 16]. If adsorption energies on terraces are
used, they find Cu > Ni > Pt > Rh > Ru > Au > Ir > Pd. Note that the rank-
ing in the last series is almost the same as ours; only the measured
activity of Pd is higher than expected from Schumacher’s model.
The measured activity for the Co/MgAl,04 catalyst is much lower
than expected from Schumacher’s model.

4.2. WGS activity of Ceg 75Zr.250,-supported catalysts

The observed trends for the Ceg75Zrg250,-supported catalysts
are quite different from those observed on the MgAl,04-supported
catalysts. The Pt/Ceg75Zrg250;, catalyst is the most active one,
and Cu is actually one of the least active metals on this support.
This clearly indicates that the support is an important factor in
understanding the WGS activity of metal catalysts, and therefore
a characterization of the metal phase alone is not (always) suffi-
cient.

Fig. 5 shows the water gas shift activities for the transition metals
supported on Ceg 75Zrg 250> as a function of the adsorption energies
for carbon monoxide and oxygen, similar to Fig. 3. Reliable data for
the metal dispersion on the Ceq 75Zrg 250, support are not available,
and therefore we use only the activity per mol metal here. Due to the
relative low activity of Cu, we do not find a clear volcano-shaped
relationship between the binding energy of oxygen and the WGS
activity as we did for the MgAl,04-supported catalyst, so it seems
that the CO binding energy is a better descriptor for the WGS activity
of the Ceg75Zrg2505-supported catalysts. If this interpretation is
valid, it shows, that the parameter that controls the WGS activity of
the metal actually can change when different support materials are
used: The WGS activity of Cey75Zrg250,-supported metals is best
understood from the adsorption energy of CO on the metal (Ecp),
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Fig. 5. Activity (Ink, k in mmol/(mol metal s atm?)) for the Ceg 75Zro250;-supported
catalysts at 270 °C as a function of the adsorption energy of carbon monoxide, AEco
(top panel) and atomic oxygen, AEg (bottom panel).

while the adsorption energy of oxygen (Eg) seems more important
if a MgAl,04 support is used.

It should be noted that removing the Cu data points from all
the plots makes the difference between the WGS trends for two
supports very small. However, there is no good reason to neglect the
Cu data. As already mentioned in the introduction recent detailed
studies did not find a different reaction mechanism for Cu compared
to Pt [20,21], which is important since the different activity of these
two metals is important for rejecting the adsorption energy of O
as a good activity-descriptor for Ceg 75Zrg 250,-supported catalysts.
Another possible reason for disregarding the Cu data in Fig. 5 could
be a very low dispersion of the Cu on Ceq75Zrg250, catalyst, but
this is unlikely since no Cu related peaks were observed in the XRD
spectra.

The top panel in Fig. 5 shows that the most active metals on
Ceq.75Z1r9 250, have a strong adsorption to CO, and therefore a high
CO coverage under WGS conditions (Fig. 4). From the trend line
in Fig. 5, one could expect that an improved WGS activity can be
obtained by using a Ceg 75Zrg250,-supported metal or alloy with a
stronger CO adsorption than Pt. APt/Re alloy on a cerium-zirconium
oxide support — the two most active metals found for this support
in this study - is possibly an example: the alloy is more active than
pure Pt [47], and DFT calculations indicate that the binding energy
of CO on Re is higher than on Pt [48], which suggests a higher CO
adsorption energy on the alloy as well.
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A possible explanation for a change in the best activity-
descriptor from Eqg for MgAl,O4-supported catalysts to Eco for the
Ceg.75Z1r9250,-supported is that the MgAl,04 support is inactive,
while the dissociation of water can occur on the (redox active)
Ceg.75Z1r09 250, support [49,50], similar to the role of Ce oxide in
oxidation reactions [34,51] or dry reforming [52]. In such a sce-
nario, a high CO coverage on the metal particles does not block
the water dissociation reaction, and is therefore beneficial for the
WGS activity. Since the water dissociation does not take place
on the metal particles, a clear correlation between oxygen bind-
ing energy and WGS activity is not expected, in full agreement
with our findings (Fig. 5, bottom panel). This explanation is also
consistent with the observation the activity for the Ceg75Zrg2505-
supported catalysts is significantly higher for the metals with a
strong CO adsorption, but about the same or lower for the met-
als with a weak CO adsorption (Cu, Ag, Au) (see Fig. 2). Finally,
the volcano-shaped correlation between oxygen binding energy
and WGS activity on MgAl,04-supported catalysts suggests that
the WGS activity is determined by the catalyst’s ability to disso-
ciate water or accommodate adsorbed O. Since this reaction on
the Ceg75Zrp250, support takes place on the support, and not on
the metal, the activation energy of Ceg 75Zrg50,-supported cata-
lysts becomes less dependent on the metal. This is what we have
found here: For the Ceg75Zrg250,-supported catalysts, the activa-
tion energies are in the range 60-100 kJ/mol, including that of the
Cu and Au catalyst, while the activation energies for the MgAl,04-
supported Cu and Au catalysts are clearly lower.

5. Conclusion

The water gas shift activity of 12 different transition metals sup-
ported on MgAl, 04 spinel and Ceg 75Zrg 250, has been determined.
All catalysts contained approximately the same molar amount of
metal, and were prepared and treated in a very similar way. The
observed trends in activity are different for the two supports: on
MgAl, 04 spinel, Cuis the most active catalyst, followed by Pt, Rh, Pd,
and Ni. On the Ceq 75Zrg 2505, the most active catalyst is Pt, followed
by Re, Rh, and Pd, while Cu is among the least active catalysts.

To understand the observed trends in water gas shift activity for
the different metals, the measured activities were correlated with
the adsorption energy of CO and oxygen on the different metals;
the latter is also a measure for the stability of OH on the metal sur-
faces. For the MgAl,O4-supported catalysts, the maximum activity
is found for metals with a binding energy of oxygen around —2.5 eV,
while no clear correlation exists with the adsorption energy of CO.
The opposite is observed for the Ce( 75Zr( 250, -supported catalysts;
the activity increases with increasing adsorption strength for CO,
and does not depend on the adsorption of oxygen. This change in
activity-descriptor for the different supports can be rationalized by
the possibility that water dissociation occurs on the redox-active
Ceg 75219250, support, whereas the MgAl,04 support is inactive.
This also implies that there a single parameter that describes the
water gas shift activity of a metal in general does not exist, the role
of the support has to be taken into account, and consequently, the
best choice of metal for a WGS catalyst depends on the support. The
present study suggests that a metal or alloy that is more reactive
towards oxygen, compared to Cu is beneficial with the MgAl,;04
support while a metal or alloy with stronger CO bond than that on
Pt should be used with the Ce 75Zrg 50, support.
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