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ABSTRACT
The post-processing of reformate is an important step in producing hydrogen (H2) with
low carbon monoxide (CO) for low temperature fuel cells from syn-gas. However, the
conventional process consists of three steps, i.e. two steps of water gas shift (WGS) and
preferential oxidation (PROX) of CO, and it is not suitable for mobile applications due to the
large volume of water gas shift (WGS) catalysts and conditioning and/or regeneration necessary
for these catalysts. Aiming at replacing those three steps by a simple one-step process, small
amount of oxygen was added to WGS (the reaction called oxygen-enhanced water gas shift or
OWGS) to promote the reaction kinetics and low pyrophoric ceria-supported bimetallic catalysts
were employed for stable performance in this reaction.
Not only CO conversion, but also H2 yield was found to increase by the O2 addition on
CeO2-supported catalysts. The characteristics of OWGS, high H2 production rate at 200 to 300oC
at short contact time where unreacted O2 exists, evidenced the impact of O2 addition on surface
species on the catalyst. Around 1.5 of reaction order in CO for various CeO2-supported metal
catalysts for OWGS compared to reaction orders in CO ranging from -0.1 to 0.6 depending on
metal species for WGS shows O2 addition decreases CO coverage to free up the active sites for
co-reactant (H2O) adsorption and activation.
Among the monometallic and bimetallic catalysts, Pt-Cu and Pd-Cu bimetallic catalysts
were superior to monometallic catalysts in OWGS. These bimetallic components were found to
form alloys where noble metal is surrounded mainly by Cu to have strong interaction between
noble metal and copper resulting in high OWGS activity and low pyrophoric property. The metal
loadings were optimized for CeO2-supported Pd-Cu bimetallic system and 2 wt% Pd with 5 – 10
wt% Cu were found to be the optimum for the present OWGS condition. In the kinetic study, Pd
in Pd-Cu was shown to increase the active sites for H2O dissociation and/or the subsequent
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reaction with chemisorbed CO as well as Pd keeps Cu in reduced state. Cu was found to keep Pd
dispersed, suppress H2 activation on Pd, and facilitate CO2 desorption from catalyst surface.
While composition and structure of metal have large impacts on OWGS performance,
CeO2 was shown to create new sites for H2O activation at metal-ceria interfacial region in concert
with metal. These new sites strongly activate H2O to drive OWGS and WGS compared to the
pure metallic sites which are present in majority on Al2O3-supported catalyst. The observed two
regimes of turnover rate, the one dependent on catalyst surface area and the other independent of
surface area, strongly suggested bifunctional reaction pathway where the reaction rate is
determined by activation of H2O and by association of chemisorbed CO and H2O. The associative
route was also evidenced by pulse response study where the reaction occurs only when CO and
H2O pulses are supplied together, and thus pre-adsorbed species such as formate and carbonate
identified by FT-IR are proven to be spectators. No correlation between WGS rate and isotopic
exchange rate of molecularly adsorbed D2O with H2 showed H2O dissociation is necessary for
WGS to occur.
Long duration tests revealed CeO2-supported Pd-Cu, Pt-Cu and Cu catalysts are stable in
OWGS condition compared to Pt, Pd, and Al2O3-supported Pd-Cu catalysts which exhibited
continuous deactivation during about 70 hours of test. The addition of Cu prevents agglomeration
of monometallic Pd and carbonate formation on monometallic Pt during the reaction. The better
activity and stability of Pd-Cu and Pt-Cu bimetallic catalysts in the realistic OWGS condition
were ascribed to the unique active sites consisting of highly dispersed Pd in Cu or Pt in Cu on
CeO2, which are good for H2O activation with low reaction inhibition by the product gases. Pt
monometallic catalyst showed and highest activity in OWGS in the absence of product gases, but
this was found vulnerable in the presence of product gases due to strong adsorption of H2 and
CO2 on this catalyst.
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The present thesis has shown large benefits of OWGS over WGS both in fundamental
understanding of the reaction and in practical applications. OWGS enabled observation of kinetic
feature of WGS which is strongly limited by high CO coverage of the active sites. O2 addition to
WGS decreases CO coverage to open up the subsequent H2O activation/reaction processes and to
make it visible in kinetics. The kinetic results in turn evidenced the bifunctional route. The rate
was well fitted to Langmuir-Hinshelwood model when the function of CeO2 is sufficient, which
confirmed the reaction occurs through association of the reactants on the catalyst surface. In the
practical view point, OWGS enhanced CO shift to H2 at low temperature and CeO2-supported PdCu bimetallic catalyst provided high activity and low pyrophoricity in OWGS, which are
promising for mobile low temperature fuel cell application.
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Chapter 1

Introduction

1-1. Background of research
Hydrogen (H2) is considered to be a promising clean energy carrier for fuel cell power
generation which is much more energy-efficient compared to internal combustion systems [1-5].
The advantage of hydrogen lies on low emission and high energy efficiency when combined with
Polymer Electrolyte Membrane Fuel Cells (PEMFC). Catalytic reforming of gaseous and liquid
hydrocarbons, biomass-derived liquids, and alcohols is an attractive method for H2 production,
especially for onboard fuel cell applications in the view points of easy handling and safety. One
of the drawbacks in this catalytic reforming is the co-production of carbon monoxide (CO) in the
H2 stream. As low as 30 ppm of CO concentration in the H2 stream severely poisons fuel cell
anode catalysts [6, 7]. Therefore, CO has to be removed in the downstream by water gas shift
(WGS) and further by preferential oxidation (PROX). These CO conversion processes increase
H2 concentration to realize high output in PEMFC and decrease CO concentration to protect the
electrode of PEMFC from CO poisoning.
High CO concentration in reformate severely poisons the electrode of PEMFC due to
strong adsorption of CO to the Pt-based electrode catalyst. This strong adsorption of CO on
platinum metal occurs through donation of electron from π-orbital of CO to d-orbital of platinum
as well as back-donation of electron from d-orbital of platinum to π*-orbital of CO, resulting in
resonating structure [Pt-C≡O and Pt=C=O]. As a consequence, the power output of the fuel cell
typically working at 80oC significantly drops in the presence of small amount of CO in the H2rich fuel as shown in Figure 1-1. Although this CO poisoning is mitigated by increasing the
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operating temperature of fuel cell up to 120oC, the polymer electrolyte of the fuel cell severely
dehydrates at such high temperature and its ionic conductivity is catastrophically lost. The recent
advances in polymer electrolyte material that strongly hold moisture at high temperature actually
allow fuel cell to operate at 120oC, where the electrode can tolerate 2% CO, thus motivation to
develop new simplified processes for CO conversion in the downstream of the reformer has been
raised [8].
The WGS is the reaction of CO and water vapor to produce H2 and CO2:

CO + H2O = CO2 + H2

(Reaction 1)

ΔH = –41 kJ/mol, ΔG = –38 kJ/mol

The WGS is slightly exothermic, that means the reaction is reversible and strongly limited by
thermodynamics. The reaction thermodynamically favors low temperature as shown in Figure 1-2,
but the reaction rate in a practical condition is very low at lower temperature due to the lack of an
efficient catalyst. The catalyst volume necessary for the same conversion is therefore about 5
times at 200oC compared to 350oC [9]. Due to the low reaction rate and narrow temperature range
where catalyst work, the WGS is divided into two reactors in the practical system, high
temperature shift (HTS) and low temperature shift (LTS) to have benefits of fast kinetics at high
temperature and low CO concentration thermodynamically achievable at low temperature
respectively. The HTS typically converts CO in reformate (about 15%) to less than 5% at over
400oC using Fe-based catalyst while LTS typically converts CO further to less than 1% at around
200oC using Cu-based catalyst [5]. The PROX is a selective oxidation of CO in excess amount of
H2 that follows the two WGS stages. In the PROX, CO from WGS is further reduced to ppm level
with supply of small amount of oxygen in the feed. The condition and catalyst are chosen to
minimize parasitic loss of H2 by oxidation. The major issues in these CO conversion processes
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especially for the purpose of on-board fuel cell applications are: (i) their large volume occupying
in the processor system due to slow WGS kinetics and (ii) pyrophoric nature of WGS catalyst that
requires careful pre-conditioning and/or periodical regeneration for efficient and stable operation
[5]. A simple calculation on a 50kW vehicle gives the idea about how much volume the WGS
reactor occupies in the processor. If the efficiency of the vehicle is assumed 40%, the amount of
energy needed to run the vehicle is 450,000 kJ/hour and this is translated to 1860 mol/hour or
3.72 kg/hour of H2 needed to be generated. If the gas hourly space velocity for the two stage
WGS reactor is further assumed to be 6000 h-1 (STP) and H2 concentration to be typically 65%
after WGS, the WGS catalyst volume needed is calculated to be 10.5 L. The number is close to
the value from literature which estimates the catalyst volume needed for reformer (9.1 L), WGS
(11.7 L) and for PROX (3.6 L) [10] and the WGS catalyst occupies the largest volume in the fuel
processor. The pyrophoric issue of catalyst originates from high concentration of base metal
contained in the catalyst, typically 40 wt% Cu in the commercial Cu-Zn-Al catalyst for LTS. The
concentrated heat released by copper oxidation can increase local temperature further to promote
the oxidation and sintering of copper. To solve these issues, the present study will take two
approaches, (i) adding O2 to WGS to increase the reaction kinetics consequently to reduce the
catalyst volume (the reaction called oxygen-enhanced water gas shift or OWGS) and (ii) using
CeO2-supported Pt-Cu or Pd-Cu bimetallic catalysts to obtain better activity and less
pyrophoricity (namely more stability) compared to monometallic catalysts. By taking these
approaches, the conventional three-step CO-cleanup process is ultimately expected to be replaced
by one-step OWGS process to simplify the fuel processor system combining with high
temperature PEMFC that tolerates 2% CO as mentioned earlier [11].

4
1-2. Preferential oxidation of carbon monoxide

1-2-1. Catalysts and kinetic features
Preferential oxidation (PROX) is aimed at cleaning up the residual carbon monoxide after
high and low temperature WGS by adding a small amount of oxygen to oxidize CO:

CO + 0.5 O2 = CO2

(Reaction 2)

ΔH = –283.6 kJ/mol, ΔG = –228.6 kJ/mol

The largest challenge in this reaction is to minimize the accompanying oxidation of H2. The
problem becomes serious when treating low concentration of CO since CO coverage on the
catalyst surface becomes low relatively to H2 coverage [12]. Even at 100oC, a part of H2 in H2rich fuel is wasted for combustion. For example, at 90oC with 0.375 of O2/CO ratio, only 65%
selectivity was obtained over 0.5 wt% Pt/Al2O3 catalyst [13]. Higher O2/CO is expected further to
lead to lower selectivity. Similar result was reported by Marino et al. who investigated PROX
performance of Pt, Pd, and Ir on various support in various O2/CO ratios [14]. With 2 – 3 wt%
noble metal catalysts, no catalyst exceeded 60% of selectivity in the temperature range from 100
to 300oC with 0.5 of O2/CO ratio.
Detailed kinetic study for PROX was performed by Kahlich et al. using Pt/Al2O3 [15].
They found the order in CO was -0.4 and the order in O2 was 0.8 for 0.38 – 7.6 Torr of CO
concentration. In this CO range, according to the authors, Pt surface is predominantly covered
with CO so that the rate decreases with increasing CO concentration or CO coverage. The rates of
both CO and H2 oxidation were suggested to be limited by the oxygen adsorption/dissociation
from the observation of same dependency of CO and H2 oxidation rates on the O2 partial pressure,
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i.e. same reaction order in O2 in wide range of O2/CO ratio. The activation energy, 71 kJ/mol, is
also close to the desorption energy of CO from platinum surface [16], supporting the above claim.
They also found the promoted CO oxidation in the presence of H2 at around 150 to 200oC. This
was attributed to lower H2 coverage at this temperature range compared to the CO coverage close
to saturation, resulting in higher selectivity towards CO oxidation. Both CO and H2 coverages are
close to saturation at lower temperature, both coverages are low at higher temperature. All those
kinetic observations implicate a monofunctional reaction pathway in PROX where the reactants
competitively adsorb on metallic sites. Meanwhile, the authors also pointed out the presence of
interaction between adsorbed CO and H2 from an increased rate. Its mechanism was not clarified,
but they speculated that H2 induces CO desorption or hydroxylated Al2O3 support interacts with
CO. Muraki et al. also reported the similar interaction wherein the rate at 150oC increased by a
factor of 3 upon addition of H2 or H2O [17]. The authors attributed this to the weakening of selfpoisoning by CO, but how the H2 or H2O weakens CO poisoning was not clarified. Thus, OWGS
kinetics is expected to be different from PROX or simple CO oxidation kinetics.
Au catalyst has been known to show high activity and selectivity at low temperature
around 80 to 100oC and low deactivation [18]. In contrast to the Pt/Al2O3 case, Au/Fe2O3 was
reported to show positive reaction order in CO concentration in PROX [19]. The reaction order in
CO was 0.55 and the order in O2 was 0.27 with 31 kJ/mol of activation energy at 80oC. These
kinetic features of Au/Fe2O3 come from weak CO adsorption on Au. Selectivity over 1% of CO
concentration is much better on Au/Fe2O3 than Pt/Al2O3, but selectivity decreases significantly
with decrease of CO partial pressure to reach 15% at 0.025 kPa of CO. In such a low CO
coverage, H2 oxidation rate was shown to be independent of CO partial pressure and dependent
only on H2 oxidation turnover rate which is a few times lower than CO oxidation turnover rate on
Au [20]. (Note that in the Pt/Al2O3 case H2 oxidation is directly proportional to CO oxidation rate
and probably both rates are limited by oxygen adsorption/dissociation.) On oxide-supported Au,
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the reaction proceeds bi-functionally, i.e. oxygen is adsorbed on Au-oxide interface to react with
hydrogen or CO adsorbed on Au [21]. Similar function of metal-oxide interface is also reported
for Fe2O3-promoted Pt/Al2O3 wherein Fe2O3 functions as a carrier for oxygen [22]. The Au/Fe2O3
system is tolerant to H2O or even PROX is enhanced by H2O while Au/TiO2 is strongly
deactivated in the presence of H2O according to Haruta et al. [23], suggesting the involvement of
support in the bifunctional reaction pathway on Au catalysts. Overall, the different kinetics of
Pt/Al2O3 and Au/Fe2O3 suggests metal species have large impact in PROX activity and selectivity.

1-2-2. Effect of H2O and CO2 in preferential oxidation of CO
The positive effect of the presence of H2O in PROX has been reported by several authors
[15, 17, 24]. Avgoulopoulos et al. compared stability of PROX on Au/Fe2O3, Cu-CeO2, Pt/Al2O3
at each optimum temperature and showed that Pt/Al2O3 is most resistant to deactivation caused by
CO2 and H2O [25]. The presence of CO2 did not affect CO conversion to CO2 on Pt/Al2O3 while
the presence of H2O even enhanced activity. Muraki et al. attributed it to the weakening of selfpoisoning by CO as already mentioned above [17]. Better activity in the presence of H2O on
Au/Fe2O3 and Pt/CeO2 was also reported and it was attributed to suppressed competing reaction
of H2 oxidation [26, 27]. Holmgren et al. found that the presence of 2% H2O in 0.45% O2 and
1.1% CO enhances the CO oxidation on Pt/CeO2, attributing to that H2O reacted more than O2 in
a competition between O2 and H2O for the reaction with CO, but how H2O enhances CO
oxidation was not clarified [28]. Luengnaruemitchai et al. found activity of Au/CeO2 catalyst is
suppressed in a humid condition, but H2O is slightly favorable at higher temperature [29]. The
authors explained H2O provides hydroxyl group which is necessary for PROX. Deng et al., on the
other hand, attributed the enhancement by H2O on Au/CeO2 to decomposition of cerium
hydroxycarbonate by H2O from the observation of suppressed deactivation [30]. Chin et al.

7
reported addition of 10% H2O on Ru/SiO2 was found to have essentially no effect, but H2O
addition on Ru/Al2O3 had slight negative effect below 180oC and positive effect over 200oC [31].
The authors attributed this to the onset of WGS reaction. Cu-CeO2 catalyst has been found to
exhibit highly selective CO oxidation comparable to classical noble metal catalysts [32], but both
CO2 and H2O have negative effect on this catalyst. Avgoulopoulos et al. attributed those to
competitive adsorption of CO/CO2 and site blocking by H2O respectively [33].
Mhadeshwar and Vlachos performed microkinetic modeling for water-promoted CO
oxidation on Pt surface. The CO-H2 coupling via CO + OH reaction was shown to play a
significant role in the promotional effect of H2O on CO oxidation, PROX, and WGS. From their
kinetic simulation, H2O was suggested to facilitate formation of hydroxyl group in which
hydrogen acts as a catalyst for CO oxidation under their conditions. Different promotional
mechanism in the presence of H2 and H2O was pointed out by Costello et al. through observation
of deuterium isotope effect on Au/Al2O3 [34]. They identified isotope effect in PROX selectivity
in the presence of H2, but no isotope effect in the presence of H2O. From that, they hypothesized
CO oxidation proceeds on Au+ – OH- site to form hydroxycarbonyl intermediate. However,
Manzoli et al. argued that the presence of H2 lowers basicity of active oxygen species to prevent
formation of such carbonate-like species on the same metal-oxide interface sites [35].
As seen in literature, the effect of H2O depends on catalyst material and reaction
condition. PROX activity on noble metals is certainly promoted by H2O, but promotional
mechanism has not been clarified yet. The influence of CO2 on activity tends to be negative in
contrast to influence of H2O varying from positive to negative. On Pt/Al2O3, there is no influence,
but on Au/Fe2O3 or Cu/CeO2, the presence of CO2 has negative effect. According to Schubert et
al., CO2 can lead to the build-up of surface carbonate species on Au catalysts [26]. The long-term
stability was proven to depend on the ability to form such species.
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1-3. Oxygen-enhanced water gas shift
In seeking a methodology to increase the WGS kinetics in low temperature, addition of
small amount of oxygen has been proposed as an effective way. A synergistic effect of combining
these two oxidizing agents (H2O and O2) has been one of the focuses of this reaction. The OWGS
is complex since the following reactions are involved:

CO + H2O = CO2 + H2

WGS

(Reaction 1)

CO oxidation

(Reaction 2)

H2 oxidation

(Reaction 3)

CO hydrogenation

(Reaction 4)

ΔH = –41.2 kJ/mol
CO + 0.5 O2 = CO2
ΔH = –283 kJ/mol
H2 + 0.5 O2 = H2O
ΔH = –242 kJ/mol
CO + 3 H2 = CH4 + H2O
ΔH = –206 kJ/mol

The specific issue here is that H2 is partly wasted by H2 combustion and hydrogenation of CO to
form CH4. The development of new catalyst for OWGS involves consideration on surface
chemistry to maximize CO shift to H2, CO oxidation selectivity to mitigate the waste of H2, and
low-pyrophoric formulation to prevent deactivation in the oxidative condition.
Sekizawa et al. reported that addition of less than 1 mol% oxygen to the feed gas
effectively enhances removal of trace CO from methanol reformate on Cu/Al2O3-ZnO at 150oC of
low temperature (See Figure 1-3) [36]. Later, they found that small amount of O2 enhances CO
conversion without consuming much H2 in the feed gas or even it produces more H2 depending
on reaction condition [37, 38]. It was proposed that addition of O2 promotes the WGS by
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facilitating chemisorption of H2O to form hydroxyl group, which is believed to be the key species
both in associative and regenerative mechanisms over Cu catalysts [39, 40], as well as the heat
from CO or H2 oxidation thermally activates the reaction sites [37, 38]. However, Cu/Al2O3-ZnO
deactivated at low temperature in the presence of O2. Doping Au, Pd, Pt, Rh, and Ru to the Cubased catalyst was found to have no or negative impact on the activity in contrast to CeO2supported copper [36]. Bickford et al., on the other hand, has investigated OWGS on lowpyrophoric ceria-supported Pd-Cu catalyst and recently reported that the addition of small amount
of O2 into WGS largely enhanced CO removal from the H2 stream at relatively low temperature
[41]. It was experimentally proven that CO conversion is higher for OWGS than WGS or
preferential oxidation of CO (PROX) on this catalyst system (See Figure 1-4). However, the
effect of O2 addition on H2 yield was left unclear on this CeO2-supported bimetallic catalyst and
so was the mechanism of the enhanced WGS upon O2 addition.

1-4. Catalyst materials

1-4-1. Cu-based catalyst
The low temperature WGS has been investigated for years. A lot of metals have been
proposed as active species in WGS: Cu [42], Pt [43], Pd [44], Au [45], Ni [46], Rh [47], Ru [48].
Among the metals, most of comparative studies have shown that Cu is the most active for WGS
[38, 49]. Although Cu has some problems to solve, such as pyrophoricity, sintering at lower
temperature, and the low activity in low CO concentration region in the downstream of fuel
processor, the studies show Cu still has the advantage of its much higher activity. Studies on nonsupported metal show Cu has higher turnover frequency for WGS by an order of magnitude [50].
This high activity on Cu was attributed to the balanced coverage of surface by CO and hydroxyl
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from H2O. Pure Ag and Au surfaces were almost completely inactive due to high activation
energy in bond cleavage of a water molecule. Schumacher et al. simulated the order of catalytic
activities for transition metals based on their assumption that elementary steps consists of redox
of reactants and they obtained results qualitatively consistent with experimental data wherein the
activity can simply be correlated with two descriptors, adsorption energies of CO and atomic
oxygen [51]. From the simulation, they suggested a possible direction for improving the catalyst
for WGS is to increase the strengths with which CO and oxygen are bonded to the metal surface.
Alloying was also suggested for the improvement of Cu catalyst by the same author. Hammer and
Norskov have suggested growing the Cu as a pseudomorphic layer on top of another metal with a
larger lattice constant [52, 53].
The Cu-Zn-Al catalysts are central to the production of a number of important chemicals
such as ammonia (in which the water-gas shift reaction is used to remove carbon monoxide
upstream of the ammonia synthesis reactor) and methanol (in which a copper catalyst facilitates
the synthesis reaction). In this reason, the Cu-Zn-Al catalyst system has been subjected to
considerable studies. A number of investigations have probed the linear relationship between the
catalytic activity and the metallic copper surface area of these types of catalysts [54-56]. The
evaluation method of copper surface area using nitrous oxide has been developed together for this
purpose.
The relationship between Cu dispersion of catalysts and the precursor structure was
reported by Gines et al. [57]. They prepared Cu-Zn and Cu-Zn-Al catalysts with various Cu/Zn
and (Cu + Zn)/A1 atomic ratios using coprecipitation method and found that the precursor
containing hydrotalcite structure with high percentage leads to high Cu dispersion in the Cu-ZnAl catalyst. The precursor is basically consists of ternary hydroxycarbonates, such as hydrotalcite,
aurichalcite and/or rosasite phases, whose structure strongly depends on the cation ratios. After
calcinations, the catalyst contained CuO, ZnO, ZnAl2O4. The higher the amount and crystallinity
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of hydrotalcite in the precursor, the lower the CuO and ZnO crystallite sizes in the resulting
mixed oxide. The catalytic WGS activity was found dependent solely on Cu surface area which
was further correlated with the precursor structure. The comparison of Cu-Zn-Al with Cu-Zn has
shown alumina is inactive for WGS, but it is required for improving the Cu dispersion.
The mechanism of formation of the precursors were studied by Fujita et al. [58].
Amorphous copper hydroxycarbonate and sodium zinc carbonate were found to be intermediates
for the formation of various precursors such as hydrozincite, malachite, and aurichalcite. The
catalyst obtained from aurichalcite was most active for the case of Cu-Zn binary system.
Although the correlation between WGS activity and Cu surface area has been proven,
chemical effect of support has also been reported. Naumann et al. reported that ZnO covers Cu
surface presumably as Zn + O co-adsorbate under reducing condition to decrease the heat of CO
adsorption on Cu through strong metal-support interaction (SMSI) [59]. Their measurement of
differential heat of adsorption of CO in low CO coverage region using a volumetric dosing
calorimetry has revealed only the presence of Cu0 species even in the presence of ZnO. Although
the heat of CO adsorption depends on surface coverage, the initial heat of adsorption was able to
be correlated with methanol synthesis activity, i.e. Cu-Zn-Al had the lowest initial heat of
adsorption and highest activity for methanol synthesis.
Saito et al. also reported that the presence of ZnO in the catalyst has some promoting
effect in addition to the structural effect that increase copper surface area while alumina has only
structural effect in Cu-Zn-Al [60]. They compared influence of ZnO in WGS, reverse WGS,
methanol synthesis, and methanol reforming. Interestingly, ZnO significantly improved only
activities of methanol synthesis and reverse WGS, while it had little influence in WGS and
methanol reforming. Their results indicated that ZnO works as a promoter for reactions carried
out under low H2O concentration such as methanol synthesis condition, whereas ZnO does not
work as a promoter for reactions under oxidizing conditions in the presence of a large quantity of
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water. The authors suggested that water adsorbed on ZnO inhibits the promoting actions of ZnO.
The involvement of support surface in the methanol synthesis reaction was also implicated by the
improved methanol synthesis by addition of Ga2O3 or Cr2O3 to Cu-Zn-Al system. In WGS, de
Souza et al. have found ion-exchanged Cu-ZSM-5 catalysts have higher turnover frequency
(based on Cu surface site) than Cu-Zn-Al catalysts [61]. Both isolated copper ions and small
copper oxide clusters were found to be active sites in the zeolite-supported catalysts. The addition
of zinc to Cu-ZSM-5 catalysts also improved the distribution of the copper species in the zeolite
resulting in enhancing the WGS activity, suggesting ZnO has both chemical and structural effects
on Cu in WGS.
Another study by Hadden et al. has shown that only a part of Cu surface on Cu-Zn-Al is
active in WGS in contrast to methanol synthesis where entire Cu surface contributes [62]. The
WGS activity was closely correlated with the copper surface area only when catalyst preparation
parameters are precisely controlled. The two groups of catalysts prepared in different routes and
conditions showed two corresponding activities (the rate per copper surface site or turnover rate).
These parametric factors in Cu-Zn-Al preparation were found to cause structure sensitivity in
WGS. This in turn suggests tailoring the catalyst could lead to high activity for the shift reaction
as well as low selectivity for methanol formation.
The copper surface of Cu-Zn-Al oxide was found to be partially oxidized in methanol
synthesis and WGS conditions by Chinchen et al. [39]. The authors identified importance of
adsorbed oxygen species (Oad) rather than hydroxyl (OHad) as promoter and reaction intermediate
in both the methanol synthesis and WGS. All the dissociative adsorptions of CO2, H2O, and H2
are promoted by Oad, but the promotion of dissociative chemisorption of H2 is not necessary for
the reactions, suggesting that H2 adsorption is fast enough and that hydrogenation or
hydrogenolysis of the intermediate is rate-limiting in methanol synthesis. Most of the methanol is
made from formate intermediate which comes from CO2. Thus, the methanol from CO-H2
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mixture take a different route from CO2-H2 mixture and the effect of support is enormous in COH2 mixture. While formate is the pivotal intermediate for methanol synthesis, it is not the
intermediate for WGS. The authors proposed the WGS proceeds with two-step regenerative
mechanism on Cu-Zn-Al catalysts where CO reacts with Oad to produce CO2 and H2O dissociates
to H2 and Oad.

1-4-2. Cu-CeO2
The effect of CeO2 addition to Cu-Zn-Al catalysts was investigated by Ronning et al. [63].
The CeO2 was found to increase the crystallinity of the ZnO phase indicating a segregation of the
Cu and ZnO phases, but the turnover frequency of WGS based on Cu surface area was found to
be independent of CeO2 addition. Thus, the addition of CeO2 has rather negative effect on the
catalytic activity. On the other hand, the activity of Cu/CeO2 in methanol steam reforming was
compared with Cu/ZnO and Cu/Al2O3 by Liu et al. [64] and Cu/CeO2 was shown to be most
active on the same 3.8 wt% of Cu loading basis. The difference in activity was much larger than
that expected from difference in Cu surface area, which suggested the effect of support is
significant in this reaction. In fact, structural difference in copper species was observed with
CeO2, i.e. the surface of Cu/Al2O3 is saturated with a copper surface phase whereas fine CuO
crystallites are formed on Cu/CeO2/Al2O3 due to some interaction between the Ce–Al and the
copper phase [65]. These suggest the reaction pathway is completely different between Cu-Zn-Al
system and Cu/CeO2 system.
Structure of Cu-CeO2 system was intensively studied by Flytzani-Stephanopoulos’s
group. Copper was found to be immiscible to CeO2 lattice and enrichment of copper on the
surface was identified by XPS as clusters of cuprous oxidation state, which contributed to the
enhanced CO oxidation activity [66]. Higher Cu loading (more than 15 at%) led to formation of
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large Cu particle, which did not contribute to activity, instead of incorporation into ceria lattice.
The authors concluded the enhanced catalyst activity and stability resulted from strong interaction
of copper and ceria on the surface. Wang et al. reported recently that both metallic copper and
oxygen vacancies in ceria were involved in the generation of active sites for the WGS through
observations in in-situ XRD and XANES [67].
The presence of Cu1+ has been known by many studies [68, 69], but multiple copper
species have also been identified in Cu/CeO2 catalysts. While a small amount of copper might be
incorporated in the ceria lattice (forming a solid solution), EPR study has shown that most of it
was at the surface of the support as isolated monomeric (types I and II) and dimeric (type IV)
copper oxo species, two-dimensional nano-sized copper clusters containing magnetically
interacting copper ions (type III) and a CuO-like bulk phase. While the clusters and CuO-like
phases exhibited irreversible reduction behavior, the isolated copper oxo species underwent
reversible reduction–oxidation, which the authors conceived responsible for good activity and
selectivity for PROX.
Incorporation of Cu into the ceria lattice or formation of solid solution has also been
reported, but without much certainty. The co-precipitated CuO-CeO2 catalyst had no CuO peak in
XRD when the sample was calcinated at lower than 650oC while it showed CuO peaks when
calcinated at over 700oC [33, 70, 71]. The CuO-CeO2 calcinated at over 700oC had Cu2O on
surface (observed in XPS) and CuO in bulk (observed in XRD). The Cu1+ might exist as the
substitute at the interface because of the similarity of Ce4+ and Cu1+ ionic radii [33]. Further
increase of calcinations temperature to 900oC led to the emergence of CuO phase on surface.
Those results suggest that CuO particles are either amorphous, too small to be detected by XRD,
or partly integrated in the ceria lattice. Since the incorporation of Cu into ceria lattice has two
opposing effect on the lattice parameters, i.e. shrinkage by incorporation of smaller cation and
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expansion by increased Ce3+ cation caused by the Cu presence, the change in the lattice
parameters are very small so that no credible proof has not been obtained.
Table 1-1 shows reaction orders and activation energies of various catalysts from
literature. It seems that Cu/CeO2 and Cu-based catalysts have first-order kinetics in respect to CO
while noble metal catalysts have zeroth-order kinetics. The reaction rate proportional to copper
surface area on Cu-Zn-Al oxide catalyst has also been reported by Hadden et al. [62], which is
indicative of monofunctional route on this catalyst. Meanwhile, both copper surface and oxygen
vacancy in CeO2 is involved in WGS for Cu/CeO2 [67]. Although not shown in the table, preexponential factors calculated from reaction rate and activation energy clearly shows that Cu-ZnAl oxide has much larger number of active sites for WGS than Cu-CeO2 catalyst, suggesting
chemical effect of CeO2 is larger than structural influence in Cu-CeO2 catalyst.

1-4-3. Noble metal supported on CeO2
Ceria-supported metal has been identified as promising catalyst for the WGS for fuel cell
application due to its non-pyrophoric nature [1, 8, 11, 72] as well as its high activity compared to
the counterparts with other oxide supports [66, 73, 74]. These pyrophoric nature and superior
activity are believed to be originated from the unique redox property of metal-loaded ceria, i.e.
ease of reduction at low temperature and high redox capacity [74]. Ceria-mediated redox
mechanism has been proposed for CO oxidation and WGS by Gorte’s group at University of
Pennsylvania. On Rh single crystal or silica- or alumina-supported Rh, Zafiris and Gorte found
CO oxidation is structure insensitive and it shows inverse first-order kinetics in CO and further
the activation energy is equal to the heat of adsorption of CO [75]. The inverse first-order is due
to co-reactant inhibition or competitive adsorption of CO and O2 on the metal surface. However,
in the case of Rh/CeO2, they observed two regimes of reaction kinetics, one with inverse first-
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order in CO at low CO pressures and another with zeroth-order in CO at high CO pressure [76].
They speculated that oxygen starts to react indirectly in the second regime, i.e. the metal surface
is completely covered by CO and O2 cannot directly access the metal surface while oxygen is
supplied from ceria (See Figure 1-5). The reported reaction order in O2 was 0.9 for the first
regime and 0.4 for the second regime, which further evidences that the former simply involve the
reaction on Rh surface and the latter involves ceria. The latter process was dominant with larger
metal particle size, higher CO pressure, or lower temperature, indicating that the reaction in the
second regime is taking place at the sites in the periphery of Rh particles and dominated by higher
surface coverage by CO [77].
In WGS, only the zeroth-order kinetics in CO is observed in entire range of CO pressures.
The reaction order in H2O was unity. Gorte et al. also found that the specific rates were
essentially identical for ceria-supported Pt, Pd, Rh catalysts, which suggested that CO strongly
adsorbs on noble metal surface and the rate-limiting step involves oxidation of ceria by H2O or O2
[73, 77-79]. The activation energy of 46 kJ/mol for WGS against 58.5 kJ/mol for CO oxidation
further indicated the oxidation step takes place more easily with H2O than O2. From these kinetic
observations, the authors proposed bifunctional mechanism, i.e. the transfer of the oxygen from
ceria surface to the metal-ceria interface where CO is oxidized to CO2 and the ceria surface is
reoxidized by H2O or O2, which is considered to be the rate-determining step [73, 80-82]. The
rate-limiting step was confirmed by more than 100 kJ/mol of activation energy upon hightemperature excursion of ceria support, which led to lower oxygen storage property and much
lower catalytic activity.
Their kinetic observations certainly provided significant insight on the reaction pathway
of CO oxidation and WGS on metal supported on ceria. However, Gorte et al. used a low surface
area CeO2 film (12 m2/g) as the support for their experiments and the metal loading per ceria
surface area was very high (5 x 1015 atoms/cm2). This number corresponds to about 5 monolayers
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(ML) of metal on CeO2 surface, which is much higher than catalysts often employed for
development for practical applications. A catalyst in the present study has about 150 m2/g of
surface area with 1 wt% Pd loading and this corresponds to 4 x 1013 atoms/cm2 or 0.04 ML of
metal on ceria, which is over 100 times smaller than the study by Gorte’s group. The identical
reaction rate on Pt, Pd, Rh catalysts in their kinetic results would be due to the high metal loading
per ceria surface so that almost all of the ceria surface could function as metal-ceria interface. As
proposed by Goguet et al., only a part of ceria surface, the periphery of metal particle with a
couple of times larger diameter than the metal particle, would be in highly reduced state and
active in the case of low metal loading [83]. Variation in metal species strongly influenced
reaction kinetics in the present study. In addition, the experimental condition of Gorte’s group did
not include products such as CO2 and H2. These products would also influence the reaction
kinetics. Thus, the frequent discrepancies in literature could be explained by the complexity in
WGS which depends both on structure and properties of catalyst and reaction condition.
While ceria-mediated redox mechanism was proposed based on kinetic observations,
another mechanism that involves formate as an intermediate species has also been proposed based
on spectroscopic observations. Both proposed mechanisms have been challenged for many years,
yet they are still controversial. The mechanism via intermediate or associative mechanism was
originated in early work by Shido and Iwasawa on Rh supported on ceria [84]. They performed
infrared spectroscopy and temperature-programmed desorption (TPD) studies and observed
formates, carbonates, and carbonyl species during the WGS. Among the intermediates, bidentate
formate showed forward decomposition rates that are proportional to WGS rates in various
temperature conditions. The formate decomposition was thus determined as the rate-limiting step.
They proposed that terminal OH groups on Ce ions react with CO to form bidentate formates. In
the presence of water, these formates decompose into H2 and unidentate carbonates and the
unidentate carbonates further decompose to CO2 to recover terminal OH groups on ceria (See
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Figure 1-6). This associative mechanism was supported by Jacobs et al. who basically argued that
the active sites are geminal OH groups generated by the reduction of ceria which is facilitated by
the presence of metal [85-88]. The principal role of metal was proposed to facilitate reduction of
ceria, but the authors also noted that metal species somehow promote the decomposition of
formates from the observation of time-resolved formate band in FT-IR dependent on metal
species and metal loadings [89]. The authors also observed a first order rate dependency for CO
in contrast to kinetic observations and low coverage of surface formate on highly loaded Pt/CeO2
compared to low-loaded Pt/CeO2 or Au/CeO2 catalysts, which was attributed to the fast
decomposition of formate at high H2O/CO ratio.
Haruta et al. proposed another associative mechanism for supported gold catalysts. They
tested CO oxidation on Au supported on TiO2, Fe2O3, and Co2O3 and found the turnover
frequency sharply increases with decrease of gold particle size below 4 nm [21]. The reaction
order in CO was zero which is similar kinetic behavior to CO oxidation on other metal-ceria
catalysts. They proposed that CO adsorbed on gold migrates to the perimeter on the support oxide
and it reacts with adsorbed oxygen to form bidentate carbonates. As expected from the turnover
frequency independent of support material, the rate-limiting step was proposed to be
decomposition of these carbonates. In WGS on Au/CeO2, they similarly deduced the intermediate
route (formate) at the perimeter interfaces of small gold particles on a reduced cerium oxide
surface [45].
Flytzani-Stephanopoulos’s group recently brought new insight on the active site of metalceria system by observing identical reaction rate for ceria-supported Pt or Au catalysts and the
metal-leached catalysts [30, 90]. The activation energy was the same as that of the parent catalyst
as well as the rate of WGS. They removed the metal phase from the parent catalysts applying
aqueous NaCN solution (leaching). The resulting sample had no metallic phase, but the existence
of atomically dispersed metal oxide which has ionic Au+, 2+ or Pt2+, 4+ state were detected by X-ray
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photoelectron spectroscopy (XPS). From these results, the authors claimed the metallic particles
are only spectators, ionic Au or Pt closely associated with ceria surface is responsible for the
activity [90]. They also correlated the fraction of the ionic Au on the surface and amount of
surface oxygen defect sites on ceria which can be calculated from the lattice expansion of ceria.
Thus, Au supported on nanocrystalline ceria has large number of anchoring sites of Au and
therefore extraordinary higher WGS activity by two orders of magnitude compared to Au
supported on macrocrystalline ceria [91]. In fact, a linear Arrhenius fit was obtained on the
turnover rates based on the number of Metal-O-Ce interfaces for various metal loadings to
support their conclusion [92]. Since incorporation of metal into the ceria lattice was shown not
necessarily to enhance WGS for Cu/CeO2 catalyst [93], only the Metal-O-Ce interfaces on the
surface would be active.
Burch’s group has developed steady-state isotopic transient kinetic analysis (SSITKA), a
method to analyze kinetics using in-situ diffuse reflectance FT-IR spectroscopy and mass
spectroscopy (MS) simultaneously. With this combined technique, the rates of isotopic exchange
of reactants, intermediates, and products are separately monitored in steady-state condition. The
WGS reaction on Pt/CeO2 was intensively investigated and reaction mechanism was found to
change very sensitively to reaction condition [94]. At 160oC, the isotope exchange rate for
formate was much smaller than that for CO2, suggesting formate was not involved in WGS, but at
220oC, the two exchange rates were very close to each other, suggesting possible involvement of
formate as an intermediate. The higher exchange rate for CO2 than formates at 160oC was
ascribed to redox or Mars van Krevelen-like mechanism, which deactivates above 200oC because
of excess reduction of ceria causing carbonate formation. They considered that the main origin of
different reactivity of surface species in different condition is average oxidation state of ceria [95].
Gorte et al. also mentioned carbonates can decompose in an oxidized condition while ceria
surface is covered by carbonate in a reducing condition [96]. Deng et al. successfully promoted
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oxidation of ceria by adding low concentrations of O2 to the feed [91]. Later, Meunier et al.
conducted similar transient kinetic tests in the WGS feed gas containing H2 and found that
decomposition of formate was slower than formation of CO2, leading to exclusion of formates
from reaction intermediates [97]. They stressed the life time of intermediates are so sensitive to
the gas condition that the steady-state method is necessary for deducing right mechanism.
Similarly, the formates were excluded from intermediates for reverse WGS as the isotopic
exchange of formates was much slower than those of carbonates, carbonyls, and CO in CO2-H2
condition [98]. The slower CO response upon CO2 pulse compared to sharp CO response upon H2
in alternative CO2 and H2 pulses, has shown that the reaction is associative, but the formation of
CO2-containing intermediates is rate-limiting [99].

1-4-4. Bimetallic catalysts supported on CeO2
Apart from reaction pathway and active sites, combination of two metals has also been
reported to improve catalytic activity and pyrophoric nature. For example, ceria-supported
palladium has been shown to be promoted by adding iron as an additive [74]. It was conceived
that the iron was partly in reduced state in the presence of Pd to enhance oxygen transport from
ceria to CO adsorbed on metal sites. Ceria-supported platinum has also been reported to be
modified by rhenium to enhance WGS activity and stability [100, 101]. Bickford et al. has
reported that CeO2-supported Pd-Cu bimetallic catalysts exhibit better performance than
monometallic Cu or Pd catalysts [41]. The extensive characterization of Pd-Cu bimetallic
catalysts has revealed that Pd and Cu are forming alloy with highly dispersed Pd in Cu together
with highly reduced catalyst surface on bimetallic catalysts compared to the monometallic
catalysts [102]. The superior catalytic performance of Pd-Cu bimetallic catalysts was ascribed to
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these properties, but the roles of metals have yet to be identified in relation to those activity and
characterization results.

1-5. Methane formation
Methane formation becomes an issue in some catalyst formulations in a realistic feed
which contains excess H2 and CO2 [103]. Methane formation is a side reaction that hydrogenates
CO or CO2 in excess H2 [5]. This is undesirable since the reaction consumes a lot of H2. Rhodium
and Ruthenium catalysts supported on ceria are reported to produce methane during WGS in the
presence of H2 [103]. Nickel- or Cobalt-containing catalysts also produce methane [104]. To
prevent methane formation, selecting proper support material and/or addition of a third
component to the catalyst has been proposed. For example, Rh is active in hydrogenation, but the
catalyst of Cr-Fe mixed oxide with Rh shows improved activity without methane formation [47,
105]. Rh is the primary active site rather than Fe-Cr oxide in this catalyst. Ruthenium also shows
similar behavior to Rh [106-108]. Ru is reported not to produce methane when it is supported on
iron [109, 110]. Basinska et al. compared Ru catalysts on La2O3, Fe2O3, MgO, activated carbon,
and showed that iron-supported Ru had high activity without methane formation [106]. From the
observation that small amount of impurity in iron had effect on catalytic performance, the authors
suggested that methane formation on La2O3-supported Ru was caused by chlorine contamination.
However, Utaka et al. observed methane formation on chlorine-free Ru catalysts [109], which
indicates that hydrogenation activity is suppressed in the presence of iron. They observed
methane formation on all the catalysts (Ru supported on CeO2, La2O3, MgO, Nb2O5, Ta2O5, TiO2,
V2O5, and ZrO2) at elevated temperature, suggesting hydrogenation activity is inherent to metal
species and is able to be controlled by selecting support material or adding a third component. In
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fact, methane formation on Pt/CeO2 catalyst during WGS reaction was suppressed by addition of
second metal such as Sn or Ga according to Farrauto et al. [43].
The mechanism of hydrogenation on metal-ceria was extensively studied by Vennice’s
group at Pennsylvania State University. The CO hydrogenation was found to take place on metal
surface where adsorptions of CO and H2 compete [111]. Methane formation rate was able to be
correlated to heat of adsorption of CO and pronounced compensation effect was observed. Their
model, that involves CHOH intermediate, not only explained the observed relationships, but also
accounted for the experimental rate determined for each metal catalyst. However, the effect of
support was enormous and the role of support was not clarified very well. On TiO2-supported Pd
or Pt catalyst, the methanation rate was 100 times larger than SiO2-supported counterpart [112,
113]. From the kinetics not dependent on CO concentration but dependent on H2 concentration,
the authors attributed the enhanced CO dissociation to strong metal-support interaction (SMSI) or
electronic or geometric structure change of metal-TiO2 periphery by partial reduction of TiO2
surface. The metal-ceria catalysts would also have similar type of interaction since ceria also has
redox property. The mechanism of enhanced hydrogenation on redox support could be related to
enhanced WGS on redox support.

1-6. Deactivation in normal operation and shutdown-startup cycles
Although deactivation of ceria-supported noble metal catalysts has been reported, its
mechanism is not yet clear and there is inconsistency among the proposed mechanisms. Zalc et al.
argued deactivation of ceria-supported noble metal catalysts is caused by irreversible overreduction of ceria from the contrastive stability in the presence and absence of H2 [114]. The
stable activity in the absence of H2 is reported in several other papers [73, 115]. Wang et al.
investigated deactivation mechanism for Pd/CeO2 during WGS reaction at 400oC and observed a
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linear relation between WGS reaction rates and Pd surface area measured by CO chemisorption
which decreased with time on stream in WGS. Based on this, it was concluded that irreversible
deactivation is caused by the growth of Pd particles in CO-containing atmosphere [81]. However,
their temperature condition was much higher than the other work, so the growth of metal particle
could be specific to Pd and high temperature. Kim et al. investigated deactivation of Au/CeO2 and
attributed it to carbonate formation in the CO/H2 atmosphere from FT-IR results [116, 117]. They
observed almost full recovery of activity by calcination in air. However, Fu et al. observed no
deactivation in a reformate gas at 300oC and about 20% of activity drop in a model gas at 250oC
in initial 10 hours on Au/CeO2 [92]. They brought up growth of Au particle or ceria crystallite,
change of oxidation state of Au, and deposition of carbon-containing material as possible causes
of deactivation. After exposure to CO2, activity could not be fully recovered by calcination in air
at 350oC [92]. Goguet et al. reported deactivation of Pt/CeO2 catalyst caused by carbonaceous
deposits during exposure to CO and exposure to reverse WGS feed (CO2 and H2) [83]. Using
temperature programmed oxidation (TPO) and FT-IR techniques, they identified formation of
carbonate, formate, and carbonaceous deposits, but only the carbonaceous deposit accumulated
with time on stream.
From discrepancies in the cause of deactivation between those reports, it is expected that
WGS stability of ceria-supported noble metal catalyst is very sensitive to catalyst composition,
pretreatment condition, and reaction condition. The three possible causes of deactivation were
recognized, i.e. overreduction of ceria support, growth of metal particles, and carbonate or
carbonaceous deposits, but over-reduction of ceria is not probable because reduction of bulk ceria
takes place at much higher temperature [118] and the literature lacks a direct evidence of overreduction. Growth of metal particle might be the cause of deactivation, but one has to be aware of
that CO uptake in CO chemisorption is not solely correlated to metal particle size. It is also
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affected by blockage of metal surface by other substances. If CO chemisorption, TPO, and FT-IR
are combined, the cause of deactivation is expected to be clarified.
Shutdown-startup cycles also cause deactivation of metal-ceria catalysts. Cooling down
of Au-ceria catalyst bed to room temperature causes serious deactivation by cerium bicarbonate
formation especially in the cases without turning off water vapor [92]. The activity was not able
to be recovered by oxidation at 350oC [92]. Pt/CeO2 catalyst also deactivates on shutdown-startup
procedure [119]. A linear correlation between catalytic activity and carbonate contents measured
by IR intensity were reported [119]. Activity could not fully recovered by heating at 450oC in air
[119]. Since deactivation during steady-state operation can be fully recovered by heating at 400oC
in humid nitrogen [79], the deactivation during shutdown-startup cycles may follow different
mechanism. One proposed solution to avoid the deactivation is to add small amount of oxygen in
the feed [91]. It keeps oxygen potential higher through the entire catalyst bed preventing
formation of carbonates. In this sense, O2 addition to WGS feed seems to have multiple benefits.
While noble metal tends to form carbonates upon shutdown-startup, base metal such as Cu seems
to form dense shell of hydrogen-bonded hydroxides to deactivate [120]. O2 addition to the feed
would accelerate deactivation in this case.

1-7. Preliminary results
To demonstrate the potentiality of OWGS, equilibrium composition in WGS was
calculated using a software HSC Chemistry ver. 3.02 (Outokumpu). Figure 1-7 shows calculated
equilibrium CO concentration at various temperatures. In OWGS below 350oC, CO concentration
is less than 1%, which is low enough for the feed for high temperature PEMFC.
Screening of the catalysts was conducted using a fixed-bed reactor at 210oC and 350oC
and the results are shown in Table 1-2. The Pt/CeO2 catalyst showed high WGS activity at 350oC,
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almost reaching the equilibrium conversion, 75%. The Cu-Zn-Al catalyst exhibited similar CO
conversion to Pt/CeO2, which confirms the CO concentration is almost at equilibrium. Since the
reaction reached equilibrium in these conditions, oxygen addition to the feed gas did not show
remarkable effect. Although it is not shown in the table, CO conversion did not reach equilibrium
and the reaction was kinetically controlled when CO concentration in the feed gas was higher
(>10%). This indicates the effect of oxygen addition emerges in higher CO concentration. As
reported in literature, Rh/CeO2 and Ru/CeO2 exhibited high methane formation. Since methane
selectivity is identical on Rh and Ru, it is inferred that the rate of methanation is much faster than
WGS. Interestingly, addition of small amount of iron to these catalysts completely suppressed
methane formation. Taking into account that carbon accumulates on Rh/Fe2O3-Cr2O3 as reported
in literature [110], intermediate species seems to lose the way to be released as methane and
retained on the catalyst surface. The above results, although it is still preliminary, demonstrate
that OWGS is promising and deserve further study.
In this context, the objectives of the present study are as follows:

 To clarify how O2 addition enhances WGS and to identify effective catalyst for OWGS.
 To identify how O2 influences on catalyst surface to promote CO shift to H2 or CO
oxidation.
 To delineate the roles of metals and support for OWGS.

The corresponding hypotheses are:

 O2 addition removes surface chemisorbed CO to free up the sites for coreactant (H2O) to
participate in the reaction.
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 O2 addition changes the balance of surface chemisorbed reactants to enhance WGS to
produce H2.
 Pd and Cu make uniform alloy to create new sites which actively dissociate H2O to react
with CO. CeO2 provides H2O chemisorption sites to expand active metal surface.
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Table 1-1: Summary of reaction rate of WGS catalysts from literature.
Catalyst
Cu-Zn-Al
Cu-CeO2
Cu-CeO2
Pt/Ce-Zr
Pd-CeO2

Temp
o
C
200
240
450
225
240

Rate
μmol/s/g
7.6
0.1
0.9
5.1
<0.8

CO
0.8
0.9
0.8
0.07
0

Reaction order
H2O
CO2
0.8
-0.9
0.4
-0.6
0.2
-0.3
0.67 -0.16
0.5
-1

H2
-0.9
-0.6
-0.3
-0.57
-0.5

Feed gas
CO/H2O/CO2/H2
7 / 8.5 / 22 / 37
7 / 8.5 / 22 / 37
10 / 30 / 10 / 15
4.9/33/10.5/30.3
24 / 32 / 10 / 10

Ea
kJ/mol
79
56
70
71
46

Ref.
[121]
[121]
[122]
[101]
[79]

Table 1-2: CO conversion and CH4 selectivity on metal-ceria catalysts in preliminary WGS and
OWGS tests.
210oC

Cu-Zn-Al
Pt(1)/CeO2
Ru(1)/CeO2
Rh(1)/CeO2
Fe(5)Rh(1)/CeO2
Fe(5)/CeO2

WGS
Conv. CH4sel.
(%)
(%)
84.0
0
32.2
0
3.1
0
3.8
0
3.5
0
1.7
0

OWGS
Conv. CH4sel.
(%)
(%)
92.7
0
79.8
0
38.7
0.6
23.7
0
10.7
0
N/A
N/A

350oC
WGS
Conv. CH4sel.
(%)
(%)
74.7
0
75.1
0.4
97.9
72.2
100
71.9
69.6
0
5.3
0

OWGS
Conv. CH4sel.
(%)
(%)
73.1
0
77.6
0.3
97.8
65.3
100
62.8
68.0
0
16.9
0

Feed gas composition: 3.56% CO / 35.1% H2O / 8.61% CO2 / 52.7% H2 / Ar balance (WGS) and
3.49% CO / 34.4% H2O / 8.44% CO2 / 51.6% H2 / 1.98% O2 / Ar balance (OWGS), Gas hourly
space velocity (GHSV) : 11110 h-1 (dry)
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Figure 1-1: Measured cell voltage on polymer electrolyte membrane fuel cell with H2/air fuel
cell at 80oC and high stoichiometric flow of H2 with various concentration of CO.
(Springer et al., 2001 [6])
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Figure 1-2: Calculated thermodynamic limitation of CO conversion for OWGS, WGS, and
PROX.
Feed condition: 9.8% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2, O2/CO = 0.14; HSC Chemistry
Ver. 3.01 Outokumpu.

30

Figure 1-3: CO and H2 conversion over 30wt% Cu/Al2O3-ZnO catalyst at 150 and 200oC.
Reaction condition: 1.25% CO / 25% H2O / 12.5% CO2 / 37.5% H2 / 0~6.25% O2 / N2 balance.
(Utaka et al., 2000 [37])
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Figure 1-4: Catalytic performance of 30wt% Cu - 1wt% Pd supported on CeO2 in the CO PROX,
WGS, and OWGS reactions in the presence of H2 at 210oC.
Feed compositions: 4% CO / 10% CO2, CO/O2 = 1/0.5 and CO/H2O = 1/10, and balance H2.
(Bickford et al., 2005 [41])

32

Figure 1-5: Redox mechanism of WGS on CeO2-supported metal catalyst.

Figure 1-6: Associative formate mechanism of WGS on CeO2-supported metal catalyst.
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Figure 1-7: Calculated CO conversion at equilibrium.
Feed: 6.4% CO, 31.0% H2O, 15.3% CO2, 47.0% H2 (WGS, blue solid line)
6.1% CO, 30.2% H2O, 14.8% CO2, 45.3% H2, 3.5%O2 (OWGS, red solid line)
3.6% CO, 35.1% H2O, 8.61% CO2, 52.7% H2 (WGS, blue dotted line)
3.5% CO, 34.4% H2O, 8.44% CO2, 51.6% H2, 2.0%O2 (OWGS, red dotted line)
Software: HSC Chemistry ver. 3.02 (Outokumpu)
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Chapter 2

Oxygen-enhanced Water Gas Shift on Ceria-supported Pd-Cu and Pt-Cu
Bimetallic Catalysts

Abstract
Aiming at enhancing H2 production in water gas shift (WGS) for fuel cell application, a
small amount of oxygen was added to WGS reaction towards oxygen-enhanced water gas shift
(OWGS) on ceria-supported bimetallic Pd-Cu and Pt-Cu catalysts. Both CO conversion and H2
yield were found to increase by the oxygen addition. The remarkable enhancement of H2
production by O2 addition in short contact time was attributed to the enhanced shift reaction,
rather than oxidation of CO on catalyst surface. The strong dependence of H2 production rate on
CO concentration in OWGS kinetic study suggested O2 lowers the CO surface coverage. It was
proposed that O2 breaks down the domain structure of chemisorbed CO into smaller domains to
increase the chance for co-reactant (H2O) to participate in the reaction and the heat of exothermic
surface reaction helping to enhance WGS kinetics. Pt-Cu and Pd-Cu bimetallic catalysts were
found to be superior to monometallic catalysts for both CO conversion and H2 production for
OWGS at 300 oC or lower, while the superiority of bimetallic catalysts was not as pronounced in
WGS. These catalytic properties were correlated to the structure of the bimetallic catalysts.
EXAFS spectra indicated that Cu forms alloys with Pt and with Pd. TPR demonstrated the strong
interaction between the two metals causing the reduction temperature of Cu to decrease upon Pd
or Pt addition. The transient pulse desorption rate of CO2 from Pd-Cu supported on CeO2 is faster
than that of Pd, suggesting the presence of Cu in Pd-Cu facilitate CO2 desorption from Pd catalyst.
The oxygen storage capacity (OSC) of CeO2 in the bimetallic catalysts indicates that Cu is much
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less pyrophoric in the bimetallic catalysts due to lower O2 uptake compared to monometallic Cu.
These significant changes in structure and electronic properties of the bimetallic catalysts are the
result of highly dispersed Pt or Pd in the Cu nano-particles.

2-1. Introduction
Water gas shift (WGS) is one of the major steps for hydrogen production in fuel
processing for fuel cell applications [1, 5, 11]. Conventional catalysts, Fe-Cr for high temperature
and Cu-Zn-Al for low temperature, have been employed in series for the WGS in stationary
hydrogen plants, but these catalysts are not suitable for on-board fuel cell applications due to (i)
their large volume occupying in the processor system and (ii) their pyrophoric nature that requires
careful pre-conditioning and/or periodical regeneration [5].
For resolving the above two issues, we are taking two approaches: (i) adding O2 to WGS
to tailor surface chemistry for enhancing WGS kinetics and (ii) developing non-pyrophoric
catalysts using CeO2-supported bimetallic catalysts to keep the catalyst reduced in the oxidative
condition. In an effort to reduce the CO level to produce H2 suitable for low-temperature fuel cell
applications, addition of small amount of oxygen has been proposed [36-38, 41]. Sekizawa et al.
reported that addition of less than 1 mol% oxygen to the feed gas effectively enhances removal of
trace CO from methanol reformate through CO oxidation on Cu/Al2O3-ZnO [36]. Later, they
found that small amount of O2 enhances CO removal from reformed fuels without consuming
significant amounts of H2; however, O2 addition to the feed gas containing water at low
temperatures resulted in deactivation of Cu [37, 38]. Our group, on the other hand, recently
reported that the addition of O2 during the WGS (OWGS) reaction on a less pyrophoric ceriasupported Pd-Cu catalyst largely enhanced CO removal from the H2–rich gas stream at relatively
low temperature [41]. It was also shown that CO conversion is higher for OWGS than for WGS
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or preferential oxidation of CO (PROX) on this catalyst. However, the effect of O2 addition on H2
yield was not determined. Therefore, one of the major purposes in the present study is to
determine the effect of O2 addition on H2 production.
Ceria-supported metal and bimetallic nano-particles have been identified as promising
catalysts for the WGS reaction for fuel cell application due to their low pyrophoricity [1, 8, 11,
123] that originates from lower demand for metal loading on CeO2 as well as their high activity
compared to the same metals on other oxide supports [66, 73, 74]. The lower pyrophoricity and
higher activity are believed to originate from the unique redox property associated with metalceria interaction, i.e. ease of reduction at low temperature and high redox capacity of the CeO2
[74]. During the WGS or CO oxidation reaction, ceria is proposed to participate in the reaction
through redox process, providing activated oxygen to oxidize CO adsorbed on the metal.
Subsequently, CeO2 is reoxidized by H2O or O2 [73, 80-82]. A detailed kinetic study has been
conducted by Phatak et al., who used redox-based kinetic models to explain the experimental data
[121, 124].
While redox of ceria is critical, the metal species are also critically important for high
activity. For example, Hilaire et al. showed that ceria-supported palladium or nickel has higher
activity than ceria-supported cobalt or iron [79]. Ceria-supported palladium could be promoted by
adding iron as an additive, which was conceived to enhance oxygen transport from ceria to CO
adsorbed on palladium [74]. Ceria-supported platinum has been modified by rhenium to enhance
WGS activity and stability [100, 101]. The activity of ceria-supported copper was found to be
improved by the addition of Pd by Bickford et al. [41, 102]. However, the reasons why the
activity is dependent on metal species and how the activity is improved on bimetallic catalysts
have not been well clarified yet.
Another objective of this study is to clarify the characteristics of OWGS compared to
WGS under different conditions to elucidate role of added O2 for enhancing the WGS rate. In this
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study, the temperature and contact time were varied in order to determine the optimum condition
for OWGS in comparison with WGS. In addition, the activities of Pt-Cu and Pd-Cu bimetallic
catalysts were compared with those of monometallic catalysts. The catalysts were characterized
by BET, temperature-programmed reduction (TPR), oxygen storage capacity (OSC), and
extended X-ray absorption fine structure (EXAFS) analysis. The results of these characterizations
were correlated to OWGS and WGS catalytic properties.

2-2. Experimental
The supported metal catalysts were prepared by wetness impregnation of aqueous
solution of tetra-ammine platinum (IV) hydroxide, copper (II) nitrate hemipentahydrate, acetone
solution of palladium (II) acetate on cerium oxide. Co-impregnation was carried out using
aqueous solution for Pt-Cu bimetallic catalyst and acetone solution for Pd-Cu bimetallic catalyst.
The specific surface area of the CeO2 support was 155 m2/g. The platinum and palladium
loadings were 1 wt% while that of copper was 5 wt%. All the catalysts were calcined at 450oC for
5 h.
The catalytic activity was tested in a quartz fixed-bed down-flow reactor. The catalyst
was pelletized and sieved into 0.25 to 0.50 mm in diameter, and about 0.1 g of the catalyst was
mounted onto the reactor. The composition of feed gas was 9.7% CO / 22.8% H2O / 6.3% CO2 /
37.9% H2 / 6.9% Air / argon balance. In the case of WGS, air in the feed was replaced by N2 so
that the total flow rate was kept constant. In the case of PROX, H2O was simply removed from
the OWGS feed. The space velocity was around 64,400 h-1 (dry, excluding N2 and argon). Prior to
the catalytic reaction, the catalyst was reduced in situ in 7.5% H2 in N2 flow at 260oC for 1 h. The
effluent of the reactor was analyzed using on-line gas chromatograph (Agilent Micro GC 3000A)
equipped with dual channels, one with Molecular Sieve 5A and the other with Plot Q, and TCD
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detector for respective channel. For the kinetic studies, the composition of 4.8 – 12.5 % CO /
23.0 % H2O / 6.9 % air / N2 balance and 9.8 % CO /12.3 – 27.7 % H2O / 6.9 % air / N2 balance
were employed and N2 concentration was adjusted to keep total flow rate constant. The amount of
catalyst used for kinetic study was 0.015 g, which was diluted by SiC particles of the same size to
attain 0.065 ml of bed volume.
The temperature programmed reduction (TPR) experiments were conducted in 50 ml/min
of 5% H2/argon flow with the heating rate of 5oC/min using Autochem 2910 TPD/TPR equipped
with a TCD detector. Oxygen storage capacity (OSC) was measured by air pulse at 260oC after
the sample was reduced at the same temperature. Ametek Dycor Dymaxion mass spectrometer
DM200M was employed for detection of oxygen pulses.
X-ray absorption measurements were conducted on the insertion-device beam line of the
Materials Research Collaborative Access Team (MRCAT) at the Advanced Photon Source,
Argonne National Laboratory. The detailed method is described elsewhere [102]. The
measurements were conducted with in-situ reduction atmosphere in transmission mode using a
continuous-flow EXAFS reactor cell (18 in. long, 0.75 in diam.). The catalysts were reduced in
4% H2/He at 250 oC for 30 min followed by purging with He at 250oC for 30 min to desorb
chemisorbed hydrogen. Then the Pt L3 edge (11.564 keV) spectra were obtained.
The pulse response experiments were also conducted to explore how metal species in
catalyst affects on OWGS kinetics. After H2 reduction and subsequent oxidation in ca. 0.1 %
O2/He flow at 260oC, 10% CO/He pulses and 8% CO/20% H2O/He pulses were sent three times
respectively under ca. 275 ppm O2/He flow (20 Nml/min) at the same temperature. The real-time
concentrations of all the effluent gases were monitored by the mass spectrometer at the same time.
The pulses were generated by 6 way-valve connected with 0.518 ml loop heated at 110 oC.
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2-3. Results and discussion

2-3-1. Characteristics of oxygen-enhanced water gas shift (OWGS)

2-3-1-1. Effect of temperature
The OWGS involves many reactions simultaneously. The four major reactions are:

CO + H2O  CO2 + H2

WGS

(Reaction 1)

CO + 0.5 O2  CO2

CO oxidation

(Reaction 2)

H2 + 0.5 O2  H2O

H2 oxidation

(Reaction 3)

CO + 3 H2  CH4 + H2O

CO hydrogenation

(Reaction 4)

The WGS (Reaction 1) is the only reaction that produces H2. All the other reactions cause loss of
H2. Addition of oxygen could cause oxidation of CO and H2 to decrease H2 yield. Especially the
latter directly affect H2 production. Methanation reaction is also undesired since three hydrogen
molecules are lost for one molecule of CO. The key in OWGS is to control those reactions to
maximize H2 yield. The present study attempts to make a small “sacrifice” by adding a small
amount of O2 to change catalyst surface dynamics for enhanced H2 production through WGS. The
study involves surface chemistry, CO oxidation selectivity, and pyrophoricity.
To identify the suitable temperature range for OWGS, the experimental rate on PtCu/CeO2 catalyst was compared with equilibrium limitation calculated using software (HSC
Chemistry Ver. 3.01, Outokumpu). In Figure 2-1, the CO conversion and thermodynamic
limitation of CO conversion are plotted as a function of temperature. The calculation showed that
close-to-100% conversion is achievable at the temperature lower than 200oC. Meanwhile, the CO
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conversion was strongly limited at high temperature. In contrast to thermodynamics, the actual
reaction kinetics showed little activity below 200oC. The CO conversion increased with
increasing temperature and approached equilibrium at 350oC.
Much higher CO conversion was observed in OWGS compared to WGS, especially in the
temperature ranging from 200 to 300oC. At 260oC, the advantage of OWGS over WGS was
maximized, exhibiting 55% CO conversion in OWGS against 12% in WGS. At 350oC, WGS
became fast enough so that the effect of O2 addition became less apparent.
In Figure 2-2, both CO conversion (line graphs) and H2 yield (bar graphs) in WGS,
OWGS, and PROX were presented as a function of temperature. The catalyst was 1 wt% Pt - 5
wt% Cu/CeO2. The CO conversion was 30 to 40% higher in OWGS than in WGS in the
temperature range from 210 to 300oC. The yield of H2 was also higher in OWGS than in WGS
over the same temperature range. It seems O2 addition largely promotes WGS to overcome the
loss of H2 by oxidation. Compared to a commercial Cu-Al2O3-ZnO catalyst which is highly active
below about 200oC [37], the suitable temperature for OWGS for the present Pt-Cu/CeO2 catalyst
is higher. This indicates different mechanisms of enhancement of WGS by O2 addition.
According to Utaka et al., O2 addition accelerates the formation of surface OH group on CuAl2O3-ZnO through the reaction between adsorbed H2O and O2, which is believed to play a key
role in associative and/or regenerative mechanisms on Cu-Al2O3-ZnO catalyst [38]. Ceriasupported catalysts, on the other hand, have been proposed to undergo ceria-mediated redox
mechanism, where adsorbed CO is oxidized by ceria and ceria is reoxidized by H2O [74]. The
enhanced H2 yield by O2 addition at 200 to 300oC on the present ceria-supported catalyst is
probably due to mixed effects, (a) O2 accelerated reoxidation of ceria by H2O either through heat
from exothermic reaction (increase of temperature on local surface) or OH group formation on
ceria (H2O + 1/2 O2 = 2OH) and (b) O2 removed CO strongly adsorbed on the active sites, where
CO is possibly not accessible. The formation of isolated domains of CO on Pd is described in
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literature [125]. The PROX activity was almost constant in the temperature range investigated,
suggesting the selectivity towards CO oxidation is expected to have little influence on the OWGS
activity temperature profile.

2-3-1-2. Effect of contact time
Effects of contact time on CO conversion and H2 production were investigated by
changing the amount of the catalyst used for reaction and the results are presented in Figure 2-3
and 2-4, respectively. In each figure, WGS and OWGS in the presence and absence of H2 are also
compared. In Figure 2-3, the CO conversion increased monotonically with increasing contact
time in WGS. This indicates that the reaction condition is far from equilibrium. Compared to the
monotonic increase of CO conversion in WGS, OWGS exhibited a rapid increase in CO
conversion in the initial 10 milliseconds of contact time. At 1 millisecond of contact time, about
the half of the fed O2 was left unreacted and detected in the chromatogram, which would be a
reason why CO conversion is low. In about 10 milliseconds, O2 was completely consumed
accompanying rapid CO conversion. After 10 milliseconds, the increment of CO conversion
along with contact time was similar to that of WGS, which suggests that WGS dominates after
the complete consumption of O2. Similarly to the case of CO conversion, H2 yield also increased
rapidly in the initial 10 milliseconds of contact time in OWGS both in the presence and absence
of H2 as shown in Figure 2-4, suggesting H2 yield is enhanced primarily in the region where O2
consumption is not complete. The rapid increase of H2 in the effluent is simply by fast WGS since
WGS is the sole reaction that can produce H2. The result showed the strong evidence that addition
of O2 directly enhances WGS to produce H2 rather than indirect enhancement through the
exothermicity of OWGS.
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Figure 2-5 presents the percentage CO oxidation calculated by subtracting CO conversion
contributing to H2 production (H2 yield in Figure 2-4) from total CO conversion (Figure 2-3). The
CO oxidation in OWGS, both in the presence and absence of H2, was about 20% at 1 millisecond
of contact time. With a 10 millisecond contact time, CO oxidation increased rapidly in the
absence of H2 while it did not increase in the presence of H2. This indicates selectivity to CO
oxidation is dependent on CO concentration, i.e. the lower CO concentration after 1 millisecond
led to less coverage of surface by CO, increasing the chance for O2 to oxidize H2 and slowing
down CO oxidation. The CO oxidation in WGS, on the other hand, closely matched with the base
line, which is theoretically expected. In Table 2-1, CO conversion, H2 yield, and ratio of H2 yield
per CO2 formation (H2/CO2) at 56 milliseconds of contact time were summarized. The H2/CO2
ratio was close to unity for WGS; while it was around 0.5 – 0.6 for OWGS. This indicates that
less than half of CO2 is formed by CO oxidation and the remaining by WGS. Since the CO2 yield
(equals to CO conversion) increases by more than a factor of two, addition of O2 is clearly
enhancing the WGS reaction.

2-3-1-3. Kinetic behavior upon O2 addition
The effect of O2 concentration on the rate of the WGS reaction was also studied. To
simplify the analysis, the reactant consisted only of CO, H2O, and O2. Since the reaction rate, R,
is the function of CO and H2O concentrations, PCO and PH2O, as expressed in Equation 1, the
logarithmic plot of R against PCO or PH2O is linear and the slope corresponds to the reaction order
as expressed in Equation 2:

R = k PCOa PH2Ob

(Equation 1)

log R = log k + a log PCO + b log PH2O

(Equation 2)
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In Figure 2-6, the rate of H2 production along with CO and H2O concentrations was plotted in
logarithmic scale comparing various amount of O2 addition. The rate of H2 production increased
along with CO concentration for all levels of O2, but the rate became more dependent on CO
concentration, i.e. the reaction order in CO became higher, as amount of O2 addition increases.
This suggests that O2 is lowering the CO surface coverage. At low CO concentration, the H2
production rate in OWGS (O2 = 0.7% and 1.4%) was lower than WGS (O2 = 0%) because CO is
oxidized to CO2 and, thus, not available for WGS. At high CO concentration, a part of CO is still
consumed by oxidation, but there is still sufficient adsorbed CO for the WGS reaction and
production of H2. Since the amount of O2 added with the varying CO concentration was nearly
constant, the heat of reaction from the oxidation should have a negligible effect on the differing
rates. Therefore, the high rate of H2 production in OWGS is not due to the local temperature
increases in the catalyst bed, but it reflects the surface coverage of adsorbed species. This
strongly suggests that O2 addition to WGS changed surface chemistry, or surface sites balance of
adsorbed species. Unlike the changes in reaction order observed for CO, H2O dependence of H2
rate did not change with O2 concentration. The reaction order in H2O was 0.3 for all the O2
concentrations as summarized in Table 2-2. It is conceivable that the surface H2O is not much
influenced by O2 addition to WGS and that the ceria reoxidation by H2O is relatively fast
compared to the reaction of H2O (or oxygen from ceria) with adsorbed CO.
From all the results above, a plausible mechanism of the enhanced H2 production by O2
addition is depicted in Figure 2-7. Under WGS reaction conditions, the metal is nearly saturated
by CO [125]. In such a condition, adsorbed CO forms domains (or island structure) in which only
the CO located at the edge of the domains is active and the CO in the middle of domains is not
accessible as described in the literature [22]. The formation of CO domains would limit the
number of surface sites for adsorption and reaction of H2O with CO, resulting in low rates. In
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OWGS, adding a small amount of O2 oxidizes a small amount of CO leading to exposed catalyst
surface sites so that more CO is available to react with H2O, thus leading to a higher WGS rate.
The CO-dependent kinetics is consistent with a change in the CO surface coverage in the
presence of O2. In contrast, no change in H2O-dependency of the reaction rate upon O2 addition
suggests no change in surface chemistry in H2O adsorption although the heat could enhance H2O
dissociation. In summary, O2 addition enhances WGS due to a lower CO surface coverage.

2-3-2. Effect of metal on oxygen-enhanced water gas shift (OWGS)

2-3-2-1. Comparison of catalytic activities
Since metal species has a major influence on CO oxidation [14], metal sites are also
expected to play a critical role in OWGS. In this respect, the effect of metal species was
systematically studied. Figure 2-8 shows the CO conversion in OWGS on five ceria-supported
catalysts, 1 wt% Pt, 1 wt% Pd, 1 wt% Pt – 5 wt% Cu, 1 wt% Pd – 5 wt% Cu, and 5 wt% Cu, in
comparison with the results in WGS. It can be clearly seen that CO conversion is significantly
increased in OWGS on these catalysts except for Pd(1)/CeO2. The different activities and extent
of enhancement among these catalysts including peculiar behavior of Pd(1)/CeO2 indicates
OWGS and WGS activities on ceria-supported catalysts are greatly influenced by the metal
species. Taking into account that Pd/CeO2 shows good CO oxidation activity but poor activity in
the presence of H2 [126], the lowest performance of this catalyst in the present OWGS is due to
the oxidation of H2 (low CO oxidation selectivity). The CO conversion was higher with
bimetallic Pt-Cu and Pd-Cu catalysts than with monometallic catalysts for OWGS, while the
effect of bimetallic catalysts in WGS was not as remarkable. The order of CO conversion for
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OWGS was Pd-Cu ＞ Pt-Cu ＞ Cu ~ Pt ＞ Pd, while that for WGS was Pd-Cu ＞ Cu ＞ Pt-Cu ~
Pt ＞ Pd.
The Pd-Cu is highly active for both WGS and OWGS, while Pt-Cu is mainly active for
OWGS. At 300oC, Pt and Pt-Cu catalysts exhibited larger enhancement of CO conversion in
OWGS over WGS, probably because Pt is active or thermally stable at higher temperature
compared to other metals.
In Figure 2-9, H2 yield in OWGS on the five ceria-supported catalysts was compared
with that of WGS at 260oC. Clearly, Pd itself does not have ability to promote H2 production in
OWGS. Instead, it consumed O2 for the combustion of H2 in the feed gas, resulting in lower H2
concentration at the outlet than that at the inlet. However, when Pd was added to Cu, the catalyst
showed increased H2 production in OWGS. The Pt-Cu catalyst showed lower H2 yield in WGS
compared to the Cu catalyst, but it exhibited higher H2 yield in OWGS and extent of the
enhancement by O2 addition (difference between OWGS and WGS) is similar to Pd-Cu catalyst.
Therefore, both Pt and Pd in bimetallic catalysts enhance H2 production in the presence of O2,
although Pt slightly lowers WGS activity of the Cu catalyst.
In investigating the effect of bimetallic system, Utaka et al. tested addition of 2 wt% of
various noble metals to 28 wt% Cu/Al2O3-ZnO and found that addition of second metal such as
Au, Pt, Pd, Rh, Ru significantly inhibited CO conversion [37]. However, the present study has
shown a clear enhancement of CO conversion on Pd-Cu and Pt-Cu bimetals supported on ceria.
This suggests metal species are electronically and/or structurally different on Al2O3-ZnO and
CeO2 supports. A previous EXAFS analysis has shown different Pd-Cu structures on Al2O3 and
CeO2 supports, i.e. Pd coordinates to 4 Cu atoms on CeO2 while there are 9.4 Cu/Pd on Al2O3
[127]. Formation of Pd-Cu alloy on CeO2 with highly dispersed Pd in Cu was shown by EXAFS
and highly reduced copper surface on Pd-Cu catalyst compared to monometallic Cu catalyst was
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observed in XPS [102]. These are considered as the factors for different behavior of noble metal
addition to copper on CeO2 and Al2O3-ZnO supports.

2-3-2-2. Physicochemical properties
The BET surface area, pore volume, average pore diameter of the ceria-supported
catalysts were shown in Table 2-3. The amount of platinum or palladium loading (1%) had little
effect on surface area of the catalyst while 5% of copper loading decreased surface area by 10 to
15%. Similarly, 1 wt% of platinum or palladium catalyst had larger pore volume than those
containing 5 wt% Cu. However, these properties were considered as minor factors in catalytic
activity.
The TPR profiles indicate that the reducibility of catalyst is strongly dependent on metal
species (Figure 2-10). The Pt and Pd catalysts were reduced at 215 and 130 oC respectively. This
is consistent with the results by Rocchini et al. [128], who reported a higher reduction
temperature of platinum oxide than palladium oxide when supported on ceria. The Cu catalyst
exhibited two major reduction peaks at around 135 and 160oC. These peaks would be assigned to
reduction of highly dispersed CuO cluster interacting with ceria and/or bulk copper species
according to literature [129-134]. The second reduction peak (at 162oC) split into two peaks when
copper content was 25 wt%. The new third peak (at 180oC), has been assigned to reduction of
bulk CuO species, however, on CeO2 it occurs at lower temperature compared to non-supported
bulk CuO [135], suggesting that even bulk CuO species is under strong influence of ceria support.
The peaks at 135oC and 160oC have been assigned to two types of dispersed CuO species closely
interacting with ceria to different extent or dispersed CuO species and isolated Cu2+ ion directly
interacting with ceria [33, 129]. The combination of Pt and Cu lowers the reduction temperature
of Cu giving a single peak at around 148oC. This suggests that Pt and Cu interact and each makes
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the other more reducible. The combination of Pd and Cu also led to a single reduction peak at
around 135oC, but the peak appears somewhat broader. Contrary to the Pt-Cu case, the Pd-Cu
interaction led to the metal species more reducible than Cu and less reducible than Pd. The
broadness of the peak indicates certain variation in Pd-Cu species, such as variation in Cu/Pd
ratio in microscopic level or in alloy crystallite size, during reduction. The Pd-Cu possibly makes
better alloy than Pt-Cu due to the closer atomic radius between Pd and Cu.
Intensity of the reduction peaks (H2 uptake) provided valuable information. Inside the
parenthesis in Figure 2-10 is the ratio of H2 uptake normalized by that of Cu/CeO2 sample. Pt and
Pd catalysts showed about 50% of H2 uptake of Cu/CeO2, much higher than the value estimated
from metal loading. This is probably because significant reduction of CeO2 surface accompanied
by reduction of metallic component. The peak area of Pt-Cu/CeO2 was largest among the tested
catalysts, indicating hydrogen spillover is prominent on this catalyst. On the other hand, the peak
area of Pd-Cu/CeO2 was similar than that of Cu/CeO2. This reflects high miscibility of Pd and Cu
and CeO2 so that reduction property of Pd is probably suppressed on Pd-Cu catalyst. This may
also be relevant to the difference observed in the better catalytic performance of Pd-Cu than PtCu. In summary, the TPR results indicate the existence of strong interaction between the metal
components in bimetallic catalysts and nature of interaction depends on combination of metals.
Oxygen storage capacity (OSC) was measured according to the method in literature [118]
except that the temperature in the present study was 260oC. In Figure 2-11, OSC is found much
higher for copper-containing catalysts. Interestingly, the bimetallic catalysts exhibited lower OSC
than Cu/CeO2. This would suggest that the bimetallic catalysts are difficult to be oxidized or that
they are in less reduced state before oxidation. Since Pd and Cu were pre-reduced [102], the
former interpretation seems likely. By subtracting the amount of O2 needed for oxidize metal
species, i.e. 393 μmol/g for Cu to CuO, 47 μmol/g for Pd to PdO, and 51 μmol/g for Pt to PtO2,
O2 uptake by ceria was estimated (shaded part in the bars in Figure 2-11). It was found that O2
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uptake by ceria on bimetallic catalysts was clearly lower than monometallic catalysts. This result
is consistent with the thermogravimetric analysis (TGA) result reported by Fox et al. that overall
decrease of the catalyst weight during TGA-TPR is smaller for Pd-Cu/CeO2 than Cu/CeO2 [127].
The catalyst seems to be partially reduced even in the air. The present OSC results suggest that
reduction of catalyst is facilitated by the presence of both palladium and copper. The superior
OWGS activity of bimetallic catalysts could be explained by strong interaction between the two
metals observed in TPR and the resulting resistance towards complete oxidation in the OSC
measurement.

2-3-2-3. EXAFS
Figure 2-12 shows Pt L3 EXAFS Fourier transform of Pt(1)Cu(5)/CeO2 in comparison to
Pt(1)/CeO2. The EXAFS fits of the first and second shells are given in Table 2-4. The Pt/CeO2
has very small particles with a shortened Pt bond distance (2.66 Å against 2.77 Å for Pt Foil). A
similar decrease in the bond distance has been observed in Pd/CeO2 [102] wherein the Pd bond
distance was 2.71 Å compared to 2.75 Å in Pd foil and NPd-Pd was 5.7, but the deviation from
metal foil was much larger for the Pt case. Fits of Pt(1)Cu(5)/CeO2 showed completely different
environment around Pt from Pt(1)/CeO2, i.e. Pt has 6 Cu neighbors at 2.54 Å and 3 Pt neighbors
at 2.75 Å. The higher Pt coordination to Cu than to Pt indicates high dispersion of Pt in Cu,
probably forming Pt-Cu alloy. Regardless of large difference in atomic radius between Pt and Cu,
Pt-Cu bond distance was 2.54 Å which is almost identical to that of Cu-Cu bond in Cu foil. The
Pt-Cu is inferred to be highly strained. In Table 2-4, the EXAFS fits of Pd(1)/CeO2 and
Pd(2)Cu(5)/CeO2 catalysts are also presented. The higher coordination number of Pd-Cu bonding
in Pd-Cu bimetallic catalyst than Pt-Cu bonding in Pt-Cu catalysts indicates Pd is better dispersed
in Cu than Pt. Pd has only 1.4 Pd neighbors in average regardless of high Pd loading (2 wt%).
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The Pd-Cu bond distance (2.59 Å) is larger than the Pt-Cu case, which is well consistent with
higher miscibility of Pd in Cu expected from the closer atomic radius of Pd and Cu. In our recent
work on EXAFS of ceria-supported Pd-Cu catalyst, it was also found that Cu forms alloy with Pd
upon reduction, and Pd helps to keep Cu in reduced state during the reaction [21].

2-3-2-4. Pulse study
Pulse experiments revealed dynamic processes on the catalyst surface of monometallic
and bimetallic catalysts. The CO and CO/H2O pulses were sent three times respectively in ca. 275
ppm O2/He flow at 260oC after H2 reduction and the subsequent oxidation of the catalysts. The
real-time response signals of mass spectrometer are presented in Figure 2-13, making comparison
between transient responses on Pd(1)/CeO2 and Pd(1)Cu(5)/CeO2 catalysts. Upon CO pulses,
both catalysts adsorbed over 90% of CO in the pulse, accompanying CO2 desorption and O2
uptake (decreased O2 level) at the same time. The O2 uptake continued for certain duration until
the catalyst recovered its original oxidation state while CO2 level underwent a maximum peak.
This directly evidences that the reaction involves the redox of CeO2-supported catalysts.
Although the duration of O2 uptake after the pulse was similar on these two catalysts, CO2
desorption rate was significantly faster on the Pd-Cu catalyst than on monometallic Pd catalyst.
The Pd-Cu was saturated with CO2 in the second pulse while Pd catalyst did not saturate after the
third pulse. (The change of peak intensity reflects CO2 desorption rate, not CO2 formation rate,
since it did not change when a test was conducted in 1000 ppm CO2/N2 flow.) These pulse
responses show that the Pd/CeO2 catalyst strongly retain CO2 on its surface, possibly as carbonate,
and the presence of Cu facilitates desorption of CO2. Upon CO/H2O pulses, CO2 peaks are
sharper and larger on both catalysts compared to the CO2 peaks observed upon CO pulses. The
presence of H2O would facilitate CO2 desorption as well as it helps to oxidize CO. As Muraki et
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al. argued, the enhanced CO oxidation in the presence of H2O is possibly because C-O bonding in
the adsorbed CO is loosen in the presence of H2O resulting in higher CO oxidation rate [17].

2-4. Conclusions
Effect of O2 addition to WGS at various temperatures and contact time were investigated
on ceria-supported metal catalysts. Addition of a small amount of oxygen effectively enhanced
WGS on CeO2-supported bimetallic catalysts, resulting in increase of both CO conversion and H2
production in the temperature range of 200 to 300 oC. This enhancement was observed at very
short contact time (less than 10 milliseconds) where unreacted O2 exists. The study of kinetics
revealed increased dependency on CO concentration when O2 was added while no change was
observed in the dependency on H2O concentration. It was proposed that the O2 addition partially
oxidizes chemisorbed CO leading to vacant sites for H2O adsorption and reaction.
Ceria-supported bimetallic catalysts, such as Pt-Cu and Pd-Cu, exhibited higher OWGS
activity than monometallic catalysts while the superiority of bimetallic catalysts was not as
pronounced in WGS. The TPR and OSC measurements revealed the existence of strong
interaction between Pt and Cu or between Pd and Cu, which makes the bimetallic catalyst more
resistant towards oxidation (less pyrophoric). These characteristics were found originated from a
unique structure of bimetallic particles, highly dispersed Pt in Cu or Pd in Cu. EXAFS spectra
indicated that Cu forms alloys with Pt and with Pd. The presence of Cu in Pd-Cu/CeO2 facilitates
CO2 desorption decreasing the amount of surface as carbonate on CeO2. The OWGS on these
bimetallic catalysts which are less pyrophoric in oxidative conditions, is potentially applicable for
a compact fuel processor for low-temperature fuel cells.
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Table 2-1: Comparison between reaction characteristics of OWGS and WGS.

w/ H2
w/o H2

CO conversion (%)
OWGS
WGS
63.4
21.0
94.0
48.5

H2 yield (%)
OWGS
WGS
31.1
22.1
55.6
41.7

H2/CO2 ratio
OWGS
WGS
0.49
1.05
0.59
0.86

Feed composition: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% N2 or Air / argon
balance (O2/CO=0.14 for OWGS), GHSV: 64,400 h-1 (dry, excluding inert gas), Temperature:
260oC.

Table 2-2: Effect of O2 addition on fractional reaction orders.
Added O2 (%)
1.4
0.7
0

Reaction order
CO
1.4
0.9
0.4

H2O
0.3
0.3
0.3

Feed composition: 4.8 – 12.5% CO / 23. 0% H2O / 6.9% Air / N2 balance for obtaining the
reaction order in CO, 9.8% CO / 12.3 – 22.7% H2O / 6.9% Air / N2 balance for obtaining the
reaction order in H2O, N2 concentration was adjusted upon change of gas composition to keep
constant total flow rate. Catalyst: Pd(1)Cu(5)/CeO2 0.015g + SiC dilution. Temperature: 260oC.

Table 2-3: BET surface area, pore volume, and average pore diameter of ceria-supported
catalysts with various metal species.
Catalyst
Pt(1)/CeO2
Pd(1)/CeO2
Cu(5)/CeO2
Pt(1)Cu(5)/CeO2
Pd(1)Cu(5)/CeO2

BET surface area
(m2/g)
152
148
136
129
132

Pore volume
(cc/g)
0.145
0.147
0.134
0.121
0.130

Average pore
diameter (nm)
3.8
4.0
3.9
3.8
3.9
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Table 2-4: Fitted parameters from EXAFS.
Sample

Scatter

N

R, Å

*Pt foil
Pt(1)/CeO2
Pt(1)Cu(5)
/CeO2
*Pd foil
**Pd(1)/CeO2
Pd(2)Cu(5)
/CeO2

Pt-Pt
Pt-Pt
Pt-Cu
Pt-Pt
Pd-Pd
Pd-Pd
Pd-Cu
Pd-Pd

12
4.7
5.8
3.0
12
5.7
7.1
1.4

2.77
2.66
2.54
2.75
2.75
2.71
2.59
2.73

* Theoretical values
** from [21]

DWF
(x 103)

Eo, eV

Est. Size

2.0
2.0
2.0

-5.5
1.7
-1.0

11 Å
Cu-rich
bimetallic

5.0
2.0
2.0

-2.2
-4.9
-1.0

15 Å
Cu-rich
bimetallic
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Figure 2-1: Comparison of actual reaction kinetics with thermodynamic limitation at various
temperatures.
Feed composition: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% N2 or Air / argon
balance (O2/CO=0.14 for OWGS). Thermodynamic calculation by HSC Chemistry Ver. 3.01,
reaction kinetics on Pt(1)Cu(5)/CeO2 catalyst at 64,400h-1 of GHSV.
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Figure 2-2: Comparison of WGS, OWGS, and PROX activities on Pt(1)Cu(5)/CeO2 catalyst at
various temperatures.
CO conversion in WGS (square), OWGS (triangle), and PROX (circle), H2 yield in WGS (shaded
bar), OWGS (solid bar), and PROX (dotted bar). 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 /
6.9% N2 or Air / argon balance (O2/CO=0.14 for OWGS or PROX). The H2O was absent in
PROX. GHSVwas 64,400 h-1.
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Figure 2-3: Effect of contact time on CO conversion on Pd-Cu/CeO2 catalyst measured at 260oC.
Hydrogen was replaced by N2 in the reactions without H2.
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Figure 2-4: Effect of contact time on H2 yield on Pd-Cu/CeO2 catalyst measured at 260oC.
Hydrogen was replaced by N2 in the reactions without H2. The H2 yield is expressed in the basis
of CO molar concentration in the feed.
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Figure 2-5: Effect of contact time on CO oxidation in OWGS on Pd-Cu/CeO2 catalyst measured
at 260oC.
The percentage of CO oxidation is based on CO molar concentration of the feed. (i.e. CO
conversion = CO oxidation － WGS(= H2 yield) )
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Figure 2-6: Effect of O2 addition on reaction kinetics.
Feed composition: 4.8 – 12.5% CO / 23. 0% H2O / 6.9% Air / N2 balance (upper), 9.8% CO / 12.3
– 22.7% H2O / 6.9% Air / N2 balance (bottom), N2 concentration was adjusted upon change of
gas composition to keep constant total flow rate, 132.5 ml/min. Catalyst: Pd(1)Cu(5)/CeO2
0.015g + SiC dilution. Temperature: 260oC.
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Figure 2-7: Schematic diagram of enhancement of WGS by O2 addition.
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Figure 2-8: Effect of metal species on CO conversion at various temperatures.
Feed composition: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% N2 or Air / argon
balance (O2/CO=0.14 for OWGS), GHSV = 64,400h-1 (dry).
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Figure 2-9: Effect of metal species on H2 yield at 260oC.
The condition is same as Figure 2-8.
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Figure 2-10: Temperature programmed reduction (TPR) of ceria-supported catalysts.
Reduction condition: 5% H2 in argon flow, 5oC/min of heating rate. Inside parenthesis is H2
uptake normalized by that of 5 wt% Cu/CeO2.
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Figure 2-11: Oxygen storage capacity (OSC) of ceria-supported catalysts measured at 260oC.
Shaded part: Oxygen uptake by ceria calculated by subtracting theoretical O2 uptake by metal
species from total OSC under the assumption that metal species are completely oxidized by
the air pulses.
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Figure 2-12: Fourier transform of Pt L3-edge EXAFS of Pt(1)Cu(5)/CeO2 reduced at 250oC.
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Figure 2-13: Response to CO and CO/H2O pulses on oxidized catalysts, three pulses each on
Pd/CeO2 and Pd-Cu/CeO2 at 260oC.
Gas: 275 ppm O2 in helium, 20 ml/min, pulses: 10% CO/He and 8% CO/20% H2O/He, 0.5 ml.
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Chapter 3

Role of Metal Components in Pd-Cu Bimetallic Catalysts Supported on CeO2
for the Oxygen-enhanced Water Gas Shift

Abstract
Catalytic hydrogen production and CO removal in a post-reforming process are critical
for low-temperature fuel cell applications. The present study aims at clarifying the role of metal
components in bimetallic catalysts for oxygen-enhanced water gas shift (OWGS), wherein a
small amount of O2 is added to H2-rich reformate gas to enhance CO shift. Among CeO2supported bimetallic catalysts, Pd-Cu and Pt-Cu combinations were found to show strong
synergetic promoting effect in OWGS, which leads to much higher CO conversion and higher H2
yield than WGS at low temperature around 250 oC. Temperature programmed reduction (TPR)
showed strong interaction between Pd and Cu in Pd-Cu/CeO2 by a single reduction peak in
contrast to multiple peaks on monometallic Cu/CeO2. Extended X-ray absorption fine structure
(EXAFS) analysis revealed that such bimetallic Pd-Cu and Pt-Cu form alloy nanoparticles, where
noble metal is mainly surrounded by Cu atoms. Oxygen storage capacity (OSC) measurements
point to higher resistance of Pd-Cu to oxidation indicating that Pd keeps Cu in reduced state in air
pulse condition. From kinetic study, Pd in Pd-Cu was found to promote CO shift, rather than CO
oxidation by increasing the number of active sites and by suppressing H2 activation (that is
inherent to monometallic Pd), which minimizes both the inhibition effect of H2 and the loss of H2
by oxidation in OWGS. Transient response technique revealed that Cu in Pd-Cu enhances
desorption of strongly chemisorbed CO2 on catalyst surface in contrast to very slow CO2
desorption from surface of monometallic Pd. Thus, the excellent OWGS activity of Pd-Cu
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catalyst has been attributed to the complementary roles of the two metals for enhancing CO shift,
which is realized by its alloy structure and the accompanying strong interaction between metal
components.

3-1. Introduction
Hydrogen (H2) is considered to be a promising clean energy carrier for use in fuel cells
which are intrinsically more energy-efficient for power generation compared to internal
combustion systems [1-5]. Catalytic reforming of gaseous and liquid hydrocarbons, biomassderived liquids, and alcohols is an attractive method for H2 production, especially for fuel cell
applications in view of easy handling and safety. One of the drawbacks in this catalytic reforming
is the co-production of carbon monoxide (CO) in the H2 stream. As low as 30 ppm of CO
concentration in the H2 stream severely poisons anode catalysts of proton-exchange membrane
fuel cells [6, 7]. Therefore, CO must be removed in the downstream, usually by water gas shift
(WGS) and further by preferential oxidation (PROX). Conventional catalysts, Fe-Cr for high
temperature shift (HTS) and Cu-Zn-Al for low temperature shift (LTS), have been employed for
the WGS in stationary hydrogen plants, but these catalysts are not suitable for fuel cell
applications due to (i) their slow kinetics and thus large catalyst volume occupying more than
50% fuel processor system volume and (ii) their pyrophoric nature that requires careful preconditioning and/or periodical regeneration [1, 5, 8].
In order to improve the slow kinetics of WGS at low temperatures, our group has been
exploring the oxygen-enhanced water gas shift (OWGS) reaction over ceria-supported Pd-Cu
bimetallic catalysts, where addition of a small amount of oxygen into WGS feed largely enhanced
CO removal from the H2-rich gas stream at relatively low temperatures [9-11]. It was
experimentally proven that CO conversion is higher for OWGS than WGS or PROX on this
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catalyst system [9]. Sekizawa et al. also reported that addition of O2 to WGS of methanol
reformate gas over Cu/Al2O3-ZnO enhanced removal of CO through CO oxidation [12]. It was
proposed that added O2 facilitates chemisorption of H2O to form hydroxyl groups, which is
believed to be critical in associative and regenerative mechanisms of WGS over Cu catalysts [13,
14], and the heat from exothermic surface reaction activates the reaction sites as well [15, 16].
However, O2 addition to the gas containing water at low temperature resulted in deactivation of
Cu. The reaction pathway and the effect of O2 addition to WGS would also be different on ceriasupported catalysts from alumina-supported Cu catalysts and therefore needs to be clarified.
The ceria-supported Pd-Cu catalysts described in our previous report are considered to be
low-pyrophoric and therefore suitable for fuel cell applications. The low-pyrophoric nature is
originated from the unique redox property of metal-loaded ceria, i.e. ease of reduction at low
temperature and high redox capacity [17, 18], that leads to low Cu loading required for high
activity. During OWGS or WGS reaction, ceria is proposed to participate in the reaction through
its redox process, keeping metal oxidation state constant as well as providing oxygen to oxidize
CO [19-23]. Metal components also have significant impacts on catalytic performance and
pyrophoricity as well. For example, Hilaire et al. compared ceria-supported Pd, Ni, Co, Fe and
showed that Pd and Ni have higher WGS activity than Co and Fe [24]. Ceria-supported Pd was
shown to be promoted by adding iron as an additive, which was conceived to enhance oxygen
transport from ceria to CO chemisorbed on Pd sites [17]. Ceria-supported Pt has been reported to
be modified by Re to enhance both WGS activity and stability [25]. The Pd-Cu bimetallic
catalysts supported on CeO2 also exhibit better performance than monometallic Cu or Pd catalysts
[9]. By the study on surface and structural properties of Pd-Cu bimetallic system on CeO2 support,
it was found that Pd and Cu form alloy with highly dispersed Pd in Cu which could keep Cu in
reduced state, being favorable for WGS and OWGS [11]. However, correlation of structural and
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chemical properties and OWGS activity with bimetallic composition remains to be clarified and
the active sites and role of each metal in Pd-Cu catalysts are yet to be identified.
In this context, the first objective of this study is (i) to identify promising bimetallic
catalysts supported on CeO2 for OWGS from various formulations. The metal loadings of PdCu/CeO2 system were further optimized for a practical OWGS condition wherein high CO
concentration and low O2 (O2/CO =0.14) exist in the feed as well as low Cu loading was sought
for lower pyrophoricity. The second objective is (ii) to identify the roles of Pd and Cu in PdCu/CeO2 for OWGS. For this purpose, reducibility (measured by TPR), oxygen storage capacity
(OSC), and local structure (measured by EXAFS) for catalysts with various Pd and Cu loadings
were investigated and correlated with kinetic data. The impacts of the presence of H2 and CO2 in
the feed gas on the rates were also investigated for this purpose.

3-2. Experimental
The catalysts were prepared by wetness impregnation using aqueous solution of tetraammine Pt (IV) hydroxide, Rh (III) nitrate, Ir (II) chloride, Cu (II) nitrate, Co (III) nitrate, Fe (III)
nitrate, Mn (II) acetate, acetone solution of Pd (II) acetate on cerium oxide. Co-impregnation was
carried out for preparing bimetallic catalysts except Pt-Cu/CeO2. Sequential impregnation was
carried out for preparing bimetallic Pt-Cu (copper first, then platinum) and trimetallic catalysts
(Pd-Cu first, then Pt or Ir) because these salts did not dissolve with each other in the solution. A
commercial ceria (HSA, Rhodia) with 155 m2/g of specific surface area was used as the support.
The metal loadings were 1 wt% for noble metals and 5 wt% for base metals unless specified
otherwise. All the catalysts were calcinated at 450oC for 5 hours.
The catalytic activity was tested in a quartz fixed-bed down-flow reactor with 4 mm of
inner diameter. The catalyst was pelletized and sieved into 0.25 to 0.50 mm in diameter, and
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about 0.1 g of the catalyst was packed into the reactor. The aspect ratio was approximately 1.5.
The feed gas which modeled a real reformate had a composition of 9.7% CO / 22.8% H2O / 6.3%
CO2 / 37.9% H2 / 6.9% air / argon balance. The H2O/CO ratio was 2.35 and O2/CO ratio was 0.14.
The space velocity was around 64,400 h-1 (dry, excluding air and argon). In the case of WGS, air
in the feed was replaced by N2. Prior to the catalytic reaction, the catalyst was reduced in situ in
7.5% H2/N2 flow at 260oC for 1 h. The effluent of the reactor was analyzed using gas
chromatograph (Agilent Micro GC 3000A) equipped with dual channels, one with Molecular
Sieve 5A and the other with Plot Q, and TCD detectors. For kinetic study, the gas composition of
9.8% CO / 23.0% H2O / 6.9% air / N2 balance was employed and N2 concentration was adjusted
upon a change of gas composition if necessary, so that total flow rate was always constant. The
amount of the catalyst used was 0.015g. It was diluted by SiC particles of the same size to attain
0.065 ml of the catalyst bed volume.
For the WGS reaction with the O2 pretreatment, the temperature of the catalyst bed
comprised of 0.1 g of 1 wt% Pd – 5 wt% Cu on CeO2 was increased in air up to 260oC, flushed
with N2, and then WGS feed (9.8%CO / 23.0% H2O / N2 balance) was introduced. The following
O2 and H2 pretreatments were conducted (before switching to WGS feed gas) in (1) pure air for
an hour, (2) 50% H2/N2 for an hour, (3) 10% H2/N2 for about 12 hours, and (4) 6.9% air / 22.8%
H2O / N2 for an hour, respectively.
The temperature-programmed reduction (TPR) experiments were conducted on
Micromeritics Autochem 2910 TPD/TPR equipped with a TCD detector using 50 ml/min of 5%
H2/argon flow with the heating rate of 5oC/min. Oxygen storage capacity (OSC) was measured
using the same equipment by pulsing air at 260oC after the sample was reduced at the same
temperature. Ametek Dycor Dymaxion mass spectrometer DM200M was employed with
Autochem 2910 for detection of oxygen pulses.
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X-ray absorption measurements were conducted on the insertion-device beam line of the
Materials Research Collaborative Access Team (MRCAT) at the Advanced Photon Source,
Argonne National Laboratory. The detailed method is described elsewhere [11]. A short
description is given here. The measurements were conducted in-situ with reduction atmosphere in
transmission mode using a continuous-flow EXAFS reactor cell (18 in. long, 0.75 in diam.). The
catalysts were reduced in 4% H2/He at 250 oC for 30 min followed by purging with He at 250oC
for 30 min to desorb chemisorbed hydrogen and decompose Pd-H. Then the Pd K edge (24.350
keV) or Cu K edge (8.979 keV) spectra were obtained. Spectra of Pd foil and Cu foil were
acquired simultaneously with those of Pd-Cu/CeO2 samples for energy calibration. Experimental
phase and amplitude functions were prepared from Pd and Cu foil. Theoretical phase and
amplitude functions for Pt-Cu, Cu-Pt, Pd-Cu and Cu-Pd were prepared using FEFF 8 and
calibrated to Pt, Pd and Cu foils to determine the appropriate So, the Debye-Waller factor and offset in R.

3-3. Results and Discussion

3-3-1. Effect of bimetallic catalysts
Figure 3-1 shows the CO conversion over CeO2-supported monometallic catalysts. The
metal loadings were 1 wt% for noble metals and 5 wt% for base metals. Figure 3-1a presents the
measured CO conversion over the catalysts, while Figure 3-1b divides CO conversion in OWGS
into two parts including the contribution of both CO shift (WGS), and CO oxidation calculated
from added O2 assuming all of O2 was consumed for CO oxidation. Since some amount of O2
may be consumed for H2 combustion, contribution by WGS in OWGS would be higher than
calculated value shown in Figure 3-1b. The results indicate that both WGS and OWGS activities
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are strongly dependent on metal species. OWGS generally gave higher CO conversion than WGS
(Figure 3-1a), but if the contribution by CO oxidation was subtracted, CO shift to H2 in OWGS
was only slightly higher or lower than that in WGS for monometallic series (Figure 3-1b).
Platinum is most active among noble metals, which is consistent with many reports [26, 27].
Rhodium and iridium showed only CO oxidation activity in OWGS condition and nearly no
activity for WGS (Figure 3-1b). Rh also showed significant methanation activity under OWGS
condition. Palladium was much less active compared to other noble metals in OWGS, meaning
O2 in the OWGS feed is more consumed for combustion of H2. In CO oxidation, Pd on ceria
exhibits high performance [28]. The low selectivity towards CO oxidation with monometallic Pd
catalyst probably originates from its higher affinity towards hydrogen as it is also observed in the
permeation of hydrogen through Pd membrane [29, 30]. Nonetheless, the Pd catalyst exhibited
certain WGS activity unlike Rh and Ir. Gorte et al. observed that WGS activity of Pd/CeO2
catalyst was further improved by addition of iron [31], which indicates there is potential for
improving monometallic catalysts by modification of its structure or electronic state.
Among the base metals supported on CeO2, Cu is the only one that exhibited promising
activity for OWGS (Figure 3-1a) and WGS (Figure 3-1b). Other metals had CO oxidation
activity with good selectivity, but little WGS activity (Figure 3-1b). Nickel was not included in
the figure since it produced significant amount of methane and the catalyst bed temperature was
out of control due to the high exotherm of methanation reaction. Over all, Pt and Cu showed high
OWGS activity. Pd, Pt, and Cu showed a certain WGS activity at the present condition and
therefore have potential to be improved further.
Since Cu has the best activity among base metals, various combinations of Cu and noble
metals (NMs) were explored in the next step. Figure 3-2 shows the CO conversion over CeO2supported bimetallic and trimetallic catalysts in the same scale as Figure 3-1. Figure 3-2a presents
the measured CO conversion over the catalysts, while Figure 3-2b divides CO conversion in
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OWGS into two parts including the contribution of both WGS (CO shift) and CO oxidation
(calculated from added O2 assuming all of O2 was consumed for CO oxidation). Among the tested,
Pd-Cu and Pt-Cu combinations were better than monometallic Cu, Pd, or Pt catalysts (Figure 32a). The Pd-Cu showed the best activity for both WGS and OWGS (Figure 3-2a) and the CO
shift reaction was significantly enhanced in OWGS (Figure 3-2b). It is interesting to note Pd-Cu
was better than Pt-Cu among bimetallic systems (Figure 3-2) while Pt was better than Pd among
monometallic systems (Figure 3-1). For Pt-Cu, WGS activity was slightly lower than Cu, while
OWGS over Pt-Cu was clearly more effective than Cu (Figure 3-2b), suggesting addition of O2
effectively enhances WGS on Pt-Cu. The Rh-Cu and Ir-Cu were much less active than Cu
monometallic catalyst and the selectivity for CO oxidation in OWGS was also worse. Thus, Rh
and Ir are considered to be inhibitors for Cu catalyst contrary to Pd and Pt cases. This is also
corroborated by the fact that Ir-Pd-Cu trimetallic catalyst showed similar or even lower activity
than Ir-Cu. Since both Pt and Pd have positive effect on Cu, the trimetallic catalyst, Pd-PtCu/CeO2, was also tested. However, the activity was lower than either Pd-Cu or Pt-Cu. The result
was rather similar to Pd-Pt/CeO2 (not shown in the figure). From these observations, it is
concluded that the co-presence of Pd, Pt and Cu leads to emergence of only the surface property
of Pt-Pd bimetal. Pd and Pt would be more miscible together than Cu since their bond distances
are closer and therefore the unique environment created by Pd-Cu and Pt-Cu is probably lost in
the co-presence of Pd and Pt in Cu.
The above results indicate that metal species have significant impact both on WGS and
OWGS activity. The active sites are sensitive to the metal composition and the addition of a third
metal can easily destroy such active sites. Since Pd-Cu on CeO2 showed strong synergistic effect
and exhibited the best OWGS activity, the subsequent study will focus on the Pd-Cu bimetallic
composition to optimize the metal loadings and to elucidate the mechanism of the synergistic
effect in Pd-Cu combination.
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3-3-2. Effect of metal loadings in Pd-Cu/CeO2
To identify the best composition for Pd-Cu/CeO2 catalyst in the present reaction
condition, both Pd and Cu loadings were changed and their OWGS activities are compared in
Figure 3-3. When Pd loading was fixed to 1 wt%, addition of only 3% of Cu to Pd/CeO2
enhanced CO conversion significantly. This indicates that the presence of Cu is crucial for high
OWGS activity. The CO conversion increased with increasing Cu content till 10 wt% of loading
and further increase of Cu caused decrease of CO conversion. The existence of the maximum
performance with certain Cu content indicates there is an optimum amount of finely dispersed PdCu species on CeO2 and the excess amount of Cu would cause the increased size of the metal
species. High Cu loading in Pd-Cu would also change the electronic structure of bimetallic
species towards that of monometallic Cu. The better activity for 10 wt% of Cu loading for Pd-Cu
catalyst than the 5 wt% Cu loading in contrast to the inverse trend for monometallic Cu catalyst
suggest the Cu or Pd-Cu species are kept more dispersed in the presence of Pd.
When Cu loading was fixed to 5 wt%, CO conversion increased with increasing Pd
loading. The activity reached maximum at 2 wt% Pd and further increase of Pd led to decrease of
activity. Compared to the increase of Cu loading from 5% to 10%, OWGS activity was much
more enhanced by the increase of Pd loading from 1% to 2%. This large impact of Pd loading on
OWGS activity suggests that Pd is still highly dispersed in Cu in Pd(2)Cu(5)/CeO2. In fact, the
EXAFS result in Figure 3-6 reveals that Pd atoms are mainly surrounded by Cu atoms in Pd-Cu
and there is few Pd-Pd bonding in this catalyst. These observations suggest Pd and Cu makes
well-mixed alloy in a wide range of metal loadings while the size of the alloy is sensitive to metal
loadings and therefore influential to activity. The optimum Pd-Cu/CeO2 catalyst composition was
identified to be around 2% Pd and 5 % Cu.
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3-3-3. TPR and OSC studies
The effects of Pd and Cu loadings on reducibility of catalysts were investigated by TPR
for Pd-Cu/CeO2 system. In Figure 3-4a, TPR profiles for different Cu loading in the presence and
absence of 1 wt% Pd and those of different Pd loading in the presence of 5 wt% Cu are compared.
Inside the parenthesis in the figure shows H2 uptake calculated from peak area relative to that of
pure CuO (Figure 3-4b). Reduction temperature and H2 uptake are summarized in Table 3-1. The
5 wt% Cu/CeO2 had only two peaks which are assigned to dispersed CuO particles [32-37]. These
two species could be further assigned to CuO clusters and ionic Cu directly interacting with ceria
according to literature [32, 38]. The H2 uptake for this catalyst was 1.36 mmol-H2/g. If the
catalyst is assumed to be completely in oxidized state before reduction, H2 uptake by CeO2
surface is estimated to be 586 μmol-H2/g, which was close to surface oxygen reduction of pure
CeO2 (566 μmol- H2/g, Figure 3-4b). The samples with Cu loading higher than 10 wt% showed
another peak at higher temperature, which is assigned to the reduction of bulk CuO species. The
reduction temperature of the bulk CuO is still much lower than that of bulk CuO without support,
which usually takes place at above 200oC [39], meaning even bulk copper is under strong
influence on CeO2. As Cu loading increases, the former two peaks shifted to lower temperature
while the third peak shifted towards higher temperature, whose intensity drastically increased also.
The observed behaviors of three CuO species is reasonable since small CuO particles would be in
good contact with CeO2 support and bulk CuO particles would become more isolated as Cu
loading increase [40]. The negative influence of increased Cu loading on catalytic activity in
Figure 3-3 clearly shows negative effect of bulk Cu species to the catalytic reaction. Contrary to
the monometallic series, bimetallic series containing 1 wt% Pd had somewhat broad single peak
for all the cases. More importantly, the reduction temperature shifted towards lower temperature
with increasing Cu loading, which is in sharp contrast to the trend observed for bulk CuO species
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in monometallic Cu/CeO2. The result clearly shows that loading of only 1 wt% Pd significantly
changes the reducibility of CuO species especially that of bulk CuO. The similar shape of the
reduction peaks in various Cu/Pd ratios indicates fairly homogeneous alloy can form in a wide
Cu/Pd range. These reduction characteristics are well consistent with the EXAFS results in the
later section that proved alloy formation between Pd and Cu. The bell-shaped peak of the
bimetallic catalysts allows us to speculate that Pd-Cu alloy has some variation in structure or
composition in microscopic level, i.e. disordered alloy with short-range ordering or PdCux
composition with certain range in “x”. During the reduction, alloy could be continuously
restructured. The tail of the peak in low temperature side and the clear end of reduction process at
high temperature side also implies the restructuring of alloy during reduction.
The H2 uptake for Pd(1)Cu(5)/CeO2 was 1.81 mmol-H2/g and H2 uptake by CeO2 surface
is estimated to be 955 μmol-H2/g if the catalyst is assumed to be completely oxidized state before
reduction. Compared to 586 μmol-H2/g of H2 uptake by CeO2 on Cu(5)/CeO2, it is obvious that
Pd makes catalyst more deeply reduced. It is also noted that with higher Cu loading (25 wt%),
Pd-Cu bimetallic catalyst showed lower H2 uptake than monometallic Cu probably because
copper is partly reduced in Pd(1)Cu(25)/CeO2 before reduction. Corresponding Ce3+ percentage
in CeO2 after reduction was estimated according to the following reaction equation:

CeO2 + 1/2 H2 = 1/2 Ce2O3 + 1/2 H2O

(Reaction 1)

Approximately 20.2% and 32.8% of Ce is present as Ce3+ in Cu(5) and Pd(1)Cu(5) catalysts,
respectively. Compared to the reported Ce3+ percentage, 15.7% for co-precipitated 10 mol%
Cu(10)-CeO2 [41] and 23% for 1.45 wt% Rh/CeO2 [42], the values in the present study are
somewhat higher probably due to difference in metal species, surface area of CeO2 support, and
experimental conditions. The high Ce3+ percentage for the catalysts with high Cu loading was
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consistent with the report by Batista et al. who observed over 50% of CeO2 partial reduction on
20 mol% CuO-CeO2 catalyst even with about 30 m2/g of surface area [41]. The Ce3+ percentage
was 46% for Pd(1)Cu(10)/CeO2 in the present study.
When Pd loading was increased with Cu loading fixed to 5 wt%, the reduction
temperature significantly shifted towards lower side. The shift of reduction peak was much larger
than the case in which Cu loading was changed. The reduction took place at less than 100oC on
Pd(2.75)Cu(5)/CeO2. This large influence of Pd loading on reducibility shows larger driving force
of Pd to reduce the catalyst. Also, alloy formation could be thermodynamically favored with
increased Pd loading. In fact, there are two stoichiometric alloy compositions, PdCu3 and PdCu,
and meta-stable disordered structures are formed in a wide range of Cu/Pd ratio (10 – 25 at% of
Pd, i.e. 9 to 3 of Cu/Pd ratio for the stoichiometric PdCu3 region and most stable composition lies
at around 15 – 20 at% Pd, i.e. 5.7 to 4.0 of Cu/Pd ratio) [47]. In the present study, Cu/Pd ratio is
8.4, 4.2, 3.0 for 1, 2, 2.75 wt% of Pd loading respectively and the catalysts with 2 wt% Pd
loadings are closest to the most stable alloy structure. The reduction peak of Pd(2.75)Cu(5)/CeO2
catalyst had relatively clear start and end of reduction. The defined reduction peak of this sample
indicates more ordered fractions in the alloy.
The effect of Pd content on physicochemical properties was further investigated by
measuring oxygen storage capacity (OSC). The OSC was measured according to the method in
literature [43] except that the temperature of interest in the present study was 260oC, i.e. the
sample was reduced in H2 at 260oC, followed by air pulses in argon at the same temperature. In
Figure 3-5 and Table 3-2, total O2 uptake is presented. O2 uptake on 5% Cu monometallic catalyst
(663 μmol-O2/g-cat.) corresponds to about the half of H2 uptake in TPR (1.36 mmol-H2/g-cat.),
indicating the catalyst is almost oxidized to the original oxidation state by air pulse at 260oC.
Compared to literature [44], the O2 uptake was 1.5 times higher than 10 at% Cu-CeO2-La2O3, but
considering the difference in tested temperature (260oC and 200oC), metal loading (5 wt% and 3.9
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wt%), preparation method (impregnation and urea gelation method), the obtained value is
reasonable. The Pd-Cu bimetallic catalysts showed lower OSC (626 μmol-O2/g-cat.) than 5 wt%
Cu monometallic catalyst regardless of its higher H2 uptake in TPR (1.81 mmol-H2/g-cat.). This
would be because the bimetallic catalysts are more reduced and resistant towards oxidation,
which could be indicative of less pyrophoric nature. Difficulty in complete reoxidation of metalloaded CeO2 has also been pointed out by Fallah et al. [42]. An irreversible surface change on
Au-CeO2 in TPR was also reported by Deng et al. [45]. Our previous XPS study has proven that
the surface is more reduced on the bimetallic catalyst than monometallic Cu catalyst [10].
The obtained OSC values, 600 – 700 μmol-O2/g-cat. or 1200 – 1400 μmol-O/g-cat., were
higher than the OSC of 3% Pt/CeO2 catalysts with similar surface area (about 600 μmol-O/g-cat.)
reported by Holmgren et al. [46]. Sharma et al. also reported about 850 μmol-O/g-cat. of OSC for
monometallic 1% Pd/CeO2 catalyst [47]. The higher O2 uptake observed in the present study
would be due to high Cu loading compared to monometallic Pt or Pd in the literature.
Corroborated with the estimated Ce3+ percentage from TPR, the extent of ceria reduction is
dependent strongly on metal loading.
It should be noted that the effect of metal-support interaction is beyond the scope of the
present study. In our previous work [10], in-situ XPS has shown that loading Pd-Cu on CeO2
significantly promotes reduction of Ce4+ to Ce3+ while CeO2 support enhances CuO reduction at
lower temperatures. Pd addition further promotes low-temperature reduction of CuO on CeO2
[10]. As a result of the metal-CeO2 interaction, Pd-Cu/CeO2 shows higher catalytic activity for
OWGS than Pd-Cu/Al2O3 under the same reaction conditions [11]. The present study at least
shows the presence of only 1% Pd is enough for influencing the redox properties of both Cu and
CeO2.

87
3-3-4. Local structure (EXAFS) of Pd-Cu on CeO2
The Fourier transform of Pd K-edge EXAFS spectrum for reduced Pd(2)Cu(5)/CeO2
catalyst is shown in Figure 3-6 along with that of Pd foil. Note that the structure did not change
much in the condition with 1%CO – 3%H2O at 260oC. Coordination numbers and bond distances
were determined from fitting the magnitude and imaginary parts of the Fourier transform and
these parameters are given in Table 3-3. The Pd foil showed two peaks, one large peak at about
2.5 Å (phase uncorrected distance) and one small peak at lower R that represent a single Pd-Pd
scattering pair for 12 atoms at a bond distance of 2.75 Å. Pd foil is a face-centered cubic (FCC)
crystal with a 3.89 Å lattice parameter. The Pd(2)Cu(5)/CeO2 catalyst showed a single peak, but
the position of the metallic peak is significantly shifted to lower bond distance from 2.75 Å of Pd
foil to 2.59 Å indicating a different coordination environment around the Pd atoms. Fit of first
shell peak in Pd(2)Cu(5)/CeO2 indicates that (metallic) Pd has about 7 Cu neighbors with about
1.5 Pd neighbors, indicating that Pd is primarily coordinated to Cu atoms in a Pd-Cu alloy. The
total coordination number was much smaller than that of FCC-type crystal, which suggests that
either Pd-Cu alloy is highly dispersed, or Pd is located more on the surface of the alloy. The
Pd(2.75)Cu(5)/CeO2 catalyst, that has same Cu/Pd ratio as stoichiometric PdCu3, basically
showed identical EXAFS result. This indicates the Pd-Cu on CeO2 is still a somewhat disordered
alloy even with the Cu/Pd ratio identical to PdCu3.
Compared with our previous report for Pd(1)Cu(30)/CeO2 (RPd-Cu=2.55 and NPd-Cu=4.0
[11]), both bond distance and coordination number of Pd-Cu bonding are larger in the present
catalysts. In the former, the Cu to Pd ratio was sufficiently high that there was little evidence of a
Pd-Pd scattering contribution. In addition, the low Pd coordination number indicates a much
smaller size of the metallic particles with Pd. The shorter Pd-Cu bond distance is also consistent
with this conclusion. With the higher Pd loading and much lower Cu to Pd ratio, the bimetallic
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particles in Pd(2)Cu(5)/CeO2 are larger, the number of Cu neighbors is higher and the bond
distance increases. In addition, Pd has a few Pd neighbors which are not observed in the highly
loaded Cu catalyst. From EXAFS analysis, however, one can conclude that Pd is highly dispersed
in Cu to form Pd-Cu alloy.
Figure 3-7 shows the Fourier transform of Cu-K-edge EXAFS of Pd(2)Cu(5)/CeO2
before reduction in air atmosphere at room temperature. The peak at about 1.4 Å (not phase
corrected) is due to Cu-O. The Cu-O bonds and bond distance are consistent with Cu2+, e.g. CuO
has 4 Cu-O at 1.95 Å while Cu2O has 2 Cu-O at 1.85 Å. The higher shell Cu–O–Cu distance was
at a position similar to the higher shell of CuO, which confirms TPR results. The Cu in the
oxidized catalyst exists as CuO monoclinic structure. Figure 3-8 shows the Cu K-edge magnitude
and imaginary part of the Fourier transform of reduced Pd(2)Cu(5)/CeO2 catalyst and Cu foil.
Upon reduction of the catalyst, Cu was completely reduced. The EXAFS fits of the first shell
(given in Table 3-3) gave a bond distance of 2.54 Å consistent with FCC metallic Cu. The
asymmetry of the imaginary part of the Fourier transform indicates a second scatter at longer
bond distance, indicating a Cu-Pd scattering contribution. The coordination number of Cu-Cu was
6.8 while that of Cu-Pd was 2.0. For the Pd(1)Cu(30)/CeO2 sample in the previous work there is
no clear indication of Pd neighbors from the Cu edge due to its high Cu content (30 wt%), but the
Pd neighbors are visible in the catalyst in the present study. The percentage of Cu-Cu neighbors
out of total coordination number was 77%, higher than 66% for stoichiometric PdCu3, which is
reasonable for Cu-rich non-stoichiometric alloy. An estimate of the particle size from the
coordination number indicates that the metallic particle size is about 40 Å. The lower
coordination number compared to Pd(1)Cu(30)/CeO2 case in the previous study (NCu-Cu = ~10,
average particle size was about 55 Å) also confirms the smaller alloy particle in the present
catalyst compared to bulk Cu present in high Cu loading sample in the previous study.
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Figure 3-9 and Figure 3-10 show Pt L3 XANES and Pt L3 EXAFS Fourier transform of
Pt(1)Cu(5)/CeO2 in comparison to Pt(1)/CeO2. The significant shift in the edge position within
the range from 11.54 to 11.59 keV and change of shape of the XANES are indicative of Pt-Cu
alloy. The EXAFS fits of the first shell are given in Table 3-3. The Pt/CeO2 has very small
particles with a shortened Pt bond distance (2.66 Å against 2.77 Å for Pt Foil). Similar decrease
in the bond distance has been observed in Pd/CeO2 [11] wherein the Pd bond distance was 2.71 Å
compared to 2.75 Å in Pd foil and NPd-Pd was 5.7. Similar contraction of the metal-metal bond
distance has been reported for Au catalysts [48]. It is inferred that Pt is more easily dispersed on
CeO2 so that Pt bond distance is more contracted. Although the Cu/M ratio of Pt(1)Cu(5)/CeO2 is
four times of that in Pd(2)Cu(5)/CeO2, there are more Pt-Pt neighbors than Pd-Pd neighbors. The
Pt coordination environment in Pt(1)Cu(5)/CeO2, is 6 Cu neighbors at 2.54 Å and 3 Pt neighbors
at 2.75 Å. The high NPt-Pt in Pt(1)Cu(5)/CeO2 compared to NPd-Pd in Pd(2)Cu(5)/CeO2 clearly
shows less miscible property of Pt into Cu compared to Pd into Cu. The better alloy formation in
Pd-Cu may be one of the factors for better catalytic activity.

3-3-5. Kinetic studies
To investigate how Pd and Cu loadings affects OWGS activity and how the combination
of these two metals enhances the reaction, a kinetic study was conducted. The space velocity was
set for complete O2 consumption to highlight the effect of O2 on H2 production. For this reason,
CO conversion in OWGS was obtained under differential condition but still far below equilibrium.
Mass transport limitation was very small from rough calculation of Thiele modulus:

φ = R ( k / De )1/2

(Equation 1)
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where k is rate constant, De is effective diffusion coefficient, and R is radius of catalyst particle.
With 102 per site per second of CO oxidation rate achievable for stoichiometric CO/O2 ratio on
noble metal single crystal at around 250oC [49] (20 – 200 per site per second of rate available at
250 – 300oC on Pd/CeO2 if 10% Pd dispersion [50]), 0.25 – 0.5 mm of particle size,
approximately 0.8 cm2/s of molecular diffusion coefficient for air, and 5.5 cm2/s for H2, Thiele
modulus is 0.053 – 0.28. The corresponding effectiveness factor is 0.9948 – 0.9998, close to unity
enough to ignore mass transport limitation.

3-3-5-1. Effect of O2 addition
Figure 3-11 presents Arrhenius plots for OWGS and WGS on Pd(2)Cu(5)/CeO2 catalyst
in the temperature range of 220-280 oC. The advantage of OWGS over WGS is very clear from
Figure 3-11. The H2 production rate in OWGS at 260oC was 228 μmol/s/g-cat., which is 1.5 times
higher than that in WGS (142 μmol/s/g-cat.). While lower temperature is preferable for the COH2O-O2 conditions, around 260oC was optimum for the feed with H2 and CO2 (CO-H2O-CO2-H2O2 condition) [51] because H2 and CO2 significantly inhibit the reaction at low temperature. The
H2 production rate in such condition was 40.2 and 31.6 μmol/s/g-cat. for OWGS and WGS,
respectively. To check the validity of reaction rate, rates with some catalysts in this study were
compared with the values from literature in Table 3-4. The WGS rate for Pt(1)/CeO2 catalyst in
the present study was approximately 11 μmol/s/g-cat. (260oC), which is close to those of
published studies [25] and [52] (~ 13 μmol/s/g-cat. at 240oC and 250oC respectively). The rate in
one report [53] was lower by an order of magnitude due to its low-temperature condition (200oC).
Thus, the rate in the present study is considered to be in reasonable range and therefore the great
advantage of O2 addition to WGS as well as the advantage of bimetallic Pd-Cu/CeO2 over
Pt/CeO2 become clear.
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The apparent activation energy calculated by the slope of Arrhenius plots in Figure 3-11
was 56.9 and 21.7 kJ/mol for WGS and OWGS respectively. Compared to WGS, the milder slope
of Arrhenius plots for OWGS could reflect an increased H2O activation through a lowered surface
CO coverage by O2 addition upon adding O2, which is less influenced by temperature.
How O2 addition to WGS promotes H2 production is one of the issues in OWGS.
Bunluesin et al. have implicated involvement of oxygen in CeO2 in WGS by showing a
significantly lowered WGS rate when CeO2 support is calcinated at high temperature [20]. Other
articles report that the phase comprising ceria surface and ionic species such as Pt-O-Ce or Au-OCe is responsible for WGS [52]. For Cu-CeO2, Li et al. and Liu et al. implicated the presence of
Cu+ species at the interface with CeO2 in the form of Cu-O-Ce [54, 55]. These reports show
importance of oxygen at metal-ceria interface. O2 addition to WGS could directly affect such sites.
Meanwhile, some literature points out that catalyst surface is covered by chemisorbed CO island
and the rate of CO oxidation is significantly limited by available sites for chemisorption of the
coreactant [56, 57]. The enhanced H2 production by O2 addition could be explained by removal of
CO covering the surface to free up the active sites for WGS.
To investigate whether O2 creates new active sites, the WGS rate of the catalysts
pretreated by O2 and pretreated by H2 were measured and the results are shown in Figure 3-12.
The rates of H2 production in WGS with O2 pretreatment, H2 pretreatment and with repeated O2
pretreatment are similar, and the rates of CO2 production nearly overlap with those of CO
consumption in general. The catalyst initially pretreated by O2 showed a slightly lower H2
production rate, which then increased and within 10 min reached a steady state similar to or only
slightly higher than that with H2 pretreatment. These results clearly rule out the possibility that
some “different and more active sites” were created by O2 treatment or that the “O2-treatmentinduced different active sites” disappear quickly upon switching off O2. Clearly, the major
enhancement in H2 production observed in OWGS (Figure 3-11) compared to WGS was not
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observed in the WGS over O2-pretreated catalyst (Figure 3-12). Thus, it is concluded that the
greatly enhanced H2 production in OWGS (by O2 addition to the WGS reaction system) is more
relevant to change of surface dynamics involving co-reactants (CO, H2O) rather than change of
the nature of active sites on catalyst. WGS would be enhanced mainly by removing some
chemisorbed CO by added O2 to free up the active sites for H2O chemisorption, although there is
still a possibility that there are some differences in the active sites between the reaction systems
with and without O2 addition.

3-3-5-2. Effect of metal loadings
Figure 3-13 shows the effects of Pd and Cu loadings on the rate of H2 production in WGS
and OWGS. The Arrhenius plots of OWGS/WGS on Pd(2)Cu(5) and Pd(1)Cu(10) are compared
with Pd(1)Cu(5). In WGS, both increases of Pd and Cu caused higher H2 production rate. The
identical slope for the three catalysts in WGS means the higher rate is mainly by increase in the
number of sites active for the reaction. In OWGS, the rates of H2 production are higher than those
in WGS for all the catalysts, particularly at lower temperatures. However, only the increase of Pd
loading led to higher H2 production rate in OWGS while the increase of Cu did not have a
significant impact. The slopes were milder than those in WGS but similar for all the three
catalysts. These behaviors show Pd and Cu loadings influence both the number and property of
active sites. The number of sites is increased both by Pd and Cu addition, but the properties of the
sites would differ and O2 is more effectively utilized on the sites which Pd is involved in.
Considering the Pd-Cu structure obtained in EXAFS study (Figure 3-6 and 3-8), the number of
adjacent Pd-Cu pairs would increase only by Pd addition and these sites might be specifically
relevant to OWGS.
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Change in site property with metal loading is also noted in literature. A monometallic
Pd/CeO2 shows low PROX and WGS activities in contrast to high CO oxidation activity [29],
which suggests monometallic Pd does not have selectivity to oxidize CO resulting in loss of H2
by oxidation in the presence of O2. Affinity of Pd towards hydrogen is well known and is made
use for H2 separation through membranes. When Pd forms alloy with Cu, the membrane shows
lower hydrogen solubility compared to pure Pd [58] whilst Pd-Cu alloy keeps high selectivity and
permeability of hydrogen [59, 60]. Thus, the Pd-Cu alloy structure suppresses H2 activation
which is inherent to Pd alone.
Figure 3-14 shows the effect of the presence of H2 and CO2 in the feed gas on the OWGS
rates for Pd-Cu catalysts with 1 wt% and 2 wt% of Pd loading. Upon the addition of H2 in the
feed gas, the H2 production rate decreased on both catalysts, but the extent of decrease was much
smaller on Pd(2)Cu(5). At lower temperature, the larger inhibition by H2 was observed. Since
selective CO oxidation favors low temperature, the large drop of the rate at low temperature
would be attributed to inhibition of H2O dissociation by hydrogen:

H2O = H(a) + OH(a)

(Reaction 2)

OH(a) = H(a) + O(a)

(Reaction 3)

The smaller drop of the rate on Pd(2)Cu(5) suggests that H2 production is facilitated by the
increase of Pd loading more pronouncedly in the presence of H2, particularly at low temperature.
The Pd addition would change the property of active sites for better H2O activation.
When CO2 was added to the feed gas, the H2 production rate again decreased on both
catalysts. However, contrary to the case of H2 addition to the feed, decrease of the rate was larger
on Pd(2)Cu(5) than Pd(1)Cu(5). The Pd addition possibly inhibits desorption of CO2 from the
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catalyst surface (see Figure 3-15). Note that the slope does not change as much as the case of H2
addition, indicating reaction is inhibited by CO2 equally in a wide temperature range.
Figure 3-15 presents the transient pulse response signals of CO, CO2, and O2 to CO pulses
in 275 ppm-O2 flow. Both Pd/CeO2 and Pd-Cu/CeO2 catalysts adsorbed most of the pulsed CO,
accompanying CO2 desorption and O2 uptake at the same time. The O2 uptake (represented by
decreased O2 level) continued for certain duration until the catalyst recovered its original
oxidation state while CO2 response underwent a maximum peak. The CO2 desorption speed was
faster on the Pd-Cu catalyst than that of monometallic Pd catalyst. The Pd-Cu was saturated with
CO2 in the second pulse while Pd catalyst did not saturate after the third pulse. These transient
responses show Pd catalyst strongly retains CO2 on its surface, possibly as carbonate, and the
presence of Cu facilitates desorption of CO2.
In summary for this section, Pd in Pd-Cu contributes more to active sites for H2O
activation with low inhibition by H2. Pd also accompanies strong retention of CO2 on the catalyst
surface. Meanwhile, Cu in Pd-Cu facilitates CO2 desorption. Cu also suppresses H2 activation (for
H2 oxidation) inherent to Pd. From EXAFS, TPR, and OSC, Pd stabilizes Cu in alloy in reduced
state and Cu disperses Pd in the alloy structure. Thus, Pd and Cu have complementary roles for
fast CO shift to H2.
Figure 3-16 compares conversion levels between PROX, WGS, OWGS in the presence of
H2, and also OWGS in the absence of H2 at 260oC. PROX exhibited about 20% of CO conversion
which corresponds to about 60 – 70% of CO oxidation selectivity. The rest of O2 was consumed
for H2 combustion. WGS had slightly higher CO conversion than PROX. CO conversion in
OWGS was much higher than WGS and PROX, even higher than the sum of CO conversions of
WGS and PROX.
These results clearly indicate that OWGS is not simply the addition of oxidation reaction
to WGS reaction. In the absence of H2, CO conversion was further increased to reach 94%. As
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indicated in the above results, adding a small amount of O2 changes the catalyst surface dynamics
for H2O activation to enhance WGS.

3-4. Conclusions
The metallic formulation of CeO2 supported catalyst was found to strongly influence
catalytic performance in oxygen-enhanced water gas shift (OWGS). Among the monometallic,
bimetallic, and trimetallic catalysts examined, the Pd-Cu combination showed uniquely high
activity in OWGS and the composition of 2 wt% Pd with 5–10 wt% Cu were found to be suitable
for the present OWGS condition. The higher activity of the Pd-Cu catalyst was attributed to alloy
structure and the accompanying synergistic interaction between Pd and Cu which was evidenced
by TPR, OSC, and EXAFS.
The EXAFS study shows alloy formation between Pd and Cu on CeO2. The Pd-edge
showed Pd is mainly surrounded by Cu and Cu-edge clearly evidenced the existence of Cu-Pd
bonding. The Pt-edge of Pt-Cu/CeO2 catalyst exhibited higher number of Pt neighbors compared
to the case of Pd-Cu/CeO2, which indicates the better alloy formation in Pd-Cu than in Pt-Cu.
This structural feature in Pd-Cu led to strong interaction between Pd and Cu as it was observed in
TPR. All the Pd-Cu bimetallic catalysts with wide range of Pd and Cu loadings had a single
reduction peak in contrast to multiple peaks observed for monometallic Cu catalyst. The OSC
measurement showed Pd-Cu catalysts have stronger resistance towards air pulse oxidation than
Cu monometallic catalysts, which indicates Pd prevents oxidation of Cu in the alloy in the
oxidative OWGS condition.
The kinetic study revealed that Pd loading also has a strong impact on H2 production rate
in OWGS. The presence of Pd in Pd-Cu was found to increase active sites for H2O dissociation.
The presence of Cu was found to suppress affinity of Pd towards hydrogen to prevent reaction
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inhibition by H2 and suppress H2 oxidation in OWGS. The presence of Cu in Pd-Cu was also
shown to facilitate desorption of CO2 which would otherwise attach to catalyst surface as
carbonate.
The excellent OWGS activity of Pd-Cu catalysts has been attributed to these
complementary roles of the two metals which would originate from alloy structure and strong
interaction between them. The advantage of OWGS over WGS using Pd-Cu bimetallic catalyst
supported on CeO2 was clearly demonstrated in this study.
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Table 3-1: Reduction temperature and H2 uptake in TPR of Pd-Cu catalysts with various metal
loadings.
Catalyst
Cu(5)/CeO2
Pd(1)Cu(5)/CeO2
Pd(2)Cu(5)/CeO2
Pd(2.75)Cu(5)/CeO2
Pd(1)Cu(10)/CeO2

Cu/Pd
ratio
-8.2
4.1
3.0
16.4

Red. Temp
(oC)
138,165
135
115
96
128

H2 uptake
(mmol/g)
1.36
1.81
1.89
3.08
2.94

Reduction condition: 50 ml/min of 5% H2/Argon flow, 5oC/min of heating rate.

Table 3-2: Physicochemical properties of Pd-Cu catalysts with various metal loadings.

*

Catalyst

BET

O2 uptake

Cu(5)/CeO2
Pd(1)Cu(5)/CeO2
Pd(2)Cu(5)/CeO2
Pd(2.75)Cu(5)/CeO2
Pd(1)Cu(10)/CeO2
*Pd(1)Cu(30)/CeO2
*Cu(30)/CeO2

(m2/g)
136
132
115
115
106
97
62

(μmol/g)
663
626
642
683
825
---

BET surface area from literature [11].
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Table 3-3: Fitted parameters from EXAFS for various catalysts.
Sample

Scatter

N

R, Å

Pd foil
Pd(1)/CeO2
Pd(2)Cu(5)
/CeO2
Pd(2.75)Cu(5)
/CeO2
**
Cu foil
Cu(5)/CeO2
*
Cu(30)/CeO2
***
Pd(2)Cu(5)
/CeO2_Air
Pd(2)Cu(5)
/CeO2

Pd-Pd
Pd-Pd
Pd-Cu
Pd-Pd
Pd-Cu
Pd-Pd
Cu-Cu
Cu-Cu
Cu-Cu
Cu-O

12
5.7
7.1
1.4
7.1
1.7
12
5.0
8.9
4.0

2.75
2.71
2.59
2.73
2.59
2.73
2.55
2.51
2.55
1.92

Cu-Cu
Cu-Pd

6.8
2.0

Pt-Pt
Pt-Pt
Pt-Cu
Pt-Pt

12
4.7
5.8
3.0

*

**

Pt foil
Pt(1)/CeO2
Pt(1)Cu(5)
/CeO2
*

From literature [11]
Theoretical values
***
Measured in air at room temperature
**

DWF
(x 103)

Eo, eV

Est. Size

5.0
2.0
2.0
2.0
2.0

-2.2
-4.9
-1.0
-4.0
-1.0

large
15 Å
Cu-rich
bimetallic
Cu-rich
bimetallic

0.1
2.7

0.3
-11.3

Cu2+

2.54
2.64

4.0
4.0

-2.5
6.7

Cu-Pd
bimetallic
40 Å

2.77
2.66
2.54
2.75

2.0
2.0
2.0

-5.5
1.7
-1.0

11 Å
Cu-rich
bimetallic
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Table 3-4: Comparison of catalytic reaction rates and Ea values with literature.
Catalyst

SA
m2/g

T
C

Feed gas
CO/H2O/CO2
/H2

Rate
μmol
/s/g-cat.

Ea
kJ/mol

Pd(2)Cu(5)
/CeO2

155

260

228

21.7

*

This
work

Pd(2)Cu(5)
/CeO2
Pd(2)Cu(5)
/CeO2
Pt(1)/CeO2

155

260

OWGS,
O2/CO=0.14
9.8 / 23 / 0 / 0
9.8 / 23 / 0 / 0

142

56.9

*

0.4 / 0.3 / -/ --

155

260

9.8 / 23 / 6.5 /38.4

31.6

155

260

9.8 / 23 / 6.5 / 38.4

10.7

Cu(5at.%)Ce(La)O2
Cu(8)/CeO2

100

250

1/2/0/0

3.7

This
work
This
work
This
work
[53]

180

200

7 / 8.5 / 22 / 37

0.11

0.9 / 0.4 / -0.6 /
-0.6

[60]

Cu(10at.%)CeO2
Pd(1)/CeO2

***

350

1/3/0/0

22.7
30

240

~0.8

46

Pd(1)/CeO2

61

180

3.2 / 4.2 / 1.3
/ 1.3
3.3 / 3.3 / 0 / 0

0.45

49

Pt(2)/Ce-Zr

200

240

~13

71

Pt(1)/CeO2

161

200

4.9 / 33 / 10.5
/ 30.3
7 / 22 / 8.5 / 37

0.59

75

Pt(3.7at.%)/
Ce(La)O2

150

250

11 / 26 / 7 / 26

~13

74.8

o

Reaction order
CO/H2O/CO2
/H2
1.4 / 0.3 / -/ --

**

19.2
-30.4
56
51

Ref.

[18]
0 / 0.5 / -1
/ -0.5

[24]
[31]

0.07 / 0.67
/ -0.16 / -0.57
-0.03 / 0.44
/ -0.09 / -0.38

[25]
[52]
[51]

From the left column: catalyst, surface area of support, temperature, feed gas composition
balanced by inert gas, reaction rate obtained or calculated from literature, activation energy,
reaction order, and reference number.
*
The value obtained using Pd(1)Cu(5)/CeO2 catalyst
**
Depends on the condition
***
Surface area of the catalyst
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Figure 3-1a: Screening test results for single metal catalysts supported on CeO2.
Feed: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% N2 or Air / argon balance.
Temperature: 260oC, GHSV: 64,400h-1 (dry); Pd,Pt,Rh,Ir: 1 wt%; Cu,Co,Fe,Mn: 5 wt%.
*OWGS on Rh: 30% of CO committed to CH4 formation reaction. (2CO + 2H2 = CH4 +CO2)

Figure 3-1b: Screening test results for single metal catalysts supported on CeO2.
Contribution of CO oxidation to CO conversion is shown in the bar with pale color. Feed: 9.7%
CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% N2 or Air / argon balance. Temperature: 260oC,
GHSV: 64,400h-1 (dry); Pd,Pt,Rh,Ir: 1 wt%; Cu,Co,Fe,Mn: 5 wt%. *OWGS on Rh: 30% of CO
committed to CH4 formation reaction. (2CO + 2H2 = CH4 +CO2)
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Figure 3-2a: Screening test results for 1 wt% NM (noble metal) - 5 wt% Cu / CeO2.
Feed: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% N2 or Air / argon balance;
Temperature: 260oC, GHSV: 64,400h-1 (dry); Each NM is 1 wt% for bimetallic and trimetallic
catalysts.

Figure 3-2b: Screening test results for 1 wt% NM (noble metal) - 5 wt% Cu / CeO2.
Contribution of CO oxidation to CO conversion (28.9% of CO conv.) is shown in the bar with
pale color. Feed: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% N2 or Air / argon balance;
Temperature: 260oC, GHSV: 64,400h-1 (dry); Each NM is 1 wt% for bimetallic and trimetallic
catalysts.
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Figure 3-3: Optimized Pd and Cu loadings for OWGS.
Feed: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% N2 or Air / argon balance,
Temp=260oC, GHSV=64,400h-1(dry).
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Figure 3-4a: Effect of metal loadings on temperature programmed reduction (TPR) of PdCu/CeO2 catalysts.
Reduction condition: 50 ml/min of 5% H2/Argon flow, 5oC/min of heating rate. Inside parenthesis
shows H2 uptake in the unit of mmol/g.
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Figure 3-4b: Comparison of temperature programmed reduction (TPR) of pure CeO2, CuO, and
Cu/CeO2.
Reduction condition: 50 ml/min of 5% H2/Argon flow, 5oC/min of heating rate.
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Figure 3-5: Effect of metal loadings on oxygen storage capacity (OSC) of Pd-Cu/CeO2 catalysts.
Measured temperature: 260oC. Air pulses were submitted to the catalysts prereduced at 260oC.
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Figure 3-6: Fourier transform of Pd EXAFS of Pd(2)Cu(5)/CeO2 catalyst reduced at 250oC. (k2:
Δk = 2.9–11.4 Å-1).
Blue solid: Pd foil data-real part of FT, NPd–Pd = 12.0 at 2.75 Å; blue dotted: Pd foil dataimaginary part of FT; solid red: Pd-Cu/CeO2 data-real part of FT, NPd–Cu = 7.3 at 2.60 Å; red
dotted: Pd-Cu/CeO2 data-imaginary part of FT.
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Figure 3-7: Fourier transform of Cu EXAFS of Pd(2)Cu(5)/CeO2 catalyst in air at room
temperature. (k2: Δk = 2.7–10.7 Å-1).
Red solid: Pd-Cu/CeO2 data-real part of FT, NCu–O = 4 at 1.92 Å; red dotted: Pd-Cu/CeO2 dataimaginary part of FT.
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Figure 3-8: Fourier transform of Cu EXAFS of Pd(2)Cu(5)/CeO2 catalyst reduced at 260oC. (k2:
Δk = 2.7–11.0 Å-1).
Blue solid: Cu foil data-real part of FT, NCu–Cu = 12 at 2.55 Å; blue dotted: Cu foil data-imaginary
part of FT; red solid: Pd-Cu/CeO2 data-real part of FT, NCu–Cu = 6.8 at 2.54 Å, NCu–Pd = 2.0 at 2.64
Å; red solid: Pd-Cu/CeO2 data-imaginary part of FT.
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Figure 3-9: Pt L3-edge XANES of Pt(1)/CeO2 and Pt(1)Cu(5)/CeO2 reduced at 250oC.
Blue: Pt/CeO2, red: Pt-Cu/CeO2
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Figure 3-10: Fourier transform of Pt EXAFS of Pt(1)/CeO2 and Pt(1)Cu(5)/CeO2 catalysts
reduced at 250oC. (k2: Δk = 2.8–10.2 Å-1).
Blue solid: Pt/CeO2 data-real part of FT, NPt–Pt = 4.7 at 2.66 Å; blue dotted: Pt/CeO2 dataimaginary part of FT; red solid: Pt-Cu/CeO2 data-real part of FT, NPt–Cu = 5.88 at 2.54 Å, NPt–Pt =
3.0 at 2.75 Å; red dotted: Pt-Cu/CeO2 data-imaginary part of FT.
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Figure 3-11: Arrhenius plot of the rates of CO conversion, CO2 production, and H2 production in
on Pd(2)Cu(5)/CeO2 catalyst.
The rate of CO conversion in OWGS: filled circle; in WGS: open circle; the rate of CO2 yield in
OWGS: filled triangle; in WGS; open triangle; the rate of H2 yield in OWGS: filled square; in
WGS: open square. Gas composition: 9.8%CO / 23.0% H2O / 6.9% air / N2 balance; Amount of
catalyst: 0.015g (35-60 mesh) diluted with SiC particles of the same size to attain 0.065 ml of the
catalyst bed volume. Temperature range: 220 – 280oC.
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Figure 3-12: Effect of O2 pretreatment and H2 pretreatment on WGS rate.
Catalyst: Pd(1)Cu(5)/CeO2 0.1g, Feed: 9.8%CO / 23.0% H2O / N2 balance; Temperature: 260oC;
GHSV: about 12,000 h-1 (on the CO basis). The conditions for O2 and H2 pretreatments were (1)
pure air for an hour, (2) 50% H2/N2 for an hour, (3) 10% H2/N2 for about 12 hours, and (4) 6.9%
air / 22.8% H2O / N2 for an hour, respectively.
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Figure 3-13: Effect of metal loadings on H2 production rate.
Ceria-supported Pd(2)Cu(5): diamond; Pd(1)Cu(10): triangle; Pd(1)Cu(5): square; Cu(5): cross.
Gas composition: 9.8%CO / 23.0% H2O / N2 balance for WGS (left) and 9.8%CO / 23.0% H2O /
6.9% air / N2 balance for OWGS (right); Amount of catalyst: 0.015g (35-60 mesh) diluted with
SiC particles of the same size to attain 0.065 ml of the catalyst bed volume. Temperature range:
220 – 280oC.
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Figure 3-14: Effect of metal loading in the presence and absence of the products (H2 and CO2) on
H2 production rate.
Ceria-supported Pd(2)Cu(5): red diamond; Pd(1)Cu(5): black triangle. Dotted lines are the rate in
OWGS in the absence of H2 and CO2 for the comparison with the solid lines. Gas composition:
9.8%CO / 23.0% H2O / 6.9% air / N2 balance. The N2 concentration was adjusted upon addition
of H2 or CO2 so that the total flow rate was kept constant. Amount of catalyst: 0.015g (35-60
mesh) diluted with SiC particles of the same size to attain 0.065 ml of the catalyst bed volume.
Temperature range: 220 – 280oC.
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Figure 3-15: Transient response to CO pulses on Pd(1)/CeO2 and Pd(1)Cu(5)/CeO2 at 260oC.
Carrier gas: 20 ml/min of 275 ppm O2/ Helium flow; pulse gas condition: 0.5 ml (heated at
110oC) of 10% CO/Helium. The arrows show the timing of CO pulse.
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Figure 3-16: Comparison of CO conversion level among PROX, WGS, and OWGS at 260oC.
Gas composition: 9.7% CO, 22.8% H2O, 6.3% CO2, 37.9% H2, 1.4% O2, N2 or Ar balance for
OWGS, 9.7% CO, 22.8% H2O, 6.3% CO2, 37.9% H2, N2 or Ar balance for WGS, and 9.7% CO,
6.3% CO2, 37.9% H2, 1.4% O2, N2 or Ar balance for PROX; GHSV: 64,400 h-1(dry); Catalyst:
Pd(1)Cu(5)/CeO2.
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Chapter 4

Role of CeO2 Support for Pd-Cu Bimetallic Catalysts for Oxygen-enhanced
Water Gas Shift

Abstract
CeO2-supported metal is one of the efficient CO shift catalysts for hydrogen production
for compact polymer electrolyte membrane fuel cells (PEMFCs). The present study focuses on
the role of support in oxygen-enhanced water gas shift (OWGS) in which a small amount of
oxygen is added to a reformate gas to promote WGS. Pd-Cu bimetallic catalysts on various CeO2
supports were prepared and their catalytic activities and physicochemical properties were
investigated in comparison with Al2O3-supported catalyst. CeO2-supported catalysts showed not
only better performance, but also exhibited pronounced enhancement of WGS upon O2 addition
to the feed compared to Al2O3-supported catalyst. This was tied in with kinetic results, which
showed high reaction order in CO for all the CeO2-supported catalysts in contrast to a low CO
order on Al2O3-supported catalyst. These trends were attributed to enhanced participation of H2O
to the reaction by O2 addition through decreased CO coverage to free up the active sites for H2O
adsorption and activation. The two regimes of turnover rate along the surface area showed the
rate-limiting step changes from H2O activation to the reaction of activated H2O with chemisorbed
CO when surface area increases. CeO2 was found to create new active sites for H2O activation in
concert with metal while the Al2O3-supported catalyst does not have such ability. Transient pulse
studies revealed CO and H2O need to associate for WGS to occur, i.e. the reaction takes place via
Langmuir-Hinshelwood type mechanism, and pre-adsorbed surface species observable in IR
spectra are spectators. XRD and field emission SEM image revealed structure and morphology of
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Pd-Cu bimetallic components that uniformly disperse on support by changing the particle size
depending on available ceria surface and structure. Above 10 wt% of copper loading led to
segregation of CuO phase which is less active than Pd-Cu. These structural properties show both
metal and ceria are critical in H2O activation and metal is critical in the subsequent reaction with
chemisorbed CO.

4-1. Introduction
Ceria-supported metal catalysts have been reported to show unique characteristics in
exhaust treatment for automotive application [1-3] and fuel processing for fuel cell application [47]. Particularly for water gas shift (WGS) and preferential oxidation (PROX) for hydrogen
purification, CeO2-supported metal catalysts have received great attention in recent years because
of lack of suitable technology for onboard H2 production with low ppm of CO contaminants for
fuel cells [5, 7]. While current technology in water gas shift has the two major problems, i.e. slow
WGS kinetics and pyrophoric nature of Cu-based catalyst, CeO2-supported metal catalysts have
potential higher WGS activity and non-pyrophoric properties. Our group has developed
methodology to increase WGS kinetics by adding a small amount of O2 which is called oxygenenhanced water gas shift (OWGS) and highly active Pd-Cu bimetallic formulation supported on
CeO2 for this reaction [8].
CeO2 has been used as an additive in three-way catalysts for emission control of
automotive exhaust, where CeO2 acts as redox buffer against the repetitive cycles of reducing and
oxidative conditions [9, 10]. In WGS, it was also reported by Gorte et al. that CeO2 is an oxygen
carrier [11]. They proposed CeO2-mediated redox mechanism where CO adsorbed on metal sites
is oxidized by oxygen from CeO2 while the reduced CeO2 is reoxidized by H2O. Although there
are still a lot of arguments about the reaction pathway for WGS, the redox (oxygen
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storage/release) behavior is certainly a unique property of CeO2 and a lot of literature relates the
high WGS activity to redox of CeO2 surface and/or its bulk. Other supports such as ZrO2 [12] and
TiO2 [13] also have redox properties, but the oxygen mobility in the temperature range of lowtemperature WGS (less than 300oC) is much smaller than CeO2 [14]. CeO2 also has other
functions such as stabilizing metallic particles to prevent aggregation at high temperatures [15].
The basicity of CeO2 has been reported to induce mobility of surface oxygen to promote the
reaction [14] while it causes strong adsorption of CO2 and CO as carbonate to inhibit WGS. In
fact, the capacity of CO2 adsorption reaches a monolayer of CeO2 surface under WGS conditions
[16] and the amount of CO2 evolved in CO2-TPD seems to be more than that evolved from basic
support such as MgO in surface area basis [17, 18]. CeO2 surface is also a pool for diffusing
hydrogen (spillover hydrogen) [19]. H2O can directly adsorb and dissociate into hydroxyls on
CeO2 [20]. The hydroxyl is considered as a precursor for formate species which some groups
proposed as an pivotal intermediate in WGS [21]. These interactions of CeO2 with the molecules
involved in WGS makes identification of the reaction pathway difficult and the role of CeO2
support in WGS has not been fully clarified.
While CeO2 has a large impact on the catalytic performance and reaction pathway, the
metal species are crucial. For example, Grenoble et al. tested various Al2O3-supported metal
catalysts for WGS and the reaction was found to be dependent on both metal and support
materials [22]. Hilaire et al. compared CeO2-supported Pd, Ni, Fe, Co catalysts to find the rate
differs in order of magnitude among these metal species [23]. Our group has been developing
CeO2-supported Pd-Cu bimetallic catalysts for oxygen-enhanced water gas shift (OWGS) at low
temperature and obtained better activity than monometallic catalysts [8]. The Pd-Cu species and
its structure were proven to have significant impact on OWGS performance, but the function of
CeO2 relative to Pd-Cu structure and properties is left to be clarified.
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In this study, using Pd-Cu bimetallic catalysts which we reported to have high activity in
OWGS, kinetic analyses on catalysts with various CeO2 supports were performed to identify the
role of CeO2. The material and physicochemical properties of support were correlated to metal
properties and OWGS activity to find the link to controlling factors for OWGS kinetics. For this,
surface area and crystallite size of CeO2, dispersion of metal species, oxygen storage capacity of
catalysts, infra-red absorbance of surface species were studied. The results suggest that CeO2
enhances CO shift by altering the property of the sites for H2O activation rather than increasing
the number of the sites.

4-2. Experimental
The 2 wt% Pd – 5 wt% Cu bimetallic catalysts were prepared by incipient wetness coimpregnation using a mixed acetone solution of Pd (II) acetate and Cu (II) nitrate on ceria or
alumina support. Five ceria supports, commercial HSA15 from Rhodia Co. (155 m2/g of specific
surface area, noted as CeO2-R), calcinated commercial ceria (HSA15) at 600oC for 2 hours (122
m2/g, noted as CeO2-RC), another commercial CeO2 from Rhodia (>200 m2/g, noted as CeO2-H),
CeO2 prepared by calcination of cerium (III) nitrate at 600oC for 2 hours (74 m2/g, noted as CeO2N), reagent ceria from Aldrich Co. (3.3 m2/g, noted as CeO2-A), and commercial alumina Puralox
TH100/150 from Sasol (150 m2/g, noted as Al2O3) were used. All the samples were calcinated at
450oC for 5 hours after co-impregnation of the precursors.
The methods for catalytic activity test and kinetic analysis are described elsewhere, so the
methods are described briefly here. About 0.1 g of the catalyst (sieved into 0.25 to 0.50 mm in
diameter) was packed in a quartz fixed-bed down-flow reactor with 4 mm inner diameter (aspect
ratio = ~1.5). The feed gas composition was 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 /
6.9% air (1.4% O2) / argon balance. The space velocity was around 64,400 h-1 (dry, excluding air
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and argon). In kinetic study, 0.015g of catalyst was diluted with pelletized SiC to obtain 0.065 ml
of catalyst bed volume and tested in the same way in gas composition of 9.8% CO / 23.0% H2O /
6.9% air (1.4% O2) / N2 balance. The space velocity was set to highlight the effect of O2 on H2
production, i.e. the GHSV was set so that O2 is completely consumed. CO conversion in OWGS
was out of differential condition but still far below equilibrium. Prior to the catalytic reaction, the
catalyst was reduced in situ in 7.5% H2/N2 flow at 260oC for 1 h.
The surface species on the catalyst was analyzed by in-situ Fourier Transform Infrared
Spectroscopy (FT-IR) with diffuse reflectance mode using Nexus 470 spectrometer with Smart
Collector environmental chamber. The sample was mounted on the chamber and heated in the H2
flow to 260oC followed by switching to CO/H2 flow and collecting absorbance data of the surface
species. OMNIC ver. 7 was used for data acquisition.
X-ray diffraction patters of supported Pd-Cu catalysts were collected using a PANalytical
X’Pert Pro MPD θ/θ goniometer with Cu-Kα radiation, and fixed slit incidence (0.25 deg.
divergence, 0.5 deg. anti-scatter, specimen length 10 mm) and diffracted (0.25 deg anti-scatter,
0.02 mm nickel filter) optics. Samples were prepared by the back-loading method in which a
powder sample is pressed into the cavity of a quartz low-background support. Data was collected
at 45 kV and 40 mA from 5-70 deg 2θ using a PIXcel detector in scanning mode with a PSD
length of 3.35 deg. 2θ, and 255 active channels. Resulting patterns were corrected for both 2θ
position and instrumental peak broadening using NIST 640c silicon and analyzed with Jade+9
software by MDI of Livermore, CA.
The temperature programmed reduction (TPR) experiments were conducted on
Micromeritics Autochem 2910 TPD/TPR equipped with a TCD detector using 50 ml/min of 5%
H2/argon flow with the heating rate of 5oC/min. Oxygen storage capacity (OSC) was measured
using the same equipment by pulsing air at 260oC after the sample was reduced at the same
temperature. Ametek Dycor Dymaxion mass spectrometer DM200M was employed with
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Autochem 2910 for detection of oxygen pulses. The same equipment was employed for transient
pulse response studies. The pulse was generated by 0.518 ml of loop volume connected to 6-way
valve and H2O was introduced by bubbling the pulse gas in heated water.
SEM images were collected at room temperature using JEOL JSM-6700F scanning
electron microscope with a field emission gun. The accelerating voltage of incident electron was
3 keV. For SEM-EDS analysis, Hitachi S-3500N scanning electron microscope equipped with
Princeton Gamma-tech PRISM energy dispersive spectroscopy was employed. The accelerating
voltage of electron was 20 keV. TEM image was collected using JEOL EM-2010F (field
emission TEM/STEM) with scanning mode. The sample was dispersed in isopropanol and then a
droplet of suspension was applied on 200 Mo mesh with 25ct lacey carbon.

4-3. Results and Discussion

4-3-1. Catalytic activity
Figure 4-1 shows OWGS and WGS activities of 2 wt% Pd – 5 wt% Cu supported on
various ceria supports and alumina support. The physicochemical properties of those catalysts are
summarized in Table 4-1 and discussed in detail in the following section. The five CeO2 supports
were obtained from various sources and preparation methods and the order of surface area of the
CeO2 supports was CeO2-H (>200 m2/g) > CeO2-R (155 m2/g) > CeO2-RC (122 m2/g) > CeO2-N
(74 m2/g) > CeO2-A (3.3 m2/g). As seen in Figure 4-1, the catalyst with high surface area tends to
show high catalytic activity. Note that even the catalyst with CeO2-A which has extremely low
surface area (2 m2/g) and low metal dispersion (2.2%) exhibited OWGS activity comparable to
Al2O3-supported catalyst which has high surface area (123 m2/g) and high metal dispersion
(11.2%), indicating large impact of support material. These results are consistent with literature
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that reports CeO2 participate in the reaction and enhances WGS by providing surface oxygen to
oxidize CO chemisorbed on metal and reduced CeO2 is reoxidized by H2O (redox mechanism)
[11, 24]. The lower activity of Pd-Cu/CeO2-H than Pd-Cu/CeO2-R regardless of its higher surface
area could be attributed to different structure of CeO2 surface. It has been reported by FlytzaniStephanopoulos et al. that WGS activity of Au-ceria surface is strongly dependent on CeO2
crystal plane, where CeO2(110) shows lower energy for oxygen vacancy formation, which is
necessary for stabilizing metals to perform well in WGS, compared to CeO2(100) or CeO2(111)
planes [25].
Interestingly, all the CeO2-supported catalysts showed much larger enhancement of the
reaction by O2 addition (OWGS activity compared to WGS activity), while Al2O3-supported
catalyst had only a slight increase in CO conversion. The added O2 seems effectively utilized for
CO shift to H2 on CeO2-supported catalysts while a large portion of added O2 was used just for
oxidation of CO and H2 on the Al2O3-supported catalyst. The effectiveness of O2 addition on
CeO2-supported catalysts would be irrelevant to CO oxidation selectivity since oxidation
selectivity is strongly dependent on CO coverage of metal sites [26] and CeO2 has shown not
necessarily to be selective [27]. It would be rather attributed to highly active sites for CO shift on
CeO2-supported catalysts, which the Al2O3-supported catalyst does not have.
Co-presence of O2 with H2O has been reported to enhance H2O dissociation in PROX as
expressed in the following reaction equations [28]:

H2O* + O* = 2OH*

(Reaction 1)

2OH* + O2* = 3O* + H2O*

(Reaction 2)

This enhanced H2O dissociation would increase the active surface species (hydroxyl or oxygen),
resulting in increased rate of the subsequent processes:
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CO* + OH* = CO2* + H*

(Reaction 3)

CO* + O* = CO2*

(Reaction 4)

O2 addition to WGS could enhance H2O dissociation in a similar manner. However, it is difficult
to attribute the enhancement to such the small amount of O2 (O2/CO = 0.14 against H2O/CO = 2.3
in the present OWGS). Further, we did not observed increase of reaction order in H2O which is
expected if the H2O dissociation is enhanced by O2 addition. The CO shift is thus enhanced not
through increase of surface reactants, but through creation of active sites or liberation of active
sites from inhibitors by O2 addition. In our previous study, we concluded that O2 addition to WGS
removes strongly chemisorbed CO and frees up the active sites for H2O adsorption/activation to
enhance WGS [29]. The detailed kinetic analysis is discussed further in Section 3-3.

4-3-2. Physicochemical properties
The physicochemical properties of CeO2-supported catalysts are summarized in Table 4-1.
The surface area of CeO2 support had an inverse trend to CeO2 crystallite size. The surface area
of the catalysts was found to decrease by about 20% to 30% by loading Pd and Cu on each parent
CeO2 support. The activity of Pd-Cu/CeO2-A is only about 5 times lower than that of PdCu/CeO2-R in spite of about 50 times smaller surface area or more than 20 times larger CeO2
crystallite size of the former, suggesting the activity is not sensitive to surface area or CeO2
crystallite size. Thus, it is suggested that CeO2 surface is an indirect factor or only a part of CeO2
surface is utilized for OWGS. The CeO2 surface adjacent to the active metal center has been
proposed to be most active by Goguet et al. [30].
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Metal dispersion was calculated from CO uptake at -30oC assuming that CO linearly
adsorbs on Pd and Cu surface atoms with no adsorption on CeO2 surface at this low temperature
[31]. The CO was chosen as a probe molecule since CO shows low chemisorption on CeO2
compared to H2 which shows hydrogen spillover on high surface area CeO2 even at low
temperature, which can interfere with proper measurement of metal surface area [31]. It should be
noted that strength of CO chemisorption is dependent on metallic composition, i.e. Pd surface
irreversibly chemisorbs CO while major portion of Cu surface only reversibly chemisorbs CO [32,
33], therefore the value of metal dispersion in Pd-Cu catalyst is nominal and it does not
necessarily quantify the actual metal surface sites. In fact, the metal dispersion of Pd-Cu is much
smaller than dispersion of Pd measured in the present study and reported in literature [34, 35].
Nonetheless, CO chemisorption is valuable as an indicator of relative metal surface sites among
Pd-Cu catalysts with identical metal composition. The metal dispersion of CeO2-supported
catalysts was similar except Pd-Cu/CeO2-A which showed about 4 times lower metal dispersion
than the others. This suggests that metal surface area is not direct factors for the catalytic activity
either.
Average pore diameter had the same trend to CeO2 crystallite size and the inverse trend to
surface area. Total pore volume was not correlated to any other properties and catalytic activity.
Pd-Cu/CeO2-N showed larger pore volume than the catalysts with two commercial supports
indicating pore structure is dependent on CeO2 source and preparation method. Oxygen storage
capacity (OSC) was not correlated to other properties either. The OSC of Pd-Cu/CeO2-A and PdCu/Al2O3 were similar (about 400 μmol-O2/g), but the contributions of metal and support to O2
uptake would be different and this is not clear from the present data.
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4-3-3. Kinetic study
To investigate the effect of support material and properties on the reaction kinetics, H2
production rate was measured in CO/H2O/O2 conditions with variable CO and H2O partial
pressures. The turnover rate of H2 production was plotted in Figure 4-2 and 4-3 as a function of
CO and H2O partial pressure respectively in logarithmic scale. One of the interesting features in
Figure 4-2 is that all the CeO2-supported catalysts showed 1.6 reaction order in CO and only the
Al2O3-supported catalyst exhibited 0.9 of reaction order in CO (See Table 4-2, also). This means
the reaction rate is more sensitive to CO partial pressure on CeO2-supported catalysts. In other
words, CO is more reactive with the coreactant H2O. This further leads to the interpretation that
more chemisorbed H2O (dissociated H2O) is present on the surface to react with CO or, in other
words, O2 enhances the participation of H2O into the reaction. In our previous study, we observed
a significant increase of reaction order in CO from about 0.4 to 1.5 upon addition of O2 to WGS,
which led to the conclusion that O2 addition decreases CO coverage to free up the active sites for
H2O adsorption and activation, based on literature report that strongly chemisorbed CO forms
island structure on Pd surface to prevent coreactant to access the surface [36]. The present study
strongly supports the previous results by showing high reaction order in CO for all the CeO2supported catalysts regardless of their physicochemical properties. Chemistry in H2O
adsorption/activation was shown to be independent of CeO2 properties but dependent on support
material. CeO2-supported catalysts thus have sites for strong H2O activation, possibly at metalceria interface while the lower CO order (0.9) on the Al2O3-supported catalyst reflects different
sites, possibly metallic surface with little support interaction, which have much weaker H2O
activation ability.
In contrast to the reaction order in CO, H2O order was smaller on all the catalysts as
shown in Figure 4-3. This would be due to the involvement of H2O dissociation in the adsorption
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process and due to the excess H2O partial pressure relative to CO partial pressure in the feed. The
reaction order in H2O was 0.2 for high surface area ceria-supported samples and 0.5 for PdCu/CeO2-A and Pd-Cu/Al2O3. The higher H2O order for the latter two samples would be due to
the very limited proportion of H2O activation (dissociation) to chemisorbed CO on the active sites
of these catalysts.
Another interesting trend in Figure 4-2 and 4-3 is that Pd-Cu on CeO2-H, CeO2-R, and
CeO2-RC showed turnover rates close to each other. The forward reaction rate was similar on
these catalysts and irrelevant to support surface area. The different trend from Figure 4-1, where
Pd-Cu on CeO2-R, CeO2-H, and CeO2-RC showed clear difference in OWGS activity in the
presence of product H2 and CO2, indicates certain impact of the product gases. The function of
CeO2 seems to be more reflected on the activity in the presence of product gases. This is probably
because H2O activation is inhibited by the product gases and thus H2O activation more weighs in
the rate-controlling factors. Similar shift of the rate-determining step has been reported for WGS
on Cu-based catalyst by Ovesen et al. [37]. They conducted microkinetic analysis and found the
presence of rate transition from H2O dissociation to the reaction of chemisorbed CO and adsorbed
oxygen when the CO/H2O ratio is low on Cu single crystals.
When turnover rate is plotted against surface area of catalyst (Figure 4-4 and Table 4-3),
there were two separate regimes in the rate observed. The turnover rate was dependent on surface
area of catalyst below 90 m2/g and it leveled off above 90 m2/g. This strongly indicates the
reaction proceeds via bifunctional route. In the low surface area region, H2O activation
(dissociation) would be critical while in the high surface area region H2O activation is fast
enough so that the reaction of activated (dissociated) H2O with chemisorbed CO would control
the overall reaction rate. Pd-Cu/CeO2-N has similar metal dispersion to the catalysts with higher
surface area CeO2, but it showed lower turnover rate due to insufficient H2O activation. The
turnover rate on Pd-Cu/CeO2-A was further lower than that of Pd-Cu/CeO2-N, which confirms
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the importance of CeO2 function to activate H2O. The results show the rate-limiting step changes
depending on CeO2 physicochemical properties.
Contrary to the present results, irrelevance of CeO2 properties to turnover rate has been
reported by Kondarides et al., who conducted WGS kinetic study on Pt/CeO2 catalysts. They
investigated effect of metal loadings, metal dispersions, and ceria crystallite sizes on WGS rate
(the rate per Pt site) and found the turnover rate independent of those parameters but only
strongly dependent on metal and support materials [38]. The discrepancy in low surface area
region in the present study with the literature would be due to the differences in metal species and
loading (2% Pd – 5% Cu vs. 0.5% Pt) and reaction condition (OWGS vs. WGS). Pt/CeO2 surface
is considered to be fully covered by CO in WGS condition [39] so the active sites are blocked and
the initial H2O adsorption step would be strongly limited. Therefore, CeO2 function to activate
H2O is invisible. On the other hand, OWGS on Pd-Cu/CeO2 would have less CO coverage, thus
more H2O can participate in the reaction, and the rate is controlled by the H2O activation and the
subsequent reaction with chemisorbed CO.
Arrhenius plots were given in Figure 4-5. The apparent activation energies (Eapp)
calculated from the slope of Arrhenius plots are included in Table 4-2. The turnover frequency of
Pd-Cu/CeO2-A was similar to or lower than that of Pd-Cu/Al2O3 at low temperature, but it steeply
increased with temperature rise to approach to the rate on the other CeO2-supported catalysts,
which clearly provides evidence that the active sites created on CeO2 support are different from
the monofunctional active sites on Al2O3 support. The variation in Eapp among CeO2-supported
catalysts indicate that the ability of catalyst (quality of active sites) to activate H2O depends on
the properties and structure of CeO2 and those of metal as well. The Eapp of low surface area PdCu/CeO2-A, 87 kJ/mol, was more than twice of others, indicating the rate is primarily controlled
by H2O activation step. Meanwhile, the low Eapp converging to high surface area CeO2-supported
catalysts indicates the rate is more controlled by the subsequent reaction of activated H2O with
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chemisorbed CO. In other words, the rate-limiting step shifts from H2O activation to the
subsequent reaction when CeO2 surface area increases and about 90 m2/g of surface area is the
threshold as indicated in Figure 4-4.
Figure 4-6 is the proposed reaction pathway for OWGS. As mentioned above, the
reaction proceeds via bifunctional route. Metal and CeO2 create new active sites at metal-ceria
interface where H2O is strongly activated as well as CO is chemisorbed. The ability to activate
H2O on these sites strongly depends on structure and properties of both metal and CeO2. These
sites could be in a form of some ionic species closely interacting with CeO2 such as Fu et al.
proposed M-O-Ce as the active sites [40]. Wang et al. also proposed ionic Cu (Cu-Ovacancy) in
their Cu-CeO2 catalyst as the active sites for WGS from in-situ structural study [41]. The addition
of O2 to WGS removes strongly chemisorbed CO on this site so that more H2O can be adsorbed
and activated.

4-3-4. Environment in metal-ceria interface (In-situ DRIFT)
The in-situ diffuse reflectance FT-IR (in-situ DRIFT) strongly reflected differences in
active sites on CeO2-supported and Al2O3-supported catalysts by different interaction and
environment in metal-support interface. Figure 4-7 is diffuse reflectance FT-IR spectra collected
in-situ in CO atmosphere at 260oC. CeO2-supported catalysts showed significant absorbance in
finger print region in contrast to Al2O3-supported catalyst. These absorbance peaks are assigned
to surface carbonates and formates. According to literature, the strong peaks at 1370 and 1590
cm-1 are OCO bonding of formate species while peaks at 1280, 1400, 1460 cm-1 are carbonate
species [42-44]. The presence of carbonate species are also confirmed by the peak at 1010 cm-1
(bidentate carbonate), 1050 cm-1 (unidentate carbonate) and 860 cm-1 (both carbonates). The
presence of formate species are also confirmed by the C-H stretching mode at 2840 cm-1. The
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sample with low surface area CeO2-A showed much smaller carbonate and little formate peaks
due to low concentration of surface hydroxyls to form formate and low surface oxygen to form
carbonate. The sample with Al2O3, on the other hand, had no absorbance of carbonates and only
small formate bands were observed, showing poor reactivity of hydroxyl and surface oxygen. The
OCO vibrational modes of formate on Al2O3 were substantially at the same frequency as those on
CeO2, but the C-H stretching mode was located at higher frequency, suggesting stronger bonding
of C-H in formate on Al2O3. CO stretching band of carbonyl species appeared at around 2030 cm1

for all the catalysts, suggesting little electronic perturbation on CO by support. Contrary to the

trend of carbonate bands, Al2O3-supported catalyst showed very strong carbonyl absorbance
compared to CeO2-supported catalysts. The intense CO peak on Al2O3-supported catalyst reflects
not only the high metal dispersion on Al2O3, but also clear separation of metal surface and
support surface. Hydroxyl bands appeared in 3500 to 3700 cm-1. The peak around 3500 cm-1 on
Al2O3 is assigned to O-H stretching of hydrogen-bonded H2O molecules [45]. The stronger
absorbance in this region on Al2O3-supported catalyst shows Al2O3 surface is covered by multiple
layers of hydrogen-bonded H2O molecules even at 260oC. Hydroxyls directly attached to the
Al2O3 surface might be less accessible compared to those on CeO2 surface. Geminal hydroxyl
was at 3650 cm-1 on CeO2 while it was at slightly higher frequency on Al2O3 (3680 cm-1). This
also indicates the difference in quality of hydroxyl on CeO2 and Al2O3. Bridged hydroxyl
appeared at 3750 cm-1 on both supports. In summary, FT-IR showed a contrastive distribution of
surface species in the CO atmosphere, i.e. significant amount of carbonate covers CeO2 surface
while thick layers of H2O covers Al2O3 surface without carbonate formation to leave carbonyl
species exclusively on metal sites. Although direct observation of surface species on metal-ceria
interface is not possible in FT-IR, such a different surface environment on CeO2-supported and
Al2O3-supported catalysts reflects the different property of metal-ceria interfacial region.
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4-3-5. Metal-ceria interaction (Temperature-programmed reduction)
In Figure 4-8, TPR profiles of 2 wt% Pd – 5 wt% Cu catalysts with various supports are
shown. The ceria-supported Pd-Cu exhibited large single reduction peak. The Al2O3-supported
sample exhibited small and broad reduction peak at 70 to 160oC (See the insertion) compared to
CeO2-supported samples. Since the OSC of Pd-Cu/Al2O3 was almost identical to that of PdCu/CeO2-A, Pd-Cu particles in the former sample would be partly reduced before TPR
measurement. Ciambelli et al. also observed the overall hydrogen uptake much lower than that
required for the reduction of PtO2 on Pt/Al2O3 and attributed it to low oxidation state of platinum
even after calcination [46]. When the comparison is made among ceria-supported samples, the
order of reducibility is reverse to the order of ceria surface area or parallel to CeO2 crystallite size,
suggesting strong metal-ceria interaction (SMSI) between Pd-Cu and CeO2 surface. Similar
interaction has been reported in Pd/CeO2 catalysts where the reducibility of Pd shifts toward
higher temperature with increased Pd dispersion [47]. The formation of cationic Pdδ+ species in
reduced Pd/CeO2 has been identified in XPS. It should be noted that the increased calcination
temperature of Cu-CeO2 also increases reduction temperature of the catalyst, suggesting stronger
Cu-CeO2 interaction caused by high temperature calcination leads to less reducible property [48].
The present bimetallic Pd-Cu seems to have strong interaction between Pd-Cu and CeO2 surface
as well as interaction between Pd and Cu. The broadness of the peak of high surface area samples
also indicates stronger interaction of metal with CeO2 surface. Note that Pd-Cu on CeO2-H,
CeO2-R, CeO2-RC, and CeO2-N, showed similar metal dispersion, therefore different reducibility
originates solely from support property.
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4-3-6. Structure of metal and support (X-ray diffraction)
Figure 4-9 is XRD profiles of Pd-Cu catalysts (oxidized state) with various supports.
Ceria-supported samples exhibited fluorite-structure pattern corresponding CeO2. The samples
with CeO2-H, CeO2-R, CeO2-RC, and CeO2-N had relatively broad peaks while CeO2-A had
sharp peaks, which means large crystallite size of CeO2-A. The Al2O3-supported sample showed
broad peaks of γ-Al2O3 at 46o and 66.5o. The complex diffraction pattern between 32o to 42o
indicates presence of θ-Al2O3 phases together with γ-phase. The crystallite size of support was
calculated using Scherrer’s equation:

τ = K λ / β cosθ

(Equation 2)

Here, K is the shape factor (0.89 for the present instrument), λ is the wavelength of X-ray,
typically 1.54 Å (Cu-Kα), β is the line broadening at half the maximum intensity (FWHM) in
radians, and θ is the Bragg angle, τ is the crystallite size. In this study, (111), (200), (220), and
(311) diffraction peaks were used for the calculation and the average was taken as ceria crystallite
size. For Al2O3 sample, (400) and (440) peaks were used. The results are listed in Table 4-1. The
ceria crystallite size calculated from FWHM increased in the following order: Pd(2)Cu(5)/CeO2H (4.9 nm) < Pd(2)Cu(5)/CeO2-R (7.5 nm) < Pd(2)Cu(5)/CeO2-RC (8.3 nm) < Pd(2)Cu(5)/CeO2N (9.2 nm) < Pd(2)Cu(5)/CeO2-A (over 100 nm). The Al2O3 crystallite size was 6.7 nm, which
was close to that of Pd(2)Cu(5)/CeO2-R, but the metal dispersion of Pd-Cu/Al2O3 was higher than
Pd(2)Cu(5)/CeO2-R. Diffraction peaks were mostly from the support material and no clear peak
from Pd or Cu components were observed. Absence of PdO or CuO or Pd-Cu mixed oxide peak
suggests that those metal oxides are fine particles or clusters and invisible in XRD.
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The CuO agglomerates can be seen on the sample having Cu loading higher than 10 wt%.
Figure 4-10 shows XRD patterns of Pd-Cu catalyst with various metal loadings on CeO2-R. The
Cu loading at which CuO peaks start to appear in XRD is well consistent with the results of
Kundakovic and Flytzani-Stephanopoulos who reported CuO peaks appear over 15 at% (~6 wt%)
of loading [49]. Increase of Cu loading to 15 wt% led to more intense CuO peaks. Thus, the
formation of CuO agglomerates is mainly dependent on Cu loading rather than CeO2 surface area.
The size of such agglomerates was calculated to be about 30 nm. No diffraction peaks of Pd and
Cu components for 2%Pd – 5% Cu on CeO2-A in Figure 4-8 suggests small Pd-Cu particles are
formed homogeneously on limited CeO2 surface without forming CuO agglomerates. In fact, the
Pd-Cu particle uniformly dispersed on CeO2-A can be seen in field emission SEM image as
shown in Figure 4-13a. The size of Pd-Cu on CeO2-A was 10 nm or less from field emission
SEM image, smaller than the 30 nm of CuO agglomerate on CeO2-R with high Cu loading. The
CuO agglomerate caused by high Cu loading negatively influences on catalytic activity as
suggested in our previous report, i.e. OWGS activity reaches the maximum at 5 to 10 wt% of Cu
loading with 2 wt% Pd. Compared with 10 wt% monometallic Cu, 1 wt% Pd – 10 wt% Cu
sample showed a smaller CuO peak, suggesting the presence of Pd seems to prevent CuO
agglomeration to some extent, but it does not influence as much at higher Cu loadings.

4-3-7. Surface morphology
The surface morphology of Pd-Cu catalysts on the different supports was observed using
field emission SEM. All the catalysts were reduced in H2 flow at 260oC and exposed to OWGS
condition ex-situ for about 2 hours. With the field emission gun, the morphology of each CeO2
crystallite was able to be observed. From Figure 4-11 to 4-13, field emission SEM images of PdCu catalysts and their pure supports were compared in similar magnifications. In both images of
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Pd-Cu/CeO2-R in Figure 4-11a and CeO2-R support in Figure 4-11b, small crystallites of CeO2-R
were observed. The size of crystallite in the images was 10 nm or less, which is consistent with
value calculated from the width of CeO2 diffraction peaks in XRD (7.5 nm). The ceria crystallites
seem to aggregate to form particles of hundreds of nanometers and further gather to make
particles of a few microns. Clear boundaries between crystallites were observed in Figure 4-11b.
Meanwhile, the CeO2 grain boundaries in catalyst image (Figure 4-11a) were somewhat obscure.
The less clear boundary of crystallites might be caused by surface coverage by Pd-Cu. Except this,
no difference from support image Figure 4-11b was observed.
In the case of CeO2-RC (Figure 4-12a and 4-12b), aggregation of CeO2 crystallites was
developed and the size of the aggregates became larger compared to the samples with CeO2-R.
Fewer voids between the aggregates were observed. However, the crystallites were not much
developed, i.e. the crystallite size was still in the range of 10 nm, which agreed with the value
estimated from the peak width of the XRD profile (8.3 nm). The crystallite boundaries were again
obscured for Pd-Cu loaded CeO2-RC in Figure 4-12a as compared to pure CeO2-RC support in
Figure 4-12b. Similar crystallite size between catalyst and support indicates that support does not
change its structure by loading metals and that metallic components are mostly present on the
support surface.
The morphology of CeO2-A support was completely different from CeO2-R and CeO2RC. In image in Figure 4-13b, well developed CeO2 crystallites with clear grain boundaries were
observed. The grain size was in submicron to micron order. The surface of the grains was glossy
and even the orientation of the grain growth was visible. On the other hand, the surface of Pd-Culoaded CeO2-A was covered by Pd-Cu species, resulting in the rough surface (Figure 4-13a). The
size of metal particle covering the surface was in the order of a few nanometers to ten nanometers.
These particles seem to cover the entire surface so that the grain boundary of CeO2 is difficult to
identify. From field emission SEM images, it was found that Pd-Cu particles exist mainly on
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CeO2 surface in the form of particles of less than 10 nm. It was demonstrated that comparing
catalyst surface and pure support surface in field emission SEM is effective way to identify the
structure of loaded species.
The SEM-EDS analysis of Pd(1)Cu(5)/CeO2-R is presented in Figure 4-14. Before the
analysis, the sample was reduced ex-situ with 7.5% H2/N2 flow for 1 hour and then passivated at
room temperature to prevent bulk oxidation of metal species. The major particles observed in
SEM image are secondary agglomerates of CeO2 crystallites, which are approximately a few
micrometers. The EDS of the entire image showed high Ce content with small amount of Pd and
Cu. The needle-shaped crystal marked with a red circle in the SEM image showed higher Cu
content, indicating the presence of the segregated Cu phase. It was shown that this type of Cu
phase is formed even in the sample with 5 wt% Cu though it is not detected in XRD. Preventing
Cu segregation could further improve the activity of the catalyst.
STEM image of pre-reduced and passivated Pd(1)Cu(5)/CeO2 catalyst is shown in Figure
4-15. The most of particles observed in the TEM image had 3.14, 2.67, 1.91 Å of lattice spacing
which corresponds to CeO2 (111), (200), and (220) crystal planes. The size of CeO2 crystallites
was in the range of 5 to 10 nm which is in good agreement with crystallite size calculated from
the FWHM of XRD peaks. The part of dark contrast in the image is considered to be stack of
CeO2 crystallites, but it could also include Pd-Cu alloy. It was not possible to differentiate Pd-Cu
from CeO2 since PdCu3 has 2.62 Å of lattice spacing which is close to CeO2 (200). The electron
diffraction pattern was similar to that of pure CeO2 [50]. Since Pd and Cu loadings were small,
diffractions from these components were not observed in the spectrum.
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4-3-8. Transient pulse study

4-3-7-1. Adsorption behavior of metal sites and support surface
To figure out the possible reaction pathway in OWGS and WGS, transient response
studies were conducted. The response to H2, CO, H2O, CO/H2O mixture pulses revealed dynamic
processes on the catalyst surface. As the first step, simple H2 and CO adsorption behavior of
catalysts were examined to figure out the adsorption site for these molecules. After H2 reduction
of the sample at 350oC and the subsequent argon flushing, H2, CO, CO/H2O pulses were sent
three times respectively at 350oC. The response signals to these pulses acquired by a mass
spectrometer are presented in Figure 4-16 for CeO2 support, Pt/CeO2 and Pt/SiO2 catalysts,
respectively. The quantitative relationships of the signal responses are presented in Table 4-4.
With H2 pulses on CeO2 support and Pt/SiO2 catalyst, little or no H2 was adsorbed.
Meanwhile, most of pulsed H2 was adsorbed on Pt/CeO2. The amount of adsorbed hydrogen in
the three pulses exceeded the amount that can be adsorbed on Pt surface, i.e. 51 μmol/g-cat. for
100% Pt dispersion, indicating adsorbed hydrogen exists both on platinum and ceria. Clearly, H2
is adsorbed on platinum sites first, but it diffuses to the CeO2 surface. The H2O evolution was
negligible so that H2 is considered to be stored on the catalyst. With increasing number of pulses,
the small and broad H2 peaks emerged, suggesting a part of spillover hydrogen is removed from
the catalyst surface to the gas phase.
With CO pulses, about 80% of CO was adsorbed on CeO2 support, most of CO was
adsorbed on Pt/CeO2, while little CO was adsorbed on Pt/SiO2. Therefore, CO adsorption occurs
mainly on ceria surface in contrast to H2 adsorption. The higher CO adsorption on Pt/CeO2
suggests more CO adsorption sites, probably reduced ceria surface sites, exist on this catalyst
compared to CeO2 alone. Little CO2 evolution was observed, meaning CO is retained on ceria
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surface possibly as carbonates. CO disproportionation, expressed below (Reaction 5), has been
pointed out by Holmgren et al. [31] and Mullins et al. [51]. The former group observed increase
of CO2 production with repeated CO pulses on reduced Pt/CeO2, which was ascribed to
occurrence of CO disproportionation. In our test condition, however, amount of CO in a pulse
was so small (1.65 μmol for the present study compared to 12 μmol in [31]) so that no CO
disproportionation was observed.

2CO = CO2 + C

(Reaction 5)

With CO/H2O pulses, the order of CO uptake was the same as in the case of CO pulses:
Pt/CeO2 > CeO2 > Pt/SiO2. Compared with the case of CO pulses, amount of CO2 desorption
increased on all the samples with CO/H2O pulses. Two processes are considered to take place,
CO storage on CeO2 (as carbonates) and water gas shift (WGS). However, low carbon balance on
Pt/CeO2 and CeO2 support suggests that a large portion of CO is retained on the samples.
Hydrogen production upon CO/H2O pulses was very small and could not be quantified partly
because produced H2 also diffuses on the support. On CeO2 support, the amount of adsorbed CO
decreased in the presence of H2O. Since both CO and H2O strongly interacts with reduced ceria
surface [20], the two molecules would compete and the presence of H2O decreases CO adsorption
sites by oxidizing CeO2 surface.

4-3-7-2. CO/H2O mixed pulse vs. individual pulse
Figure 4-17 shows transient response to CO/H2O, H2O, and CO pulses with higher
concentration of pulse gas constituents. Ten pulses of each gas were sent to 1 wt% Pt/CeO2
catalyst in about 3 minute intervals in argon flow at 260oC. The MS signal indicated only
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CO/H2O pulses can produce significant amount of H2 and CO2. Meanwhile, alternating H2O and
CO pulse produced a little CO2 and no H2. The small amount of CO2 desorption upon H2O pulses
would be due to decomposition of carbonates accumulated on CeO2 surface upon preceding
CO/H2O or CO pulses. These responses clearly show WGS takes place associatively, i.e. the
reaction occurs via Langmuir-Hinshelwood type mechanism. The preadsorbed species such as
carbonate, formate, molecularly adsorbed water observable in FT-IR are spectators. WGS seems
to be relatively quicker than the process via those intermediates since those species remain a
relatively long time on the CeO2 surface as observed in IR spectra. The result looks in good
agreement with literature from Meunier et al., who conducted steady-state isotopic transient
kinetic analysis (SSITKA) using FT-IR and mass spectrometry and claimed the presence of a
reaction pathway that cannot be seen in infrared [52].

4-3-7-3. WGS rate vs. H2-D2O isotopic exchange rate
In an attempt to elucidate the pivotal elementary step for OWGS and WGS, pulse studies
were conducted using deuterated water to compare the rate of isotopic exchange of hydrogen
between H2 and D2O and the rate of WGS between CO and D2O at the same time. The CO/D2O
mixture pulses were sent in 5%H2/argon flow at 260oC and products were monitored in real-time
using a mass spectrometer. As shown in the reaction equations below, H2-D2O isotopic exchange
is considered to proceed via hydroxyl formation or molecularly adsorbed water on CeO2 and can
be monitored by production of HD (Mass = 3) and D2 (Mass = 4):

D2O + H2 = HDO + HD

(Reaction 6)

D2O + HD = HDO + D2

(Reaction 7)
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WGS was monitored by production of CO2 (Mass = 44). Figure 4-18 shows the response signals
for Pt/CeO2 sample and pure Pt powder sample. Upon each CO/D2O pulse in H2/argon flow,
sharp H2 peak together with CO2 peak was observed, both of which come from WGS. The
detection of H2 peak instead of HD or D2 peak is due to the high diffusivity of hydrogen on the
catalyst. Even if HD and D2 are produced, these products would again diffuse on the catalyst
surface and replaced by H2 which exists in excess amount. The HD peak which is the indicator of
isotopic exchange of deuterium of water with H2 showed long tail and accompanied the
corresponding decrease of H2. In contrast to the sharp H2 peaks for WGS, the isotopic exchange
showed the broad HD and D2 peaks, suggesting no diffusion of H2 in this process. Thus, hydrogen
exchange proceeds directly on molecularly adsorbed water. The long tail of HD and D2 peak
would be due to retention of D2O for long time on the catalyst surface. When temperature was
increased from 210oC to 350oC, H2 and CO2 intensities increased while HD and D2 intensities
kept almost unchanged. There seems to be no correlation between WGS rate and D2O-H2 isotopic
exchange rate on CeO2. This result is well consistent with the low reaction order in H2O in the
kinetic study which indicates dissociation of H2O is necessary for WGS to occur. To investigate
the process taking place on metal surface, the same experiment was conducted on Pt powder
sample. It was found that metal surface can also adsorb D2O to exchange hydrogen though the
extent of adsorption (intensity of HD peak) was much smaller than Pt/CeO2. The HD peak was
sharp as expected from short retention of D2O on metal surface. The adsorption rate (peak
intensity) increased with temperature, but WGS barely occurred at all the temperatures examined.
These results indicate that water activation (dissociation) is critical rather than water adsorption
and both metal and CeO2 are indispensable for water activation.
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4-4. Conclusions
Pd-Cu bimetallic catalysts on various supports were prepared and attempts to correlate
between physicochemical properties and OWGS kinetics on these catalysts were made for
identifying the role of support as well as the reaction pathway.
All the CeO2-supported catalysts showed significantly enhanced activity upon O2
addition to the feed. Furthermore, they demonstrated higher performance compared to Al2O3supported catalysts. These prove CeO2 makes use of O2 more efficiently for CO shift to H2. In the
kinetic study, 1.6 of reaction order in CO for all the CeO2-supported catalysts in contrast to 0.9 of
CO order on Al2O3-suported catalyst suggested the coreactant (H2O) more readily reacts with CO
on the former catalysts. The lower reaction orders in H2O (0.2 to 0.5) compared to CO orders (0.9
to 1.6) were attributed to H2O dissociation in the reaction pathway and to high H2O/CO ratio in
the feed gas. H2O dissociation was confirmed by no correlation between the rate of H2-D2O
isotopic exchange via molecularly adsorbed D2O and the WGS rate in a transient pulse study. The
pulse study also showed that WGS takes place only when CO and H2O associate, i.e. the reaction
takes place via Langmuir-Hinshelwood type mechanism. The pre-adsorbed species on CeO2 such
as formate and carbonate were proven to be spectators.
Two regimes of turnover rate along the surface area of CeO2-supported catalyst, i.e. the
turnover rate increasing along surface area up to 90 m2/g and that leveling off above 90 m2/g,
strongly suggests that the reaction proceeds via bifunctional route. For high surface area, H2O
activation is fast enough and the rate is controlled by the subsequent reaction between activated
H2O and chemisorbed CO. For low surface area, the rate is rather controlled by H2O activation.
Thus, the ability to activate H2O is dependent on the properties of CeO2 and the rate-limiting step
changes with it. The presence of product gases, H2 and CO2, led to the rate more dependent on
CeO2 property due to reaction inhibitions. It was proposed that CeO2 creates new active sites for
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H2O activation in concert with metal. This was corroborated by strong metal-support interaction
observed in TPR and contrastive environment in metal-support interface between CeO2-supported
and Al2O3-supported catalysts observed in FT-IR.
XRD and field emission SEM images revealed Pd-Cu bimetallic components change
their particle size and structure depending on available ceria surface and structure. Segregation of
CuO phase was observed over 10 wt% of Cu loading, which is less active than Pd-Cu. These
characterizations show the structure and properties of both metal and support are important for
high activity.
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Table 4-1: Physicochemical properties of supported 2 wt% Pd – 5 wt% Cu catalysts.
Support
of Pd-Cu
catalyst
CeO2-H
CeO2-R
CeO2-RC
CeO2-N
CeO2-A
Al2O3

BET

Pore vol.

(m2/g)
176
115
91
42
2
123

(ml/g)
0.133
0.124
0.101
0.135
-0.900

Av. pore
diam.
(nm)
2.7
4.2
4.4
12.8
>70
29.1

CeO2 crystal.
size
(nm)
4.9
7.5
8.3
9.2
>100
6.7

Metal disp.
(%)
8.0
8.3
7.5
8.2
2.2
11.2

Oxygen
storage cap.
(μmol/g)
740
642
581
615
395
411

Metal dispersion was measured by CO chemisorption at –30oC. Crystallite size of CeO2 was
calculated from FWHM of XRD peaks.

Table 4-2: OWGS Kinetic parameters of 2 wt% Pd – 5 wt% Cu on various supports.
Support
of Pd-Cu
catalyst
CeO2-H
CeO2-R
CeO2-RC
CeO2-N
CeO2-A
Al2O3

Reaction order
CO
H2O
1.6
1.6
1.6
1.6
1.6
0.9

0.2
0.2
0.2
0.2
0.5
0.5

Activation
energy
(kJ/mol)
33.9
29.1
35.6
42.1
87.1
41.7

* Gas composition: 4.8-12.5% CO / 23.0% H2O / 6.9% Air / N2 balance for obtaining reaction
order in CO; 9.8% CO / 12.3-27.7% H2O / 6.9% Air / N2 balance for obtaining reaction order in
H2O; Total flow rate: 132.5 ml/min STP; Amount of catalyst: 0.015g (35-60 mesh) diluted with
SiC particles of the same size to attain 0.065 ml of the catalyst bed volume; Temperature: 220 to
280oC.
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Table 4-3: Comparison of turnover frequency of H2 production on 2 wt% Pd – 5 wt% Cu
catalysts with various supports.
Support of Pd-Cu
catalyst
CeO2-H
CeO2-R
CeO2-RC
CeO2-N
CeO2-A
Al2O3

Turnover rate (s-1)
1.93
1.90
2.08
1.38
0.80
0.37

* Gas composition: 9.8% CO / 23.0% H2O / 6.9% Air / N2 balance; Total flow rate: 132.5 ml/min
STP; Amount of catalyst: 0.015g (35-60 mesh) diluted with SiC particles of the same size to
attain 0.065 ml of the catalyst bed volume; Temperature: 260oC. The turnover frequency is
calculated from CO chemisorption at –30 oC and the unit is sec-1.

Table 4-4: H2 uptake, CO uptake, and CO2 desorption upon each pulse on the reduced CeO2
support, and Pt/CeO2 and Pt/SiO2 catalysts (expressed as fraction with respect to H2 or CO in a
pulse).
Catalyst
CeO2
Pt/CeO2
Pt/SiO2

H2 uptake
upon H2 pulse
~0
0.84
0.02

CO uptake/CO2 desorption
upon CO pulse
0.78 / 0.04
0.95 / 0.14
0.17 / 0.16

CO uptake/CO2 desorption
upon CO/H2O pulse
0.56 / 0.35
0.96 / 0.48
0.13 / 0.24

Pulse condition: 4.1 μmol-H2, 1.6 μmol-CO, 1.3 μmol-CO + 3.3 μmol-H2O pulses in 50 ml/min
of argon flow. Sample weight: 0.1g, Temperature: 350oC.
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Figure 4-1: Effect of support of 2 wt% Pd – 5 wt% Cu bimetallic catalysts on CO conversion in
OWGS and WGS.
Feed: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% Air or N2/ argon balance,
Temperature: 260oC, GHSV: 64,400h-1(dry).
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Figure 4-2: Effect of CO partial pressure on H2 production rate on 2wt% Pd – 5wt% Cu catalysts
with various supports.
2wt% Pd – 5wt% Cu catalyst supported on CeO2-H: star; CeO2-R: diamond; CeO2-RC: square;
CeO2-N: circle; CeO2-A: triangle; Al2O3: cross; Gas composition: 4.8-12.5% CO / 23.0% H2O /
1.4% O2 / N2 balance; Temperature: 260oC; Total gas flow rate: 132.5 ml/min STP; Amount of
catalyst: 0.015g (35-60 mesh) diluted with SiC particles of the same size to attain 0.065 ml of the
catalyst bed volume. The turnover frequency is calculated from CO chemisorption at –30 oC and
the unit is sec-1.
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Figure 4-3: Effect of H2O partial pressure on H2 production rate on 2wt% Pd – 5wt% Cu
catalysts with various supports.
2wt% Pd – 5wt% Cu catalyst supported on CeO2-H: star; CeO2-R: diamond; CeO2-RC: square;
CeO2-N: circle; CeO2-A: triangle; Al2O3: cross; Gas composition: 9.8% CO / 12.3-27.7% H2O /
1.4% O2 / N2 balance; Temperature: 260oC; Total gas flow rate: 132.5 ml/min STP; Amount of
catalyst: 0.015g (35-60 mesh) diluted with SiC particles of the same size to attain 0.065 ml of the
catalyst bed volume. The turnover frequency is calculated from CO chemisorption at –30 oC and
the unit is sec-1.

150

Figure 4-4: Relationship between turnover frequency and surface area of 2wt% Pd – 5wt% Cu
catalysts with various CeO2 supports.
Gas composition: 9.8% CO / 23.0% H2O / 1.4% O2 / N2 balance; Temperature: 260oC; Total gas
flow rate: 132.5 ml/min STP; Amount of catalyst: 0.015g (35-60 mesh) diluted with SiC particles
of the same size to attain 0.065 ml of the catalyst bed volume. The turnover frequency is
calculated from CO chemisorption at –30 oC and the unit is sec-1.
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Figure 4-5: Arrhenius plot of H2 production on 2wt% Pd – 5wt% Cu catalysts with various
supports.
2wt% Pd – 5wt% Cu catalyst supported on CeO2-H: star; CeO2-R: diamond; CeO2-RC: square;
CeO2-N: circle; CeO2-A: triangle; Al2O3: cross; Gas composition: 9.8% CO / 23.0% H2O / 1.4%
O2 / N2 balance; Temperature: 220 – 280oC; Total gas flow rate: 132.5 ml/min STP; Amount of
catalyst: 0.015g (35-60 mesh) diluted with SiC particles of the same size to attain 0.065 ml of the
catalyst bed volume. The turnover frequency is calculated from CO chemisorption at –30 oC and
the unit is sec-1.
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Figure 4-6: Proposed active sites on Pd-Cu/CeO2 and Pd-Cu/Al2O3.
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Figure 4-7: Diffuse reflectance FT-IR spectra of CO-chemisorbed 2wt% Pd – 5wt% Cu catalysts
with various CeO2 and Al2O3 supports.
Sample: 2wt% Pd – 5wt% Cu catalyst supported on (a) CeO2-H, (b) CeO2-R, (c) CeO2-RC, (d)
CeO2-N, (e) CeO2-A, (f) Al2O3. Condition: 3% CO/H2, 30 ml/min, 260oC.
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Figure 4-8: TPR profiles of 2wt% Pd – 5wt% Cu catalysts with various CeO2 and Al2O3 supports.
Sample: (a) Pd(2)/CeO2, (a’) Cu(5)/CeO2, Pd(2)Cu(5) catalyst supported on (b) CeO2-R, (c)
CeO2-RC, (d) CeO2-N, (e) CeO2-A, (f) Pd(2)Cu(5)/Al2O3. Carrier flow: 5% H2/Ar, 50 ml/min,
ramp rate: 5oC/min, Catalyst amount: 0.1g.
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Figure 4-9: XRD patterns of CeO2-supported and Al2O3-supported 2wt% Pd – 5wt% Cu catalysts.
Sample: 2wt% Pd – 5wt% Cu catalyst supported on (a) CeO2-H, (b) CeO2-R, (c) CeO2-RC, (d)
CeO2-N, (e) CeO2-A, (f) Al2O3.
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Figure 4-10: XRD patterns of CeO2-supported Pd-Cu catalysts with various copper loadings.
Sample: (b) Pd(2)Cu(5), (g) Pd(1)Cu(10), (h) Cu(10), (i) Pd(1)Cu(15) supported on CeO2-R. The
star in the figure indicates diffraction of CuO.

Figure 4-11: Field emission SEM images of pre-reduced Pd(2)Cu(5)/CeO2-R catalyst and fresh CeO2-R support.
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Figure 4-12: Field emission SEM images of pre-reduced Pd(2)Cu(5)/CeO2-RC catalyst and fresh CeO2-RC support.
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Figure 4-13: Field emission SEM images of pre-reduced Pd(2)Cu(5)/CeO2-A catalyst and fresh CeO2-A support.

Figure 4-14: SEM-EDS analysis of pre-reduced Pd(1)Cu(5)/CeO2 catalyst. The lower EDS shows elemental distribution of the region
marked with red circle.

(Continued to the next page)
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Figure 4-15: TEM image of pre-reduced Pd(1)Cu(5)/CeO2-R catalyst (a) and its diffraction
pattern (b).
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(Continued to the next page)
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Figure 4-16: Response to H2, CO, CO/H2O pulses on reduced CeO2, Pt/CeO2, and Pt/SiO2 at
350oC.
Pulse condition: 4.1 μmol-H2, 1.6 μmol-CO, 1.3 μmol-CO + 3.3 μmol-H2O pulses in 50 ml/min
of argon flow. Sample weight: 0.1g.
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Figure 4-17: Response to CO/H2O, H2O, CO pulses on reduced 1wt% Pt/CeO2 catalyst at 260oC.
Pulse gas composition: CO/H2O = 5.0/11.6, CO = 16.5, H2O = 11.6 in μmol. Carrier flow: Argon
50 ml/min. Catalyst weight: 0.1g.
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Figure 4-18: Temperature dependence of the pulse response for H2/D2O isotope exchange and
CO/D2O reaction (WGS) on 1wt% Pt/CeO2 and Pt powder.
Pulse gas composition: CO/D2O = 8.2/8.2 in μmol; Carrier flow: 5% H2/Ar 50 ml/min; Sample
weight: 0.1g for Pt/CeO2, 0.01g for Pt powder.
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Chapter 5

Kinetic Characteristics of Oxygen-enhanced Water Gas Shift on CeO2supported Pt-Cu and Pd-Cu Bimetallic Catalysts

Abstract
Ceria-supported metal catalysts have been recognized to be suitable for mobile fuel cell
applications due to high activity and low pyrophoric property. Our group has developed
methodology further to enhance water gas shift (WGS) at low temperature by adding a small
amount of O2 (the reaction called oxygen-enhanced water gas shift or OWGS) and using CeO2supported bimetallic catalysts to keep low pyrophoricity in the oxidative condition. In the present
study, activity and stability of bimetallic and monometallic catalysts were evaluated and the
origin for better performance in bimetallic catalysts was sought by kinetic study. High retention
of formate and carbonate absorbances on Pd catalyst in in-situ FT-IR at high temperature was
correlated to abnormally low OWGS and WGS performances of this sample while Pd-Cu
bimetallic catalyst showed much less absorbances. Kinetic study of OWGS showed above 1.0 of
reaction order in CO for all the tested catalysts while WGS showed lower reaction order in CO
varying from -0.1 to 0.6, which suggests that the reaction is significantly hindered by CO
covering the active sites in WGS while O2 addition to the feed decreases CO coverage to free up
the active sites for H2O activation. Regardless of OWGS or WGS, the catalysts with low reaction
order in CO such as Pt or Pd have high reaction order in H2O while the catalysts with high
reaction order in CO such as Cu have low reaction order in H2O, indicating the reaction proceeds
via Langmuir-Hinshelwood (L-H) type mechanism where chemisorbed CO and activated H2O
associate on the surface. Thus, the OWGS rate is determined by the balance of chemisorbed
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reactants (L-H mechanism) when the product gases are absent while it is determined by H2O
activation when the product gases inhibit the reaction.

5-1. Introduction
Water gas shift (WGS) is one of the critical steps in fuel processing for H2 production for
low-temperature fuel cell applications. Cu supported on zinc-alumina oxide has traditionally been
used for this reaction, but the activity is not sufficient and its high Cu loading causes pyrophoric
issue [1, 2]. Over the past 20 years, attention has shifted towards CeO2-supported metal catalysts
due to its desirable oxygen storage and release properties [3]. Our group also has been developing
CeO2-supported Pt-Cu and Pd-Cu bimetallic catalysts specifically for oxygen-enhanced water gas
shift (OWGS) where a small amount of O2 is added to promote WGS at low temperature [4-6].
The WGS activity of CeO2-supported catalysts largely depends on metal component. For
instance, Pd and Ni are much more active than Co or Fe [7]. Rh and Ru are both active for WGS,
but they produce methane in a real reformate feed to lose H2 significantly [8]. Pt has been
reported to be the most active component, but due to the high cost for Pt , the loading should be
limited [9]. Cu/CeO2 is the most active among inexpensive base-metal catalysts. Since Cu
inherently has pyrophoric nature and sinters easily, high Cu loading needs to be avoided [1].
Although low-loading Cu/CeO2 catalyst have been reported to be non-pyrophoric [10], Cu is not
tolerant to water vapor. At low temperature and high H2O concentration, Cu surface is fully
hydrated and oxidized, resulting in lost activity [11]. Its activity is also lower than commercial
Cu-Zn-Al oxide catalysts depending on reaction condition [12]. Therefore, alloying Cu with
noble metal would be one of the solutions to prevent oxidation of Cu.
The deactivation pattern and its cause are dependent on metal species supported on CeO2.
While deactivation of Cu-based catalysts is primarily caused by oxidation of Cu surface during
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WGS, deactivation of CeO2-supported catalysts has been attributed to several causes such as
over-reduction of ceria, carbonate formation, and metal agglomeration. Pt/CeO2 catalyst was
reported to deactivate through over-reduction of CeO2 based on observation of strong dependence
of the deactivation rate on the presence/absence of H2 in the feed [13]. Meanwhile, another group
reports the main cause for deactivation is carbon deposition based on TPO experiment before and
after exposure to CO [14]. The authors observed carbon deposition, whose amount exceeds far
more than the number of Pt surface sites but occupies only 6.5% of CeO2 surface, leading to the
argument that active portion of support is limited to the vicinity of Pt and such a portion of CeO2
surface enables oxygen diffusion to Pt sites to ease the reaction with CO. On the other hand,
Pd/CeO2 was reported to deactivate through metal agglomeration based on Pd dispersion
measurement before and after the accelerated aging in CO atmosphere [15]. The authors
correlated WGS activity to metal surface area. Their observation indicated the entire surface of
Pd could be effective in catalyzing WGS if the rate of oxygen transfer from CeO2 to Pd is
comparable to the over all reaction rate. Au/CeO2 catalyst was reported to deactivate through
carbonate or formate deposition in CO/H2 condition, but the activity is recoverable upon heating
up in air [16]. Another group reports Au/CeO2 has no deactivation during WGS. The activity was
even improved after WGS reaction which was related to re-dispersion of gold particle after WGS
regardless of increased CeO2 crystallite size [17]. The authors found the lower gold loading
shows better activity and this seems to be in good agreement with the report by Fu et al. that gold
in ionic form determines WGS rate [18]. These reports show cause of deactivation, reaction
pathway, and active sites are mutually related.
While deactivation and kinetics of monometallic catalysts on CeO2 has been studied in
detail, little attention has been received for bimetallic catalysts. Literature has reported the alloy
formation for Pt-Cu and Pd-Cu supported on alumina or zeolites [19, 20], but CeO2-supported
bimetallic catalysts in relation to OWGS and WGS activities were little studied. In our previous
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paper, it was reported that both Pt-Cu and Pd-Cu form alloy and their structures influence catalyst
properties and activity [21]. The study showed Pd is highly dispersed in Cu as well as the Pd
strongly interacts with Cu to impact positively on OWGS activity. As for kinetic aspect, there is
only one report mentioning that CO oxidation rate on Pd-Cu/(Ce, Zr)Ox is governed by Cu/(Ce,
Zr)Ox character of its active sites and Pd is only involved in CO activation process [22].
In the present study, activity and kinetic characteristics of Pt-Cu and Pd-Cu bimetallic
catalysts in OWGS condition was compared to those of monometallic catalysts. The cause of
deactivation on each catalyst was discussed from FT-IR spectra before and after reaction. Kinetic
study was conducted to identify the effect of O2 addition to WGS as well as to extract the reaction
pathway and possible active sites from different kinetic behaviors on various metals supported on
CeO2. The influence of the product gases (H2 and CO2) were also discussed in relation to the
reaction pathway. It was demonstrated that bimetallic catalysts are highly active and stable in
OWGS condition due to high H2O activation with low inhibition by H2 and CO2.

5-2. Experimental
The supported metal catalysts were prepared by incipient wetness impregnation of
aqueous solution of tetra-ammine platinum (IV) hydroxide, copper (II) nitrate hemipentahydrate,
acetone solution of palladium (II) acetate on cerium oxide and aluminum oxide. Co-impregnation
was carried out using acetone solution for Pd-Cu bimetallic catalyst and sequential impregnation
was carried out using aqueous solution for Pt-Cu bimetallic catalyst due to immiscibility of Pt and
Cu salts in aqueous solution. The supports were CeO2 (HSA) obtained from Rhodia with 155
m2/g of specific surface area and Al2O3 (TH100/150) obtained from Sasol with 150 m2/g. The
platinum and palladium loadings were 1 wt% while that of copper was 5 wt% unless otherwise
specified. All the catalysts were calcined at 450oC for 5 hours.
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The methods for catalytic activity test and kinetic analysis are described elsewhere [21],
so the methods are described briefly here. Stability of OWGS activity was evaluated using a
quartz fixed-bed down-flow reactor with 4 mm of inner diameter (aspect ratio = ~1.5). About 0.1
g of the catalyst (sieved into 0.25 to 0.50 mm in diameter) was packed in the reactor. The feed gas
composition was 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% air / argon balance
(O2/CO = 0.14). The space velocity was around 64,400 h-1 (dry, excluding air and argon). In
kinetic study, 0.015g of catalyst was diluted with SiC of same particle size to attain 0.065 ml of
total bed volume. The gas composition of kinetic study was 9.8% CO / 23.0% H2O / 6.9% air / N2
balance. Prior to the catalytic reaction, the catalyst was reduced in situ in 7.5% H2/N2 flow at
260oC for 1 h.
The CO chemisorption measurements were conducted on Micromeritics Autochem 2910
TPD/TPR equipped with a TCD detector. After the sample was reduced in 5% H2/argon flow at
225oC for 15 min, the residual H2 was flushed for 15 min by helium followed by cooling down to
the sample temperature to -30oC. 10%CO/helium pulses were then sent to the sample and CO
uptake was calculated from TCD signal of CO. The CO pulse was generated by 0.518 ml of loop
volume (heated at 110oC) connected to an automated 6-way valve. The same equipment was used
for transient pulse studies. The responses of multiple reactant and product gases were
simultaneously monitored by Ametek Dycor Dymaxion mass spectrometer DM200M.
The surface species on the catalyst was analyzed by in-situ Fourier Transform Infrared
Spectroscopy (FT-IR) with diffuse reflectance mode using Nexus 470 spectrometer with Smart
Collector environmental chamber. The sample was mounted on the chamber and heated under H2
flow to 260oC followed by switching to CO/H2 flow and collecting absorbance data. OMNIC ver.
7 was used for data acquisition.
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5-3. Results and discussion

5-3-1. Stability of OWGS activity
Effects of metal species and support material on OWGS activity and stability were
investigated in a model reformate gas containing CO, H2O, CO2, and H2. A small amount of
oxygen, O2/CO = 0.14 was added to the feed. The CO conversions in time on stream on various
catalysts were measured for 50 to 70 hours and the results of CeO2-supported 1wt% Pd, 5wt% Cu,
1wt% Pd – 5wt% Cu, and 2wt% Pd – 5wt% Cu catalysts are compared in Figure 5-1, the results
of CeO2-supported 1wt% Pt, 5wt% Cu, and 1wt% Pt – 5wt% Cu catalysts in Figure 5-2, and the
results of CeO2-supported and Al2O3-supported 1wt% Pd – 5wt% Cu catalysts in Figure 5-3. As
shown in the figures, the order of activity was as flows:

Pd(2)Cu(5)/CeO2 > Pd(1)Cu(5)/CeO2 > Pt(1)Cu(5)/CeO2 ~ Cu(5)/CeO2 > Pt(1)/CeO2 >
Pd(1)Cu(5)/Al2O3 ~ Pd(1)/CeO2

The order was well consistent with our previous report [21]. Improvement of catalytic
performance by increasing Pd loading from 1 wt% to 2 wt% was confirmed. This improvement
would be attributed to structure of Pd dispersed in Cu particles, which enhances H2O activation in
the presence of excess H2 as shown in the later kinetic study. Such a structure of Pd-Cu was also
found to suppress H2 oxidation activity which Pd inherently possesses [23]. The Cu-containing
catalysts showed stable activity compared to CeO2-supported Pt or Pd or Al2O3-supported
catalysts. This suggests Cu species in CeO2-supported Cu, Pt-Cu, and Pd-Cu are resistant towards
oxidation even in OWGS condition. Meanwhile, Pt and Pd monometallic catalysts showed large
activity loss in the initial several hours and the subsequent slow deactivation. Since noble metals
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are generally resistant to oxidation, the deactivation of the Pt and Pd catalysts would be due to
other factors such as carbonate formation or sintering of metal. The initial large drop in activity is
probably due to the reduction of surface oxygen of ceria by CO to form carbonate which is not reoxidized by H2O since these catalysts have plenty of exposed CeO2 surface located further from
metal species as indicated by high hydroxyl bands in IR spectra. The deactivation pattern was
similar to what Zalc et al. observed in stability test of Pt/CeO2 [13]. They observed rapid
deactivation in initial few hours followed by deactivation with constant rate and attributed it to
over-reduction of ceria. Progressive reduction of ceria accompanying accumulation of carbonates
is highly considerable since carbonates are difficult to remove under reducing conditions. Hilaire
et al. also pointed out the surface of metal-ceria catalysts are almost fully saturated with carbonate
in WGS condition [7]. Pt-Cu, Pd-Cu, and Cu catalysts, on the other hand, showed little
deactivation and rather increased activity in the initial several hours. As shown in our previous
report, this is ascribed to the presence of Cu which makes catalyst little retain CO and CO2 on the
catalyst surface (less CO adsorption and more CO2 desorption) [21] so that less carbonates are
accumulated. The deactivation pattern of Al2O3-supported catalyst was different from CeO2supported Pt and Pd. It was monotonic without rapid deactivation in the initial hours. This
deactivation pattern would be due to a continuous structure change of the catalyst. As shown in
Table 5-1, Pd-Cu particles on Al2O3 are more dispersed than those supported on CeO2 in addition
to its low interaction with the support. Therefore, structure of Pd-Cu particle would be vulnerable
in OWGS gas condition.
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5-3-2. Diffuse reflectance FT-IR

5-3-2-1. Surface species in the presence of H2 and CO
To investigate the effect of metal species on surface species on the catalysts, FT-IR
spectra were taken in-situ in H2 and CO/H2 atmosphere at 260oC in diffuse reflectance mode. The
results are shown in Figure 5-4 and 5-5, respectively. In the H2 condition, CeO2-supported Pt and
Pd single metal catalysts had different feature from Cu-containing sample. Although hydroxyl
band at 3650 cm-1 [24] and OCO bands in the range from 1300 to 1600 cm-1 [25] were observed
for all the samples, the hydroxyl absorbance was stronger on Pt and Pd, carbonate absorbance
were weaker on Pt and stronger on Pd compared to Cu, Pt-Cu, and Pd-Cu catalysts. The high
hydroxyl band reflects the fact that ceria surface is relatively exposed on Pt and Pd catalysts while
very weak intensity of hydroxyl band on the sample containing 5 wt% Cu indicates ceria surface
is considerably covered by copper. The peak at 3650 cm-1 is geminal (bidentate) OH on Ce, 3710
cm-1 is unidentate OH, broad peak at 3500 cm-1 is tridentate OH [26] and hydrogen-bonded H2O
[27].
Carbonyl bands appeared at the range from 1800 to 2100cm-1 [23, 28] on Pt and Pd
catalysts while no clear corresponding peak was observed on the other catalysts. The carbonyls
on Pt and Pd catalysts seem to originate from carbonate decomposition in the H2 atmosphere [29].
The carbonyls consisted of two peaks with about 50 cm-1 apart from each other, suggesting two
different adsorption configurations. With the assignments by Holmgren et al., CO adsorbed on
Ce4+, i.e. Ce-CO, exhibits IR band at 2150 cm-1 while the IR band of CO adsorbed on dispersed Pt
appears at 1975 cm-1 [26]. Lower wavenumber bands arise for CO adsorbed on smaller clusters of
Pt due to electronic effects, surface energetics, or the formation of Pt-carbonyl complexes [30].
CO-Pd0 absorbance also appears below 2000 cm-1. There are four types of bridging carbonyl
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reported [28]. The observed peaks in the present study located below 2100 cm-1 are therefore
assigned to the stretching modes of CO chemisorbed on metal sites.
On Pd catalyst, vibrational modes of bidentate and bridged C-H bond stretching of
formate species at 2845 and 2950 cm-1 [31] were clearly observed. The Pd catalyst also showed
relatively large absorbance in the finger print region (< 1600 cm-1), which are assigned to
carbonates and formates. These observations indicate Pd catalyst tends to adsorb CO2 in the
ambient condition and retain it as these surface species strongly even at elevated temperature.
Decomposition of these species is expected to be slow on Pd. Thus, the high concentration of
surface species on Pd catalyst can be correlated to the lowest activity as presented in Figure 5-1.
The Pt catalyst had smaller absorbance in the OCO region. This might be due to lower reduction
extent of ceria on this catalyst resulting in low carbonate formation. In fact, the ceria surface of Pt
sample is least reducible [21] and the OCO bands of this sample shows development of the IR
absorbance when reduction temperature is increased from 260 to 350oC (though not shown in
Figure 5-4).
Combination of Pt and Cu or Pd and Cu changed its spectrum towards that of Cu
catalysts. These catalysts showed small geminal OH with broad hydrogen-bonded H2O
absorbances, suggesting Cu addition makes surface more hydrophilic. Two sharp peaks in OCO
region were observed at 1370 and 1510 cm-1, suggesting structure difference in OCO from Pt and
Pd catalysts. Also, there was no clear carbonyl peak observed, reflecting weak CO chemisorption
property of Cu.
Introducing CO in the H2 flow changed surface species in IR spectra. The geminal OH
band at 3650 cm-1 decreased a little, but significant change was observed in tridentate OH at
around 3500 cm-1 and adjacent hydrogen-bonded H2O region, which indicates CO changes
structure of surface H2O species. The formate C-H stretchings at 2845 and 2950 cm-1 were
observed on all the catalysts upon introducing CO. The order of its intensity was Pd > Pt > Pt-Cu,
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Pd-Cu > Cu. The strong formate peak on Pt and Pd catalysts is consistent with the fact the larger
amount of hydroxyl is available to react with CO to form formate. The stronger formate peak on
Pt-Cu and Pd-Cu than Cu alone is consistent with the fact that more CO is chemisorbed on noble
metal to react with hydroxyl to form formate. However, irrelevance of formate band intensity to
catalytic activity suggests formates are not pivotal intermediates.
The bands in OCO region significantly increased upon introducing CO. According to
literature, the bands at 1585 and 1375 cm-1 are assigned to OCO asymmetric and symmetric
stretching vibrations mainly of formates. The bands at 1400 and 1460 cm-1 are unidentate
carbonate OCO [7, 26, 32]. The peaks at 1600 and 1280 cm-1 are bidentate carbonate OCO.
Similarly to formate bands, Pd/CeO2 showed the largest intensity in carbonate bands, which can
be associated with low catalytic performance than the other four catalysts. However, the order of
intensity of carbonate band for other catalysts was not correlated to the order of activity so the
carbonate is not the critical intermediate.
Carbonyl bands increased and shifted to higher frequency upon introducing CO. There
were two absorbance peaks at 2050 and 1970 cm-1 for Pt and those at 2050 and 1820 cm-1 for Pd,
suggesting two major configurations of chemisorbed CO on each metal. The peak at higher
frequency would be the on-top site CO and the other would be CO adsorbed on the bridge site or
3-fold site [33-35]. On Pt-Cu and Pd-Cu catalysts, only the high-frequency peak was observed
probably because both Pt and Pd form alloys with Cu and the bridged and 3-fold CO sites are lost.
The intensity of the CO peak of on-top site was lower on Pd-Cu than Pt-Cu, reflecting better alloy
formation and stronger interaction in Pd-Cu than Pt-Cu, which were evidenced in the previous
EXAFS and TPR results [21]. The CO adsorption on Cu/CeO2 was little visible because Cu
barely chemisorbs CO. Low CO uptake of Cu metal is well-known [36].
The bands at 2360, 2340 cm-1 and 2180, 2130 cm-1 are assigned to gas phase CO2 and CO
respectively. Although the IR intensity of gas phase CO2 depends on elapsed time after exposure
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to CO, CO2 peak on Pd/CeO2 was smaller compared to other catalysts, which seems to reflect
slow CO2 formation and desorption.

5-3-2-2. Surface species before and after long-hour OWGS
To identify the cause of deactivation in OWGS, FT-IR spectra of the sample before and
after long-term reaction were taken in-situ in CO atmosphere in diffuse reflectance mode. The
results are shown in Figure 5-6. Pd-Cu/Al2O3 catalyst experienced severe structure changes as
observed in large difference in spectra before and after reaction. The IR band below 1200 cm-1 on
this sample is related to bare surface of Al2O3 [37, 38] and the absorbance was significantly
retarded after the long-hour OWGS test. Correspondingly, the absorbance of hydroxyl group at
3750 cm-1 and formate band at 1380 and 1590 cm-1 significantly decreased after the reaction test.
These results indicate destruction of surface structure of the Al2O3 support occurred during
OWGS. The intensity of carbonyl band at 2050 cm-1 also decreased, suggesting metal structure
change was accompanied by the destruction of support surface. On Pt/CeO2, structure of support
surface was retained during OWGS, but intensity of carbonate and formate increased and
hydroxyl band decreased. The increased carbonates would be due to the deepened reduction of
support and accompanied formation of carbonates. The depletion of hydroxyl band at 3650 cm-1
also indicates accumulation of these intermediates to cover ceria surface. These bands seem to
grow when reduction of ceria progresses. Carbon formation is also considerable as reported in
literature [14], but those were not visible in IR spectra. The band structure of carbonyl changed
only slightly so there is little change in metal structure. There are two carbonyl bands at 2050 and
1970 cm-1 assigned to linear and bridged carbonyl respectively and the bridged carbonyl was
slightly suppressed after the reaction. Thus, deactivation of Pt/CeO2 is ascribed to formation of
carbonate or carbon species induced by reduction of ceria during OWGS.
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Pd/CeO2 exhibited different changes in spectra compared to Pt/CeO2 although the
deactivation patterns looked similar on these two samples in Figure 5-1 and 5-2. After the test, the
intensity of carbonate region did not change much, but the formate bands were significantly
suppressed as no clear C-H stretching mode at 2840 cm-1 was observed and asymmetric and
symmetric OCO modes of formate at 1590 and 1380 cm-1 were depleted. Carbonyl band was
completely lost, meaning significant change in metal structure. The hydroxyl band became
somewhat lower, but not as pronounced as the Pt/CeO2 case, suggesting hydroxyls on the ceria
surface are almost retained after OWGS. The result suggests sintering of Pd is the main cause of
deactivation on Pd/CeO2. Wang et al. have also reported sintering of Pd is the main cause of
deactivation [15]. Thus, deactivation causes are different between Pt and Pd monometallic
catalysts. Cu-containing catalysts including Pt-Cu and Pd-Cu, on the other hand, showed little
change in IR spectra before and after the reaction, that is well consistent with stable activity for
long hours shown in Figure 5-1 and 5-2. Note that for all the CeO2-supported samples bidentate
carbonate species at 1010 cm-1 decreased and unidentate carbonate species at 1050 cm-1 became
pronounced after OWGS.

5-3-3. Metal dispersion
Metal dispersion was measured by CO chemisorption at -30oC for the samples used in
activity tests and kinetic studies to evaluate the turnover rate of OWGS. The CO chemisorption
was chosen to evaluate metal surface area due to low CO adsorption on CeO2 compared to high
hydrogen diffusion onto CeO2 surface though CO uptake on CeO2 is not completely eliminated
even at low temperature [26]. For bimetallic catalysts, the dispersion values are based on the sum
of two constituent metal atoms. However, it should be noted that strength of CO chemisorption is
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dependent on metallic composition, i.e. Pt or Pd surface irreversibly chemisorbs CO while major
portion of Cu surface only reversibly chemisorbs CO [36, 39].
Pd and Pt monometallic catalysts showed higher CO uptake than Cu-containing catalysts.
About double the CO uptake by Pd catalyst as compared to Pt catalyst led to similar metal
dispersion for these two catalysts. Cu catalyst showed about a quarter of the CO uptake of the
noble metals regardless of higher loading than Pt and Pd, leading to significantly lower nominal
metal dispersion. CO uptake of Pd-Cu and Pt-Cu was similar to the Pd and Pt catalysts
respectively, suggesting the noble metal is the major chemisorption site for CO. Metal particle
size calculated from Equation 1 and listed in Table 5-1 was more than 100 nm for Cu catalyst
which is far overestimated value from Cu K-edge EXAFS (4 nm), indicating CO does not much
chemisorb on Cu surface in the present CO pulse condition:

D = 5 M / (dp ρ NA σ)

(Equation 1)

where D is metal dispersion, M is the atomic mass of metal species, dp is diameter of metal
particle, ρ is density of metal species, σ is cross sectional area of metal surface which adsorbs one
CO molecule, and NA is Avogadro constant. According to Dandekar and Vannice, CO is easily
desorbed from Cu0 and Cu2+ sites and CO binds irreversibly only with Cu1+ species [39]. The low
CO chemisorption on the present catalysts is well consistent with our previous EXAFS data that
showed both Pd and Cu are in metallic state [21].
Nonetheless, the CO uptake data were successfully reproduced a couple of times in this
study. The order of CO uptake was Pd(1), Pd(1)Cu(5), 62~63 > Pt(1), Pt(1)Cu(5), 31~34 > Cu(5),
12 (The number is in the unit of μmol/g.). The small effect of Cu addition to noble metal on CO
uptake could be a sign of homogeneous distribution of noble metal in Cu particle.
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5-3-4. Effect of metal species on OWGS kinetics
To investigate how kinetic aspects are related to the catalytic performance of CeO2supported metal catalysts, kinetic analysis was conducted in CO-H2O-O2 condition. The space
velocity was set carefully to highlight the effect of O2 on H2 production, i.e. the GHSV was set so
that O2 is completely consumed. Thus, CO conversion in OWGS was out of differential condition
but still far below equilibrium. The H2 production rates as functions of CO and H2O partial
pressures are shown in Figure 5-7. The reaction rates and turnover rates based on metal surface
measured by CO chemisorption are also compared in Table 5-2 and 5-3 respectively. The reaction
orders were calculated from the slope of the graph using the following empirical equation:

R(OWGS) = k · P(CO)α · P(H2O)β or alternatively
log R(OWGS) = log k + α log P(CO) + β log P(H2O)

(Equation 2)

where R(OWGS) is a reaction rate, k is a rate constant, P(CO) and P(H2O) are partial pressures of
CO and H2O respectively, and α and β are reaction orders in CO and H2O respectively. The figure
showed strong dependency of the rate on CO partial pressure in OWGS on all the CeO2supported catalysts. The high reaction order in CO means that CO is more sensitively reacting
with coreactant (H2O), which further means that more H2O species is available or activated on the
catalyst surface. O2 addition enhances the participation of H2O into the reaction probably through
removing CO which covers active sites by forming CO island structures [40]. Although all the
catalysts showed similarly high reaction order in CO, Pt and Pd catalysts showed slight level-off
of the H2 production rate at high CO partial pressure. This further indicates CO coverage on these
catalysts tends to saturate more easily than Cu-containing catalysts due to the nature of noble
metal that chemisorbs CO strongly. The highly saturated surface with CO in spite of O2 addition
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would block H2O adsorption and the subsequent processes (H2O activation and reaction with
chemisorbed CO). Interestingly, Pd-Cu supported on low surface area CeO2 (2 m2/g) also showed
similar reaction order in CO to Pd-Cu with high surface area CeO2. Chemistry of H2O activation
seems independent of property of CeO2 and O2 seems to improve the initial H2O adsorption step
by removing CO on the surface. Meanwhile, Pd-Cu/Al2O3 showed low CO order compared to
CeO2-supported catalysts. It is inferred that metal-CeO2 has strong active sites for H2O activation,
but metal-Al2O3 lacks this ability.
Contrary to high reaction order in CO in OWGS, the reaction order in H2O was small for
all the catalysts. Catalysts with higher reaction order in H2O such as Pt and Pd catalysts tend to
have lower reaction order in CO while catalysts with lower reaction order in H2O such as Cu
catalyst tend to have higher reaction order in CO (Table 5-4). This inverse trend in CO and H2O
reaction orders shows reaction proceeds via Langmuir-Hinshelwood type mechanism and the rate
is determined by the balance of surface reactants (chemisorbed CO and adsorbed/activated H2O).
Similar characteristics of reaction kinetics has been reported by Grenoble et al. who developed
kinetic model of bifunctional reaction pathway where CO adsorbs on metal and H2O adsorbs on
ceria [41]. Considering that H2O order was obtained at 9.8% of CO concentration where Pt or Pd
surface is almost saturated with CO, the observed larger H2O order for Pt and Pd catalysts would
be due to the limited adsorption of H2O (limited accessibility to the active sites). On the other
hand, Pt-Cu, Pd-Cu, and Cu catalysts would have enough sites for H2O activation and therefore
H2O order is smaller. Al2O3-supported or low surface area CeO2-supported Pd-Cu would not have
enough H2O activation sites and thus the balance of activated H2O and chemisorbed CO is
significantly weighed on the latter leading to relatively high H2O order.
The order of H2 production rate in OWGS (Pt > Pt-Cu > Pd-Cu > Pd > Cu) seems to
reflect the type of elements primarily, indicating the rate limiting step is the reaction of activated
(dissociated) H2O and chemisorbed CO. Note that the apparent activation energy (Pt-Cu > Pt >
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Cu > Pd-Cu > Pd) was shown to be less influential on the rate in OWGS (see Table 5-5) since the
rates were measured in the region where O2 is completely consumed.

5-3-5. Effect of metal species on WGS kinetics
Corresponding to the kinetic study of OWGS in Figure 5-7, the kinetic study of WGS
was also conducted. H2 production rates in WGS were plotted as functions of CO and H2O partial
pressures in Figure 5-8. In WGS, the reaction order in CO was much smaller than the case of
OWGS. It was only under 0.6 for WGS against 1.6 for OWGS and it varied from -0.1 to 0.6
depending on metal species. The trend of reaction order in CO was Cu > Pt-Cu, Pd-Cu > Pd > Pt,
inversely reflecting the strength of CO chemisorption. Both Pt and Pd showed negative or zero
order kinetics in CO, suggesting that the metal surface is fully saturated with CO on these metals
[36]. Combination of Pt-Cu and Pd-Cu was found to reduce CO coverage from higher reaction
order in CO than Pt and Pd catalysts. Interestingly, Al2O3-supported Pd-Cu showed lower CO
dependency compared to CeO2-supported catalyst with the same metal composition. This would
be due to the lack of activation of H2O, i.e. even with the similar CO coverage, H2O is not
activated enough for reaction with chemisorbed CO on Al2O3-supported catalyst.
The reaction order in H2O showed an adverse trend to the CO order, i.e. Pt > Pd > Pt-Cu,
Pd-Cu > Cu (see Table 5-4 also). This again evidences that the reaction proceeds via LangmuirHinshelwood type mechanism. The H2O order in WGS was slightly higher than that in OWGS,
but the trend among the five different catalysts was same. This confirms chemistry in H2O
activation is not changed by O2 addition to WGS, but only the H2O adsorption (accessibility of
H2O) is improved. The order of H2 production rate (Pd-Cu > Pt-Cu > Cu ~ Pt > Pd) seems
significantly to reflect the presence of Cu that reduces CO coverage, thus the rate in WGS is
strongly limited by high CO coverage.
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The kinetic data were fitted to Langmuir-Hinshelwood equation using software DataFit
ver. 9 (Oakdale Engineering) with the assumption that H2O dissociates to hydroxyl and atomic
hydrogen upon adsorption. In this mechanism, adsorption/desorption of CO and H2O is in
equilibrium and the rate is determined by surface CO coverage and H2O coverage:

θCO = KCO PCO / (1 + KCO PCO + (KH2O PH2O)1/2)

(Equation 3)

θH2O = (KH2O PH2O)1/2 / (1 + KCO PCO + (KH2O PH2O)1/2)

(Equation 4)

rate = k θCO θH2O = k KCO PCO (KH2O PH2O)1/2 / (1 + KCO PCO + (KH2O PH2O)1/2)2
(Equation 5)

where θCO and θH2O are surface coverage, KCO and KH2O are equilibrium constants for
adsorption/desorption, PCO and PH2O are partial pressures for CO and H2O respectively. In the case
of OWGS, PCO was replaced by PCO – 2 PO2 to simulate the H2 production rate at lower end of
catalyst bed with complete O2 consumption. The KH2O was fixed to unity to simplify the
calculation for all the catalysts. Otherwise the results did not converge to the proper range. The
fitted parameters are summarized in Table 5-6. The comparison of simulation and experimental
data for Pd(1)Cu(5)/CeO2 catalyst were also shown in Figure 5-9. The experimental data were
well fitted to the model. The significant decrease in KCO by O2 addition to WGS on Pd and Pd-Cu
catalysts shows blockage of active surface by CO is significant in WGS and O2 addition frees up
active sites. The concomitant increase of k shows the reaction rate increased not only through
H2O adsorption on such vacant sites, but also through enhanced probability of association of the
reactants, i.e. larger number of adjoining pairs of CO and H2O on the surface. It has been reported
that strongly chemisorbed CO creates island structure on the surface which prevents coreactant to
associate with chemisorbed CO [40].
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5-3-6. Effect of product gases on OWGS and WGS kinetics
In Figure 5-10, comparison was made for H2 production rates in CO-H2O condition and
in CO-H2O-CO2-H2 condition. The H2 production rate differed significantly between these two
conditions, but the order of activity was somewhat similar to each other except Cu:

CO-H2O condition

: Pd-Cu > Pt-Cu > Pt > Cu > Pd

CO-H2O-CO2-H2 condition : Pd-Cu > Cu > Pt-Cu > Pt > Pd

The Cu catalyst was relatively better in the latter condition because of its high tolerance to H2
[42] and CO2 [21]. In the latter condition, Pd-Cu was still better than Cu in contrast to Pt-Cu
which falls below Cu because Pd-Cu combination offers active sites for H2O activation with less
inhibition by the product gases due to better alloy formation in Pd-Cu than Pt-Cu [21]. Table 5-7
compares the fitting parameters from Pd edge and Pt edge EXAFS data and this clearly shows
more finely dispersed noble metal in Pd-Cu alloy than Pt-Cu alloy. Higher dispersion of Pd in PdCu than Pt in Pt-Cu is also indicated in higher CO uptake of the former as shown in Table 5-1.
Corresponding to Figure 5-10 for WGS, Figure 5-11 compares OWGS rates in CO-H2OO2 condition and in CO-H2O-CO2-H2-O2 condition. Note the doubling of the production rate (yaxis) in Figure 5-11 as compared to that in Figure 5-10. The absolute H2 production rate differed
significantly between these two conditions showing large reaction inhibition by product gases.
The order of activity was:

CO-H2O-O2 condition

: Pt > Pt-Cu > Pd-Cu > Pd > Cu

CO-H2O-CO2-H2-O2 condition : Pd-Cu > Pt-Cu > Cu > Pt > Pd

188
The Pt catalyst showed the best performance in CO-H2O-O2 condition while it showed poor
activity in CO-H2O-CO2-H2-O2 condition. The high activity of Pt in the former condition would
be due to low activation energy for this catalyst (See Table 5-5). The poor activity of Pt in the
latter condition is clearly due to large inhibition by product gases. Cu was least active in the COH2O-O2 condition probably because CO chemisorption is too weak regardless of its moderate
activation energy (See Table 5-5). However, in the CO-H2O-CO2-H2-O2 condition Cu showed
better activity than Pt or Pd catalysts, suggesting reaction inhibition by the product gases on Cu is
relatively small, i.e. Cu retains H2O activation and CO2 desorption abilities in the presence of
product gases. This is probably because of nature of Cu which does not much adsorb CO2 [21]
and H2 [42] on the surface. Combining Cu with Pt or Pd improved the activity of Cu catalyst, but
Pt monometallic catalyst was still superior to the bimetallic catalysts in the absence of products.
The situation drastically changes in the presence of product gases, i.e. both Pt-Cu and Pd-Cu
bimetallic catalysts showed better activity than monometallic catalysts. Clearly, the Cu in
bimetallic catalysts mitigates reaction inhibition by product gases. The weak adsorption of CO on
Cu would be compensated by strong chemisorption sites for CO provided by Pt or Pd.
Pd prefers oxidation of H2 over oxidation of CO [23], resulting in loss of H2 in OWGS as
shown in Figure 5-11. However, combination of Pd with Cu suppressed H2 oxidation on Pd to
improve OWGS performance significantly. Therefore, dispersed Pd structure in Pd-Cu prevents
H2 activation inherent to Pd. It creates highly active sites for CO shift and reduces reaction
inhibition by H2 and CO2 to bring synergistic effect in increasing OWGS rate.
From kinetic results, it was found that O2 addition reduces CO coverage on active surface
and frees up the active sites for H2O adsorption/activation, leading to more participation of H2O
in the reaction. The presence of H2 and CO2 in the feed significantly affects on H2O activation
and CO2 desorption and changes activity order among the CeO2-supported metal catalysts
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completely. The combination of Pt-Cu or Pd-Cu was found to have structure and properties of
metal components favorable for an actual reformate condition containing H2 and CO2.

5-3-7. Transient response study
Figure 5-12 to 5-14 shows the response to CO/D2O, CO, D2O pulses in 5% H2/argon flow
at different temperatures on Pd-Cu/CeO2, Cu/CeO2, and Pd/CeO2 catalysts. All the gases were
monitored in real-time by a quadrupole mass spectrometer. With CO/D2O pulses in H2 flow,
WGS (reaction of CO and D2O) and hydrogen isotopic exchange between H2 and D2O were
observed at the same time. Meanwhile, D2O pulses in H2 flow were used for observing only the
latter reaction (isotopic exchange) and CO pulses were used for observing reaction of CeO2
surface with CO or adsorption of CO on the surface. The signal of 44 AU (CO2) was interpreted
as the response from WGS and the signal of 3 AU (HD) and 4 AU (D2) were interpreted as the
responses from isotopic exchange as expressed below:

D2O + CO = D2 + CO2

WGS

(Reaction 1)

D2O + H2 = HD + HDO

isotopic exchange

(Reaction 2)

D2O + HD = D2 + HDO

isotopic exchange

(Reaction 3)

Upon four consecutive CO/D2O pulses in H2/argon flow, the peaks of unreacted CO and D2O,
product CO2, H2, HD, D2 were observed. Each CO/D2O pulse produced a sharp H2 peak together
with CO2 peak, both of which come from WGS. Detection of H2 peak instead of HD or D2 peak is
probably because fast diffusion of hydrogen, i.e. even HD and D2 are produced, these products
would again diffuse on the catalyst surface and replaced by H2 which is present in excess amount.
The HD peak which is the indicator of cleavage of D-O bond in D2O to exchange deuterium with
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H2 showed long tail and accompanied the corresponding decrease of H2 which indicates the
isotopic exchange takes place on different sites from those WGS occurs on. There is no hydrogen
diffusion and thus the isotopic exchange takes place via molecularly adsorbed D2O on CeO2
support. When temperature was increased from 210oC to 350oC, H2 and CO2 peak intensities
increased while HD and D2 peak intensity kept almost unchanged. There seems to be no
correlation between WGS rate and isotopic exchange rate on CeO2. Much smaller CO2 and H2
peaks upon individual CO and D2O pulses shows the two reactants need to associate for WGS to
take place. Slight formation of CO2 upon these individual pulses would be due to decomposition
of carbonate formed in the preceding pulses. Relatively high H2 formation on Cu/CeO2 upon CO
pulses indicates Cu can retain water and this pre-adsorbed water can react with CO pulse to
produce hydrogen. As seen in Figure 5-14, Pd/CeO2 catalyst exhibited smaller CO2 and H2
responses and less CO consumption upon CO/D2O pulses at 210oC to 300oC, suggesting lower
WGS activity of this catalyst than the other two catalysts. At 350oC, this catalyst also showed
CH4 production. Therefore, Cu is also preventing hydrogenation activity of Pd.
The above result shows the two reactants need to associate on the catalyst surface for
WGS to occur (Langmuir-Hinshelwood type mechanism). It also indicates that WGS involves
H2O dissociation which does not occur in H2-D2O isotopic exchange.

5-4. Conclusions
Activity and stability of Pt-Cu and Pd-Cu catalysts supported on CeO2 was tested in
oxygen-enhanced water gas shift (OWGS) where a small amount of oxygen is added to a
reformate and the results were compared with those of monometallic Pt, Pd, and Cu catalysts. The
Pt-Cu, Pd-Cu, and Cu catalysts were demonstrated to have high activity and to retain their initial
activity for at least 70 hours while Pt, Pd, Al2O3-supported Pd-Cu catalysts showed gradual loss
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of activity along the elapsed time. In-situ FT-IR spectra before and after the long-term test
revealed that the major cause of deactivation differs in catalysts with different metal compositions.
Pt catalyst was found to deactivate through progressive reduction of ceria and accompanying
carbonate formation. From disappearance of carbonyl and formate bands after the long-hour
reaction, deactivation of Pd/CeO2 was explained by metal sintering. A destruction of the bare
surface structure of Al2O3 was observed for Al2O3-supported Pd-Cu catalyst, which also
accompanied rearrangement of metal species to reduce the carbonyl band in its IR spectrum.
The reason for better activity and stability of bimetallic catalysts was sought by a series
of kinetic study. The reaction order in CO was large (above 1.0) for OWGS on all the CeO2supported catalysts while it varied from -0.1 to 0.6 for WGS depending on metal species, which
suggested that the active sites for H2O adsorption/activation are significantly blocked by strongly
chemisorbed CO in WGS and that O2 addition to the feed removes CO to free up the sites for H2O
to participate in the reaction. The inverse trend of H2O order to CO order for both WGS and
OWGS, i.e. lower CO order on Pt and Pd in contrast to higher H2O order on these catalysts and
higher CO order on Cu in contrast to lower H2O order on Cu, indicates O2 addition only changes
the balance of surface reactants and the reaction proceeds via Langmuir-Hinshelwood type
mechanism. The presence of product gases significantly inhibited the reaction, resulting in shift
of rate-limiting step from the reaction of chemisorbed CO and activated H2O to H2O activation.
Pt exhibited the best activity in the former condition, but it was sensitive to the product gases. PdCu exhibited the highest activity in the latter condition, which was attributed to the active sites
created by Pd dispersed in Pd-Cu for strong H2O activation with less reaction inhibitions by
product gases. The present study demonstrated that CeO2-supported Pd-Cu bimetallic catalyst has
large advantages in a realistic OWGS condition and it was confirmed by the kinetic view point.
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Table 5-1: Physicochemical properties of CeO2-supported bimetallic and monometallic catalysts.
Me/CeO2

BET
(m2/g)
152
148
136
129
132
115
123

Pt(1)
Pd(1)
Cu(5)
Pt(1)Cu(5)
Pd(1)Cu(5)
Pd(2)Cu(5)
Pd(2)Cu(5)
on Al2O3
*

Pore Vol.
(ml/g)
0.145
0.147
0.134
0.121
0.130
0.124
0.900

Av. pore
diam. (nm)
3.8
4.0
3.9
3.8
3.9
4.2
29.1

CO uptake
(μmol/g)
31.4
63.0
11.9
34.0
62.1
81.2
109

Metal
disp.(%)
61
67
1.5
4.1 (66)*
7.1 (66)*
8.3
11.2

Particle size
of metal(Å)**
29
32
1208
442
225
218
162

Inside parenthesis is metal dispersion based on noble metal.
Particle size of metal was calculated from metal dispersion using Equation 1.

**

Table 5-2:
catalysts.

H2 production rates in OWGS on CeO2-supported bimetallic and monometallic

Catalyst
Pt(1)/CeO2
Pd(1)/CeO2
Cu(5)/CeO2
Pt(1)Cu(5)/CeO2
Pd(1)Cu(5)/CeO2

Rate A
(μmol/g/s)
193
99
79
160
122

Rate B
(μmol/g/s)
16
-18
19
21
38

Rate A: 9.8% CO / 23.0% H2O / 1.4% O2 (0.015g catalyst + SiC dilution), Rate B: 9.8% CO /
23.0% H2O / 1.4% O2 / 6.3% CO2 / 37.9% H2 (0.1g catalyst); Total gas flow rate was 132.5
ml/min for both conditions.
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Table 5-3:
Turnover frequency (TOF) in OWGS on CeO2-supported bimetallic and
monometallic catalysts.
Catalyst
Pt(1)/CeO2
Pd(1)/CeO2
Cu(5)/CeO2
Pt(1)Cu(5)/CeO2
Pd(1)Cu(5)/CeO2

TOF-A
(s-1)
6.1
1.6
6.6
4.7
2.0

TOF-B
(s-1)
0.51
-1.6
0.62
0.61

TOF-A: 9.8% CO / 23.0% H2O / 1.4% O2 (0.015g catalyst + SiC dilution), Rate B: 9.8% CO /
23.0% H2O / 1.4% O2 / 6.3% CO2 / 37.9% H2 (0.1g catalyst); Total gas flow rate was 132.5
ml/min for both conditions. Turnover frequency (TOF) is based on the number of sites measured
by CO chemisorption at -30oC.

Table 5-4: Reaction orders in CO and H2O on CeO2-supported bimetallic and monometallic
catalysts.
catalyst
Pt(1)/CeO2
Pd(1)/CeO2
Pd(1)Cu(5)/CeO2
Pt(1)Cu(5)/CeO2
Cu(5)/CeO2

reaction order in CO
WGS
OWGS
-0.1
1.1
0.1
1.2
0.4
1.4
0.4
1.5
0.6
1.3

reaction order in H2O
WGS
OWGS
0.7
0.5
0.5
0.4
0.3
0.3
0.3
0.2
0.2
0.1

Condition: 4.8-12.5% CO / 23.0% H2O / 1.4% O2 / N2 balance for obtaining reaction order in CO
and 9.8% CO / 12.3-27.7% H2O / 1.4% O2 / N2 balance for obtaining reaction order in H2O;
Temperature: 260oC; Total gas flow rate: 132.5 ml/min; Catalyst weight: 0.015g diluted by SiC to
attain 0.065 ml of bed volume.
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Table 5-5: Apparent activation energy of CeO2-supported bimetallic and monometallic catalysts
for OWGS.
Catalyst
Pt(1)/CeO2
Pd(1)/CeO2
Cu(5)/CeO2
Pt(1)Cu(5)/CeO2
Pd(1)Cu(5)/CeO2

Activation energy
(kJ/mol)
30.2
57.2
34.3
23.7
41.2

Condition: 9.8% CO / 23.0% H2O / 1.4% O2 / N2 balance; Temperature: 220-260oC; Total gas
flow rate: 132.5 ml/min; Catalyst weight: 0.015g diluted by SiC to attain 0.065 ml of bed volume.

Table 5-6: Kinetic parameters from Langmuir-Hinshelwood fitting.
catalyst

parameter

WGS
st. error
63
1.09
--

value
4188
2.23
1

OWGS
st. error
918
0.61
--

Pd(1)Cu(5)
/CeO2

k
KCO
KH2O

value
1415
8.05
1

Pd(1)/CeO2

k
KCO
KH2O

296
18.81
1

6
2.53
--

1618
5.98
1

390
2.61
--

Cu(5)/CeO2

k
KCO
KH2O

816
4.70
1

62
0.67
--

2371
2.81
1

428
0.68
--

Model: rate = k KCO (PCO – 2PO2) (KH2O PH2O)1/2 / (1 + KCO (PCO – 2PO2) + (KH2O PH2O)1/2)2 , KH2O
was assumed to be unity for all the catalysts both in OWGS and WGS. The experimental data in
Figure 5-7 and 5-8 were fitted to this model.

Table 5-7: Fitting parameters from Pd edge and Pt edge EXAFS.
sample

scatter

Pd(2)Cu(5)
/CeO2
Pt(1)Cu(5)
/CeO2

Pd-Cu
Pd-Pd
Pt-Cu
Pt-Pt

coordination
number
7.1
1.4
5.8
3.0

coordination
distance, Å
2.59
2.73
2.54
2.75

DWF
(x 103)
2.0
2.0
2.0
2.0

E0, eV
-4.9
-1.0
1.7
-1.0
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Figure 5-1: Long duration OWGS performance on CeO2-supported Pd-Cu bimetallic catalysts
and monometallic catalysts.
Feed: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% Air / argon balance; Temperature:
260oC; GHSV: 64,400h-1(dry).
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Figure 5-2: Long duration OWGS performance on CeO2-supported Pt-Cu bimetallic catalysts
and monometallic catalysts.
Feed: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% Air / argon balance; Temperature:
260oC; GHSV: 64,400h-1(dry).
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Figure 5-3: Long duration OWGS performance on Pd-Cu bimetallic catalysts supported on CeO2
and Al2O3.
Feed: 9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / 6.9% Air / argon balance; Temperature:
260oC; GHSV: 64,400h-1(dry).

198

Figure 5-4: Diffuse reflectance FT-IR spectra of various CeO2-supported catalysts reduced in H2
at 260oC.
Condition: 100% H2, 30 ml/min, ca. 50 mg catalyst.
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Figure 5-5: Diffuse reflectance FT-IR spectra of various CeO2-supported catalysts in the
presence of CO at 260oC.
Condition: CO/H2/He = 0.9/35/8.1 in the unit of ml/min, ca. 50 mg catalyst.
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Figure 5-6: Diffuse reflectance FT-IR spectra of samples before and after long duration OWGS
reaction at 260oC.
Condition: CO/H2/He = 0.9/35/8.1 in the unit of ml/min, ca. 50 mg catalyst. Upper spectrum:
after OWGS for 70 h, lower spectrum: fresh sample.

Figure 5-7: Effect of CO and H2O partial pressures on H2 production rate in OWGS at 260oC.
CeO2-supported Pt(1): open circle; Pd(1): open diamond; Cu(5): filled triangle; Pt(1)Cu(5): filled diamond; Pd(1)Cu(5): filled square;
Pd(2)Cu(5): cross; Pd(2)Cu(5) on low surface area CeO2: star; Pd(2)Cu(5) on Al2O3: plus; Gas composition: 4.8-12.5% CO / 23.0% H2O /
6.9% Air / N2 balance for obtaining reaction order in CO and 9.8% CO / 12.3-27.7% H2O / 6.9% Air / N2 balance for obtaining reaction order
in H2O; Temperature: 260oC; Total gas flow rate: 132.5 ml/min; Catalyst weight: 0.015g (35-60 mesh) diluted with SiC particles of the same
size to attain 0.065 ml of the catalyst bed volume. The unit of reaction rate is μmol-H2/g-cat./sec.

Figure 5-8: Effect of CO and H2O partial pressures on H2 production rate in WGS at 260oC.
CeO2-supported Pt(1): open circle; Pd(1): open diamond; Cu(5): filled triangle; Pt(1)Cu(5): filled diamond; Pd(1)Cu(5): filled square;
Pd(2)Cu(5): cross; Pd(2)Cu(5) on Al2O3: plus; Gas composition: 4.8-12.5% CO / 23.0% H2O / N2 balance for obtaining reaction order in CO
and 9.8% CO / 12.3-27.7% H2O / N2 balance for obtaining reaction order in H2O; Temperature: 260oC; Total gas flow rate: 132.5 ml/min;
Catalyst weight: 0.015g (35-60 mesh) diluted with SiC particles of the same size to attain 0.065 ml of the catalyst bed volume The unit of
reaction rate is μmol-H2/g-cat./sec.
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Figure 5-9: Simulated reaction rates based on Langmuir-Hinshelwood model.
Solid red: experimental OWGS; solid blue experimental WGS; dotted red: simulated OWGS; dotted blue: simulated WGS. Gas composition:
4.8-12.5% CO / 23.0% H2O / N2 balance for log RH2 – log PCO plot and 9.8% CO / 12.3-27.7% H2O / N2 balance for log RH2 – log PH2O plot;
Temperature: 260oC; Total gas flow rate: 132.5 ml/min; Catalyst weight: 0.015g (35-60 mesh) diluted with SiC particles of the same size to
attain 0.065 ml of the catalyst bed volume. The unit of reaction rate is μmol-H2/g-cat./sec.Model: rate = k KCO (PCO – 2PO2) (KH2O PH2O)1/2 / (1
+ KCO (PCO – 2PO2) + (KH2O PH2O)1/2)2 (k, KCO, KH2O) = (4188, 2.23, 1.00) for OWGS, (k, KCO, KH2O) = (1415, 8.05, 1.00) for WGS.
Temperature = 260oC, Catalyst: Pd(1)Cu(5)/CeO2.

Figure 5-10: Difference in H2 production rate in WGS at 260oC with and without product gases.
Condition: 9.8% CO / 23.0% H2O / N2 balance (0.015g catalyst + SiC dilution, dotted bar) and
9.7% CO / 22.8% H2O / 6.3% CO2 / 37.9% H2 / Ar balance (0.1g catalyst, solid bar); Total gas
flow rate: 132.5 ml/min for both conditions; Catalyst: Me/CeO2.
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Figure 5-11: Difference in H2 production rate in OWGS at 260oC with and without product gases.
Condition: 9.8% CO / 23.0% H2O / 1.4% O2 / N2 balance (0.015g catalyst + SiC dilution, dotted
bar) and 9.7% CO / 22.8% H2O / 1.4% O2 / 6.3% CO2 / 37.9% H2 / Ar balance (0.1g catalyst,
solid bar); Total gas flow rate: 132.5 ml/min for both conditions; Catalyst: Me/CeO2.

Figure 5-12: Responses to CO/D2O, CO, D2O pulses on Pd(1)Cu(5)/CeO2 catalyst.
A: 10 CO/H2O (8.2/8.2 μmol) pulses; B: 10 CO (16.4 μmol) pulses; C: 10 H2O (8.2 μmol) pulses;
Carrier flow: 5% H2/Ar 50 ml/min; Catalyst weight: 0.1g.
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Figure 5-13: Responses to CO/D2O, CO, D2O pulses on Cu(5)/CeO2 catalyst.
A: 10 CO/H2O (8.2/8.2 μmol) pulses; B: 10 CO (16.4 μmol) pulses; C: 10 H2O (8.2 μmol) pulses;
Carrier flow: 5% H2/Ar 50 ml/min; Catalyst weight: 0.1g.
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Figure 5-14: Responses to CO/D2O, CO, D2O pulses on Pd(1)/CeO2 catalyst.
A: 10 CO/H2O (8.2/8.2 μmol) pulses; B: 10 CO (16.4 μmol) pulses; C: 10 H2O (8.2 μmol) pulses;
Carrier flow: 5% H2/Ar 50 ml/min; Catalyst weight: 0.1g.
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Chapter 6

Conclusions and Recommended Future Work

Concluding Remarks
This thesis was motivated by two major issues in water gas shift (WGS), low activity at
low temperature and pyrophoric property of conventional Cu-based catalysts, for mobile
application for polymer electrolyte membrane fuel cells. The approaches for these issues were
adding a small amount of O2 to the feed to change the catalyst surface to promote WGS and
employing CeO2-supported Pd-Cu bimetallic catalysts to provide less pyrophoric property to
make catalyst stand in the oxidative condition.
Addition of small amount of O2 into the realistic OWGS feed which contains
approximately 10% of CO and 1.4% of O2 together with H2O, CO2, and large excess of H2
actually increased not only CO conversion but also H2 yield especially in the temperature range
from 200 to 300oC where WGS activity is not significant. The activity tests in various contact
time showed the enhancement of WGS by O2 addition was remarkable in very short contact time
where unreacted O2 exists. Based on that, a detailed kinetic study was conducted and a significant
increase of reaction order in CO was observed upon O2 addition in contrast to no change in H2O
reaction order. Over 1.0 of reaction order in CO was obtained for all the CeO2-supported catalysts
for OWGS while it ranged from -0.1 to 0.6 for WGS depending on metal species. These results
suggest more of CO reacts with coreactant (H2O) adsorbed on the surface in the presence of O2
and it is further speculated that O2 addition removes CO covering the active sites so that more
coreactant (H2O) can participate in the reaction. This interpretation is also supported by the fact
that the effect of O2 addition is more beneficial on monometallic noble metal catalysts but the
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effect stalls at high CO partial pressure due to their strong CO chemisorption even with the O2
addition.
Among various CeO2-supported monometallic and bimetallic catalysts, the Pt-Cu and PdCu bimetallic catalysts were identified to be the better catalysts than others for realistic OWGS
condition. These catalysts showed alloy formation between Pt and Cu or Pd and Cu (evidenced by
EXAFS) and thus strong interaction between noble metal and copper (evidenced by single
reduction peak in TPR), which were correlated to the synergistic effect in catalytic performance.
Other combinations containing Rh, Ru, Ni, and Co were found to produce methane by consuming
large amount of H2 and those containing Ir, Fe, and Mn were found to be much less active than
Pt-Cu and Pd-Cu.
Kinetic analysis of CeO2-supported Pd-Cu with various Pd and Cu loadings revealed
increase of Pd loading from 1 wt% to 2 wt% has a greater impact on H2 production in OWGS
than increase of Cu loading from 5 wt% to 10 wt%. The increase of Pd loading was found to
increase the number of active sites and suppress reaction inhibition by H2. Thus, Pd in Pd-Cu
alloy is likely to promote H2 production through promoting H2O dissociation in the presence of
O2. Pd in Pd-Cu was further found to suppress H2 oxidation in OWGS condition due to the much
weaker affinity towards hydrogen compared to pure Pd. The excellent OWGS activity of Pd-Cu
catalysts was attributed to complementary roles of the two metals, i.e. Pd adds active sites and
keeps Cu in reduced state (evidenced by the high reducibility in TPR and high resistance towards
complete oxidation in OSC measurements) while Cu disperses Pd, suppresses H2 activation on Pd,
and facilitates CO2 desorption (shown by quick responses to CO pulses).
The advantage in CeO2-supported Pd-Cu was also demonstrated in long duration OWGS
tests. The Cu-containing catalysts showed little change in activity during the 70-hour test while
CeO2-supported Pt and Pd catalysts and Al2O3-supported Pd-Cu catalyst gradually lost their
activities. The in-situ FT-IR in CO atmosphere before and after 70 hours of reaction revealed that
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Pt catalyst deactivates through progressive reduction of ceria accompanying carbonate formation.
Pd catalyst deactivated mainly by metal sintering and Pd-Cu/Al2O3 deactivated by a destruction
of surface structure of Al2O3 and accompanying rearrangement of metal species. The best
performance on Pd-Cu/CeO2 in the presence of product gases was attributed to the large number
of active sites created by highly dispersed Pd in Cu and low inhibition by H2 and CO2 which Cu
brings. The best performance on Pt/CeO2 in the absence of product gases was attributed to low
activation energy, but this advantage was found vulnerable in the presence of product gases.
The CeO2 support was, on the other hand, proven to play a key role in H2O activation. On
CeO2-supported Pd-Cu catalysts, much better enhancement of WGS by O2 addition was observed
than Al2O3-supported Pd-Cu catalysts. This trend was tied in with kinetic data that showed much
higher reaction order in CO for CeO2-supported Pd-Cu than that for Al2O3-supported Pd-Cu. It
was deduced that O2 addition removes CO covering active sites so that H2O can participate in the
reaction while CeO2 contribute to H2O dissociation on active metal or metal-ceria interface
resulting in more effective enhancement of WGS by O2 addition. The low reaction order in H2O
indicated dissociative adsorption of H2O is involved in the reaction route. This was also
supported by the absence of the correlation between WGS rate (the reaction of CO with D2O) and
isotopic exchange rate (the reaction of H2 with molecularly adsorbed D2O) in a transient pulse
study. WGS was shown to take place only upon co-pulsing CO and H2O and thus pre-adsorbed
species such as formate or carbonate on CeO2 were proven to be spectators by FT-IR. The two
regimes of turnover rate, one increasing along the surface area of catalyst up to 90 m2/g and the
other leveling off above that surface area, suggests that there are two critical steps, H2O activation
which both metal and support influence and the associative (Langmuir-Hinshelwood type)
reaction between chemisorbed CO and activated H2O which metal primarily influences. The
presence of the product gases significantly inhibited H2O activation leading to the reaction rate
more dependent on the function of CeO2. XRD and field emission SEM showed Pd-Cu bimetallic
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particle changes its size and structure depending on available CeO2 surface and metal loadings.
Fine Pd-Cu particles on CeO2 were more active than large segregated Cu species that appears in
the catalysts with high Cu loading.
The present study has clearly shown a large benefit of OWGS over WGS. OWGS
enabled not only the promotion of WGS at low temperature, but also enabled observation of
kinetic characteristics of active sites which is usually hindered by high CO coverage. CeO2supported Pd-Cu bimetallic catalyst was shown to have synergistic effect for high activity and
low pyrophoricity in OWGS and it is promising for mobile low temperature fuel cell application.

Recommended Future Work
The present study has shown that Pd-Cu alloy structure is one of the important factors for
OWGS activity. Although both Pd and Cu edges in EXAFS showed the feature of alloy formation
for wide range of Pd and Cu loadings, distribution of each component on the surface and bulk of
alloy has not been clarified yet. This would be accomplished by XPS/AES spectroscopy.
Especially the distribution of high Pd loading close to PdCu3 stoichiometric compound need to be
correlated to its lower activity to identify the most active phase. Relating to this, the structure
difference of alloy by different preparation method (impregnation and deposition precipitation
methods) and metal precursors (palladium acetate and palladium nitrate) is also recommended to
be investigated. These factors would strongly influence structure of the alloy.
The second recommended future work is to obtain geometrical information on active
metal-ceria interface or metal surface under strong influence of CeO2, possibly some species in
higher oxidation state than metal. The present work has shown the presence of such active sites,
but its geometrical information has not been collected enough to answer the question: how CeO2
contributes to create the active sites. EXAFS Cu edge spectrum showed Pd-Cu alloy particle to be
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approximately 40Å, which is about half of CeO2 crystallite size, while Pd-Cu particle was not
clearly identified in the STEM image due to the similar contrast of metal and CeO2 in the STEM
image. Since similar structure of alloy has been identified on Al2O3 by EXAFS, though the metalsupport interaction would be different, STEM of Al2O3-supported Pd-Cu could help to see
morphology of bimetallic species in analogy to CeO2-supported Pd-Cu. The Pd-Cu supported on
low surface area (CeO2-A) is also interesting material to analyze since CeO2 crystallite is welldeveloped and therefore Pd-Cu particles are easily distinguished from CeO2 crystallites.
The third recommended future work is to clarify how H2 and CO2 inhibit the reaction.
The present study revealed that Pd in Pd-Cu keeps H2O activation in H2 and Cu facilitate CO2
desorption, but how they function is not clarified. For this, it would be effective to compare
kinetic analyses on Al2O3-supported Pd-Cu and CeO2-supported Pd-Cu to see which of metal
function or ceria function is inhibited by the product gases.
The fourth recommended future work is to develop better catalyst by producing more
metal-ceria interfacial area. Since CeO2 fine powder consists of aggregated crystallites, the
interfacial area would be increased if this aggregates are pulled apart when metal is impregnated.
This could be done by ultrasonic or some mechanochemical treatment. If the metal dispersion is
increased with improved contact area with CeO2 in such preparation methods, OWGS and WGS
activity could increase further.

Appendix A

Mass Transport analysis for OWGS
Mass transport limitation is estimated to be negligible from rough calculation of Thiele
modulus defined as the ratio of intrinsic reaction rate to diffusion rate:

φ = R ( k / De )1/2

(Equation 1)

where R is radius of catalyst particle, k is turnover rate, and De is effective diffusion coefficient
for reactant in the pore of the catalyst particles (Charles N. Satterfield, Mass Transfer in
Heterogeneous Catalysis, 1970, M.I.T. Press, Cambridge, Massachusetts and London, England).
The effective diffusion coefficient for porous solid in which Knudsen diffusion prevails is
approximated to the following equation:

DK,e = 194,00 (θ2/τm Sg ρp) ( T / M )1/2

(Equation 2)

where θ is void fraction, τm is a tortuosity factor, Sg is the surface area of the pore wall in square
centimeter per gram, ρp is the pellet density in grams per cubic centimeter. For the metal catalysts
with CeO2-R support (from Rhodia), Sg is approximately 150 x 104 cm2/g and ρp is 0.77 cm3/g. If
the void fraction is assumed to be 0.5 and tortuosity factor to be 3 (randomly oriented system of
cylindrical pores), the calculation of DK,e yields about 6 x 10-3 cm2/s for CO or N2 gas and about 2
x 10-2 cm2/s for H2. From literature, turnover rate in the excess O2 to CO can reach around ~107
per site per second for CO oxidation (Chen et al., Surface Science, 601 (2007) 5326), but the
turnover rate in the stoichiometric CO/O2 ratio (=2) is reported to be the order of 101 to 102
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(Berlowitz et al., J. Phys. Chem., 92 (1988) 5213). The catalyst used in the present study has a
few nanometers of pore size as shown in Table 2-3, and a few hundred nanometers to a few
micrometers of secondary particles as shown in Figure 4-14. With these values, Thiele modulus is
calculated to be 0.013, small enough to ignore mass transport. The CO/O2 ratio in the present
study is much larger than stoichiometry, the sites are therefore covered by CO and the surface
reaction rate is much smaller. Thus, the rate is not limited by mass transport in the present OWGS
condition.
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Appendix B

Detailed Information on Kinetic Analysis
In the main chapters, WGS was shown to take place through association of CO and H2O
on catalyst surface and the rate is determined by the balance between chemisorbed CO and H2O
on the surface. Form this kinetic observation, WGS was assumed to take place with LangmuirHinshelwood mechanism and numerical analysis was conducted. In Langmuir-Hinshelwood
mechanism, both CO and H2O are assumed to adsorb on the same sites competitively and these
reactants in gas phase are assumed to be in equilibrium with chemisorbed reactants on the surface.
The elementary processes are expressed in the following reaction equations:

CO (g) = CO (a)

(Reaction 1)

H2O (g) = H2O (a)

(Reaction 2)

CO (a) + H2O (a) = CO2 (a) + H2 (a)

(Reaction 3)

The reaction equations for product desorption were omitted. The corresponding equations for
adsorption/desorption equilibrium of CO and H2O are expressed as follows:

kCO PCO (1 – θCO – θH2O) = k’CO θCO

(Equation 1)

kH2O PH2O (1 – θCO – θH2O) = k’H2O θH2O

(Equation 2)

where kCO and k’CO are rate constants for CO adsorption and desorption, θCO and θH2O are surface
coverage by CO and H2O, and PCO and PH2O are the partial pressures of CO and H2O respectively.
From these equations, surface coverage of CO and H2O are derived as follows:
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θCO = KCO PCO / (1 + KCO PCO + KH2O PH2O)

(Equation 3)

θH2O = KH2O PH2O / (1 + KCO PCO + KH2O PH2O)

(Equation 4)

where KCO and KH2O are equilibrium constants for CO and H2O adsorption/desorption. The
overall rate is expressed as a function of the reactants on the surface:

rate = k θCO θH2O = k KCO PCO KH2O PH2O / (1 + KCO PCO + KH2O PH2O)2
(Equation 5)

This Langmuir-Hinshelwood equation shows the rate is dependent on PCO, PH2O, and the balance
of surface reactants. To check the validity of this model, simple simulation of reaction order was
conducted in the same ranges of CO and H2O partial pressures as the actual kinetic study in the
main chapters (0.06 – 0.17 atm for CO and 0.16 – 0.37 atm for H2O and a couple of KCO
variations). The result is shown in Tables B-1 and B-2 for WGS and OWGS respectively. In the
case of OWGS, PCO was replaced by PCO – 2 PO2 to simulate the H2 production rate at lower end
of catalyst bed with complete O2 consumption. For WGS, the simulated reaction order in CO
varied from 0.88 to 0.14 with the KCO range from 1 to 12 against 0.6 to -0.1 of the actual reaction
order (See Table 5-4). The simulated reaction order in H2O varied from 0.71 to 0.84 against 0.2 to
0.7 of the actual reaction order (See Table 5-4). The much larger reaction order in H2O in
simulation than in kinetic experiment is because the model does not count for H2O dissociation.
The Langmuir-Hinshelwood models with H2O dissociation was therefore applied for
reaction order simulation. If H2O dissociation to OH and H species is assumed, the
adsorption/desorption equations are rewritten as follows:
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kCO PCO (1 – θCO – θH2O) = k’CO θCO

(Equation 6)

kH2O PH2O (1 – θCO – θH2O)2 = k’H2O θH2O2

(Equation 7)

The surface coverage by CO and H2O are rewritten as:

θCO = KCO PCO / (1 + KCO PCO + (KH2O PH2O)1/2)

(Equation 8)

θH2O = (KH2O PH2O)1/2 / (1 + KCO PCO + (KH2O PH2O)1/2)

(Equation 9)

Therefore, the overall rate is expressed in the following equation:

rate = k θCO θH2O = k KCO PCO (KH2O PH2O)1/2 / (1 + KCO PCO + (KH2O PH2O)1/2)2
(Equation 10)

Likewise, if we assume that H2O dissociate to O and two H species, we obtain:

rate = k θCO θH2O = k KCO PCO (KH2O PH2O)1/3 / (1 + KCO PCO + (KH2O PH2O)1/3)2
(Equation 11)

The simulation result of reaction orders in Table B-1 and B-2 shows lower reaction order in H2O
with the model that counts H2O dissociation. The reaction order in H2O was 0.2 to 0.3 when H2O
dissociation to OH and H species was assumed (LH2) and 0.1 to 0.2 when H2O dissociation to O
and two H species was assumed (LH3). The lower H2O orders are because molecularly adsorbed
are not counted. Both molecular adsorption and dissociation of H2O would take place together in
the actual reaction. However, the rate on Pd-Cu/CeO2 is more fitted to the LH2. The reaction
orders in CO and H2O exhibited inverse trend to each other, i.e. high CO order leads to low H2O
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order and vice versa, which is well consistent with reaction kinetics observed in actual
experiments. Furthermore, simulation of OWGS presented in Table B-2 exhibited large reaction
order in CO, reproducing the kinetic behavior in experiments. These confirm OWGS and WGS
kinetics are explained by Langmuir-Hinshelwood type mechanism and the rate is determined by
balance between chemisorbed reactants on the surface.
Based on the above simulation results, the experimental data were fitted to Equation 10
using software DataFit ver. 9 (Oakdale Engineering). The KH2O was fixed to unity to simplify the
calculation for all the catalysts since KH2O is less influenced by metal species than KCO. Otherwise
the results did not converge to the proper range. The simulated ln(rate) vs. ln(PCO) plot and
ln(rate) vs. ln(PH2O) plot are presented in Figures B-1 to B-3 for Pd(1)Cu(5), Pd(1), and Cu(5)
catalysts. The kinetic parameters, k and KCO obtained from simulation were presented in Table B3. The experimental data were well fitted to the model. As shown in Table B-3, KCO values are 3
to 4 times smaller in OWGS compared to WGS, especially on Pd and Pd-Cu catalysts, suggesting
blockage of active surface by CO is significant in WGS and O2 addition decreases the relative
surface coverage of CO. The concomitant increase of k shows the reaction rate increased not only
through enhanced H2O adsorption on such vacant sites, but also through enhanced probability of
association of the reactants, i.e. larger number of adjoining chemisorbed CO and H2O on the
surface. It has been reported that strongly chemisorbed CO creates island structure on the surface
which prevents coreactant to associate with chemisorbed CO (B.C. Gates, Catalytic Chemistry,
John Wiley & Sons, 1992). It has to be noted that the increase of local temperature upon O2
addition also contributes to the increase of k value. Three dimensional fittings of PCO – PH2O – rate
for Cu, Pd, Pd-Cu catalysts in Figure B-4 to B-6 clearly show suppression of reaction rate by high
CO coverage in WGS even for Cu catalyst. The reaction rate is relatively insensitive to CO partial
pressure in WGS while it becomes sensitive in OWGS for the entire range of H2O partial pressure.
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This would not happen if the increase of local temperature by O2 addition is the main factor for
the increased rate. Thus, O2 addition liberates active sites to create the adjacent pair of reactants.
For the comparison with redox model, the experimental result for Pd(1)Cu(5)/CeO2-R
catalyst was also fitted and the fitting curve was shown in Figure B-1 together with the LangmuirHinshelwood fitting. In the redox model, the rate of CO oxidation by surface oxygen equals to the
rate of reoxidation of the surface by H2O:

kCO [O] PCO = kH2O PH2O (1 – [O])

(Equation 12)

where [O] represents the concentration of surface oxygen. By rearranging the above equation, we
obtain:

[O] = kH2O PH2O / (kCO PCO + kH2O PH2O)

(Equation 13)

Therefore, the rate is expressed as follows:

rate = kCO PCO kH2O PH2O / (kCO PCO + kH2O PH2O)

(Equation 14)

The fitting for redox in Figure B-1 was not as good as the Langmuir-Hinshelwood fitting. Thus,
the latter better represents the reaction pathway.
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Table B-1 Simulated reaction orders in CO and H2O for WGS.
k/KCO/KH2O
1/1/1
1/5/1
1/10/1

LH1
CO
0.88
0.59
0.14

LH2
H2O
0.71
0.76
0.84

CO
0.90
0.65
0.23

LH3
H2O
0.22
0.26
0.34

CO
0.91
0.67
0.27

H2O
0.11
0.14
0.20

Model: rate = k KCO PCO (KH2O PH2O)a / (1 + KCO PCO + (KH2O PH2O)a)2. The constant “a” depends
on assumption of H2O dissociation: a = 1 with no H2O dissociation (LH1), a = 1/2 with H2O
dissociation to OH and H (LH2), a = 1/3 with H2O dissociation to O and two H (LH3).

Table B-2 Simulated reaction orders in CO and H2O for OWGS.
k/KCO/KH2O
1/1/1
1/5/1
1/10/1

LH1
CO
1.56
1.34
0.90

LH2
H2O
0.18
0.27
0.43

CO
1.54
1.27
0.75

LH3
H2O
0.21
0.25
0.31

CO
1.55
1.30
0.80

H2O
0.10
0.13
0.18

Model: rate = k KCO (PCO – 2PO2) (KH2O PH2O)a / (1 + KCO (PCO – 2PO2) + (KH2O PH2O)a)2. The
constant “a” depends on assumption of H2O dissociation: a = 1 with no H2O dissociation (LH1), a
= 1/2 with H2O dissociation to OH and H (LH2), a = 1/3 with H2O dissociation to O and two H
(LH3).
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Table B-3 Kinetic parameters from Langmuir-Hinshelwood fitting.
Catalyst

Parameter

WGS
St. Error
63
1.09
--

Value
4188
2.23
1

OWGS
St. Error
918
0.61
--

Pd(1)Cu(5)
/CeO2

k
KCO
KH2O

Value
1415
8.05
1

Pd(1)/CeO2

k
KCO
KH2O

296
18.81
1

6
2.53
--

1618
5.98
1

390
2.61
--

Cu(5)/CeO2

k
KCO
KH2O

816
4.70
1

62
0.67
--

2371
2.81
1

428
0.68
--

Model: rate = k KCO (PCO – 2PO2) (KH2O PH2O)1/2 / (1 + KCO (PCO – 2PO2) + (KH2O PH2O)1/2)2 , KH2O
was assumed to be unity for all the catalysts both in OWGS and WGS. The experimental data in
Figure 5-7 and 5-8 were fitted to this model.

Figure B-1: Langmuir-Hinshelwood (LH) fitting of the reaction rate on Pd(1)Cu(5)/CeO2 at 260oC.
Bold solid line: experimental data, dotted line: fitting to LH model, thin solid line: fitting to redox model. Gas composition: 4.8-12.5% CO /
23.0% H2O / N2 balance for log RH2 – log PCO plot and 9.8% CO / 12.3-27.7% H2O / N2 balance for log RH2 – log PH2O plot; Temperature:
260oC; Total gas flow rate: 132.5 ml/min; Catalyst weight: 0.015g (35-60 mesh) diluted with SiC particles of the same size to attain 0.065 ml
of the catalyst bed volume. The unit of reaction rate is μmol-H2/g-cat./sec.
LH Model: rate = k KCO (PCO-2PO2) (KH2O PH2O)1/2 / (1 + KCO (PCO-2PO2) + (KH2O PH2O)1/2)2
(k, KCO, KH2O) = (4188, 2.23, 1) for OWGS, (1415, 8.05, 1) for WGS
Redox model: rate = kCO PCO kH2O PH2O / (kCO PCO + kH2O PH2O)
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Figure B-2: Langmuir-Hinshelwood (LH) fitting of the reaction rate on Pd(1)/CeO2 at 260oC.
Solid line: experimental data, dotted line: fitting to LH model. Gas composition: 4.8-12.5% CO / 23.0% H2O / N2 balance for log RH2 – log
PCO plot and 9.8% CO / 12.3-27.7% H2O / N2 balance for log RH2 – log PH2O plot; Temperature: 260oC; Total gas flow rate: 132.5 ml/min;
Catalyst weight: 0.015g (35-60 mesh) diluted with SiC particles of the same size to attain 0.065 ml of the catalyst bed volume. The unit of
reaction rate is μmol-H2/g-cat./sec.
LH Model: rate = k KCO (PCO-2PO2) (KH2O PH2O)1/2 / (1 + KCO (PCO-2PO2) + (KH2O PH2O)1/2)2
(k, KCO, KH2O) = (1618, 5.98, 1) for OWGS, (296, 18.81, 1) for WGS
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Figure B-3: Langmuir-Hinshelwood (LH) fitting of the reaction rate on Cu(5)/CeO2 at 260oC.
Solid line: experimental data, dotted line: fitting to LH model. Gas composition: 4.8-12.5% CO / 23.0% H2O / N2 balance for log RH2 – log
PCO plot and 9.8% CO / 12.3-27.7% H2O / N2 balance for log RH2 – log PH2O plot; Temperature: 260oC; Total gas flow rate: 132.5 ml/min;
Catalyst weight: 0.015g (35-60 mesh) diluted with SiC particles of the same size to attain 0.065 ml of the catalyst bed volume. The unit of
reaction rate is μmol-H2/g-cat./sec.
LH Model: rate = k KCO (PCO-2PO2) (KH2O PH2O)1/2 / (1 + KCO (PCO-2PO2) + (KH2O PH2O)1/2)2
(k, KCO, KH2O) = (2371, 2.81, 1) for OWGS, (816, 4.70, 1) for WGS

Figure B-4: Three dimensional Langmuir-Hinshelwood fitting of PCO – PH2O – rate for
Pd(1)Cu(5)/CeO2 at 260oC.
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Figure B-5: Three dimensional Langmuir-Hinshelwood fitting of PCO – PH2O – rate for
Pd(1)/CeO2 at 260oC.

230

Figure B-6: Three dimensional Langmuir-Hinshelwood fitting of PCO – PH2O – rate for
Cu(5)/CeO2 at 260oC.

231

Appendix C

Statistic Analysis of CO Conversion / H2 Yield and Additional
Characterization of Catalysts
Figure C-1 and C-2 show total CO conversion and CO conversion to H2 respectively with
error bars in standard deviations. The error ranges are due to the limit of accuracy in equipment,
i.e. peak area of each gas component measured in the micro gas chromatography (Agilent micro
GC 3000A equipped with MS-5A and Plot Q columns and TCD detectors). From the peak area of
each gas, CO conversion and H2 yield were calculated to using N2 as an internal standard. The
figure shows high accuracy for all the data points. The lowest accuracy was observed in the value
of CO conversion to H2 at 260oC, which exhibited the error range less than ± 2%.
Figure C-3 to C-6 show N2 adsorption/desorption isotherm measured at −196 °C for 2
wt% Pd – 5 wt% Cu supported on CeO2-R, CeO2-RC, CeO2-N, and Al2O3. The source of CeO2RC support was obtained by calcination of CeO2-R at 600oC and the catalysts with these two
supports exhibited similar isotherm. This corroborates little growth of CeO2 crystallites by 600oC
calcination. Pd-Cu on CeO2-N showed almost no N2 adsorption below 0.6 of relative pressure.
Average pore diameter of Pd-Cu/CeO2-N was 128 Å, slightly off the nanopore range, but the

isotherm still has adsorption/desorption hysteresis at higher relative pressure, meaning a strong
interaction of N2 molecule and the pore wall. Pd-Cu on Al2O3 showed much larger amount of
pore filling N2. Thus, total pore volume was 0.9 ml/g, more than 7 times larger than those of
CeO2-supported catalysts. The average pore diameter was more than 700 Å, so there is little
effect of the wall of pore on N2 condensation as can be inferred by the small
adsorption/desorption hysteresis.
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Figure C-7 and C-8 are the TCD signals in CO chemisorption on catalysts at -30oC.
Figure C-7 includes Pt, Pd, Cu, Pt-Cu and Pd-Cu catalysts supported on same CeO2-R. The
different intensities on five samples are due to the different sensitivity of TCD detector. However,
strength of chemisorption could be also reflected on the peak intensity. For example, Pt/CeO2
sample exhibited strong sharp peaks, which indicates CO adsorption on Pt surface is strong.
Meanwhile, the other samples showed a tail in each peak to some extent. This could be due to
weak adsorption of CO and some of the CO chemisorbed on the surface could desorb to gas
phase. Cu metal is well-known to chemisorb CO reversibly. Nonetheless, all the measurements
reached to saturation of CO and the obtained CO uptake is interpreted as surface site density for
irreversible CO chemisorption. Cu has least CO uptake while Pd and Pd-Cu have largest CO
uptake.
Figure C-8 includes 2wt% Pd – 5wt% Cu supported on CeO2-H, CeO2-R, CeO2-RC,
CeO2-N, CeO2-A, and Al2O3. Pd-Cu/CeO2-A showed strong sharp peaks while other CeO2
samples had weaker peaks with small tails. Since metal composition was same for all the catalysts,
the peak different peak intensity would be due to the difference in support and/or TCD sensitivity
in each experiment. It is possible that small Pd-Cu particles chemisorbs CO reversibly which
causes CO peaks slightly broad. In fact, Pd-Cu on Al2O3 which is smallest in size showed the
broadest peak. This also proves the broadness of CO peak is not due to CO chemisorption on
support.
Figure C-9 is 32 AU signal from a quadrupole mass spectrometer in oxygen storage
capacity measurement. The air pulse containing 3.36 µmol of O2 was sent to 2wt% Pd – 5wt%
Cu/CeO2-R. It is interesting that the catalyst is gradually oxidized instead of showing clear
breakthrough. This evidences the catalyst is resistant to oxidation. Literature also reports that
metal-ceria catalyst cannot be oxidized completely.
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Figure C-10 shows FT-IR spectra in diffuse reflectance mode of 1wt% Pt on various
support materials. The spectra of 2% Pd – 5% Cu on CeO2 was included in the bottom for
comparison. Only CeO2-supported Pt and Pd-Cu showed significant absorbance in carbonate
region probably because of basicity of CeO2. Clear formate peaks at 1580 and 1370 cm-1 were
observed on catalysts supported on CeO2, ZrO2, and Al2O3. Correspondingly, The C-H stretching
band of formate was observed on 2840 – 2910 cm-1 on these samples. Carbonyl band appeared at
around 2050 cm-1 for all the samples. Pt/CeO2 catalyst showed two peaks in this region,
suggesting the presence of linearly chemisorbed CO on a Pt atom and bridged CO on two Pt
atoms. Pt/ZrO2 had a relatively broad carbonyl peak and there might be bridged CO species on
the surface. Pt/SiO2 also showed large increase in absorbance around 2050 cm-1, but the peak was
interfered by other IR absorbance, possibly by surface Si-O bonding of SiO2. Hydroxyl groups
appeared around 3500 to 3750 cm-1 range. Generally unidentate OH appears higher frequency
than polydentate OH. SiO2 has strong absorbance for unidentate OH. Al2O3 and ZrO2 have
relatively strong absorbance of hydrogen bonded H2O at around 3500 to 3600 cm-1. TiO2 and
CeO2 have similar absorbance spectra of bidentate OH without much polydentate OHs.
Figure C-11 shows TPD profiles of CO2 and H2O adsorbed 2wt% Pd - 5wt% Cu
supported on two CeO2 supports with identical CeO2 source. CeO2-R is commercial CeO2 with
about 150 m2 of surface area while CeO2-RC is the same material but calcined at 600oC having
about 120 m2 of surface area. Since CO uptake in chemisorption experiment was similar on both
samples, difference in TPD spectra is ascribed to the support properties. Two CO2 desorption
peaks were observed at 150oC and above 260oC. The peak position was same, but the peak area,
i.e. amount of CO2 desorption was different. The area of low temperature peak was lower on PdCu/CeO2-R while the area of high temperature peak was higher. The high surface area CeO2-R
has higher density of strong basic sites while it has lower density of weak basic sites compared to
CeO2-RC.
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Figure C-12 shows response to CO/D2O pulses in 5%H2/Argon flow. Only on Pt/CeO2 or
Cu-Zn-Al, sharp H2 and CO2 peaks were observed, both of which are products from WGS.
Support materials, CeO2 or Zn-Al, exhibited very little H2 and CO2 production, but H2-D2O
isotopic exchange was primarily reaction. The metals, Pt/SiO2 and pure Cu, showed sharp
isotopic exchange response exclusively. These similar responses to CO/D2O pulses on CeO2supported and Cu-based catalysts suggest the WGS occurs via same bifunctional route on these
catalysts except the higher retention of CO and CO2 on CeO2-supported catalysts.
Figure C-13 shows superlattice of PdCu3 face-centered structure. Pd-Cu alloy on CeO2 is
considered to take disordered form. The enrichment of Pd on the Pd-Cu alloy surface has been
reported [Loboda-Cackovic et al., Vacuum, 46 (1995) 411]. Figure C-14 is phase diagram of PdCu and Pt-Cu alloys. The catalysts prepared in the present work have composition in Cu-rich
region from PdCu3 or PtCu3. The better activity of 2%Pd-5%Cu than 2.75%Pd-5%Cu which has
same Pd/Cu ratio as PdCu3 compound could be related to Pd enrichment on the Pd-Cu alloy
surface.
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Figure C-1: Repeatability of CO conversion data. The error bar shows standard deviation from
average value.

Figure C-2: Repeatability of H2 yield data. The error bar shows standard deviation from average
value.
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Figure C-3: Nitrogen adsorption isotherm on 2wt%Pd – 5wt% Cu on CeO2-R.

Figure C-4: Nitrogen adsorption isotherm on 2wt%Pd – 5wt% Cu on CeO2-RC.
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Figure C-5: Nitrogen adsorption isotherm on 2wt%Pd – 5wt% Cu on CeO2-N.

Figure C-6: Nitrogen adsorption isotherm on 2wt%Pd – 5wt% Cu on Al2O3.
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Figure C-7: TCD signals in CO pulse chemisorption at –30oC on CeO2-supported metal catalysts.
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Figure C-8: TCD signals in CO pulse chemisorption at –30oC on 2wt% Pd – 5wt% Cu catalysts
on various supports.

240

Figure C-9: AU 32 signal from quadrupole mass spectrometer in oxygen storage capacity
measurement for 2wt% Pd – 5wt% Cu on CeO2-R at 260oC.
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Figure C-10: FT-IR spectra of Pt catalysts on various supports in CO atmosphere at 260oC.
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Figure C-11: CO2-TPD profiles of 2wt% Pd – 5wt% Cu catalysts supported on CeO2-R and
CeO2-RC.
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Figure C-12: Similar pulse responses via support promoted reaction route on Pt/CeO2 and CuZn-Al mixed oxide catalysts. Pulse gas composition: CO/H2O = 1.3/3.3 in μmol. Carrier flow: 5%
H2/Ar 50 ml/min.
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Figure C-13: Superlattice of PdCu3 (FCC structure). Structure of Metals by C. S. Barrett, 2007,
Read books.

Figure C-14: Phase diagram of Pd-Cu and Pt-Cu solid solutions.

VITA
Junichiro Kugai
Junichiro came to Penn State in August 2006 after serving at Nippon Shokubai Co., Ltd.
in Himeji, Japan from 1997 to 2006. He acquired Master’s degree under the supervision of Prof.
Tomoyuki Inui in March 1997 on computer simulation of small molecules interacting with acid
sites in zeolite. During his service with research and development unit of Nippon Shokubai, he
worked on exhaust gas treatment from power plants and municipal waste incinerators, and
materials for fuel cell components. From August 2002 to September 2004, Junichiro came to
Penn State as a visiting scientist, engaged in research on catalytic reforming of bio-ethanol as a
joint research between Nippon Shokubai Co., Ltd. and Clean Fuels and Catalysis Program at
Penn State. His successful research on reforming prompted his Ph.D. studies at Penn State. After
his defense, Junichiro will join Osaka University as a postdoctoral appointee in Japan.

Education
Ph. D. in Energy and Geo-Environmental Engineering (May 2011)
The Pennsylvania State University, University Park, PA
M. S. in Energy and Hydrocarbon Chemistry (March 1997)
Kyoto University, Kyoto, Japan
B. S. in Petroleum Chemistry (March 1995)
Kyoto University, Kyoto, Japan

