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Abstract

Low-temperature water–gas shift reactivity trends on transition metals were investigated with the use of a microkinetic model base
a redox mechanism. It is established that the adsorption energies for carbon monoxide and oxygen can describe to a large ext
in the remaining activation and adsorption energies through linear correlations. In comparisons with experimental data it is foun
model predicts well the order of catalytic activities for transition metals, although it fails to quantitatively describe the experimental dat
This discrepancy could be due to the assumption that the redox mechanism dominates and to the neglect of adsorbate interactions
an important role at high coverages. The model predicts that the activity of copper can be improved by increasing the strengths w
carbon monoxide and oxygen are bonded to the surface, thus suggesting possible directions for improving the catalyst for low-te
WGSR.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The WGS reaction

H2O(g)+ CO(g)� H2(g) + CO2(g)

is an important component of several industrial processe
is primarily used to produce high-purity hydrogen, for exa
ple, for ammonia synthesis. Because the reaction is mo
ately exothermic, low temperature favors a high equilibri
conversion of CO. In industrial applications the reaction
run at pressures around 25–35 bar. To achieve the hig
feasible conversion, two adiabatic stages with cooling in be
tween are needed[1]: a high temperature shift at 310–450◦C
with a catalyst based on iron oxide structurally promo
with chromium oxide, followed by a low temperature sh
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in the temperature range of 210–240◦C, where the typica
industrial catalyst is copper with zinc oxide and alumin
oxide as support materials. The copper catalyst under
deactivation at temperatures higher than 300◦C, as the cop-
per particles sinter because of surface migration[2].

The WGS and its reverse reaction are also an integral
of methanol synthesis, where methanol is synthesized fro
mixture of CO, CO2, and H2, with CO2 hydrogenation being
the major path[3]. Here the WGS reaction is much fast
and must be taken into the equilibrium considerations
the overall reaction[4].

In recent years there has been renewed interest in
WGS reaction in connection with fuel cell-powered vehicl
where hydrogen is obtained via partial oxidation and ste
reforming of hydrocarbons. The reformed fuel contains
10% CO[5], which, apart from being a pollutant, also po
sons the Pt anode in the fuel cell, because of its strong
sorption to the electrode surface[6]. The lowering of the CO
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content is limited by equilibrium at the operating tempe
ture of the conventional Cu/ZnO/Al2O3 WGS catalyst in the
reformer system. The development of a more active cata
would allow one to lower the temperature and reduce the
ume of the reformer system. Inspired by recent work w
modeling and optimization of the ammonia synthesis c
lyst [7,8], we developed a microkinetic model for WGS ov
copper catalysts to describe the WGS reaction over o
transition metals. This approach allows us to suggest
the low-temperature WGS catalyst may be improved.
note here that our model only treats metallic Cu, wher
Cu+ has also been suggested as a possible active sit[9].
We have found the evidence for metallic copper overwhe
ing and have therefore used the approach presented he

2. Theory and modeling

The WGS reaction has previously been studied ex
sively by Campbell et al.[10–12]and modeled by Ovese
et al. [13–16] on Cu surfaces and industrial Cu cataly
for the low-temperature shift with the use of the so-ca
surface redox mechanism[12]. In the following analysis we
shall rely on this mechanism, but the method presented
can easily accommodate future alternative mechanisms th
may prove more relevant for more metals/catalysts. In th
respect, our approach addresses the performance of an
mal WGS catalyst operating by the redox mechanism.
same methodology can then be implemented elsewhe
information about alternative WGS reaction mechanisms b
comes available. Based on the redox model, we invest
whether it is possible to describe the WGS activity of tr
sition metals in general. In principle, this is done by assum
ing that the reaction mechanism is the same for all me
Then only the vibrational frequencies and the adsorp
energies1 of the surface intermediates, as well as the act
tion energies of the rate-determining steps, must be chan
However, based on previous experience with the amm
synthesis reaction, we have decided to neglect the cha
in vibrational frequencies[17]; that is, we are assuming th
the vibrations are the same as they are on Cu.

The adsorption energies for the adsorbed species are
culated from periodic, self-consistent density functional t
ory (DFT) calculations[18], whereas the activation energi
are estimated from Brøndsted–Evans–Polanyi (BEP)
tions [19]. Two sets of chemisorption energies were us
one from Nørskov and co-workers[19] calculated with the
RPBE functional for chemisorption of species on step s
and one from Mavrikakis and co-workers2 calculated with
PW91 for chemisorption of species on close-packed sur

1 The correct term is “ground-state energies”[13,14], but this is not crit-
ical, as the relative change from one metal to another will be equivalent fo
ground-state and adsorption energies.

2 A.A. Gokhale, S. Kandoi, L.C. Grabow, J.A. Dumesic, M. Mavrikak
unpublished observations.
i-

s

.

s

l-

terraces. In general, steps bind species stronger than d
races, whereas PW91 overestimates binding compared
RPBE. As a result, it should be acceptable to compare re
based on the two data sets.

The following redox mechanism is used as the basi
the kinetic model:

1. H2O(g)+ ∗ � H2O∗;
2. H2O∗ + ∗ → H∗ + OH∗ (RCS);
3. 2OH∗ � H2O∗ + O∗;
4. OH∗ + ∗ → O∗ + H∗ (RCS);
5. 2H∗ � H2(g) + 2∗;
6. CO(g)+ ∗ � CO∗;
7. CO∗ + O∗ → CO2

∗ + ∗ (RCS);
8. CO2

∗ � CO2(g)+ ∗;
9. H∗ + CO2

∗ � HCOO∗ + ∗.

Here∗ represents a surface site consisting of two cop
atoms, and elementary reaction steps 2, 4, and 7 are ass
to be rate-controlling steps (RCS). The theory needed fo
kinetic model has previously been published by Ovese
al. [13,14]. In this study the set of parameters for the cop
surface is a revised version taken from Ovesen et al.[16].

3. Estimating energy trends

To extend the microkinetic model to describe the W
activity of other transition metals besides Cu, it is neces
to establish how the activation energies of the three r
controlling steps and the adsorption energies for the s
adsorbed species are affected bythe catalyst, that is, a tota
of ten parameters.

We assume that the activation energies are related vi
reaction energies through the Brøndsted–Evans–Polan
lation. For an activated reaction the BEP relation involve
linear dependence between the activation energy,Ea, and the
reaction energy,Er [19,20]. Because our concern here is t
changes in the activation energy,�Ea, we encounter whe
switching to a metal other than Cu, we will use the BEP
lation in the following form:

(1)�Ea = α �Er,

whereα is the BEP correlation constant. Nørskov and
workers[20] found that for the dissociation of N2, CO, NO,
and O2 on close-packed surfaces,α = 0.90± 0.04, and for
steps sites on these surfaces,α = 0.87±0.05. For simplicity
we assume a common value ofα = 0.9 for a reaction where
bonds not involving hydrogen are broken. Equivalently,
correlation factor is 0.1 when such bonds are formed
ementary reaction step 7) (seeFig. 1). The valueα = 0.65
estimated by Pallassana et al.[21] is used for reactions wher
bonds containing hydrogen are broken (elementary reacti
steps 2 and 4). The reaction energies for the rate-contro
steps are obtained from the calculated chemisorption e
gies.
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Fig. 1. Energy diagram for an activated reaction on two different me
1 and 2.Ea,1 andEa,2 are the activation energies on the respective m
als, and�Ea is the difference. The same nomenclature is used for
reaction energyEr. Energies marked with (′) are for the reverse reac
tion. From the figure it can easily be deduced that if�Ea = α �Er then
�E′

a = (1− α)�E′
r.

Trends in the adsorption energies of the seven adso
species can be estimated from data for chemisorption ener
gies on the metals in question. The molecular and disso
tive chemisorption energies are obtained from DFT calcu
lations. In particular, the adsorption energies for H2O and
CO2 are assumed to be constant on all metals conside
since these molecules do not interact strongly with the m
surfaces. In support of this simplification, we note here
H2O desorbs at 150 K[22] and CO2 desorbs at 90 K[23],
as measured from typical TPD experiments, clearly indicat-
ing physisorption. This assumption reduces the numbe
variable parameters in the general model to eight in to
Furthermore, the number of independent parameters ca
reduced even further, since some of these eight variable
rameters are found to correlate linearly.

Chemisorption energies for HCOO, H2O, and CO2 are
not available from the original set of data from Nørsk
and co-workers. The HCOO RPBE data were supplied
Mavrikakis and co-workers.Fig. 2a shows the linear cor
relation between the reaction energies of the three r
controlling steps and the chemisorption energy for o
gen, andFigs. 2b and c show the correlation between t
chemisorption energies for OH, H, CO, CO2, H2O, and
HCOO and the chemisorption energy for oxygen.Fig. 3
shows the corresponding correlations with the chemis
tion energy for CO. From these figures it is clear that
of the energies correlate linearly with the chemisorption
ergy of either oxygen or CO. This behavior is illustrated
Tables 1 and 2, which show the deviations from the linear
fits, wheres is given as

(2)s =
√∑

i (yi − yr,i)2

n
,

yi is a value from the data set,yr,i is the corresponding valu
from the regression, andn is the number of values in the da
set.
,

e
-

Table 1
The table shows the deviation of the data from the linear fits,s, for
chemisorption and reaction energies vs chemisorption energies of th
species, CO and O for the remaining eight parameters

ECO EO

Er,2 (H2O∗ + ∗ → OH∗ + H∗) 0.567 0.194

Er,4 (OH∗ + ∗ → O∗ + H∗) 0.535 0.223

Er,7 (CO∗ + O∗ → CO2
∗ + ∗) 0.991 0.479

ECO (CO(g)+ ∗ � CO∗) 0 0.478

EOH (OH(g)+ ∗ � OH∗) 0.529 0.107

EH ( 1
2H2(g) + ∗ � H∗) 0.080 0.184

EO ( 1
2O2(g) + ∗ � O∗) 0.992 0

EHCOO (HCOO(g)+ ∗ � HCOO∗) 0.314a 0.164a

Notice that the deviation factor for CO and oxygen naturally is zero.
bold values are the best correlations forECO andEO. Chemisorption ener
gies from[19] for adsorption on step sites were used.

a Values have been calculated using unpublished RPBE data on c
pocked surfaces supplied by Mavrikakis and co-workers.

Table 2
Comparison of deviation from the linear fits,s, of chemisorption and reac
tion energies vs chemisorption energies for CO and O as shown inTable 1,
but now using binding energies from Mavrikakis and co-workers for
sorption on terrace sites

ECO EO

Er,2 (H2O∗ + ∗ → OH∗ + H∗) 0.446 0.139

Er,4 (OH∗ + ∗ → O∗ + H∗) 0.215 0.322

Er,7 (CO∗ + O∗ → CO2
∗ + ∗) 0.540 0.446

ECO (CO(g)+ ∗ � CO∗) 0 0.450

EOH (OH(g)+ ∗ � OH∗) 0.407 0.174

EH ( 1
2H2(g) + ∗ � H∗) 0.081 0.172

EO ( 1
2O2(g) + ∗ � O∗) 0.550 0

EHCOO (HCOO(g)+ ∗ � HCOO∗) 0.304 0.146

ECO2 (CO2(g) + ∗ � CO2
∗) 0.057 0.055

EH2O (H2O(g)+ ∗ � H2O∗) 0.092 0.101

The bold values mark the best correlations forECO andEO.

Thus, when the chemisorption energies found by Nørs
and co-workers[19] are used, it is possible to reduce t
number of parameters we need to vary to study trend
WGS from eight to two, namely the changes in O and
binding energies,�EO and�ECO, respectively. The follow-
ing correlations are needed for this purpose:

�Er,2 = 0.66· �EO, �Er,4 = 0.64· �EO,

�Er,7 = −1.31· �EO, �EOH = 0.51· �EO,

(3)�EHCOO= 0.43· �EO, �EH = 0.41· �ECO.

The Brøndsted–Evans–Polanyi relation is then used to
mate the activation energies:

�Ea,2 = 0.65· 0.66· �EO, �Ea,4 = 0.65· 0.64· �EO,

(4)�Ea,7 = −0.1 · 1.31· �EO.

Nearly the same correlations are found for the data
from Mavrikakis and co-workers, except for the correlat
of the activation energy for reaction step 4,Er,4, where the
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Fig. 2. (a) The linear correlation between the chemisorption energy for oxygen,EO, and the reaction energies,Er, of the rate determining steps. (b) T
correlation between the chemisorption energy for oxygen and the energies for OH, H, and CO. (a) and (b) are from[19]. (c) Correlations for HCOO, CO2, and
H2O, PW91 data from Mavrikakis and co-workers.
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linear correlation is slightly better with the chemisorpti
energy of carbon monoxide than with the chemisorption
ergy of atomic oxygen. However, for reasons of compari
we decided to use the chemisorption energy for oxygenTa-
ble 2 shows the deviation from the linear fits for the d
set from Mavrikakis and co-workers. In this set of data,
chemisorption energies for CO2 and H2O are given, but the
slopes are insignificant compared with the other correlat
(seeFigs. 2 and 3). Therefore they are again assumed to
constant.

Using the chemisorption energies from Mavrikakis a
co-workers calculated with PW91 for chemisorption on
races, we derived the following linear correlations, ther
reducing the number of free variable parameters to two:

�Er,2 = 0.72· �EO, �Er,4 = 0.76· �EO,
�Er,7 = −1.59· �EO, �EOH = 0.52· �EO,

(5)�EHCOO= 0.45· �EO, �EH = 0.41· �ECO.

And the activation energies are

�Ea,2 = 0.72· 0.67· �EO, �Ea,4 = 0.76· 0.78· �EO,

(6)�Ea,7 = −0.1 · 1.59· �EO

4. Results and discussion

We are now able to describe the WGS rate over trans
metal surfaces as a function of the binding energies of ato
oxygen and of CO.Fig. 4 shows the three-dimensional vo
cano plot based on chemisorption energies on step sites
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Fig. 3. (a) The linear correlation between the chemisorption energy for carbon monoxide,ECO, and the reaction energies,Er, of the rate determining step
(b) The correlation between the chemisorption energy for carbonmonoxide and the energies for OH, H, and CO. (a) and (b) are from[19]. (c) Correlations for
HCOO, CO2, and H2O, PW91 data from Mavrikakis and co-workers.
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Nørskov and co-workers[19], and Fig. 5 shows a close
up of the area around the maximum turnover freque
(TOF). Note that the chemisorption energies for all me
are given relative to the copper values (negative�E means
stronger adsorption than on Cu). An extra set of coo
nates,(EO,ECO) = (−0.35 eV,−0.5 eV), has been adde
for Au10 nanoparticles[24].

From the model, one can understand why this volc
appears by analyzing the most abundant reaction inte
diates (MARI) on the surface. This prediction is illustrat
in Fig. 6. The variation in surface coverage of the re
tion intermediates is again illustrated when the adsorp
energies of CO and O are changed relative to Cu. It
be seen that CO is the predominant surface intermedia
�ECO below 0 eV. However, when�EO becomes lowe
than −1 eV, oxygen begins to dominate the surface. H
-

t

droxyl (OH) species are abundant when�EO ∈ [−1;0] eV,
and �ECO ∈ [−0.5;1] eV. In the same parameter regio
formate (HCOO) is present at the surface. Considerable
erage of surface hydrogen (H) is present when�EO ranges
from 0 to 2 eV, and�ECO = 0 eV. H2O and CO2 are presen
on the surface only when all other coverages are low and
sites are available. On the various metals, it is observed
Fe, Mo, and W are almost entirely covered with O, wherea
Ni, Rh, Ru, Ir, Pd, and Pt are covered with CO. Cu, Au10,
Au, and Ag present only small coverages of both of th
species.

Figs. 7 and 8show the turnover frequencies obtain
when the model is based on data from Mavrikakis and
workers for chemisorption on terrace sites. It should be no
that the monometallic surfaces have different coordin
(�EO,�ECO) compared withFigs. 4 and 5. The variation
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the
Fig. 4. The turnover frequency of the WGS reaction at varying adsorption energies of carbon monoxide and oxygen is illustrated. Extent of reactionξ = 0,
p = 30 bar,T = 225◦C, and the feed gas composition is 2.5% CO, 12.5% CO2, 37.5% H2, 25%, H2O, and balance N2. The three-dimensional volcano pl
is based on chemisorption energies from Nørskov and co-workers[19]. The chemisorption energies for all metals are given relative to the copper values.

Fig. 5. A close up of the maximum turnover frequency (TOF) atξ = 0, p = 30 bar,T = 225◦C, and a feed gas composition of 2.5% CO, 12.5% CO2, 37.5%
H2, 25%, H2O, and balance N2. Based on chemisorption energies from Nørskov and co-workers[19]. Insert displays a cut through the maximal TOF and
TOF for Cu.
the
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in surface coverages is not shown, since it is similar to
results based on the data of Nørskov and co-workers. A
it is seen that the Cu coordinates are close to the co
nates for the maximum TOF, and the optimal WGS cata
is a metal that binds O and CO slightly more strongly th
Cu (seeFig. 8). At the limit of zero conversion (ξ = 0), the
maximum TOF is estimated to be slightly higher for the d
of Mavrikakis and co-workers (TOFmax = 1.0 s−1) than for
the data of Nørskov and co-workers (TOFmax= 0.97 s−1).
The position of the maximum of the volcano plot is se
sitive to reaction conditions. As a result, the optimal cata
is not the same as the reaction proceeds and CO and2O
are converted.Fig. 9 shows that as conversion increases
passing through the reactor, the optimal catalyst chang
one that binds CO more strongly and O more weakly.
concept of an optimal catalyst curve has previously been
troduced for ammonia synthesis[8]. Fig. 10illustrates how
increasing pressure results in movement of the maxim
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(a)

(b)

Fig. 6. Surface coverage of the reaction intermediates at varying adsorption energies of carbon monoxide and oxygen relative to Cu (negative�E means
more reactive than Cu).ξ = 0 at p = 30 bar,T = 225◦C, and the feed gas composition is 2.5% CO, 12.5% CO2, 37.5% H2, 25%, H2O, and balance N2.
Chemisorption energies from Nørskov and co-workers[19] for adsorption on step sites are used.
) the
ng-
x-
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has
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ata
turnover frequency toward higher�ECO and�EO, that is,
towards weaker adsorption. At high pressure (20–40 bar
predominant effect on the optimal TOF is caused by cha
ing �ECO, which may imply that at the position of the ma
imal TOF the CO coverage is high compared with that
oxygen. This behavior corresponds well with the findings
Fig. 6 for 30 bar. Increasing the temperature (seeFig. 11)
produces an effect that is the opposite of that produce
increasing the pressure. The reduction in coverage now
to be compensated for by a change in�ECO. Again it is seen
that the coverage of carbon monoxide is higher than tha
oxygen in the region in question, and the effect of cha
ing �EO is small. These results are similar for the two d
sets.
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is

cut
Fig. 7. The turnover frequency of the WGS reaction at varying adsorption energies of carbon monoxide and oxygen is illustrated. Extent of reactionξ = 0,
p = 30 bar,T = 225◦C, and the feed gas composition is 2.5% CO, 12.5% CO2, 37.5% H2, 25%, H2O, and balance N2. The two-dimensional volcano plot
based on chemisorption energies from Mavrikakis and co-workers for chemisorption on terrace sites.It should be noted that the metal coordinates aredifferent
compared toFigs. 4 and 5.

Fig. 8. A close up of the maximum turnover frequency (TOF) atξ = 0, p = 30 bar,T = 225◦C, and a feed gas composition of 2.5% CO, 12.5% CO2, 37.5%
H2, 25%, H2O, and balance N2. Based on chemisorption energies from Mavrikakis and co-workers for chemisorption on terrace sites. Insert displays a
through the maximal TOF and the TOF for Cu.
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It is difficult to address whether the WGS reaction
curs on either steps or terraces, or to distinguish betwee
choice of DFT functionals. In addition, the reaction may
considerably more complex than suggested here. Diffe
steps of the reaction sequence may occur either solely on th
terrace or at step sites, thereby involving the participa
of two types of sites on the metal particles. In general,
believe that the simple model of the present study capt
the essential reactivity trendsof the redox mechanism ove
transition metal catalysts, and it appears to be prematu
include effects concerning the influence of surface geom
at this stage.

4.1. Approximations and limitations of the model

To limit the number of variables used to describe
activity trends, it is necessary to make several approx
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Fig. 9. Coordinates (�EO,�ECO) for the position of the maximal TOF a
different extents of reaction,ξ . p = 30 bar,T = 225◦C, and a feed gas
composition of 2.5% CO, 12.5% CO2, 37.5% H2, 25%, H2O, and bal-
ance N2. The arrow indicates the shift in optimal adsorption energies
the reaction progresses. Based on the adsorption energies from[19]. Note
that the axes are chosen such thatFigs. 9–11are directly comparable.

Fig. 10. Coordinates (�EO,�ECO) for the position of the maximal TOF a
different pressures,p. ξ = 0 bar,T = 225◦C, and a feed gas compositio
of 2.5% CO, 12.5% CO2, 37.5% H2, 25%, H2O, and balance N2. The ar-
row indicates the shift in optimal adsorption energies, as the pressure
Based on the adsorption energies from[19]. Note that the axes are chose
such thatFigs. 9–11are directly comparable.

tions, thereby limiting the validity of the model as one mov
away from Cu. We now address the impact of these assu
tions.

First of all, we assume that the reaction mechanism is
same on all metals. This may notbe justified, since other re
action mechanisms may be suggested for the WGS reac
Furthermore, the fact that the binding energies are coverag
dependent is neglected. This is a particular problem at
coverages, which seems to be the case for the majority o
metals (seeFig. 6). This behavior is the most likely reaso
.

-

.

Fig. 11. Coordinates (�EO,�ECO) for the position of the maximal TOF a
different temperatures,T . ξ = 0 bar,p = 30 bar, and a feed gas compositio
of 2.5% CO, 12.5% CO2, 37.5% H2, 25% H2O, and balance N2. The arrow
indicates the shift in optimal adsorption energies, as the temperature
Based on the adsorption energies from[19]. Note that the axes are chose
such thatFigs. 9–11are directly comparable.

that the model would underestimate the reaction rate f
number of low-activity metals, as discussed later.

Another source of uncertainties is the linear fitting of
chemisorption data (seeTables 1 and 2). Elementary step 7
in particular has large deviation values, and differences
tween the regression line and the individual data points
be substantial (seeFig. 2a). The result of this is that som
of the metal parameters are reproduced quite well, wherea
others are far from the linear estimate, leading to deviat
in the reaction rate on a number of metals. As long as
model is used only in the vicinity of Cu, the error made
the estimates of the energies will be small, even though t
are quite large uncertainties in the slopes, which are use
estimate the energies.

4.2. Improving copper-based WGS catalysts

As a consequence of the aforementioned limitations,
model is most reliable in the parameter space close to
Because there are no other metals in the vicinity of Cu, the
most important result of this study is that it gives an id
of what should be done to achieve an improved Cu cata
Even though Cu is placed near the maximum of the volc
plot, the WGS reaction rate on a Cu catalyst can be
proved, if it is modified to bind both CO and O more strong
to the surface. According to the d-band model develope
Hammer and Nørskov[25], an enhancement of the reactivi
of copper may be obtained by growing it as a pseudomor
layer on top of another metal with a larger lattice const
[26,27]. Here it is important that Cu does not dissolve in
the bulk of the host metal, but rather forms islands on the
face of the host metal[28]. It can be questioned whether th
approach is favorable, as it is seen inFig. 5that the predicted
activity can only be improved by a factor of 2. Alloying ma
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also enhance the activity of the catalyst, but this effect
not been fully clarified in the case of the methanol ca
lyst, where, for example, Zn may improve the overall r
[29–31]. Improvement in catalyst performance in this cas
probably related to the well-known sintering of copper ca
lysts[2].

4.3. Comparison with experiments/estimated metal rank

When the model is used to estimate the trends in cata
WGS activity for various transition metals, it is clear th
the model is not quantitatively reliable for metals other th
Cu. If the predicted rates are compared with the rates m
sured by Grenoble et al.[32], one finds that, for all metal
other than Cu, the predicted rate is several orders of m
nitude lower than the measured rate. However, the m
reproduces the trends found experimentally by Grenob
al. [32] surprisingly well. As Grenoble et al. calculated t
TOF at conversions below 5%, the best conditions for
amining the model estimatesshould be initial rates for
given gas mixture. Furthermore, the WGS activity was
vestigated on aluminum oxide support, known to show o
weak support effects[32], which is assumed in the mode
The order of activity of the transition metals tested for W
activity at 300◦C and a feed gas containingpCO = 24.3 kPa
andpH2O = 31.4 kPa was found to be[32]

Cu> Co> Ru > Ni > Pt > Au > Fe> Pd> Rh > Ir.

The estimated WGS activity order under these reaction
ditions for transition metals based on chemisorption on
sites[19] is predicted to be

Cu> Co> Ru > Fe> Ni > Rh > Au > Ir > Pd> Pt.

From the chemisorption energies on terraces publishe
Mavrikakis and co-workers, the order of activity is predic
to be

Cu> Ni > Pt> Rh> Ru> Au > Ir > Pd.

From the chemisorption data of Nørskov and co-work
[19], it is seen that the rates for Fe and Rh are overe
mated, the rate over Pt is underestimated, and the rates
the rest of the metals are placed fairly well. When the d
from Mavrikakis and co-workers are used, the rate over
is overestimated, the rate over Ru is underestimated, bu
representation of Pt is good. Iron will most likely be pres
as an oxide under WGS conditions, which has not been t
into consideration in the present model, and therefore th
timated reaction rate on Fe will be misleading. Regarding
the model predicts that it is essentially WGS inactive, bu
is found experimentally to be quite active. This metal see
to be highly poisoned by adsorbed carbon monoxide
Fig. 6). However, the CO chemisorption energy depends
CO coverage[33,34], and this fact has not been incorpora
into the model. As already discussed, a similar cover
effect may also influence a number of other metals, pa
ularly those where the surface coverage is predicted t
-

l

r

-

close to unity. Because there are no extensive data on
coverage dependence, we have decided not to include i

Using the data on steps from Nørskov and co-work
[19], we generally obtain a better description of the exp
imental metal-activity ranking than when we use the d
on terraces from Mavrikakis and co-workers. Of cour
a complete fit cannot be expected, because other mech
nisms may dominate on metals different from copper.
example, spillover of oxygen or hydroxide from the supp
to the metal particles may alsooccur, leading to a rate highe
than the one estimated here. This is the case, for exampl
Au, which becomes a good WGS catalyst when supporte
Fe2O3, TiO2, and CeO2 [35–37]. Finally, there may be unde
sirable reactions, like the methanation process, which t
place on Ru and Rh[38]. The latter reaction is not a proble
for Cu, as it is inactive for methane formation. Nonethele
it is remarkable that this simplified model can account fo
many of the trends.

5. Conclusion

Trends for the catalytic activity of WGS for various tra
sition metals have been studied by estimation of the reac
rate with the use of a microkinetic model where only t
descriptors have been used to describe surface reac
The model assumes that a simple redox mechanism is
inant over all metal catalysts. Comparing the DFT-deri
binding energies for all involved surface intermediates
activation energies for the rate-controlling steps, we fo
a strong correlation between most of the parameters. Fu
thermore, by using a Brøndsted–Evans–Polanyi relation
neglecting any trends in the binding energies of H2O and
CO2, we reduced the initial ten model parameters to two
scriptors, namely the binding energies of carbon mono
and oxygen. A surprisingly good qualitative estimation
the relative activity order of the different transition me
catalysts was found. However, the model fails to quan
tively reproduce experimental data over such a broad ra
of metals. This discrepancy can be explained, to some ex
by the fact that the coverage dependence of binding ene
has been neglected for most metals in the model. Co
is found to be close to the optimum of the rate calculat
although there is room for improvement. In the vicinity
copper the model is expected to describe the catalyst
formance well, and it thus predicts that the activity of
copper-based WGS catalyst could be improved by an
crease in the reactivity toward carbon monoxide and oxy
This conclusion was not obvious prior to the present inve
gation. Furthermore, our study suggests possible direc
for improving the WGS catalyst. We note here that one c
not exclude the possibility that another improved WGS
alyst may be found, which could operate through a reac
mechanism different from the simple redox mechanism u
to estimate trends in the present study.
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