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ABSTRACT

“Alkali-Promoted Pt or Au Catalysts for the Low-Temperature Water-

gas Shift Reaction”

In the process of producing hydrogen for PEM fuel cell applicatimoma carbon-based
fuels, an important stage is the catalytic water-gas 3hi@$) reaction, which is used to
upgrade the hydrogen-rich fuel gas stream. The industrial Cukzat@lyst lacks the
required stability for this application which typically requiresguent shutdown-restart
and may expose the catalyst to air and/or water. Based on humerens investigations,
Ce(- and modified-Ce@supported precious-metal catalysts, especially Pt and Au, have
emerged as attractive alternatives possessing the required dtigty afor the low-
temperature WGS, and no air or moisture sensitivity. The actiee somprise oxygen
bound Pt or Au species, Pt-O-Ce or Au-O-Ce. Only a small numlibesé sites remain
bound and active in realistic fuel gas streams; the number didtatdhe oxygen potential
of the gas and temperature. Another suitable support to bind Au-Gssites oxide. The
apparent activation energy of the WGS reaction on gold is simailaboth types of
supports. From an economic viewpoint, it is interesting to destplysts with just the
right amount of a precious metal for a given set of operatorglitons and avoid
overdesigns that lead to destabilization, metal particle sinteaimd) therefore loss of the
expensive precious metal. It is also interesting to examinehethabn-reducible oxide
supports can be used to stabilize Au-O and Pt-O species actihe MfGS reaction. This
information is also important from a mechanistic viewpoint, andu#,tit would provide
design flexibility and allow the use of abundant and cheap supports, swilicasand

alumina. This hypothesis was tested in this thesis work.

Addition of alkali oxides on Pt-based WGS catalysts was @fee@h creating an active
site comprising Pt-O and neighboring —OH groups that could beatedivby CO at
temperatures as low as 1080, similar to the Pt-O sites on ceria. It does not matteatw
the support surface is when alkali promoters are used with g sit alumina is as

effective a carrier of the active sites as ceria. Ththé major finding of this thesis. Such



alkali-promotion was examined and identified on Au-based catalysislhdut a detailed

study of the latter was not conducted.

Characterization techniques such as XPS, aberration-corrected DHSAEM,
XANES/EXAFS, CO chemisorption, andbdCO-TPR were used to probe and improve our
mechanistic understanding of the alkali-promotion of the Pt-baatdysts. Guided by
these findings, DFT calculations were performed by Prof. Makis and his group at the
University of Wisconsin-Madison, and a few plausible structureshi®ractive site were
proposed for K-promoted Pt-O catalysts. The cluster,2(OH), retains Pt in oxidized
state, with a ratio of K:O=1:1; binds CO weakly; and adsorbs/desssciHO almost
without energy demand (thermoneutral), similar to Cu (111), the best WGS tcatalys

In detailed studies with lat%Pt-3at%Na on fumed silica, it faasd that the active site
stabilizes Pt as well as the alkali ions that compris@hus, the alkali ions are not
removed by repeated washings of the catalyst by de-ionized wateither ambient
temperature or 78C. Stability in realistic gas streams was found; Pt retaitseoxidized

state as shown by in-situ XANES, and no activity loss was foumdsathermal

experiments up to 27% after 10-40 h-on-stream. Other alkali (Li, Cs) and alkalamthe
ions (Mg, Ca, Ba) added in small amounts were also effectiveNbhuprovided the

maximum promotion.

All the alkali-promoted Pt samples on the alumina or silica usedHhsare similar apparent
activation energy, 70 £ 5 kJ/mol, for the low-temperature WG&ticeg as reported also
for Pt on TiQ, CeQ, or ZrQ.. Therefore, it is proposed that the key steps of the WGS
reaction catalysis (CO adsorption andOHactivation) occur on Pt-Q(OH), sites,

irrespective of the type of support and the additive used.

Gold catalysts for the low-temperature WGS reaction w&emined on various supports
and their activity and stability was compared to that of the A@.@Gystem. The reaction-
relevant Au structures on Au-FgQvere followed by in-situ XANES and EXAFS
spectroscopy. Similar to ceria, the number of Au-O sitesrémafin bound on iron oxide
depends on the oxygen potential of the fuel gas and operating téumpendighly

reducing fuel gas mixtures destabilize the [Au-O-Ce, -Fé¢ssiand cause gold

cluster/particle formation and deactivation. Activity recoverpassible by re-oxidation in



air (350-400°C). Catalyst stability is improved if gas mixtures with Hég oxygen
potential are used. Oxygen-assisted WGS operation was found tazstéhd Au-O-Fe

sites, and is recommended for practical applications.

OH-rich or alkali-modified surfaces can create more bindings sind disperse the Au
species better during the synthesis and thermal treatment steps result, the WGS
reaction activity is proportionately increased. The alkali-fne@ alkali-promoted Au-CeQ
Au-Fe0s, Au-LaO3 catalysts have the same apparent activation energy, whicateslia
common active site for all Au-based catalysts for the WGHsti@, regardless of the
support or additive used. By analogy to the Pt catalysts, we prapdsester of the type
Au-O(OH), stabilized by Ce, Fe, La, or alkali ions. This needs to hededsy DFT

calculations.

Although enhanced WGS reactivity over Au-based catalysts wasgasi@d with OH-rich
or alkali-modified surfaces, the active Au species are mordigerts destabilization than
Pt. The electronegativity of the oxide/additive plays an esseate@abn the stability of the
Au active sites, and is thus recommended to use this to guide tle di@dditives and
the optimization of the synthesis conditions of gold catalysts.

Keywords: Fuel cell, water-gas shift, platinum, gold, alkali-promotion, silelamina,

ceria, iron oxide, lanthanum oxide
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Chapter 1 Introduction

1.1 Hydrogen economy and PEM fuel cells

With the increasing demand for energy and more stringent emissidrol requirements
there is an urgency in developing alternative fuels and moreesiffienergy utilization of
fossil fuels. During the last twenty years, the United StaitesEuropean Union and other
countries have invested billions of dollars in initiatives aimeghdting a fossil fuel-based
to a hydrogen economy. When oxidized,releases the highest amount of energy per unit
mass of fuel without generating greenhouse gases or other pollatahéspoint of usage.
Fuel cells, generating electricity from the electrochemriealction of hydrogen with
oxygen, are slowly penetrating the market for both stationady raobile applications.
They are about twice as fuel efficient as the internal condyugngine and produce
virtually no CO, HC, or NOx, and a lower overall level of £43 a result of their better
energy efficiencyl]. Due to its lower operating temperature, high efficiency @ndpact
size, the proton exchange membrane (PEM) fuel cell is the ntivattae one for
residential heaters, transportation applications, and portable dewgels as laptop
computers, cellular phones and personnel digital equipment.

Still, a major drawback of Hfuel is the fact that it is difficult to be stored compaethd
safely. One of the most promising ways to overcome this is to pedduan-site. It could
be generated from hydrocarbons (i.e. natural gas, coal, oil bana) in a fuel processor

by either stream reforming or autothermal reforming.
CHon + HHO > CO + (n+1) H  (steam reforming)

2CHyn + H,O + %2 Q - 2CO + (2n+1) H (autothermal reforming)
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Figure 1.1 Fuel processing and fuel cell system for on-board hydrogemty@mer

The reforming step generates a gas mixture which contains 8-1226Q@Il as K and
CO,. However, fuel reforming requires the complete removal of CO dowslO ppm
upstream of the PEM fuel cell, because CO is not only ariontgollutant, but also a
poison for the platinum catalyst of the fuel cell anode [2]. Theemgds shift (WGS)
reaction is used to decrease the CO level to less than e Tevels of CO could be

handled by a preferential catalytic CO oxidation (PROX) cleanup sykt@mstream.
CO(g) + HO (9)> CO: (9) + Hx (9) (WGS reaction)
AH= -41.2 kJ mot
AG= -28.6 kJ mot

The WGS reaction is a mildly exothermic reaction. From a thdymamic viewpoint, the
equilibrium conversion is lower at high WGS reaction temperatiliresefore, very active
WGS catalysts operating in the low temperature range, uduathy200 to 250C, are in
demand for the PEM fuel cell application. For realistic skeidiction systems, the designed
catalysts must meet requirements of being non-pyrophoric, an ajpeqpvide) operating
temperature window, high activity, good stability even during the cgtlicdown-restart
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operation, and also be economical [3]. The current commercial WG®dlegy to
upgrade hydrogen for chemicals production involves multiple statmyiia, i.e. (i) a
high-temperature WGS (350-500) (FeOs/Cr,0s) and (ii) a low-temperature WGS (200-
250 °C) (Cu/znO/AbOs). This technology is excellent for large installations whie
reactors run unperturbed for very long time, but it is not suit@bléuel cell applications.
The Cu/ZnO/AO; itself is very sensitive to temperature excursions, aposure
(pyrophoric), and requires a controlled and elaborate activation, suah siti pre-
reduction [4-6]. Precious metal-based catalysts (mainly platimdngald), not suffering
from the above drawbacks, have been under intensive investigation duriagttdedade

for their potential use in fuel cell applications.

1.2 Literature review

1.2.1 Precious metal catalysts for the low-temperature WGS reaction

Although the precious metal catalysts are more expensive anéxhit lower turnover
rate than the most active copper-based catalysts, the liaterst in PEM fuel cell
applications has generated a significant impetus to study supported preetalisatalysts,
mainly due to being non-pyrophoric, stable in air and in cyclicadjmer [1]. Based on the
experience from earlier studies of automotive exhaust catafygtsious metals, such as
Au [7, 8], Pd [9, 10] or Pt [5, 11-13] on different oxide supports, especiadiucible

oxides, such as ceria [5, 8, 11, 13, 14] have been the frontrunners in this area.

As one of the best catalysts for the water-gas shift madit-CeQ@ has been extensively
investigated. Zalet al. [15] claimed that Pt-CeOhad a high rate of deactivation when
used in realistic reformate gas streams due to the overdi@dotiCeQ. However, Wang
et al. [16] showed that the deactivation at high temperature was caysibstabilization
and agglomeration of the precious metal particles, which can beedvioydcareful design
of the catalysts. Under some conditions, Pt catalysts have gowadydoti the methanation
reaction, which will consume valuable, ffom the reformate gas. Yeursg al. [17, 18]
reported a reverse microemulsion method to prepare a core-shellustd catalyst,
Pt@Ceria. Such a structure eliminated the methanation reactiostjlbaliows the WGS
reaction to occur, apparently by well dispersed Pt species sh#leof the structure. Liu
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et al. [19] have found that the Pt-Ce®ystem suffers from deactivation through the ceria
part, which forms a hydroxyl carbonate during the shutdown procesiseiriull gas
containing steam. This is a common problem that plagues alllzzsed catalysts. Derg

al. [20] have recently shown that this problem can be solved by addntall amount (1
vol%) of O, in the reformate gas. The efforts to improve ceria-basealystd are
continuing since ceria disperses the metals atomically andntlisn imparts very high
activity [21]. Alternatively, the modification of the ceria suppisranother way to solve
the deactivation problene,g.the BASF group [22] have proposed addition of zirconia into
ceria to stabilize the catalyst in shutdown-restart operaRoettingeret al. [23] have
developed non-pyrophoric, copper-based WGS catalysts, containing alsadl asmunt

of platinum group metals, which have no methanation activity and alée st@on
exposure to the fuel gas stream up to 220

Gold, initially regarded as a catalytically inert precioustalh) has been studied intensively
for the past two decades ever since the discovery by Harutalttaine gold particles
(<10 nm) dispersed on metal oxides show surprisingly high catalgticity for the CO
oxidation reaction at ambient temperatures or lower (~ 200vKizh makes them unique
[24]. Since then nanostructured gold catalysts have attracted interestrai@poa@didates
for the CO removal process at ambient conditions. It has also dmeonstrated that
highly dispersed Au nanoparticles on oxide supports are as effastivé based catalysts
for the selective removal of CO in the hydrogen streams wsdddl cells [8, 20, 25-33].
Our group at Tufts was the first to report on the particularli lictivity of Au-CeQ for
the low-temperature WGS reaction which makes them attractospgcts for a range of
applications including feed gas cleanup for low-temperature fuel cells)88purse, gold

is preferred over platinum, as Au catalysts have lower lightesfiperatures for both
hydrocarbon and carbon monoxide oxidation OHand do not catalyze the undesired

methanation reaction [34].

However, the commercial application of these catalysts hasbakso hindered by their
tendency to deactivate rapidly under reaction conditions. The physiggih and

mechanism of the deactivation of supported Au catalysts atebsiilg debated in the
literature; the formation of formate/ carbonate species [35-Bifgrmg of Au [38], loss of
ceria supported surface area due to weakening of the goldhttemaction [39], and loss
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of the contact between the Au and the support [40] have all being reported as dliigngrev

mechanisms.

1.2.2 Active sites for the WGS reaction

Although there is still no agreement on whether the WGS reafdilmwvs the redox or
formate mechanism in the case of Au- or Pt-metal moditee ¢41-49], and whether the
active sites involve metallic Au or cationic Au (or Pt) [8, 18,540- it is generally
accepted that high dispersion of gold or platinum on the oxide supporamortact of
Au (or Pt) with the oxide are necessary to produce veryeacitalysts for the WGS
reaction [8, 22, 31, 51, 55-58]. Related to this is the contention the¢dheibility of the
oxide support plays an important role in the catalytic activity [26-29, 33, 57, 59-64].

Since 2001, a large number of papers have appeared in the literathee moperties of
supported gold catalysts [24, 26, 27, 65, 66]. The importance of ceriaesorfggen for
this reaction had already been pointed out in the literature bgroup in 2001 [30]. Let

al. [33] have shown that doping the ceria with lanthanum increases thabtevgurface
oxygen from the support and improves the interaction with Cu oraterlLuoet al. [67]
and Fuet al. [30] reported a dramatic effect of gold on the reducibilitythed surface
oxygen of ceria and the available surface oxygen correlatésmwtielthe water-gas shift
activity of the Au-Ce®@ system. Cyclic CO-TPR with intermittent re-oxidation has
demonstrated an excellent stability of the redox properties of thesees{B2].

Using FTIR Tabakova and co-workers [3&lind that nanosized metallic gold particles in
close contact with oxygen defects of Gefde crucial for high catalytic activity. The high
and stable activity of Au-CefOcatalysts could arise from the high and stable gold
dispersion present during the catalytic operation [59]. Also Tib#¢ al. [68] combined
DFT calculations together with XANES and EXAFS and reported tinder the WGS
reaction conditions the active form of gold comprises small megild clusters in
intimate contact with the oxide suppo®uch gold clusters would be expected to carry a
small positive charge (At), and this may be very important for creating the actiwefsit

the WGS reaction.



In a key paper [8], published in 2003, ual. used a NaCN leaching process to remove
metallic gold nanoparticles and weakly bound gold species from leaving ~10 % of
oxidized gold species in close contact with ceria. The leached aedtpaaterials
exhibited identical WGS activities, which implies that only @aitt gold or gold cluster
species associated with ceria, as-@4Ce, are active for the WGS reaction, and that the
more abundant gold nanoparticles, weakly bound to ceria are spectoilar results
were reported for the Pt-ceria system [8]. This finding allowsdo produce a catalyst
with one tenth of the normal loading of precious metal (Au, Without altering the
catalytic activity. This is a promising development for prattedalyst designs aimed at
reducing the cost of catalytic fuel processing. Mechanisticstabilization of gold cations
on ceria oxygen vacancies has been put forth by DFT calculati@xplain the activity of
fully dispersed gold on ceria [69]. To explain the strong intevaabf gold with support
surfaces, Haruta and coworkers have advocated that the periphenfaliiat gold atoms at
the support/gold nanoparticles contact are the active sites f@@@hexidation reaction
[70].

In regard to the charge of gold clusters in ceria, conflicdisgjgnments have appeared in
the literature, from negatively [71] to positively [8, 39, 69] chardedters, and neutral
[37, 43, 53, 68, 72] clusters as well. Some of the reported assignmerdasbiguous,
however, because of the presence of all types of structurgasldfatoms, clusters, and
nanoparticles) in most of the examined catalysts. To clarifyrotes of different Au
species, Dengt al.[51] examined a leached Au-Cg€atalyst for the WGS reaction, by in
situ XANES/EXAFS. Starting from a fully dispersed gold stateere no Au-Au, but only
Au-O coordination was seen by EXAFS, they followed the gold stralctwolution under
reaction conditions. It was found that the oxidation state of gold deperiti® oeaction
gas composition and the reaction temperature. The higher the reactiperature or the
more reducing reaction gas mixture, the less oxidized the Au speciedmerestingly, as
the number of oxidized gold species dropped, and gold aggregation tooktpiaceas
accompanied by the loss of the catalytic activity. Hence, goldlgiézation from the Au-
O-Ce active site caused the deactivation [51]. It was furthemodstrated that the
destabilization was reversible, i.e., re-dispersion of gold onto thesteface was possible

by oxidation at 400C by gaseous £He streams, accompanied by surface oxygen and
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catalytic activity recovery [51]. These findings establish thieQACe species as the active
sites for the low-temperature WGS reaction, and this reaaltgaide the design of gold-
ceria catalysts, and of the processing conditiergs,addition of small amounts of oxygen
in the reformate gas, to suppress the deactivation and prolong the gold ti&tiyst

New questions can now be posed: is ceria unique? How about other redudels like
iron oxide? Is the gold destabilization due to loss of Au-O-fes3its it reversible? How
can one maximize the active sites through new catalyst sygffresedures? How can one
stabilize the active sites under operation?

FeOs-supported Au catalysts [7, 27, 52] have been reported to be very actthe WGS
reaction. The importance of the iron oxide surface oxygen wasrépsirted by the
Andreeva group [27]; FeO(OKvas identified as important. However the WGS reaction
kinetics on the Au-FeQwere not evaluated. Dengt al. [52] investigated the WGS
reaction Kkinetics, using both a commercial catalyst and itde@bhed derivative. The
areal reaction rates, which are reaction rates normalizéaebgpecific surface area of the
catalyst, were about the same on both Ca@l Fe@ supported Au catalysts. They were
also the same for the parent and leached catalysts, providing stqopgrt that the active
sites are the atomically dispersed,AdCe and AyO-Fe surface species [52]. Therefore
the Au-FeO; type catalyst is a good system to further investigate mestiaally in order

to arrive at proper design guidelines. Recently, it was reptregdhe deactivation of Au-
Fe,0O3; was mainly caused by the change of the support [73]. A signifiednttion of the
surface area of the iron oxide was found during the WGS readiarfumnction of time on
stream and this decrease of the surface area was used tm dRpladecrease of the

catalytic activity.

To elucidate the nature of the interaction of finely dispersed gidtiae support surfaces,
complementary information can be sought by the investigation of matiysts studied
in a controlled, ultrahigh vacuum environment. Recently, Rim and co-workefs.
Flynn's lab at Columbia [74] prepared a sub-monolayer of gold adatoman oie-
terminated F¢O, (111) single crystal surface, to investigate the site-speaifsorption of

Au adatoms using scanning tunneling microscopy and spectroscopy. dabtona were



found to preferentially bind on the uncovered oxygen atoms, were positivalged, and

the exclusive sites for CO adsorption at 260 K.

In more recent work, the same group [75] has investigated the adsoqft water
molecules on F®, (111), and found that —OH adsorbs preferentially on the Fe atoms
surrounding the uncoordinated oxygen. Thus, it is possible to activate these —OH groups by
the CO adsorbed on the Au adatoms, hence demonstrating that an enesérjll-
O«(OH),-Fe] bound onto Fe(surfaces may be where the active sites for the WGS reaction

reside exclusively.

On the basis of the above discussion, atomic distributions of goldidesoare important
for the water-gas shift reaction, and should be possible to captwaribus techniques.
By using atomic-resolution electron microscopy at Oak RidgeoNal Lab, Allardet al.
[76], examined NaCN-leached Au-J&® materials prepared at Tufts, and found them to
contain a preponderance of gold ions. These were present in the firasdrial after 400
°C-air calcination, Figure 1.2, but also in the WGS-reaction usaglsaand even in a 400
°C-H, treated sample. The latter also had a number of sub-nm and mhysldeparticles
present, Figure 1.3. Allardt al. showed that the Au-FgOnteraction is very strong [76,
77]. By a series of in-situ heating tests in the microsegpéo 700°C, sintering did not

begin below 506C and even at 70T, the Au NPs were below 2 nm size.

Figure 1.2 Aberration-corrected HREM images of fresh 0.7AuxzfFé&)



Figure 1.3 Aberration-corrected HREM image ofridduced 0.7Au-Fe}76]

Isolated Au cations on the & surfaces have been observed also by Herzira). [78]
who used atomic resolution microscopy to analyze several iron -eMorted Au
catalyst samples, ranging from those with little or no agtiatothers with high activities
for the CO oxidation reaction. High catalytic activity for tleaction was correlated with
the presence of bilayer Au clusters that are ~0.5 nm in dia@suetecontain only ~10 gold
atoms. More recently, Yatest al. [79] reported a dual catalytic site, Au-Ti, at the
perimeter of 3-nanometer Au particles supported on, TdOGring CO oxidation. The
workers used transmission infrared spectroscopy and DFT cabnigat conclude that
CO molecules on Tigsites are initially delivered to the active perimeter sites via dbffius
on the TiQ surface, where they assist O-O bond dissociation and redctowygen at
these perimeter sites. After most of the COLTi®© depleted from Ti@in the perimeter
zone, a small fraction of CO adsorbed on Au (at 120 K) with weakemigiraiergies and
lower diffusion barriers is oxidized. The remaining tightly bond€d/ALi is kinetically
isolated from the CO oxidation at 120 K. At higher temperatures, rewthe CO on the
Au sites becomes more mobile and begins to actively participateatalytic CQ

production.



Ribeiroet al.[80] used a physical model of Au particles on Fi®show that corner atoms
with fewer than seven neighboring gold atoms are the dominané aites for the low-
temperature WGS reaction. The number of corner sites does noawggrticle size
increases above 1 nm, giving the surprising result that the rategagbercluster is
independent of size. Harutet al. [81] found a hydroxide, Aul##OH),, which was
prepared by co-precipitation, showed markedly high catalytiwigcfior CO oxidation
(100% conversion) at temperatures as low as 193 K after redatt®¥8 K. The catalyst
mainly consists of Aliclusters smaller than 1.5 nm, which are well-mixed with LagOH)
containing isolated Au(OH)species. It was proposed that the requirement for the size of
Au is very strict and the diameter should be far below 2 nm fo€thexidation activity

to be realized.

1.2.3 Activation of H,O/OH

In general, it is agreed that both the metal and the supportgdaptel roles in the WGS
reaction. Among the two reactants for the WGS reaction, C(Ha@d the latter is more
difficult to activate [82] due to its thermodynamic stability. téle such as Cu and Fe are
reported to undergo oxidation by water, thereby activating it [8@\vav¥er, Pt or Au does
not interact chemically with water because theRIOAuUQ, that would be formed is not
thermodynamically stable at the WGS reaction temperatditess, for precious-metal
based WGS catalysts, a hydrophilic oxide support is essentidstrb and activate water.
Taking the most widely studied Pt-based catalyst as an exawgiky, either re-oxidizes
the support oxide after reduction by CO, activated on Pt, or forms hydyooups and

completes the catalytic cycle [83].

CO; )+ Ha )

COy,

H20 ()

Metal oxirée

Figure 1.4 The role of the support in the WGS reaction sequence [83]
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The exact nature of the relevant intermediates formed and ttleamistic routes for the
WGS reaction are still a matter of debate. A regeneratidexr mechanism [33, 47, 84-86]
and associative (formate) mechanism [44, 87-93] are the two beipggec For the

redox mechanism, the possible elementary steps (1-8) in the WGS reagtion ar

H,O + * & H,O* (1)
CO + #o CO# (2)
HoO* + * > OH* +H* (3)
OH* +* < O* + H* 4)
CO# + O*«> COtt + * (5)

CO# + OH*<— COH# + H* (4-5)

H* + H* o Hp* + * (6)
COM > CO + # (7)
Ho* <> Hp + 2 8)

The mostly likely rate-limiting steps in this reaction ameav activation and CO oxidation
[94]. With a combination of DFT, micro-kinetic modeling and expentagMavrikakis
and co-workers find that CO can not only be oxidized by the atomygen, but OH
groups also can function as the oxidizing agent, bypassing theattitedtion of HO to
atomic oxygen and hydrogen, as shown by step (4-5). Indeed, carlsoxlge key
intermediate in CO oxidation by OH on Cu (111) [95] and other metatks, like Pt (111)
[94], while formate acts as a spectator, which is also provedimaeally by Tibilettiet
al. [96].

In the associative mechanism, instead of step (4) and (5), stapd9)0) are used in the
pathway. Surface formate species has been reported to be itree iatdrmediate, the
breaking of C-H bond of formate assigned as the rate limitieg Bt3, 97]. However
despite experimental evidence of surface formate shown byh&sihot been proven that
formate is the reaction intermediate. In fact, the formatiofowhate from CO and OH
would involve several bond-breaking and bond-making steps which might involve

significant activation energy barriers [94].
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CO* + OH* -HCOO**  (9)
HCOO** « H* + COy*  (10)

Though there is no agreement for the WGS reaction mechanisrhe/gtetsence of OH is
decisively important for both of the reaction pathways discussed above.

A lot of effort has been devoted to understand the activation «futti@ece OH groups in
the WGS reaction. Recently, Davis and co-workers claimedtlieakower population of
active OH sites on Pt-MnCexplained the lower CO conversion over Pt-Mn€lative to
Pt-CeQ for the WGS reaction [98]. The main fraction of the OH groups fdrore Pt-
MnOy absorbed at higher wavenumbers than the active bridging OH grolRisCGe(}.
For Pt-CeQ, the defect-associated bridging OH groups (~ 3650)cane proposed as the
major bands and these absorb at lower wavenumbers than the magno@d$ on Pt-
MnOx (3682 cm™).

Lefferts and co-workers [5, 99] identified two different typeshpdiroxyl groups present
on monoclinic Zr@ mono- and multi-coordinated hydroxyls. Mono-coordinated
hydroxyls are involved in formate formation, while multi-coordinatedirbyyls are
needed for formate decomposition. And these sites can be regdrimraig. Platinum is
not involved in the formation of formate; but Pt is needed to enable tl®heaomposition,
resulting in the production of G@nd H. However, these authors did not discuss the

plausibility of their proposed scheme in terms of energetic.

Based on the association mechanism, Davis and co-workers [43] xgkoned the
importance of surface OH groups on Au-Ga®form formate intermediates. A bimetallic
gold catalyst [100], Au/Pd-CeQwith good WGS reactivity was studied. It was claimed
that the bimetallic promotion may be in facilitating the toraof a defective reduced
surface by exerting its local electronic effect on césigorm the surface geminal-OH
groups in water which act as active sites for enhanced VAGiSity. Again, this

hypothesis has not been tested energetically.

As the activation of OH groups is regarded as a key step in B8 YWaction it may be
possible to use supports that do not provide their own oxygen to the reaction,vshich

an additive can assist the adsorption of OH in order to studghttigomenon. Besides the
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reducible oxides, such as Ce(8, 11, 13, 33, 41, 87, 93, 101] and,®g [52], largely
irreducible oxides such as Zr@an be selected as supports to distinguish the role of
surface oxygen and hydroxyl groups for the reaction and also menonitotally eliminate
the interaction between the active metals and supports. A laogeopion effect of the
WGS reaction was recently reported for the alkali group metals [12, 102, 103] added on P

TiO, and Pt-ZrQ and calls for an explanation.

1.2.4 Effect of alkali additives

Alkali additives have been widely used as promoters in industtalysts, such as Rh, Pd,
and Pt based catalysts, for various reactions, such as thessyrthammonia [104, 105],
automotive emission control or CO hydrogenation [106-112]. The roladditivzes is
understood either as a structural effect in terms of stabilth@gctive metals in a highly
dispersed state and suppressing the undesirable sintering, am akectronic effect,
whereby electron enrichment affects the relative adsorptiomgsire of the reactant
species [112, 113].

Recently alkali additives were used to improve the performahpescious metal catalysts
towards hydrocarbon oxidation and CO oxidation [114-118]. KDAIs one of the most
widely studied systems. Although the mechanism of such promotion isfuiigt
understood, most literature reports that alkali additives aat ateatronic promoter [114-
116]. Modeling studies [114-116] have shown that for the CO oxidation reatigon t
addition of alkali to noble metals can affect the propertieshef latter in regard to
adsorption of CO and Oa decrease of the binding energy of CO in chemisorbed state
provided an increase of the oxygen coverage on the active siteesunfaurn favoring the
CO oxidation at lower temperatures. Minemura and co-workers [Dl@idfthat for the
CO oxidation reaction over alkali metal doped PicAlthe catalytic activity increased
with the basicity strength of the added alkali ions, but no aatmfy explanation was

given for the effect.

With the increasing interest in the PEM fuel cells, the alkak have also been applied to
boost the performance of supported catalysts for the reactions idvialyeel processing

to produce or upgrade hydrogen streams for this application, suchethanol steam
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reforming [120-122], PROX [119, 123-132], and of course, the WGS reaction [102, 103,
133-143]. Some of the early investigations of the latter were chaméstic nature, and

not aimed at the application to PEM fuel cells [133-139].

Addition of alkali ions to precious metal catalysts (Au, Rh, and[P1P, 123-130]
effectively enhances their activity for the PROX reactioncwhinay be used to further
purify the hydrogen stream from CO for fuel cell application {Sgare 1.1). This positive
effect of the alkali additive is support-independent and the degreseiabf promotion
strongly depends on the basicity and amount of the additives. Howébvetoa strong
basicity or over-doping, a negative effect is observed [131, 132]. Theofdm
performance and the mechanism of such effects were carehdlgked overy-Al,Os
supported Pt samples by means of TEM, EXAFS, XANES, and i-$ifR spectroscopy.
The proposed mechanism was that alkali metal weakens the bon@® a¥itG the Pt
surface and disrupts the CO monolayer, thus increasing the numb&-é& surface
sites for the activation of QO co-reactants. Rb and Cs cations, which are more
electropositive than Na cations, increase the CO oxidation turnoesr madre strongly
[126]. The effect of alkali addition on the CO adsorption over noble snéi@ been
widely discussed in the literature [144, 145]. Consensus is stillnigckiowever. For
example, Kondarides and co-workers [146] found that the alkali-modifisdePadsorbed
CO stronger, while Kunimori and co-workers [131] reported a weakatsalption of CO
on alkali-modified Pt.

The addition of MgO and MnQin Au-Al,O; has been reported to improve the CO
oxidation activity and selectivity towards @@ the PROX reaction [147]. The beneficial
effect of MgO was attributed to the stabilization of theabrmAu particles, which are
intrinsically more active in CO and;tbxidation. MNQ was thought to be able to supply
the active O needed for CO oxidation. Au catalysts containingMg® and MnQ were
extremely active for the reaction. An earlier work repotigcdBehmet al. [148] claimed
that Na impurity from the synthesis, > 0.5 %, would significaddgrease the activity of
Au catalysts for the CO oxidation reaction, which is opposite taré¢herts mentioned

above.
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In 1981, Amenomiya and co-workers [133] reported that addition of potagsihanced
the high temperature WGS reaction activityy-é&l ,Os, and more reducible surface oxygen
was found on the modified alumina. The catalytic activity increasdthe concentration
of K" ions. They also found that the presence of alkali metals g@;Ahcreased the
formate concentration on the catalyst surface, and the reaat®was proportional to the

surface concentration of the formate ions.

The promotion of the low-temperature WGS reaction by cesium suttgging of Cu-ZnO
was reported thereafter [134, 135]. Klaral [134, 136] suggested that the alkali should
be present at concentrations less than a monolayer such that the hydrogernréactsbas
could take place without being impeded. Campbelal. [137] observed a much greater
promotion with the Cs addition on the Cu (111) single-crystal suetaegressure near 40
Torr. The activity of the Cu (111) surface increases with isingaCs coverage until it
reaches a maximum, where the rate is fifteen times fhralCs-free Cu (111). The
promotion by Cs is attributed to a mechanism where the surfaGeddmplex participates
directly in the dissociation of adsorbed® which is their proposed rate-determining step
for the WGS reaction [137]. Later on the same group [138] extended ttetigia®n on
the Cs-promoted Cu(110) model catalyst for the same reaction, @ntedlthat cesium
caused an acceleration in water dissociation on the surfage #redconversion of surface
oxygen to CQby CO. The former reaction is rate-limiting with no Cs pnésehereas the

latter partially controls the rate on the optimally promoted surface.

An alkali-promotion effect was also reported for the reverse \W&agtion over Cu-Si9
[149]. After addition of even a small amount of potassium, @D-RiO, clearly had a
better catalytic activity than Cu/SiOThe coverage of formate species increases on Cu-
K,0-SiO, catalyst. C@TPD and H-TPR profiles on Cu-KD-SiO, showed that new
active sites could be created at the interface between Cu akdCKwas thought to
provide catalytic activity for the decomposition of formate, besaiggg as a promoter

for CO, adsorption.

In 1997, Domkaet al.[140] showed that addition of most alkali metals (Na, and edjyecia

K, Rb, or Cs) to Rur or 6—Fe0O;3 led to remarkable improvements in the WGS reaction
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rates, the role of the alkali metal was described as stabilizirgjriieture of the support, in

turn, keeping the Ru dispersed.

In 2004, Hagemeyeet al. at Honda Motor Co. using combinatorial screening methods,
found that alkali ions greatly enhanced the activities of suppottedd®Ru catalysts for

both the low and medium temperature WGS reaction [103].

More recently, further investigations of alkali ion modified PBZrCeQ, or TiO, were
performed to address the mechanism of the alkali effect fo'MB& reaction [102, 103,
142, 143, 150-152]. With the help of in situ SSITKA-DRIFTS techniques, Davisca-
workers [142, 153] claimed that the alkali ions weakened the C-H botite dbrmate,
which was proposed to be the rate-limiting step of the low teatype WGS reaction.
However, these conclusions are all drawn with the hypothesisooimate mechanism for
the WGS reaction, and under particular reaction conditions. Such ianhs been
challenged by others [45, 48, 154]. Also, no detailed analysis of tfecsproperties of
the alkali-modified samples has been done to date, especially dunihgfter the WGS

reaction.

Panagiotopouloet al. [150] reported that the low-temperature WGS reaction activity of
NM-TiO, catalysts (NM (noble metal) = Pt, Ru, Pd) can be modified agngciby
addition of small amounts of alkali (X = Li, Na, K, Cs) on the J$Qpport prior to the
loading of the noble metals. Added alkali metals interact styongh the TiQ surface
and result in the creation af<Ti*" defects which, in turn, affect the chemisorptive
properties of NM atoms located at the metal-support interface. fdineed NM-ss—
Ti®* sites were proposed to be the catalytically active sites for the W@&®nreaince they
are capable of adsorption and activation of both CO ai@l Hncreasing alkali loading
results in an increase of the number of these sites. Thdseffiealkali promotion on the
chemisorptive and catalytic properties of NM-Fi€atalysts were described as a
“permanent” strong metal-support interaction effect. With aailbet kinetic and
mechanistic study of the (WGS) reaction on a Pt;G&alyst, the same research group
found that the reaction rate increased with an increase in the concentration oHgDior
the feed stream, while it decreased significantly with tHditen of H in the feed

stream. And the alkali loading led to a monotonic decrease (g®reaf adsorption
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strength of active sites toward hydrogen (carbon monoxide). foineyea volcano-type
relation exists between the turnover frequency of CO and theisbmptive strength of
NM-os—T¢P* sites toward hydrogen (or CO). Optimal results are obtaimreNd-promoted
Pt-TiO, catalysts with Na:Pt = 1:1, the specific activity (TOF) of abhis about three

times higher, compared to that of the unpromoted catalyst.

Mallinson and co-workers [151, 152] found that with Na additives, Pt-ri®4was more
oxidized by Pt electron donation to O in NaBrough Pt—O-Na. The strong metal—
promoter interactions provide highly active sites for the WGSticeaat the periphery of
the Pt—NaQinterface and also inhibit Pt particles from sintering. Na:B4 was proposed

to be the optimum ratio to achieve maximal promotion.

On the other hand, Hwargg al. [155] have reported that Na doping on Pt-g&tuced
negative charge on the Pt species on the basis of XPS and FTIRh#atagher density of
the active surface OH population with Na doping was correlated thié enhanced

catalytic activity for the WGS reaction.

No promotion effect of the alkali metals for the WGS reaction supported Au samples

has been reported in the literature to date, other than to mention that Au addition ia Pt has
negative effect [103]. And recently, Dai and co-workers [156] cldithat the addition of

Ca in Au-TiQ did not promote the activity for the WGS reaction. However, it was
beneficial structurally, since it inhibited the sintering ofi After exposure to severe
thermal treatments and thus maintained the gold reactivity for the \é&esan.

In his Master’s thesis work [157], Pierre has established that@ddi Na (1.5%) into a
low-content (<3 wt.%) Pt-Si©material rendered the latter a very active low-temperature
WGS catalyst, which was as active as Pt-£€lhis is a new development in the WGS
reaction literature, since no previous report exists on the promotigmeofous metal
supported on an inert support like silica for the WGS reaction. Suitingxresults have
motivated us to investigate further, whether and how, Na and othé&rma#tal oxides can
influence the catalytic performance of Au or Pt catalysts sugghanm the inert oxides for
the WGS reaction.
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1.3 Thesis Objectives

As discussed above, PEM fuel cells require highly active and sWI®8& reaction
catalysts to reduce CO to trace levels in theieh reformate gas. Based on a lot of recent
work, supported precious-metal catalysts, especially Pt and Auemaeryed as potential
candidates for this CO removal process in the PEM fuel celicapiphs. Attempts are
now focused towards the development of low-content robust precious-metd ba
catalysts which are non-pyrophoric with high activity and good #tabdl reduce the CO
content to less than 5 ppm at low-temperatures in the hydrogemdite&]. This goal
will be met if one understands, to a good extent, what constitueagiaa site to elucidate
the mechanism of the WGS reaction over the supported precious-metal satalyst

Previous work done in our lab has demonstrated out that Pt or Au nanepadiel
spectator species for the WGS reaction [8]. Instead Au-O afu 9peecies anchored on
ceria or iron oxide have been found active [8, 21, 51, 52]. Both strond-suefzort
interaction [8] and coordinatively unsaturated sites on small Puanaho-particles have
been proposed as crucial to create and stabilize such Pt-O-@rspecies [158, 159]. A
lot of effort has been devoted on dispersing and stabilizingitheious metals on the
supports by optimizing the synthesis approaches [18, 160-164], and by mgdifyd
supports with various treatments [29, 165, 166] or additives [156, 163].

Since the costs of both precious metals and rare-earth eleanerdsa the rise, rather low
precious metal loadings as well as alternative supports ginéy filesirable. The search for
earth-abundant, cheaper supports, which can provide active ands#tibler promote the
rate limiting step €.g. activation of OH groups) for the reaction, and do not deactivate
during cyclic shutdown-restart operation, is a main research foauany labs, including

ours.

Due to their hydrophilic properties, alkali-ions have been widely etluds promoters for
Pt supported on reducible oxides [103, 152]. In his Master’s thesis A6, [Pierre
found that the Na impurity in an encapsulated Pt material (cotlessheture, Pt@Si¢)
with Pt species dispersed in the silica shell rendered ther lat very active low-
temperature WGS catalyst, which was as active as Pt-Jé3 is a new development in

the WGS reaction literature, since no other reported the WG8twadat precious metal
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supported on an inert support like silica. From a practical viewpsilia is one of the
most abundant and low-cost oxides available. These preliminary findliatigated us to

further investigate these systems to answer the following questions:
Do all the alkali ions have the same promotion effect for the WGS reaction?

Is the effect structural or electronic? Because of th@cpéar hydrophilic properties of
alkali ions do the alkali-modified catalysts promote the reachgnfacilitating the

regeneration of OH groups?

Can we find a particular trend to predict the effect and to opgithie performance of the
catalysts by tailoring the alkali ion:Pt ratio? Is theseffmanifested on Au-based WGS

catalysts?

By answering the above and related questions, we expect to promeotctivity of
nanoscale Pt catalysts for the low-temperature WGS reaction, evenlasay the amount
of Pt used; while making it more robust to changes in the gas deexgbosition or
preparation method; and expand the choice of supports to earth-abundantlsna
Mechanistic studies were carried out to shed light on the prometfect. DFT
calculations were done at University of Wisconsin-Madison to ocemght the

experimental work.
The main objectives of this thesis were:

1. To examine the effect of alkali addition on the properties arddivég of Pt-based
catalysts for the low-temperature WGS reaction.

2. To identify the active sites in the alkali-promoted Pt cataljor the WGS reaction.

3. To follow the gold structure evolution in Au-&; during the WGS reaction and
tailor the activity of the Au-based catalyst by using OHroxide as the supports

or using alkali-ions as promoters.
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Chapter 2 Experimental Procedures

2.1 Catalyst Preparation

2.1.1 Incipient wetness impregnation (IMP)

Impregnation is a common technique used to prepare precious metaldzag/sts.
However, catalyst properties such as dispersion and morpholognflrenced by the
properties of the impregnating solution (i.e. volume, pH, and temperalue)to the
nature of the synthesis it is difficult to obtain both high logdind high dispersion in one
step, and typically the impregnation with excess solutions nexjigeveral steps. An
alternative approach is the incipient wetness impregnation (IMRgreby in one step a
measured amount of aqueous solution (the volume of the solution is eqted pore
volume of the oxide support) carrying the required metal ion coratemt is added drop
wise (or by spray drying industrially) to fill the pore voluwfethe solid. One disadvantage
of such technique, however, is that control of the metal particleasiddocation on the
support is more difficult, which leads to the non uniformity of stresuiThe solution-
based preparation techniques, such as co-precipitation can matimaizeetal-support
interaction to reach a more uniform Pt-Gesructure [1, 2]. While because of the weak
interaction between platinum and $j@he solution-based preparation techniques would

lead to an ultra low Pt-loading.

IMP was used here to prepare Pt-S#&dd Pt-Aj}Os; materials. Typically, the commercial
support, y-Al,O; (Condea alumina, §8r=210 nf/g, pore volume: 0.55 ml/g) or SiO
(Sigma-Aldrich, fumed, &=243 nf/g, pore volume: 3 ml/g), was impregnated with an
agueous solution of the metal precursor, tetraammineplatinum (Hjen{#Pt(NH)4(NOs),,
Sigma-Aldrich, 99.995% trace metals basis). The volume of the @olwis equal to the

pore volume of the support. The wet powder was dried under vacuum@iuog@rnight.

Na (K) ions were added to the dried samples also by IMP usidigim or potassium
nitrate as the precursor (Sigma-Aldrich). To check the effetite loading sequence of Pt

and Na (K), Na (K) ions were added before or after loading Pt or co-imprdgmiditePt.
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These samples are denotediBs3Na/K-SiO,, wherea andp are the atomic percentage of

Pt and Na (K) respectively, they were calculated as:

0% = Pt mol x 100%

aO_Ptmol+Namol+Simol 0
Na mol

B% = X 100%

Pt mol + Na mol + Si mol

2.1.2 Deposition-precipitation (DP)

To investigate the influence of preparation methods and the impregeatjaence on the

catalyst performance, a Pt-Si@ample was prepared by deposition—precipitation (DP).

The procedure was carried out by the following steps:

1)

2)

3)

4)

5)

6)

Suspending the fumed Si@h powder form in 500 ml de-ionized water (D.l. water)

at room temperature.

Adjusting the pH of the suspension at 9 by adding 1 M ammonium caebwitht

vigorous stirring at room temperature.

Dissolving the desired amount of Pt precursor, PHNENOs3),, in D.l. water at
room temperature, and adding the solution drop wise into the slu8yOpf The
pH=9 was maintained with the aid of 1M (WECOs.

Upon completion, aging the mixture at room temperature for 1 h.

Filtering and washing the precipitate with sufficient amount ¢f Water at 60C

three times.

Drying the solid sample at 6C under vacuum overnight, referred as Pt;SiO

Different amounts of Na (K) ions were used to modify the drie8i®, sample with an

agueous solution of NaNQKNO3) by the IMP method as described above, followed by

drying under vacuum at 6 overnight. These samples were denoteaNas(K)-Pt-SiQ.

Na- or K-modified SiQ and ALO; supports were prepared by the IMP method as well and

denoted asiNa (K)-SiO, (Al.0O3), wherea was the atomic percentage of Na (K) and the

calculation ofo was the same as described by the above equation.
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Prior to testing, all samples were calcined in air at #Ddor 4 h. A heating rate of 2

°C/min from room temperature to 480 was used.

2.2 Water washing treatment

Selected, calcined Na-modified samples were suspended iwdder to remove Na ions.
If there was no Na association with the dispersed Pt spdogeg/ashing would remove all
Na (or other alkali additive) from the surface of the suppdrtdsbr alumina). The sample
in powder form was suspended in sufficient amount of D.l. waterrdate a dilute

suspension.

1) To study the influence of washing time on the Na removal, the ssispewas

stirred at room temperature for 1, 5, 20, or 60 min, respectively.

2) To investigate the influence of temperature on the Na removal, samgles were

washed with D.I. water at 7T for 60 min.

This was followed by filtering the suspension and drying thel sili60°C under vacuum
overnight, further calcining it in static air at 480 for 4 h before testing. A heating rate of

2 °C/min from room temperature to 480 was used.

2.3 Catalytic activity tests

2.3.1 Steady-state WGS reaction activity

Steady-state WGS reaction light-off tests and measurerokkisetics were conducted at
atmospheric pressure in a packed-bed flow micro reactor. Bletarg gases, all certified
calibration gas mixtures with helium (Airgas), were controllegl mass flow rate
controllers and mixed prior to the reactor inlet. Water was tegemto the flowing gas
stream by a calibrated syringe pump and vaporized in the hgaselihe before entering
the reactor. A water condenser in ice bath was installed th# reactor exit. The inlet and
outlet gas streams were analyzed using an HP-5890 gas chroapatdGC) equipped
with a thermal conductivity detector (TCD). Typically 0.1gatydt was used for each test.
The wet feed gas composition for the WGS tests was either ddeqgbfree gas, 2%CO-
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10%H,0O-He (70 ml/min) or the full reformate gas, 11%CO-2680F26%H-7%CQ-He
(207 ml/min), the latter used for the kinetics measurements,tiagtreactor operated in a

differential mode keeping the CO conversion below 15%.
The percent CO conversion{) was determined by:

Coin _ COOut

Xco (%) = comn

X 100%

The production rate of CQwas used to calculate the reaction rate:

NP¥E x COg™ — N{™ x O3
Rate = o (TnOl/g_S)
ca

WhereN{™ or NPt was the total molar flow rate in mol/s of the dry feed or prodas
stream CO™, CO°%t, CO, or COS* was the molar fraction of CO or G@ the dry feed

or product gas stream, and e, was the amount of catalyst loading in grams. Since
NPt can not be monitored continuously, it is expressed based on carbon mass balance as,
Cos* + co™

o
NE™ = Ne™ COg™t + Coout

WhereN/™ was constant and measured before reaction, the concentrations ofl @Da
were measured by GC. The rate is based on CO consumption beingcethalrate of
CO, production. There was no methane formed under the conditions of thpedetsned
here.

2.3.2 Temperature-programmed surface reaction (TPSR)

The temperature-programmed surface WGS reaction (TPSR)sedd0 probe the surface
reactivity of the catalyst dynamically. The onset tempeeabfireaction is followed by the
first appearance of Hproduct. Testing was performed in a Micromeritics AutoChem |l
2920 apparatus. The sample was degassed in He at room tempera@0renfor and then
exposed to 5%CO0-3%K-He, 30 ml/min. Water was introduced by passing diluted CO
gas through a vapor generator, which was set at room tempeiidtareample was heated
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from room temperature to 35€ at 10°C/min in 5%CO-3%HkO-He. The composition of

the outlet gas was monitored by an on-line residual gas analyzer (SRS, RIGA 200

2.3.3 Catalyst stability tests

Long-term isothermal stability tests of catalysts for Wi&S reaction were conducted at
atmospheric pressure in a heated quartz tube microreactor contéi@ingtalyst powder
as a packed-bed. The feed and product gas streams were anayyzeHP-5890 GC
equipped with a TCD. The WGS reaction gas composition was a sachyitothermal
reforming) reformate gas composition comprising 11%CO-289626%H—7%CQ-He
(207 ml/min); with He used instead o0f.N

2.4 Catalyst characterization

2.4.1 Surface area measurements

The BET surface area of each sample was measured by -pogte N,
adsorption/desorption cycles in a Micromeritics AutoChem 1l 2920 apparatuss&aple
was degassed in He at 28D for 30 min before the adsorption. A 30%MNe gas mixture

was used in the BET measurement.

2.4.2 Catalyst composition

Bulk composition and element concentrations of the catalysts were anajymnetlittively
coupled plasma atomic emission spectrometry (ICP-OES). Thwa-sibr alumina-
supported samples were tested in EAGLABS (NY), where theQEB-is equipped with a
HF-resistant torch. The silica or alumina-supported catalyst @owds dissolved in the
diluted HF solution (A.C.S. reagent). The solution was further diluted e tests.
The Au-based catalysts were dissolved in the diluted HOLHhixture and analyzed by
ICP-OES (Perkin EImer Plasma 40) in the Department of Chemistry, Tufiendity.
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2.4.3 CO Chemisorption

CO chemisorption tests were carried out al@30 characterize the surface Pt dispersion
in the Micromeritics AutoChem 1l 2920 instrument equipped with a TQBtréatment
was in 10%H-Ar at 350°C for 2 h, followed by cooling down to room temperature in He.

A linear CO adsorption on Pt (CO:Pt=1:1) was assumed for thiésjprsion calculation

3].

2.4.4 Electron microscopy

The development of the electron microscopy and related micrgtimahltechniques has
allowed comprehensive structural and chemical analysis ofysetaht a submicron or
even atomic scale. It can also provide information on the elememtgbosition of the

particles (EDS), for example by detecting the X-rays whighproduced by the interaction
of electrons with the matter or by analyzing the way teetedns are diffracted [4]. X-ray
fluorescence can be used for elemental analysis, but this qaehwias not employed in

this thesis work.

High resolution transmission electron microscopy (HRTEM) wasdut study the
structure and morphology of the supported precious metal catal\RTEM is useful to
measure the size of supported metal crystallites and changé®ii size, shape, and
position with catalyst use. In this work, HRTEM data were caldain a JEOL 2010
instrument (MIT CSME facility) with an ultimate point-to-poirgsolution of 1.9 A and
lattice resolution of 1.4 A. The sample powder was suspended in pgbitoohol using

an ultrasonic bath and deposited on a carbon coated 200 mesh Cu grid.

To investigate Pt particle sizes and morphologies at the atewet high angle annular
dark field (HAADF) imaging was done with aberration-corrdcgsganning transmission
electron microscopy (STEM) on a Zess Linra 200-80 MC operatir@00 kV with the
detector acceptance angle for the imaging of 24 mRad. Thesoopy is located at the
Center for Nanoscale Systems, Harvard University. The sam@es suspended in high
purity ethanol and loaded on lacey carbon coated 300 mesh Cu grids (TED PEL)A INC
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2.4.5 X-ray diffraction (XRD)

XRD analysis was used in this work to identify the crystalpphase and crystal particle
size based on the diffraction peak position and pattern. XRD pattenesrecorded on a
Rigaku RU300 X-ray generator (MIT CSME facility) with a 185 rdiffractometer, using
copper kil radiation £ = 1.5406 A). The voltage and current were set to 50 kV and 300

MA, respectively.

2.4.6 X-ray photoelectron spectroscopy (XPS)

A Kratos AXIS Ultra Imaging XPS (MIT CSME facilityyvas used to determine the
atomic metal ratios of the elements on the surface regionttendxidation state of
precious metals in selected catalysts. Samples in powder fermmmessed on a double-
sided adhesive copper tape for analysis. All measurements cagied out at room
temperature without any pre-treatment. An Al X-ray source was used in this work. The

X-ray generator power was typically set at 15 kV and 10 mA.

A broad scan survey spectrum is from 1100 to 0 eV binding energy TBE resolution
AE is 3.2 eV for the analyzer with the pass energy of 160 eVhéostrvey, while the
higher resolutiom\E 0.1 eV (with the pass energy 40 eV) was used for the cxdstate
analysis. The surface composition of each element is obtaingg: lpeak area integration
using the high resolution scan data. An approximate and general expréss the
calculation of the atomic fraction of ,f any constituent, x, in a sample is given by:

o _ S

2ili/S;

where | is the peak area of a specific peak for certain ekerred S is the atomic

sensitivity factor that is usually provided in the instrument manual.

The identification of the oxidation states for the studied elem@pénds primarily on the
accurate determination of line energies. Since the Cls peak fidbrntdious
hydrocarbons present on the samples was found in all the meastgemwas used as
internal standard for the charge correction. Therefore, all thenlgimatiergies were aligned
to the C1s peaks at 285.0 eV.
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2.4.7 X-ray absorption spectroscopy (XAS)

The electronic and structural properties of the precious metatibeatalyst system were
examined with X-Ray absorption experiment, including X-ray absmrphear edge
spectroscopy (XANES) and extended X-ray absorption fine struExXAFS). In this X-

ray absorption experiment, a monochromatic X-ray beam is direttdek &ample. The
photon energy of the X-rays is gradually increased such thahverses one of the
absorption edges of the elemeatg Pt) within. Below the absorption edge, the photons
cannot excite the electrons of the relevant atomic level and d@hssrption is low.
However, when the photon energy is just sufficient to excite ldwrens, then a large
increase in absorption occurs which is known as the absorption edgesfertra show a
sharp feature at the top of the sharply rising part of therspecThis feature is called the
white line, which can reflect the electron deficiency of themeint [5]. The resulting
photoelectrons have a low kinetic energy and can be backscatigrate atoms
surrounding the center atom. The probability of backscattering is\depeon the energy

of the photoelectrons. The backscattering of the photoelectron affbetber the X-ray
photon is absorbed in the first place. Hence, the probability of X{oaprption will
depend on the photon energy (as the photoelectron energy will depend on the photon
energy). The net result is a series of oscillations on the ghghton energy side of the
absorption edge. These oscillations can be used to determine the @tomber, distance
and coordination number of the atoms surrounding the element whose absorptios edg
being examined [5]. The XAS experiments were run with the sgtrcir radiation at

National synchrotron Light Source, Brookhaven National Lab (NSLS, BNL).

For experiments using the near edge region (up to 40 eV above the tdg@ame
XANES usually applies. XANES can provide information about vacantspreliéctronic
configuration and site symmetry of the absorbing atom. The abgmision of the edge
contains information about the oxidation state of the absorbing ataaniniénsity of the
white line directly reflects the electron deficiency of the absorkiog §6].

In this work, XANES was employed to examine the oxidation statBtan various

samples when exposed to different gas atmosphere. The in-siNESAspectra were
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collected in the transmission mode over selected samples undmarisat WGS reaction
condition (1%CO-3%bkD-He, at 275°C) or H-reduction at the X18A and X19A beam
line of NSLS at BNL. The samples were loaded in a multi-sampleich allows loading
six samples simultaneously. The scheme of the setup is shokgure 2.1. The samples
were pelletized in the holes of the multi-sampler. This enatdegarison of the samples
under exactly the same conditions. The X-ray absorption edge emasggalibrated with
Pt foil at 11.564 keV. The reported XANES data are the avemigésee scans (lasting
approximately 15 min/scan), and no changes were detected between thnel fiest scan.

Quick-XANES was also used to check the dynamic changes ofidkitiox state during
the temperature-programmed surface reaction of WGS; oeddiction at the X18A beam
line of NSLS at BNL.

XANES was also conducted over selected gold-iron oxide samples tmele?WwGS
reaction and re-oxidation conditions. The spectra were collectedheitbeam line X18B

of NSLS at BNL. For the ex-situ XANES experiment, each lgsttavas pressed on a
Kapton tape as a thin film. For the in-situ experiment, the sampke loaded into a
polyimide tube reactor with quartz wool blocking both ends of catabgstso prevent the
movement of the catalyst powder, only allowing the gas flowing tirahe tube. The
spectra were taken in the fluorescence mode with a Ge l&melatector. The detector
was placed at a position at®dfith respect to the incident beam. The sample was placed at
45° both to the incident beam and the Ge detector. The reported dattheveneerages of

15 scans (lasting approximately 30 min/scan), and no detectable chaaigesetected

between the first and the last scan [7].

The analysis and modeling were done by using Athena and Artemis programs [8-10].

2.4.8 Temperature-programmed reduction (TPR)

TPR is the technique in which a surface reduction is monitored wieldemperature

increases linearly with time.

H,-TPR technique can be used to obtain qualitative and quantitatmenation on the

oxidation state of the reducible species and intrinsic informatmmelating with the
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catalyst reducibility. In this work HTPR was run in the Micromeritics AutoChem Il 2920
instrument equipped with a TCD. The samples were pre-oxidized in ®:tB% gas
mixture (50 cn¥min) at 350°C for 30 min, cooled to room temperature in He, purged at
room temperature for 30 min, then heated in 2%kl (50 cni/min) from room
temperature to the target temperatures %&/&in. A cold trap at 6C was placed in the

gas line upstream of the TCD to remove the water vapor.

CO-TPR was used to sample the different surface oxygen sgsci@oducts from the

reduction, for example,

CO + 0* > CO,

1
€O +OH — CO; + 5 H,

CO-TPR was also performed in the Micromeritics AutoChe20R0 instrument coupled
with a RGA (SRS, RGA 200). The samples were pre-oxidized in a 33%@as mixture

(50 cni/min) at 350°C for 30 min, cooled to room temperature in He, purged at room
temperature in He for 30 min, then heated in 5%CO-He (3&ndm) from room

temperature to the target temperatures°&/ain.

If doing cyclic CO-TPR without any treatment in betweetgrahe first reduction run, the
sample was cooled down to room temperature in He, and then the n@&REOycle was

conducted similar to the first run.

If doing cyclic CO-TPR with a water-treatment, after fhist reduction run, the sample
was cooled down to room temperature in He, then exposed te@HEl (30 criymin)
and kept for 30 min. Here the He gas stream was passed thrdugtbler filled with
water at room temperature and saturated witd Mapor (~3%) before flowing to the
reactor. After further He purge, the next CO-TPR cycls a@nducted similar to the first

run.

2.4.9 Diffuse reflectance Fourier transform spectroscopy (DRIFTS)

The DRIFTS measurements were designed to identify the possddton intermediates
over alkali-modified Pt-Si@catalysts for the WGS reaction. They were conducted by Prof.
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Frederick Meunier at CNRS, University of Caen, France. A diffiefliectance reaction
cell from Spectra-Tech fitted with KBr windows was usedt(pie and scheme given in
Figure 2.2). Between 5 and 10 mg of sample were deposited inutibler on top of a
quartz wool layer. 2%CO-6%8 (-26%H if any) -N,-Ar was passed over the sample.
Water was introduced via a saturator kept at 55 °C (vapor pressure = 160 widarhg a

flow of Ar and then diluted by other gases. Total flowrate was 30 sccm.

Surface spectra (DRIFTS) and gas-phase spectra (FTIBelidscated after the DRIFTS
cell) were collected sequentially, while the RGA signal wastinuously recorded for a

gualitative monitoring.
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Multi-sample reactor set up

Transmitted
flux detector

Figure 2.1 Scheme of the multi-sample reactor setup for the XAS andly<i9A/18A,
NSLS, Brookhaven National Lab.
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Figure 2.2 Scheme and configuration of the DRIFTS measurement setup at Prof. F.
Meunier’s laboratory, Caen University, Caen, France.
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Chapter 3 Alkali-promoted Pt catalysts for the lowtemperature WGS

reaction

3.1 Introduction

In order to tailor and optimize the performance of the catalystsmportance of precious
metal and oxide support interaction has been recognized and investigated/elxteamsine
literature for hydrogenation reactions, the WGS reaction, CO wahab¢arbon oxidations
[1-7]. While conventional preparation techniques like deposition ptatign or co-
precipitation can not give the level of control required to sydieally investigate the
metal-support interaction and to maximize the metal-support acerinovel techniques
are continually considered and applied. A novel synthesis approachrecastly used,
demonstrating and maximizing the interaction between Pt and asniaported by Yeung
et al. [8]. Encapsulation of platinum particles inside a nanoscale sifietleria was
achieved by a reverse microemulsion technique. The resulting ahatieowed excellent
activity for the WGS reaction, while the undesired methanationioeavas suppressed by

not exposing the metallic Pt sites.

Regarding the price and the availability of rare-earth oxidesould be desirable to find
alternatives to ceria and other rare-earth oxides as suppottsef@recious metals. It is
possible that by using suitable additives on non-reducible oxide suppatsas alumina,
the activity of Pt-supported on alumina may be boosted to the leysldae for the Pt-
ceria systeme.g.for the WGS reaction. As stated in Chapter 1, this is a mgjmothesis
of this thesis work. In early 1980s, Amenomiya and co-workers esgponat addition of
potassium rendereg-alumina a high-temperature WGS reaction catalyst by introguci
reducible oxygen species on th@lumina surface [9]. Alkali promotion was extended
recently to Pt-based catalysts for the low-temperature W&astion with reducible or
partially reducible oxides as the supperfy.titania [10, 11], zirconia [12], and ceria [13].
Davis and workers [14, 15] claimed that the alkali ions weakene@Hebond for the
formate, which was proposed to be the rate-limiting step ofawetémperature WGS

reaction. Panagiotopoulat al.[11] and Zhuet al.[10, 16] reported that alkali additives
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favored the dispersion of Pt and creating more defects amatitieéading to more active
site for the WGS reaction. However, these interpretationsamgplicated by the nonzero

activity of the alkali-free state of the catalyst.

In his Master’s thesis work at Tufts, D. Pierre [17] followkd same approach as Yeung
et al. [8] to prepare encapsulated Pt particles within a shell obwsroxides to evaluate
their catalytic performance for the WGS reaction. Durhmgy gynthesis of Pt@ SjQvhich
was going to be a blank, zero-activity material, Pierre fourdsurable activity. In fact,
the activity he measured was comparable to Pt-Gafalysts [18]. By examining all the
possible causes for this unexpected activity, Pierre found thenpeesENa, as the reason.
NaOH was used in the synthesis of Pt particles. Thus, alkalidgand\a’, activated the Pt
species for the reaction. The steady-state WGS reactiaorparice of the Pt-Na@ Si@s
shown in Figure 3.1, while Pt-Sj@s barely active [17]. Pt clusters were found dispersed
in the silica shell, hence accessible by the gases. They cgold@ promoted by the

addition of a small amount (2 wt%) of ceria, as demonstrated by Pierre [17].

This exciting finding, motivated the early work of the presentishesamely, if alkali
promotion could be used to activate Pt on an inert support, such aswliatawas the
underlying reason? And could this approach be used to activate Pt osugiperts, such

as alumina, zeolitegtc? Indeed, could we envision that addition of alkali metals be used
to render P{-Al,0O5 as active as Pt-Ce@or the WGS reaction? The main reason for using
ceria as a support of Pt in the three-way automotive exhausie ughly 2 orders of
magnitude higher activity of Pt-Ce@ver Pt-AbO3; as shown by many literature reports,
most notably by the early finding of Gorte and his group in ttee 1890s [19]. Finally,
assuming the activity improvement could be realized, it is importo determine how
stable are these catalysts under realistic WGS conditiodsfirad ways to improve their

stability, if found lacking.

These are the major issues addressed in this chapter of thee Meshanistic questions

are addressed in Chapter 4.

45



3.2 Materials and Methods

0.6 at.% Pt-AJO; catalyst prepared by IMP, is denoted as 0.6RPDAIl 1.0 at.% Pt-Si©
sample prepared by DP, is referred as 0.8Pi:Si@he preparation procedures were
detailed in Chapter 2.

A certain amount of Na (K) was used to modify uncalcined 0.6§d+s~4nd 0.8Pt-Si@
with an agqueous solution of NaN(NO3) by IMP. The samples are denotedibia (K)-
0.6Pt-AbO3, aNa (K)-0.8Pt-SiQ, wherea is the atomic percent of Na (K). Na modified
SiO, and AbOs; supports were prepared by IMP method as well and denotgdaaSiO,
(Al203), whereq, is the atomic percent of Na (K).

Pt-Na-SiQ samples with different bulk Na:Pt ratios were prepared Iwaastep IMP

method. Na was impregnated before Pt loading.

All samples were calcined in air at 400 for 4 h at a heating rate of°€/min prior to

testing.

5.3Pt-CeQ@ was used as reference catalyst in this chapter, which wparpd by one-pot
synthesis using the urea gelation/co-precipitation (UGC) methothil®ebout this
preparation technique and material properties can be found in [18].uffaeesarea of
5.3Pt-Ce@ was 140 rfig. No visible Pt particles were found by TEM and no Pt peak was
identified by XRD. XPS shows 3.5 at% Pt on the surface. Turnoegudéncies were
calculated based on the initial amount of surface Pt species found by XPS [18].

Catalysts were characterized by BET surface area, IER/HRTEM, XRD, XPS, CO
chemisorption, HCO-TPR measurements and XANES. Catalyst activities erxaiiated
for the WGS reaction under various conditions that included product-fidefil

reformate gas mixtures. Long term stability was checketh wie full reformate gas

mixtures under isothermal conditions.
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3.3 Results and discussion

3.3.1 Characterization

Table 3.1 lists the physical properties of the Pt.&it Pt-A}O; samples after calcination.
The commercial Si@and AbO; supports have surface areas as high as 243 and24,0 m
respectively. Surface modification of the supports with platinum abdegjuent addition
of alkali (Na or K) ions decreased the surface areas to 131 m3§dy the sequential
impregnation of Pt and alkali oxides. This drop in surface arecedly for the fumed
silica, is a result of pore collapsing with the applied impregnaand heat treatment.
However, from Table 3.1, we can still observe the beneficiatefif Na or K addition on
suppressing the Pt particle growth on both the 0.8P4-8md 0.6Pt-AIO; samples. The
mean platinum particle size was decreased from 5.0 nm (&i@a)i to 2.0 nm (alkali-
modified) after 400C air calcination on both oxide supports. Interestingly, the diffe?Pé
loading procedures.g.DP or IMP, and the sequence of Pt and alkali ion addigé@nCo-
IMP, Pt-IMP followed by Na-IMP, ovice versadid not have any detectable effect on the
physical properties of the resulting Pt-based samples, iar @&s fthe mean Pt particle size

and specific surface areas are concerned.

Over the last decade, one of the most advanced electron microscbpjques, namely,
aberration-corrected (ac)-HAADF/STEM has become available &aad allowed
investigation of supported precious metal species at atomic liesoldtu atoms and
clusters on iron oxide [20-22] as well as Pt atoms and clusteysAlpOs [23], in both
cases after a prolonged high-temperature annealing, have been iwitdgederration-
corrected HAADF/STEM. In this work, the technique was also usddviestigate any
structural alkali-effect on Pt dispersion at the atomic lle8adown in Figure 3.2 (B),
atomically dispersed Pt species (atoms, ions, and few-atonerslustere observed on the
Na-promoted AIO; with higher Pt loading and harsher calcination conditions than what
was used in the recently reported fully dispersed Pt overybalgOs; [23]. Sub-nanometer

Pt on Na-promoted Siran be clearly seen in Figure 3.2 (A). However we were not able
to capture the Pt at atomic resolution on silica because ofghentobility of Pt atoms on

the inert support under the electron beam. Pt particle sizédigins on Pt-Si@w/o Na-
promotion, inserted in Figure 3.3 (A) and (B), based on the ac-HAAHNYBiImMages
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show that the sub-nanometer Pt clusters and atoms were abundan) (r6&8 Na-
promoted (washed) sample, but scarce (<5%) in the Na-freplesa@ombining the
analysis from both HRTEM and ac-HAADF/STEM it was determitiet the residual
(after washing) alkali ions bind onto the atomically dispersesp&ties on the Pt-Si@QPt-

Al,O3) surfaces, and they suppress the sintering of Pt particles higbtemperature
heating (to 406C, air).

Similar findings had been reported by Konsolakisal. [24], who showed that at low or
moderate loadings of Na, a higher dispersion of BtAhOs;was achieved than in the Na-
free samples. More recently, better dispersion of Pt withddéian was also reported for
Pt-TiO, by two different research groups [10, 25], and the improved Pt dispesss
attributed to the creation of more defect (binding) sites on, Ti®@ated by the alkali
additives. Hatanaket al. explained that a more basic support yielded better Pt stalohzati
through the formation of rigid Pt-O-M (where M is the support catibopds, thus
inhibiting Pt sintering due to the different electron densityhef support [26]. Therefore,
here, alkali ions could play the role of the basic support, which weulder any support
surface a mere carrier of the Pt-O-Na, K ensemble. Thuswatemperatures, all these
support oxides would be equivalent. This hypothesis will be examinedapt€& 4 on the
basis of the collected experimental evidence and DFT calculatierfsrmed by the

Mauvrikakis group at Wisconsin.

CO chemisorption was used to measure the Pt dispersion on the saxgigsed by
microscopy. However, no big difference was found between the -&i&aliand alkali-
promoted samples, when the alkali loading was low, Na:Pt < 3. \Wieealkali loading
was high, a decreased Pt dispersion was even found. This respfiasite to what has
been observed by microscopy. Konsolakisal. [24] also reported that when Na loading
was high, similar Pt dispersion was measured on both Na-modiftetNa-free Pt-AlO;.
One possibility with the high coverage of alkali is encapsulatbsome part of the
platinum, which is then inaccessible to CO. When examining the adsogftiCO on the
alkali-modified Pt sites, Tanalet al. [27] reported that the strength of CO adsorption on
Pt in alkali-modified Pt-AlIO; was weakened and the mode of CO-Pt adsorption was
partially changed from linear adsorption to bridged adsorption, whicansneghe
assumption of CO:Pt = 1 for the calculation of Pt dispersion ismger valid. Due to this
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difficulty, it was not possible to precisely measure the Ppedson with the CO

chemisorption technique.

3.3.2 Reducibility
3.3.2.1 B-TPR

As the reducibility of surface oxygen in the catalyst is typicallyedated with its potential
reactivity for the WGS reaction, - PR measurements were carried out to probe the
surface oxygen of the alkali-modified Pt materials. TPR profieshe Pt samples are
depicted in Figures 3.4 and 3.5. Detailed information about the reducti@s ped H
consumption amounts is included in Table 3.2. As inert oxides, neitf@s Aor SiQ has
reducible surface oxygen. With Na-impregnation on,Si0 Al,O3;, a large amount of
surface oxygen was present, but the reduction only took place abo%€.4@& shown in
Figure 3.4, when Pt was added (at 0.6 at%) into the Na-modifigds,Alhe reduction
onset was lowered toa. 100 °C. H, consumption,.e. the amount of surface oxygen,
increases with the content of alkali additives (Table 3.2). Simdsults were obtained
over the Na (K) modified Pt-Si&ystem, in Figure 3.5 and Table 3.2. Since the Na (K)-
free Pt-AbO3; and Pt-Si@ samples have no reducible surface oxygen, the low-temperature
H, consumption in the alkali-modified samples should be mainly due taxigen

associated with both the alkali ions and the Pt species.

K-modified samples behave a little differently from the Na-rfiediones, as the same
amount of K ions leads to a higher amount of surface oxygen on eigeors but the
center of the reduction peak shifts to higher temperatures on both sugforearly as
1997, Chen and co-workers [28] reported similar findings, namely thedified sample
has more surface oxygen, but its reduction is more difficult (higgmeperature) than Na-
modified samples. This was attributed to the different basdditthe alkali ions, but no

details were given. A brief discussion is present in Chapter 4.

Here we found that the Na (K):Pt ratio determines the amouwetlotible surface oxygen
at temperatures lower than 400. As can be seen in Table 3.2, 3Na-Sias a large

amount of reducible oxygen at temperatures higher thaiGGo®ith Pt loading, a fraction
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of the surface oxygen becomes reducible at low temperatures {€20Bigure 3.6 and
Table 3.2 show that for the 3Na-Si€amples with different platinum loading contents, the
hydrogen consumption at low temperature first largely incre@is@® 1 to 2%Pt), and
then drops (from 2 to 3% Pt), and the same trend is seen for thefghé reduction peak,
the largest shift associated with the 2% Pt-loaded sample. xttee @anount of Pt may
simply lead to the formation of Pt particles, as shown by &M images of 3Pt-3Na-SiO
(Figure 3.7). Severe aggregation of Pt particles takes pladdeinPt-rich sample.
According to the RHTPR results, an optimum Na:Pt ratio exists around 1.5 to maaimi
the reducible surface oxygen at low temperatures. We tegitatassign this to the
maximum interaction between the Pt and Na-O sites. Howeverdtcs is calculated
based on the bulk concentrations of Pt and Na (by ICP). Sipdé°R is a technique for
near-surface oxygen characterization, to more accurateigagstithe Na:Pt ratio and the
surface oxygen relevant for the reactioe.(in —OH form), surface concentrations (from
XPS) and CO-TPR data will be combined and considered below, espémidahe washed

samples.

As alkali oxides are not easy to be reduced to or be stab#dizealkali metals at low
temperatures, also it is noticed that the measured surfacenoaygeunt is much more
than the calculated values from the N4RO,) stoichiometry X = 0.5,e.9.250umol/g for
sample 3Na-Sig) and non-linear with the amount of Na or K doping. One possible
explanation is that alkali ions are hydrophilic and more surfaceg@idps are now
adsorbed on the supparia alkali ions, which also will lead to higher,onsumption.
Previously, Krupayet al. [29] reported that excess surface oxygen amount and more OH
groups by alkali doping were present on py#l,O3; and this rendered the alumina a
high-temperature shift catalyst [9]. A higher concentration of OH groupslsamseported

on the alkali-modified Pt-Ti@ compared to the unpromoted samples [16]. We may
speculate that the presence of Pt enhances the reducibilitg sefirface oxygen by tbr

CO spillover from the platinum sites to the surface oxygen spesieh as OH groups
associated with the alkali ions.
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3.3.2.2 CO-TPR

Complementing the above,HPR tests, CO-TPR was used to sample the surface oxygen
species and identify the light-off temperature of the WGS ima¢between adsorbed CO
and OH groups on the surface). As shown in Figure 3.8, the Na adaiititime SiQ
surface introduces reducible surface oxygen (as seeing by thpr@diction) on the inert
support as well as surface OH groups (as seeing tlpedaduction along with further GO

production).

Addition of Pt lowers the reduction temperature of the surface oxypecies (from 250
°C to 50°C) and the activation temperature of surface OH groups (froM@®® 100°C).

The same trend as what was found BYyTIFR is observed here, namely, the total surface
oxygen amount increases with the Na content, but the amount actiaatéow
temperatures depends on the amount of Pt that can interact witheitexcess oxygen
bound to the alkali on the silica surface is still reduced denigemperatures, as shown by
the 1Pt-15Na-Si@in Figure 3.8. Alkali-free Pt-Si©has no reducible surface oxygen
species or active OH groups; hence the reducible sites atrgvetatures appear to be an
ensemble of Pt-(dOH),-Na sites, similar to what our group has proposed for the PCeO
system [1]. More work is necessary to further test this hypthiecluding XAS analysis,
atomic-resolution microscopy, and computational chemistry work, abevilliscussed in
Chapter 4.

3.3.3 Structural Investigations of the Alkali Promotion Effect

XRD analysis, in Figure 3.9, shows that the Na-free 0.8Pi-Sa@hple contains Pt metal
nanoparticles with an average particle size of 6.6 nm, in gmeto the TEM results
(Table 3.1). However, after impregnation with 5%Na, these Pt |eartitsappeared, either
due to the small grain size and/or the formation of an atomidelpersed Pt-Ostructure.
Such phenomena were also observed for other Na (K) modified 0.8pPts&iaples.
15%Na was used to modify the SiGupport, but even after 80C air calcination no
sodium silicate structure was observed, therefore we believedhihadlkali-modified
samples are free of the formation of bulk alkali silicatescd@dise a very small amount of

surface silicates, XRD-invisible, may be formed. However, X&S8 over the washed
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15%Na-SiQ did not pick up any Na on the surface, which confirms the absenogates

alkali silicate.

XPS analysis was applied to study the surface concentrations ahd®Na, and the
oxidation states of Pt in the samples. Faof Pore, the XPS peaks were assigned with
binding energy at 71.0 and 74.2 eV foP, Riinding energy at 71.9 and 75.1 eV fof ‘Pt
and binding energy at 74.3 and 77.5 eV fof .Pn Figure 3.10jt is clear that with the
addition of Na ions, the peaks for Pt were shifted to higher bindingjieseiThis peak
shift can be due to very fine (sub-nm) Pt species and/or thatiormof ionic platinum
(PE*, PE) species on the SiGurface [30]. As found by TEM, alkali-ions do suppress the
sintering of Pt particles but they also significantly incregeamount of Pt ions/clusters
on the catalyst surface. Thus, the peak shifts here could come frontheosmaller Pt
particle size and the more electron deficient Pt speciessgduatra of 3Pt-3Na-Sighows

a significant amount of metallic Pt, compared with that of 2Ri-SND> and 1Pt-3Na-Sig)
indicating that 3%Na is not enough to associate all of the 3%Rtetibe excess Pt forms
Pt particles on the surface. These data are in agreementheifbrévious HTPR and
TEM findings. Further deconvolution of the peaks fof ®as done with selected samples.
As listed in Table 3.3, the addition of Na ions significantly eckanthe fraction of
oxidized Pt species. The higher Na:Pt ratio, the bigger fractiaxidfzed Pt species. To
remove the ambiguity from the final state effects, the saangles were examined by
XANES.

The higher oxidation state of Pt species in alkali-modified sampigs confirmed by
XANES. Figure 3.11 (A) shows the results of XANES at the Rtddge. The white line
intensity of Pt Ly -edge provides strong evidence of the electronic state dfePtariger the
white line the greater the electron deficiency in the d-orlp&a). The relative electron
deficiency of the Pt species can be determined based on the hmeitentensity.
Apparently, Pt was more oxidizedg. electron deficient in the samples with alkali-

promoters according to its much higher white line intensity.

Therefore, combining the information from XPS, XRD, HAADF/STEMI&XANES, we
have found that the addition of alkali ions {(N&") not only inhibits the sintering of Pt

particles, but also enhances the fraction of nonmetallic Pt spexi®t-Si@, which are
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likely the active sites for the WGS reaction on ceria [1, 18,aB2]| other supports [10],

thus boosting dramatically the catalytic activity, as will be shown below.

3.3.4 WGS reaction activity

The steady-state WGS reaction activities of the abovemedtioatlysts were firstly
measuredin product-free gas. Figure 3.12 shows the steady-state W@G&iore

performance of the Pt samples. The WGS reaction activitiddaefee and Na-doped
Al,O3 (SiO;) samples were also tested under the same conditions. Testsomdrected

first in temperature rising mode, followed by temperature dsong. Na addition
increases the catalytic activity of baré\l,Os only at temperatures higher than 380 as

had been reported many years ago by Amenomiya and co-wogferghjle no activity

was observed over either the Na-free or the Na-doped SiO

A significant promotion effect of Na (K) on the Pt-8k and Pt-SiQ samples is clear from
the lower onset of the WGS reaction. Especially, the 0.8P{-&i@ple is activated at an
elevated temperature of 30Q, if no alkali is present on its surface. This was expected
since the Pt-Si@is inert for the WGS reaction at low temperatures [33]. high
temperatures, Pt alone has active sites for the WGS reg@88prHere we show that with
Na (K) promotion Pt-Si@catalysts are as active as GefDpported Pt catalysts [1, 18] at
low temperatures, an example shown in Figure 3.13. No activatione(bsis) or
deactivation of the catalysts was observed during ramping up and Hewentperature.
Temperature-programmed oxidation of the used samples found no evidenaghan
deposition.

K-modified samples, compared with the Na-modified ones, have a hagheunt of
surface oxygen as found already by HPR, in Table 3.2, but they show lower catalytic
activity for the WGS reaction regardless of the support, Figure BdRever, it should be
noted that the optimal ratio of K:Pt may differ from that oftaas a result of potentially
different Pt-O-K and Pt-O-Na interaction/stability. The Ptipke size and surface area of
the Na- or K-promoted samples examined here are about the Fabte,3.1. The data
indicates that only the low-temperature (< 2Q0) reducible surface oxygeniislevant to
the removal of CO by ¥D, as will be discussed in more detail in the next chapter.
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The CO conversion increases with the amount of Na (K) added. Abogdain Na (K):Pt
ratio, however, no further improvement of the CO conversion tg i€Observed, Figure
3.12. There is a maximum in the Na (K):Pt ratio, i. e. 3%Na ¢gKPf8Pt-SiQ and 6%Na
(K) for the 0.6Pt-AJO3 samples. We further tuned the Na:Pt ratio on Pt$Qoptimize

its WGS reaction activity. For a fixed Na amount, 3 at%, the Pesbntent was about 2 at%

from the Tgo values (Figure 3.14), consistent with the HPR findings.

The WGS reaction light-off performance of Na-promoted Pt sangpleempared with that
of Pt-CeQ catalyst in Figure 3.13. Interestingly, the light-off of the B/Gatalysts is not
lowered by the presence of the promoter, and is typically 2@0With similar surface Pt
loadings, the Na-promoted samples have identical performance fOW@® reaction as
Pt-CeQ [18], suggesting that Na or K addition provides a similar intenaetith Pt as the
Pt-O-Ce sites. It will be intriguing to further investigahe potential similarities of the
reaction pathway on all supports. Firstly, we conducted a kinetidgseas presented

below.

3.3.5 Kinetic Measurements

WGS reaction kinetics measurements were performed to furtbiee e alkali promotion
effect and the support-independent activity of the catalysts. $e tiests the full reformate
gas mixture containing the reaction productsadd CQ, was used. Arrhenius-type plots
of the steady-state WGS reaction rates are shown in F&jliBefor the Si@supported
catalysts and in Figure 3.16 for the.@®}-supported catalysts.

The WGS reaction rates are significantly increased byatidition of alkali ions on both
Pt-SiQ, and Pt-A}JO; samples. No methanation reaction was observed over any of the
samples even with high,Htoncentration (26%) in the reactant gas mixture at temperatures
as high as 3568C. Typically Pt-AbOz shows methanation activity at 380 [34]. Therefore

the Na modification has changed the Pt species and their mébdharegtction selectivity.
Significant differences appear for the reaction rates oveatBlysts with different doping
ions (Na and K) and concentrations. For example, the 3Na-0.8RPtsBdWs the highest
reaction rate of 12.4umol CQOy/geafs at 225°C, suggesting 3% is the optimal loading
amount of sodium ions for 0.8%Pt on SiCsimilarly, 3K-0.8Pt-Si@ gives the best
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catalytic performance. The apparent optimum Na (K):Pt is hitjfen 3 here; but as we
will see below, there is excess (washable) Na (K) in tkasgples. And the surface also
contains inactive Pt particles, so both the Na and Pt are oveatsdiin these “optimum
alkali:Pt” ratio estimates. Since the alkali-free Pt pl$ on the support are spectators for
the reaction, more work is needed to minimize the “inert’'sjpgcies on the supports.
Further lowering the Pt loading makes sense from the pahefiewpoint as the cost of
catalyst will be lower. Thus, it is important to prepare justratally dispersed Pt on these
surfaces, stabilized in place by the correct (optimal) amouaikafi. Potentially, different

methods of preparation other than impregnation will be successful.

Remarkably, the WGS reaction activity of these alkali modifsatinum catalysts is
comparable to, or even higher than, the very active Pt-@a a higher Pt loading, as
shown in Figure 3.17. These results further confirm thataddition of alkali (Na, K)
induced a Pt-O-Na (K) interaction on the inert supports {SNQO3) as good as the Pt-O-
Ce interaction, so far as the activation of Pt species is concernedr$inciaia, the alkali

additives provide OH groups important for the water-gas shift reaction pathway

Kondarides and co-workers [11] explained the promotion effect of NaaorPt-TiQ as

one whereby the added alkali ions creates defects on titanid) fehiors the dissociative
adsorption of HO. Hence, the alkali promotion can be understood as a means of
stabilizing and providing the oxygen-containing (OH) species to tladpts. These OH
groups are not present on the alkali-free silica surfaces, &ttvely a small amount is
present on the alkali-free alumina surfaces, while a large anmynésent on ceria. An
alternative to the explanation provided by Kondarides and co-workgris[that of Na- or
K-stabilization of Pt-QYOH),-Na (K) ensembles on the titania surface. It would be
interesting to further test this hypothesis.

From the Arrhenius-type plot, values for the apparent activationgen@h,) were
calculated. These are in the range of 70 £ 5 kJ/mol for both ah@Nfree and Na (K)-
promoted Pt samples. Interestingly, the same apparent activaiengy of the WGS
reaction was measured on an alkali-free Pt-Cstnple. A thorough check of the reported
Eapp vValues shows that the apparent activation energies of the W@®Bmean all Pt-based
WGS catalysts, for example, Pt-Cg@, 35], Pt-TiQ [36], Pt-AlLO; [35], Pt-ZrG [37],
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and even the alkali-promoted Pt-Lifl1] are similar, all of them falling into the same
range 70 £ 5 kJ/mol, irrespective of the support or the promoters Tbad, a similar
structure of the active sites and the same reaction pathwayatbuwbe Pt-based WGS
reaction catalysts becomes plausible.

3.3.7 Stability of the alkali-promoted Pt catalysts

As discussed above, Pt is in more oxidized state when alkali-pgosrae used, according
to the XPS and XANES analysis (Figure 3.10 and Figure 3.11 (A)% ishirue for the
fresh, as prepared samples after air calcination af@0How stable are these structures in
the WGS reaction gas mixture? In Figure 3.10, the XPS of the ssegles are also
plotted (after use in the WGS reaction light-off tests for 14 hdorscomparison. The
shift of the peaks to lower binding energies indicates reduction afxidezed Pt species
in all samples, but compared with the Pt oxidation state in th&edasample, the Pt

species in the Na-promoted samples are still more oxidized.

To further probe the stability during reaction, in situ XANES wallected over the Na-
promoted Pt-Si@after exposure to 1%CO-3%8-He mixture at 275C for 1 h. These
are plotted in Figure 3.11 (B). The high white line intensity tat P edge in the used
sample confirms that Pt was still more oxidized in the @sadples. Alsowe found that
after a H-treatment (20%bktHe, at 250°C for 1 h), Pt in the Na-promoted samples is still
more electron deficient than in the Na-free samples, and therfamere as active as the
samples without Ktreatment. Accordingly, we believe there is a strong intenacti
between Pt and Na-O species which preserves the oxidizedo§tBt even in the highly
reducing reformate gas mixture. Of course, life tests should berped to evaluate the
long term stability of these catalysts.

A long-term stability test was conducted over the 1Pt-3Na-8i&shed sample for the
WGS reaction in the full reformate gas stream, 11%CO-26%426% H-7%CO-He, at
275°C for about 50 h, as shown in Figure 3.18. A small decrease of COrsiomve/as
observed during the first hour. However, it was stabilized rapidly maghtained
throughout the end of the test. Ac-cHAADF/STEM image, Figure 3.19, shmatshe Pt

dispersion did not change appreciably in the spent material. Pérslssiil dominate on
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the SiQ surface with the modification of Na ions. Combining these findingjs the XPS
and XANES data, we propose that Na-free oxidized Pt speciése axidized Pt species
without enough Na associated with, will get reduced in the reduMti@S reaction
atmosphere and aggregated into particles as seen in Figure 3.[9th&hpart of the Pt
species that is dispersed and stabilized by the Na ions emihin stable, positively

charged, and active in long term WGS reaction testing as shown in Figure 3.18.

The stability of the alkali-promoted catalysts was also eteduaith the 0.6Pt-6Na-ADs,
Figure 3.20. No appreciable change of Pt dispersion was observedspethaenaterial by
electron microscopy. Na-free Pt-8l; is active for the WGS reaction at this temperature
(275 °C), but these unprotected Pt clusters may grow and get\deadtiat the reaction
conditions. This can happen very fast, potentially explaining the laigel loss of
catalyst activity. After this, the active Pt-O-Na sitesnain active over the time of the
stability test, Figure 3.20.

Overall, the stability of the alkali-promoted Pt-3iénd Pt-SiQ prepared in this work is
very good under realistic WGS conditions, and the materials mdyrther optimized for
practical applications.

3.4 Summary

In this Chapter we showed strong evidence that alkali ions (Nadd@dain small amounts
activate Pt for the low-temperature WGS reaction even wherPths supported on inert
oxide supports, such as Siénd AbOs. Interestingly, these materials are as active asCeO
supported Pt catalyst which is arguably one of the most actiadysis for the WGS

reaction.

Various characterizations have been conducted to understand the pronfietbn As

demonstrated by TEM images, the presence of alkali ions supptkeedesmetal particle
growth during the thermal treatment step, a beneficial stalcaifect which has been
reported before. Using the most advanced ac-HAADF/STEM for i$tetitne in this work,

sub-nm Pt clusters and atoms were found to dominate the alkali-promoted Pt samples.
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H,-TPR probed a significant amount of reducible surface oxygen atelmperatures in
the alkali-promoted Pt samples, absent from the alkali-freeri@ateBoth XPS and
XANES showed that Pt species were positively charged in trai-alomoted surface.
Hence, the addition of alkali ions not only suppresses the growth parécles, but also

increases the fraction of oxidized Pt species, which is important for the VéGi®ne

Alkali ions also introduce surface OH groups, which are activdtgdthe CO at
temperatures as low as ~10Q, hence, the WGS reaction can now occur at low

temperature.

The apparent activation energy over all Pt-based catalyststhe same range, 70 £ 5
kJ/mol, independent of the oxide support and additive. A common sitg(@HI)-M is
proposed to be the active site for the WGS reaction in all Ptlzasalysts. We probe this
further in Chapter 4.

The WGS reaction stability of the alkali-promoted Pt catalyis very good. The
characterization of the used samples reveals that alkalcamstabilize the dispersed Pt
species (HAADF/STEM), while XANES and XPS show that a paRtafemains electron
deficient even after several hours under the WGS reaction at readistiitions.

Considering the cost and deactivation problem of Pt.-Ce@ believe that the alkali-
modified Pt catalysts on inert oxide supports are more promisinghtorfuel cell

applications. Of course, further development is in order, espemalgduce the amount of
Pt to much less than 1 wt% while retaining the same high igctRotentially, a different
synthesis method whereby all Pt will be atomically dispersed andiztdlan any of these

supports with the aid of a suitable additive should be developed next.
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Table 3.1 Physical properties of Pt-based catalysts

Bulk Surface

Samplé Composition concentration Surface Area Pt Particle

(at.%)? (at.%)" (m?g) Sizé (nm)

Pt Na K Pt Na K

0.6Pt-ALO; 0.6 1.0 -- -~ 176.4 5.2t1.6
2Na-0.6Pt-AJO3 0.6 174.7
6Na-0.6Pt-AJO; 0.6 164.8 2.1+0.8
9Na-0.6Pt-AJO; 0.6 0.5 18.7 -- 146.6
2K-0.6Pt-ALO; 0.6 168.1
6K-0.6Pt-ALO; 0.6 0.7 - 7.3 154.8 2.5+1.2
9K-0.6Pt-AbO; 0.6 131.0
0.8Pt-SiQ 08 - - 07 - -- 187 48+1.2
1Na-0.8Pt-SiQ 08 12 - 05 17 -- 171 22+0.7
3Na-0.8Pt-Si@ 08 31 - 05 42 -- 158 20+04
5Na-0.8Pt-Si@ 08 47 - 07 54 -- 146 1.8+0.3
1K-0.8Pt-SiQ 08 - 09 186 22+05
3K-0.8Pt-SiQ 08 - 25 0.6 -- 3.3 161 1.7+0.3
5K-0.8Pt-SiQ 08 - 46 143 1.7+03
1Pt-3Na-SiQ 0.3 39 -- 172 16+04
2Pt-3Na-SiQ 0.7 3.7 -- 148
3Pt-3Na-SiQ 1.2 21 -- 128

a: Designed concentration confirmed by ICP-OES analyses.

b: determined by XPS.

c: platinum particle size distribution was done from a survey of 50 particles

*. the sequence of impregnation of Pt and the alkali is denotpthting the species impregnated

first next to the oxide support.
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Table 3.2 H-TPR of Pt-based catalysts

H, Consumption Reduction
Samples
(Umol/geay) Peak Temp. (°C)
Al,O4 -- No reduction
Al,0s-6Na 1187 510
0.6Pt-AbOs 177 ND
0.6Pt-AbOz-2Na 302 240
0.6Pt-ALOz-6Na 1875 185
0.6Pt-ALOz-9Na 2778 176
0.6Pt-AbO3z-2K 292 240
0.6Pt-AbO3z-6K 1737 250
0.6Pt-AbO3-9K 3625 246
SiG, -- No reduction

3Na- SiQ 1237 510
0.8Pt-SiQ 83 ND
1Na-0.8Pt-SiQ 201 ND
3Na-0.8Pt-SiQ 406 227
5Na-0.8Pt-Si@ 717 216
1K-0.8Pt-SiQ 281 ND
3K-0.8Pt-SiQ 414 245
5K-0.8Pt-SiQ 1145 281
1Pt-3Na-SiQ 450 180
2Pt-3Na-SiQ 725 152
3Pt-3Na-SiQ 470 170

ND: no discernible peak up to 400 broad reduction.
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Table 3.3 Effect of Na-addition on the fraction of surface Pt in various oxidabin

states

XPS-determined Pt in various oxidation states (%)

Sample P Pt* Pt*

3Pt-SiQ 40.5 35.9 23.6
3Pt-5Na-SiQ 11.2 40.5 48.3
3Pt-3Na-SiQ 26.5 34.6 38.9
2Pt-3Na-SiQ 10.4 33.4 56.2
1Pt-3Na-SiQ 2.9 39.4 57.7

*By deconvolution of the RtXP spectra.
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Figure 3.1 WGS light-off-profiles (steady-state data) of Na-modift@ 3O, compared
with that of Pt-Ce@ measured in 2%C0O-10%8-He gas stream, contact time: 0.09
g.s/cc. [17]
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Figure 3.2 HAADF/STEM images of (A) 1Pt-3Na-Si@ashed and (B) 0.6Pt-6Na-Al;
parent samples. Squared are sub-nm clusters in (A) and Pt ions in (B).
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Figure 3.3 HAADF/STEM images and Pt particles size distobut (A) 1Pt-SiG and (B)
1Pt-3Na-SiQ washed.
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Figure 3.6 H-TPR of 3Na-SiQ samples with different Pt loadings.
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Figure 3.7 TEM image of 3Pt-3Na-SiO
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Figure 3.12 WGS steady-state light-off performance of Pedbaamples. Gas composition:
2%C0O-10%HO-He.
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Figure 3.16 WGS reaction rates over Pt supported on alumina. Gas composition: 11%CO-
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26%H-7%CQ-He, 207 ml/min, at 27%C, contact time: 0.03 g.s/cc.
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Chapter 4 Mechanistic study of alkali-promoted Pt atalysts for the low-

temperature WGS reaction

4.1 Introduction

In Chapter 1, it was discussed that oxidized Pt species @areriactive sites for the low
temperature WGS reaction [1, 2]. Both strong metal-support intenadtl] and
coordinatively unsaturated sites (cus) on small Pt nano-partides) ([3] have been
proposed as crucial to create and stabilize such Pt-O spédigswhile for (cus) sites on
Pt NPs the support would not be important. Reversible changes Rt tiv@dation state
and nanostructure on a ceria supported Pt was observed under diffesntent
atmosphere, oxidizing/reducing conditions, which is evidence of the stnd@gation
between oxidized Pt and Cgtat involves the reversible formation of a Pt-O-Ce bond.
The bound Pt-O-Ce species stabilize Pt against sintering. Adgoegated Pt particles
formed by destabilization in reducing conditions can be redispergdtedtment in an
oxidative atmosphere [6]. The reducible oxides provide superior meiabtunteraction
than the inert oxides, for example, Ge&>TiO, > Al,O3 > SIiG, [7]. A lot of effort has
been devoted on dispersing and stabilizing the precious metals on thetsumppor
optimizing the synthesis approaches [8-13], modifying the supportsripusareatments
[14-16] or by additives [11, 17].

Recently, Mavrikakis and co-workers [18, 19] revised the redox amesim to a carboxyl-
mediated mechanism, as CO is proposed to be oxidized by OH groegtsydiather than
by oxygen atoms adsorbed on Pt (111). While as discussed in Chaptee is tsidl no
agreement on the WGS reaction mechanism, the presence of d&diss/ely important
for both reaction pathways.

Thus, WGS reaction catalysts should contain highly dispersed Pt sites, whicsitinely
charged, and must be able to activate the dissociation@ftéigenerate OH groups for

the reaction.

Recently, researchers at the Pacific Northwest National b&drgr[14] have reported that

coordinatively unsaturated &l Centers were binding sites for active catalyst phases of
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platinum ony-Al,0O3;. With low 1 wt%) Pt loadings, Pt is atomically dispersed on the
support surface (Pt/Alena= 1). When the loading of Pt exceeds the number Bhdk
sites, 2D PtO rafts form. And it was proposed that it was eakémtdevelop synthesis
methods that allow for the systematic and controllable variatidgheohumber of &rpema
sites, ultimately enabling to tailor the dispersion and morphology heckfore, catalytic
activity of active metals on the commonly usedl,Os; support [14]. It was reported by
Yoshidaet al. [20] that Pt particles could be dispersed and stabilized oni@a sagsport,
such as MgO, through the formation of atomically dispersed platisatiens.
Panagiotopouloet al.[21] attributed the enhanced low-temperature WGS reaction activity
of NM-TiO; catalysts (NM (noble metal) = Pt, Ru, Pd) promoted with smatiuans of
alkali metals (X = Li, Na, K, Cs) on the TiGupport to an increase of the number of the
“permanent” strong metal-support interaction sites. Mallinson amdorkers [22, 23]
reported that with Na addition, Pt in Pt-Li@as more oxidized by Pt electron donation to
O in NaQ through Pt—O-Na linkages. The strong metal-promoter interactions provide
highly active sites for the WGS reaction at the peripherph@fft—NaQ@particles and also
inhibit the sintering of Pt particles.

Moreover, alkali additives are known to favor the dissociation &.FCampbell and co-
workers studied Cs-modified Cu (111) [24] or Cu (110) [25] for the WE&&tion.
Promotion by cesium was found and attributed to a mechanism whesertaee Cs-O
complex participates directly in the dissociation of adsorbgal Hh other work, Kuriyama
et al. [26] have reported that potassium doping enhanced the OH coverage tiOPt-A
with FTIR, which led to the promoted activity for the PROX reaction.

On the basis of the above literature reports, and our own findirggsoafy promotion of Pt
catalysts supported on wither alumina or silica for the WGStiogacas discussed in
Chapter 3 of this thesis, we further investigated the promoti@ctdiere to probe and
identify the nature of the active sites, and propose a plausibitoregpathway. The
experimental evidence was provided to our collaborators at the UtyvefsiVisconsin

(Mavrikakis group) who came up with a working structure for thevadite that captures

all the properties observed experimentally [27]. Our findings are detailbi ichapter.
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4.2 Materials and methods

The catalyst samples listed in Table 3.1 and examined forW@®B reaction activity in

Chapter 3, were further investigated here.

The various alkali (alkaline-earth) ions M-Pt-Si€amples were prepared by a two-step
IMP method, as described in Chapter 2. In exploratory studies, wel finat the Pt
loading methods and the sequence of the Pt (Na) impregnation hadctoeftather the
physical properties or reactivity of the samples. So here wretise same Pt loading on
all alkali-modified samples, the Pt precursor was added &fieMt nitrate impregnation.
M stands for lithium (Li), sodium (Na), potassium (K), cesium (@sagnesium (Mg),
calcium (Ca), and barium (Ba). The nitrate salts were used in all easkthe Pt precursor
was Pt(NH)4(NOs),.

New samples with a lower Pt loading, 1 wt%Pt-S{0.3Pt-SiQ) were prepared by the
IMP method. Na (K) was added on the dried Pt samples atatifféla (K):Pt ratios by
sequential IMP using NaN{QKNOs) as the precursor.

All the samples were calcined at 480 in air for 4 h before testing. These samples are
denoted asPtfNa/K-Si0,, wherea is the atomic percentage of Pt, ghds the atomic
ratio of Na(K) to Pt.

Selected calcined Na-modified samples were washed withvBtér to remove excess Na,
i.e. any Na not associated with the Pt. The sample in powder fosnsuspended in a
sufficient amount of D.I. water. To study the influence of waskimg on the Na removal,
the suspension was stirred at room temperature for 1, 5, 20, or 60 spectreely. To
investigate the influence of temperature on the Na removal, samples were washed
with D.I. water at 70°C for 60 min. This was followed by filtering the suspension and
drying the solid at 66C under vacuum overnight, further calcining it in static air at®@0
for 4 h before testing. A heating rate of@min from room temperature to 46G was

used.

Catalysts were characterized by ICP, TEM/HRTEM and a&BIFSTEM, XPS, CO
chemisorption, CO-TPR, DRIFTS (by Professor Frederic Meuaiethe University of

Caen, France), and XANES, including time-resolved in situ XANE&surements.
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Catalyst activities were evaluated for the WGS reaction umdaous conditions that
included product-free and full reformate gas mixtures. Temperptogrammed-surface
WGS reaction (TPSR) tests were also conducted to follow thetioa light-off and
catalyst activity and stability under dynamic conditions.

4.3 Results and discussion

4.3.1 Active sites for the WGS reaction
4.3.1.1 Na association on the Pt sites

One of the main questions how alkali ions modify the Pt catalystshBy modify the
support surface only, making it like a reducible oxide? Or do they yntukf Pt species

and associate with them in a way that would be similar on any support?

Since alkali nitrate or alkali oxides are all highly solubl®.b water-washing treatment
was conducted on selected Na-promoted,I0Pt-SiQ samples to check how strongly
Na bind with the SiQor Pt-SiQ materials.

As shown in Table 4.1, the interaction of Na@th SiG, or Al,O3 must be a weak one, as
Na is easily removed by D.l. water from the modified Befsupports (the parent samples
had been calcined at 40C in air for 4 h prior to washing). However, when the Na-
modified Pt-SiQ samples, heat-treated the same way, were washed, notradl lfitwas
removed. No Pt was found in the washing solution. Interestingly,|seefeund that the
washing temperature and time had a negligible effect on the rdoaien of the residual
Na (K) on both the Pt-free and Pt-Na (K)-Si@ Al,O3; samples. The residual alkali is
then attributed to the interaction of the alkali with the Pt ggeice. to strong Pt-(ONg)
interaction, resisting washing. This is a direct manifestatigstabilization of both Pt and
Na (K) species on the silica or the alumina surfaces. The former ahtisgtstd in Chapter
3, e.g.in Figure 3.2 and 3.3 by the Pt clusters and atoms stabilizdwe atkali, while the
latter is shown by the inability to wash away all the alkedm the surface in the

experiments performed here.

Table 4.1 shows the residual amounts of K@ the same Pt loading on Si@hen

different atomic ratios of Na:Pt were used. No Pt was loshglaihe washing of any of the
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samples. Clearly, most of the Neas associated with the Pt species in the sample with
Na:Pt = 1:1, from which only a small portion of the Na ions could ashed off. With
higher Na:Pt ratio as 3:1, after washing, the amount of resitma bigger, which means
that the 1:1 Na:Pt ratio did not provide enough Na to interact witRttlspecies. This can
explain why the WGS reaction activity of the latter is iitfleto the sample with Na:Pt=
3:1, as shown in Figure 4.1. At an even higher Na:Pt ratio, 6:1bara of the residual
Na' after washing is close to that in the washed 1Pt-3Na-Si@s demonstrates that there
is an optimal Na:Pt ratio, which provides efficient interactionveenh N& and Pt species,
maximizing the amount of the active sites for the WGS rea@nd preventing the loss of

Na ions during the washing treatment.

When a fixed amount of Na, 3 at%, was applied, the Pt loading wastexdljfo match the
maximum Pt-O-Na interaction. However, it was found (Table 4.1 tte residual Na
content did not increase with the Pt loading, indicating that thexg Ibe a surface
saturation for the total amount of metal (Pt and Na) added; dltestyathe limitation may
be in the preparation technique (IMP). It was shown in Figure 3.7hhd&ttparticle sizes
increased with the Pt loading. Therefore we suspect that Namagsonly be able to
decorate the small Pt clusters and atoms. The major port®npairticles on the 3Pt-3Na-

SiO, sample is thus Na-free.

XPS data in Figure 4.2 shows that the Pt oxidation state in botbateat and washed
samples is identical. Therefore the residual Na in the washed samplesigh ¢o keep the
Pt species dispersed and in nonmetallic state and the washieggpras no effect on the
oxidation state of Pt. Thus, there is a certain number of Na hansnteract directly with
the Pt, and are non-washable. Above this number, the extra Napartrd catalyst plays
no role, is weakly bound and washable. The extra Na ions could be laratedPt-free
SiO, region or be close to the Pt species, but at a certain distdrectatier hypothesis can
explained by the DFT calculations [27], where alkali ions fornairsgcond shell around Pt
atoms do not directly affect the Pt oxidation state and should nogaplayole on the Pt

activity.

As shown by BH-TPR in Table 4.1 and Figure 4.3, the ¢dnsumption on the washed Na-

modified Pt-SiQ surfaces dropped dramatically. The reduction of surface oxygdrein t
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washed samples ended at relatively low temperatures (£G30melow the onset of the
reduction of the Na-SiOsurface. Apparently, none of that species remained after the
washing. Thus, the residual Na must be tightly bound to the BtrGcture, while the
associated with just the support is removed after washing.

Figure 4.4compares the CO-TPR of parent and washed samples. The wasémg
removed the high-temperature surface oxygen associated witkttaeNa. The important
feature here is that the onset of pfoduction, which is also the onset of the WGS reaction,
and the total amount ofHproduced are the same for both the parent and washed catalysts,

proving that the active sites are of the type Hi&®1),-Na.

The amount of surface oxygen remaining after washing corresporbds active oxygen
and leads to a Na:O atomic ratio=1:1. The surface oxygen amoannheasured by CO-
TPR, Table 4.1, and is in agreement with the surface oxygen meadsyreb-TPR.
Because the surface Pt amount measured with XPS (Tablendlides the contribution
from Pt nanoparticles along with the atomically dispersed Picameot use the surface
Na:Pt ratio measured by XPS (Table 4.1) as the real optifladet atomic ratio. We can
only use it as a lower bound; on this basis, the active sites cengprisast 3 Na atoms
associated with each Pt atom. By integrating the amountygfeoxreduced in the range of
100-300°C, we calculate a value of OH:Pt between 2 and 3 (Table 4.1).

Considering the same oxidation state of Pt species, the ldfgeedce of total surface
oxygen amount, but the same active OH amount in the parent andidveashples, we can
conclude that washable Na ions (and associated oxygen) in the pameples are only
weakly bound on the SgG&upport and not involved in the WGS reaction pathway. There is
a certain Na:Pt ratio, which keeps Na strongly and effectimsBociated with the Pt-
O«(OH)y species, and prevents this part of the sodium from washing awdythese sites

are the active sites for the WGS reaction.

Notably, the parent and washed samples showed identical WGS reactivity in a
realistic fuel gas stream, as can be seen in Figure 4.1réQuk further supports the Pt-
O«(OH),-Na sites as the active sites for the WGS reaction [27].

90



4.3.1.2 The oxidation state of Pt in the active sites for the WGS reaction

As discussed above, it appears that only Pt atoms or few-atotarslaan associate with
alkali ions to create active sites for the low-temperatu@SWNeaction. High Pt loading
leads to the formation of Pt particles, which are spectptmias and most probably would
not associate with the added alkali ions. Because of the coeristériRt particles with

atoms/clusters, it was not possible to precisely follow thetigarelevant active site
structure experimentally and determine the optimum ratio of hh:Rilkali-promoted Pt

samples with high Pt loading,g.1 at%.

It was next attempted to lower the amount of Pt and dispersdtér o the silica or
alumina surfaces. According to a recent publication [14], with mifecalcination, Pt
could be fully dispersed oprAl, O3 with Pt loading lower than 1 wt%. Here we prepared
0.3 at% (1 wt%) Pt on the fumed silica support.

CO chemisorption was used to characterize the surface Pt giliispeA linear CO
adsorption on Pt (CO:Pt = 1:1) was assumed for the dispersionat@oullhe Pt species
were fully dispersed on Sieven without alkali-modification. Therefore we had an ideal
system to begin with. Na ions were applied to modify the-disppersed Pt species. With
Na modification, Pt dispersion was decreased to about 80%, but tease could be
attributed to the change of the CO adsorption mode on Pt, from linearidged
adsorption [28], and also possible coverage of Pt by Na instead ofdhegation of Pt
particles. As shown in Figure 4.5 with Na promotion, the sampte W8% Pt loading is
almost as active as the one with 1% Pt loading for the WGSiaeaat temperatures
higher than 206C, indicating a more efficient use of Pt in the former. The ida-0.3Pt-
Si0; is not active for the reaction up to 3%D even though it contains fully dispersed Pt,
at least initially. Hence, the active sites are not RisO species. Na is needed to provide
OH groups and render the Pt active. In Figure 4.5, the correspondihgdisamples have
the same catalytic activity as their parent samples, wkiclbrsistent with the findings in

the last section.

The intensity of the white line in XANES directly reflecteetelectron deficiency of the
absorbing atom. In this work in situ XANES and time-resolved QuicikNES of samples

under either WGS reaction orj¥eduction conditions, were applied to identify the
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reaction-relevant Pt oxidation state in the alkali-promotedcaalysts for the WGS

reaction.

The in situ XANES at Pt |,-edge was collected in the transmission mode in He at room
temperature after different treatment conditions, namely fieesprepared), used (after 1 h
WGS reaction condition, 1%CO-3%8-He, at 275C), reduced (the fresh samples were
pre-reduced in 5%jHHe at 200°C for 2 h), and used reduced (the reduced samples were
seen 1%CO-3%D-He at 275°C for 1 h). The X-ray absorption edge energy was
calibrated with Pt foil at 11564 eV. The reported XANES data wezeaverages of three

scans and no changes were detected between the first and last scan.

All fresh samples with 0.3 at% Pt loading have the same whiténli@esity and Pt species
are in more oxidized state, compared with Pt foil, as showrnguwr&i4.6 (A). As found by
CO chemisorption the 0.3 at% Pt was fully dispersed on thgssigport even without K-
promotion. Therefore it is reasonable to find oxidized Pt on all samfpilso, the washing

procedure did not affect the Pt oxidation state.

In 0.3Pt-SiQ, Pt species are as dispersed as those in K-promoted ones. How«Si€x, P

is not active for the WGS reaction up to 380 while the K-promoted sample is activated
below 150°C. Thus, both the oxidized Pt and the K-associated OH groups are bo#i cruci
to initiate the reaction. CO-TPR was used to titrate thieas2ilOH groups. The CO-TPR
profiles in Figure 4.7 show that even with fully dispersed Ptispeon the Si@surface,
there are no active OH groups, and the reaction does not light-off. @th#rehand, C®

and H are readily produced on the K-promoted sample.

Numerous investigations have been carried out to study f@edi$sociation on metals,
such as Cu, Au, Ni, and Pt [29, 30]o( dissociation on Pt is not favorable. Thus, on
0.3Pt-SiQ, even though Pt was fully dispersed on the surface, neither tliteshar the
SiO, surface could dissociate,® and supply active OH groups for the WGS reaction
pathway. Conversely, because of the hydrophilic properties of the alka)iK additives
assist the dissociation of,@ and provide the surface OH groups needed for the reaction
pathway. In the presence of Pt, these are activated by COvéoHyiand CQ at

temperatures lower than 180, as shown in Figure 4.7.
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After being exposed to the WGS reaction grredduction, the white line intensity of Pt at
L -edge decreased. The same trend was observed over all sangples4F6 (B) and (C)
show the plots for K-free and K-promoted samples as examplesthBuivhite line
intensities over all the used or reduced samples are stillrhigae those over Pt foll.
Figure 4.6 (D) further compares the XANES over the usedystdéalv/o K additives. It is
shown that after exposure to the reaction gas at°€7for 1 h, the Pt species in K-
promoted catalyst are more electron deficient than those iK4inee sample, which
means the reaction or reduction destabilizes and reduces thera&dhtQ species, while
the K-promoted Pt-O species are stable and responsible to theefongatalytic stability
shown in Chapter 3, Figure 3.18 and 3.20.

It is also worth mentioning that the white line intensities pfirPthe used samples in
Figure 4.6 (C) with or without a Jpretreatment are the same. Thus therdduction

treatment should have no effect on the formation or stability oPtleetive sites. Indeed,
activity tests show that the fresh and pre-reduced K-promoted G@Ps&nples have the
same WGS reaction activity. Therefore it is concluded ¢itfaér than introducing OH
groups to the surface, K ions also inhibit the reduction of the oxidizeghecies during
reduction or reaction conditions and keep Pt in oxidized state itotaimathe catalytic

activity for the WGS reaction.

It is also important to follow the Pt active structure evolutionrduthe WGS reaction and
various treatments. Time-resolved Quick-XANES was performedoldtain such

information.

The time-resolved in-situ Pt oxidation state changes in 0.3F36K-during H-
pretreatment was monitored by Quick-XANES at the fteldge, as shown in Figure 4.8.
The while line intensity experienced a significant drop below°@and became constant
afterwards, most probably because of the reduction of the adsorbed surface pegiEs) s
as confirmed by the COproduction during CO-TPR under 16Q (Figure 4.7), while
these oxygen species are not involved in the WGS reaction. Thizsthlbvhite line
intensity is still higher than which of Pt foil, which shows a partially oxidizate of Pt.

A H,O-treatment at 27%C for 10 min was able to re-oxidize the Pt species to soteatex

as shown in Figure 4.9 with the slightly enhanced white line inten&ite higher but not
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constant white line intensity, appearing at the beginning ofetbte should be ascribed to
the unstable physical adsorption of(Hon the Pt sites. When the surface was saturated
with OH groups from the dissociation ot®, the white line intensity became constant.
Deng et al. [31] reported that the oxygen potential in the gas stream codtrtike
oxidation state of Au in Au-Cefxatalysts for the WGS reaction. The same may be true
for Pt catalysts as well. The;8-containing gas stream has higher oxidation potential than
the H-containing stream therefore a higher oxidation degree/electrazietiely of Pt is
expected with the $D treatment.

After CO was introduced into the,8-He stream, Figure 4.10, the intensity of the while
line was not changed, which means the electron deficiency ofPnamtained during the
reaction condition. CO adsorption over alkali-modified samples has loega to be
weaker than on unpromoted Pt [32], which means lower electron donationi.® Rss
effect on the oxidation state of the Pt species from the CO muasgras shown by
XANES.

On the basis of the above findings, the dispersed and partiallgzedi&it species with the
incorporation of OH groups in the alkali-promoted Pt-Sa@ the active sites for the WGS
reaction. In reducing gases, reduction and sintering of the al&alidispersed Pt clusters
and atoms takes place, but the Pt-O species associated withakalill be stabilized

and exhibit catalytic activity and stability in the WGS reaction, asudssxd in Chapter 3.

All this experimental evidence was used to arrive at plaustbletures of the active sites
by our collaborator, Prof. Manos Mavrikakis and his research groupediittiversity of
Wisconsin, Madison. Using ab initio Molecular Dynamics, they modisledtructure as a
spherocentric cluster of one Pt atom in the center surrounded bys8ipotatoms, linked
to the Pt with 4 oxygen and 2 OH; R®4(OH), [27]. This site preserves Pt in an oxidized
state, adsorbs CO weakly, and dissociates water with verg ktlergy (almost
thermoneutral dissociation). Its properties are similar to Cu (Idi® of the best WGS
catalysts. One could derive a few other similar structureg twf data, but the point is
that single-site Pt, multinuclear clusters containing the potassons and active OH

groups are predicted as the active sites without any limitation from tpers{@7]. This is
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an exciting finding that should be pursued further for other ali<adi even other metal

centers, and is a main recommendation from this thesis work.

4.3.1.3 Regeneration of surface OH groups

Alkali additives are known to favor the dissociation gDHHere, we examined the effect
of alkali addition to the properties of surface OH groups on the (B-Eatalysts.
Considered as the reactant involved in the WGS reaction pathwagctilie OH groups
must be regenerated on stream and at low temperatures to haefeetive low-
temperature shift catalyst. As mentioned above, being highlyopkdic, alkali ions
should be able to facilitate the adsorption and the dissociation ,6f Wt high
temperatures (>300C) they can do this without a metal,g. on the alumina surfaces
studied by Amenomiya and co-workers [33]. Pt addition shifts theaticn to low
temperatures, as shown by Pierre [34] and in this thegidsigure 3.4. To investigate this
further, cyclic CO-TPR with intermittent J@ treatment was performed. Temperature-
programmed WGS reaction was carried out as well to confirmeeneration of OH

groups on-stream.

To eliminate the influence of adsorbed surface oxygen speciessradarction was carried
out before the cyclic CO-TPR. It was shown in Figure 4.7, tlekthre no active surface
OH groups on the alkali-free 0.3Pt-SiQVith Na-promotion, the surface OH groups were
introduced and begin to react with CO at around AD0as can be seen in Figure 4.11.
Cooling the sample in He to room temperature, a second cycle @@@EPR begun
without any treatment, which checked that the surface OH groupsbhéea almost
completely depleted during the first cycle, and neithep 6@ H, was produced in the
second cycle. However, if a water-vapor treatment at room tamope for 30 min
preceded the second cycle, a complete recovery of the ab® H production was
observed as shown in Figure 4.11. Therefore, the alkali additives dotlfevadsorption
and dissociation of $#0 at low temperatures, rendering quick regeneration of the active
OH reactant for the reaction. As is evident in the WGS-TPS&urement, Figure 4.12,

the onset of the reaction is the same as the onset pfoduction in CO-TPR. In addition
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with on-stream supply of 0, OH groups were regenerated simultaneously and the

catalytic activity of alkali-promoted Pt-Sj@vas maintained.

Therefore, we have shown that other than keeping the Pt irzedidiate, alkali ions also
facilitate the adsorption and dissociation giOHto provide the OH groups for the WGS

reaction.

4.3.2 Comparison of promotion effects with different alkali/alkaline-eath ions

We have noticed that when the Pt loading is fixed, when the saimefalkali ion to Pt,
Na:Pt or K:Pt is used, the reducible surface oxygen specittge da-modified sample are
less than K-modified sample over the entire temperature range, itvis more reducible

at lower temperatures. In turn, Na-promoted catalysts are awtve than the K-promoted
ones for the WGS reaction. This is shown in Figure 3.4, 3.5, and 3.12 in CBapter
Potentially it could be due to sub-optimal ratios used or thgydadave from the different
nature of each promoter. Panagiotopoulou et al. [21] investigated teeediffpromotion

of Li, Na, K, and Cs on Pt-TiDand found the promotion effect was in the order of
Na>K~=Li>Cs. A volcano-type dependence of intrinsic reaction rate omchbaisorption
strength of the active sites toward hydrogen was proposed. Whdmexkarth metals
were applied, the promotion effect followed the order of C&&G > BaO > MgO [35].

It was claimed that the additives did not alter the reactiogharesm or the rate
determining step, but mainly favored the formation of active smethe WGS reaction,
Pt-o<Ti>*. From both the fundamental and the practical viewpoint, it would beesting

to evaluate and rank order of the promotion effects from other alkalkaline-earth ions

to find the most efficient additives for the Pt-based catalysts used in tiis wor

M-promoted 1Pt-Si@ samples were prepared by the two-step impregnation method
described in Chapter 2, where M= Li, Na, K, Cs, Mg, Ca, Baxédfiatomic ratio M:Pt =

3 was used here for the 1 at.% Pt loading. It is important td pat that the D.l. water
washing treatment has no effect on the Pt oxidation state activity of the M-modified
samples. And from our earlier work described above, the residuaiv@simable) Na or K
ions associated and stabilized by Pt-O are the active promibkeresxcess Na plays no role

in the reaction. Hence, the following discussion is focused ow#shed M-modified
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samples only. Figure 4.13 displays the steady-state WGSoreaate over the washed M-
modified 1Pt-SiQ samples. Clearly all the M ions boost the 1Pt-Si@r the low-

temperature WGS reaction. The apparent activation energies bwamnglles are in the
same range, 70 £ 5 kJ/mol, which indicate that the same W&S3an pathway is shared
by all Pt-based catalysts. The difference in the reactitas imay be merely due to the

different concentration of the active sites on each sample.

In Chapter 3, it was noted that the WGS active site in Pt-baat/sts may not depend
on the support or the type of promoter used. The zero activity ®id3tallows us to count
the active sites created by each additive without interferehdet-support interaction.
Finding the same turnover frequency (TOF) for the WGS reaai@r various M-
modified Pt-SiQ would be a more convincing way to claim a support- or additive-
independent active site for the Pt catalysts. Due to the difficnl measuring the Pt
dispersion by chemisorption or XPS, as mentioned in Chapter 3 andfsn@a groups
are part of the active site [27], the active sites weliemattd here in terms of the amount

of active OH groups in the low temperature range.

As discussed in Chapter 3, K-modified Pt-gii@haves a little differently from the Na-
modified ones, as the same amount of K ions leads to more redugitsleesoxygen on
SiO,, but the center of the reduction peak shifts to higher temperaturesdHied
samples show lower catalytic activity for the WGS reactidmchvindicates that only the
low-temperature (< 208C) reducible surface oxygenrislevant to the removal of CO by
H.0.

H,-TPR profiles over the washed M-Pt-Si@aterials were collected and are shown in
Figure 4.14. The reducibility of 1Pt-SiGpparently differs with different additives. As
just mentioned, only the low-temperature (<29Geducible surface oxygen species are
relevant to the removal of CO by,@ in this WGS application. Based on the CO-TPR
over the washed 1Pt-3Na-Si@ Figure 4.4, the reducible surface oxygen at temperatures
lower than 100°C is mostly probably responsible for just the dry CO oxidationleathie
oxygen reduced above 16C comprises the active OH groups for the WGS reaction.
Therefore deconvolution of the reduction peaks #THR (Figure 4.14) was carried out to

separate different kinds of oxygen species. The amount of reeluckyigen species
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centered between 100-180, which contains the active OH groups, is listed in Table 4.2.
These OH groups are counted as active sites for the WGSoreantl the reaction rate
was normalized by the amount of these OH groups to calculatEQReover Pt-SiQ
samples with various additives. Figure 4.15 shows that normalizingdb#on rate by the
active OH groups, brings the Arrhenius plots over M-Pt,&@mples into a single line.
The TOFs over M-Pt-SiOmaterials for the WGS reaction at Z8Dare compared in Table
4.2. Similar TOF is found over Pt-Ce@®], which further demonstrates that the alkali or
alkaline-earth additives as well as ceria create siraitéive sites on Pt catalysts for the
WGS reaction, and the structure of the active site,£D#), appears to be both support-

and additive-independent.

Using the total OH as a scaling factor may be inaccurategufe, as perhaps not all of

the OH is regenerable.€. active) on the catalyst surface. But after washing, and after
reduction step (followed by room temperature rehydration), courtimgdtive OH by the
CO-TPR technique is proposed as a good, complementary method to IR and othe

spectroscopies that could be used for the same purpose.

It is clear that with the same M:Pt ratio, different allal alkaline-earth ions associate
with the Pt sites differently, creating different amounts ativa sites in the investigated
temperature range. As these additives are different in seeyaiegativity, or basicity,
the optimum ratio of M:Pt, providing the most effective promotion feating active sites,
should be different for each additive. Since they are all highdydphilic, the dissociation
of H,O and regeneration of OH groups over alkali/alkaline-earth modifiesitd3 should
not be an essential concern in the design of new catalysts. HowevViexd the optimum
M:Pt ratio, which efficiently decorates all the Pt sizesl stabilizes them, is a major

undertaking recommendation to be addressed in future work.

In this thesis work, some preliminary work was done to checkeffext of various
additives on the Pt oxidation state. XPS and XANES measuremenés conducted to
check the effect of additives on the oxidation state of Pt spéagese 4.16 shows the XP
spectra at Bt in some of the modified samples. In the presence of the promniutePRt
peaks shifted to higher binding energies compared to those of the bare,Rixdtating a
higher oxidation state of the promoted Pt species. Such eflemtfismed by XANES, in
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Figure 4.17. The XANES was taken over the fresh samples inAHehe additives
enhance the electron deficiency of the Pt species supportedaan adishown by higher
white line intensity at Pt L. edge, compared with that of bare Pt-5iQhe different
promoters modify the Pt oxidation state to a different extentevelirrently available data
are not enough to provide a solid plausible explanation. More cargfitihesis and
characterization are required to obtain detailed information alweudifference of Pt
oxidation states caused by the additives. The following discussiordpresime thoughts
regarding the different effect of various additives on thexRlation state, and it also give

a possible explanation for why the promoter-stabilized, Bt@ore stable than Pt@lone.

In 2003 Hattori and co-workers [36] claimed that the total edpbilic/electrophobic
properties of the support and additive controlled the oxidation stafatofum,i.e. higher
electrophobic property provided more oxidized platinum. The mechanisnmheof t
support/additive effect on the oxidation-stability of precious reetads discussed as it
came from the variation of the stability of the binary oxide doirtg the precious metals.
These binary oxides containing precious metals were moree dtadmh precious metal
oxide such as PtO and the conjugation with alkali and alkaline earths is especially

effective for stabilization [37].

oxidation binary oxide formation

Pt + MO, + 0, ——— Pt0, + MO, MPtO,

The decomposition temperature of the binary oxide containing platinlisted in Table

4.3 [36]. From this table we can deduce that the lower the elegatwiey of the
additives/supports, the more stable the binary oxide containing platinum. The
electronegativities of all studied alkali and alkaline-eartbateeare shown in Table 4.4. K,
Cs, and Ba are the metals with lower electronegativity thainof Na, which are supposed

to give more stable binary oxide and thus theoretically provide stabde active sites for

the WGS reaction. However, this deduction is not consistent with xperimental

reactivity data shown in Figure 4.13.

To explain this discrepancy, firstly as discussed above, the Mwglapay modify the
electron property of Pt species, keeping Pt species more db@ardan more oxidized
state, which may in turn influence the CO adsorption binding stremgtithen the WGS

reaction activity. Additives with very low electronegativitis®y over-compensate the
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properties of the Pt sites. Thgdod” stability of the binary oxide” may negatively affect
the ability of Pt species to serve as catalyticallyvactites for the WGS reaction. DFT
calculations are required to test this hypothesis and guide fultdsgn of the new
catalysts.

4.3.3 Reaction intermediates for the WGS reaction

As mentioned in Chapter 1, Davis and co-workers [21-23, 38-41]investigatedktie
promoted Pt on Zrg) CeQ, or TiO, catalysts and explained the alkali promotion as a
weakening of the C-H bond of formate species, the breaking of C-Hibahed formate
proposed to be the rate-limiting step of the low temperature W&aStion. In-situ
SSITKA-DRIFTS techniques were used to draw these conclusionsewgowwhile
formate species exist on these surfaces, they may not beatteon intermediates. The
formate mechanism for the WGS reaction on these Pt-baseygstatahs been challenged
by others [42-44].

Here we tried briefly to use in situ DRIFTS to examihe alkali-promoted 0.3Pt-SO
samples and see what species dominated the surface under in sittiom®ndihe
experiments were carried out by Professor Frederic Meati¢hne University of Caen,
France. When 2%C0O-6%B-He was passed over the washed 0.3Pt-Na-8i@50°C,
various Pt species were found, with distinct carbonyl bands as shypwine different
peaks in Figure 4.18. The peaks at 2049'@nd 1736 cm are assigned to linearly-
bonded CO to Btthe peak at 2180 chrepresents the CO adsorbed off Rand the peak

at 1938 crit is either due to CO adsorption on low-coordinated Pt or a bridged CO-
adsorption [45, 46]. With time-on-stream, the carbonyl on oxidizeddelily vanishes, the
carbonyl of Pt increases a lot, while the carbonyl on low coordination number Pt
increases a bit in Figure 4.18. Of course, we need also to difegeetiie OH groups on
the surface, but this was not easy to do from the presentidiggestingly, no formate

species were found on this sample during the course of the reaction.

Correlating the dynamic DRIFTS results with the reaction actiggyshown in Figure 4.19,
the oxidized Pt species appear to have the highest activityfdVGS reaction. However

they are not stable, and will vanish rapidly under the reaction ecamdiBuch rapid
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deactivation at the beginning of the test was reported in Chapkgure 3.18 and 3.20,
when the stability test was conducted in the reformate gaanstr&nd the Q-XANES
shown in Figure 4.8 also confirms a quick loss of part of the oxidizegdeies as soon as
the sample was exposed to the reducing gas stream. The quickarddi¢hie oxidized Pt
species could be attributed to the reduction of alkali-freg Bit€s, which are unstable as
just discussed in the last section, or the reduction of alkali-lEansiRes, as suggested by
the DFT calculations [27], the charge of the Pt atom is stadilinly when there are more
than 6 potassium atoms around it. Therefore, optimizing the M:Btisatrucial for good

catalyst design, avoiding Pt overloading to efficiently stabilize theized Pt sites.

In Figure 4.6 (D) it is seen that the Pt species in the Ukati-modified samples are still
more electron deficient than those in the alkali-free sampkebilieved that these are the
sites stabilized by the alkali ions. In Figure 4.18 & 4.19, it is showat the “low-
coordinated” Pt species are stable throughout the activity Aestthey involved in the
reaction? It is unclear. The assignment of the carbonyl peak at 1938 om given as CO
adsorbed on low-coordinated Pt species, needs more investigation ie futuk.
Kuriyama et al [26] have reported that with the alkali-modification the Pt speacres
Al,O3 were in a electron deficient state and the CO adsorption woulcelkenwed over
these sites, leading to bridged CO-adsorption, which are more #utimethe linearly
adsorbed CO molecules. The metalli€ iBtnot active for the WGS reaction, based on the
data of Figure 4.18 and 4.19.

26%H, was added into the reaction gas stream to force the depletiaf’ oFiBure 4.20
compares the DRIFTS spectra of Pt-SMithout any Na additives. At the steady-state,
0.3Pt-SiQ gave a very low CO conversion as 0.3%. From the spectra,éaisthat there
is only one peak, carbonyl on°Pwvhich is not the active site for the reaction. While over
the Na-promoted sample, a CO conversion of 3.6% was recorded,paadk assigned to

carbonyl on “low-coordinated” Pt was captured.

As mentioned above, both Figure 4.18 and Figure 4.20 show no evidence of formate over
this SiQ—supported Pt sample, which clearly shows that formate speciesoarine
intermediates for the WGS reaction. Potentially the formgkecies found on other

supports are bound to the support, but are spectator species for theedtB&n, unlike
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what has been proposed by other groups [39, 47]. The carboxyl reactionypptbpased
by Mavrikakis and co-workers for Pt catalysts [18, 19] may be invakedplain the Na-
promotion effect. Accordingly, CO is oxidized by the OH groups andatkali ions
facilitate the dissociation of # to generate active OH groups for the reaction. The
energetic of carboxyl formation is more favorable than that dbremate [18, 19].
Additional IR evidence needs to be gathered focusing also ontitie @egenerable) OH
species and their depletion during reaction; and regeneration with prajesigned

experiments.

4.4 Summary

The strong Pt-O/OH-Na association in the Na-promoted Pi-&a@ples was determined
by a D.l. water treatment. D.l. water was effective taskv away the Na part weakly
associated with the support from parent catalysts after the’@@lr calcination, any
residual alkali is then attributed to the interaction with Ptigseg.e. to strong Pt-(ONa)
interaction. Pt oxidation states in the washed and parent saamplése same. The total
reducible oxygen amount on the washed sample is decreased companetiichtion the
corresponding parent sample, while the onset gpidduction, which is also the onset of
the WGS reaction, and the total amount efgfbduction are the same for both the parent
and washed catalysts. The parent and washed samples showed idg@Bateaction
activity in a realistic fuel gas stream. These evidences highlgexphnat the non-washable

Pt-O(OH),-Na sites serve as the active sites for the WGS reaction.

With the study on 0.3Pt-SgOsamples by the detail Quick-XANES and cyclic CO-TPR
analysis, it is concluded that the dispersed and electron positigpeetes with the
incorporation of OH groups are the active sites for the WGSioeacthe reducing
atmosphere will reduce and sinter the alkali-free Pt clustdrie those associated with
alkali ions will be stabilized and corresponding to the good dhakak discussed in
Chapter 3. The presence of alkali-ions also facilitates tisedation of HO and thus the

regeneration of OH groups, which in turn lasts the reaction.

Other than Na and K ions, alkali-promotion effect was also foundHh®yr alkali/alkaline-
earth ions, Ui, Cs, Mg?*, C&*, and B&". A significantly enhanced catalytic activity is
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reported over all modified Pt catalysts on Si@®n support- or additive-independent Pt
active site, Pt-QYOH),, is proposed in the Pt-based materials for the WGS reaction. The
presence of the alkali or Ce ions is important to stabilize ¢heeaPt sites, but the host

oxide does not participate in the reaction.

No formate species were observed over theSiPported catalysts by DRIFTS. The
carboxyl reaction pathway is applied to explain the Na-promotion effect. ThieoadtiNa
ions keep the Pt in an oxidized or electron deficient state, active sites for the WGS
reaction, and facilitate the dissociation ofCHto regenerate active OH groups. CO is
oxidized by OH groups, and this step is the rate limiting step for the W@ttreaver Pt-
SiO, samples.
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Table 4.1 Physical properties and reducibility of parent and washédPt-O-Na-SiO,

samples.
Bulk Surface Surface
N _ Surface Surface Surface
Composition  concentration [O]
Sample N 4 Na/Pt Na/O [OH)Pt®
(at.%) (at.%) © (umol/gex)
Pt Na Pt Na
3Na-SiG 0 3.0 0 500 -
3Na-SiQ Washed -- trace -- --
1Pt-1Na-SiQ 1.0 0.3 0.9 210 -
1Pt-1Na-SiQ 1
0.7 0.4 0.5 185 1221 1:15 2:1
washed
1Pt-3Na-SiQ 3.0 0.3 3.9 450 -
1Pt-3Na-SiQ 1
1.6 0.4 1.2 245 3:1 1:1 31
washed
1Pt-6Na-SiQ 6.0 0.5 4.4 1744 -
1Pt-6Na-SiQ 1
2.1 0.7 2.2 305 31 1:1 31
washed
2Pt-3Na-SiQ 3.0 0.5 4.5 634
2Pt-3Na-SiQ 2
2.0 0.7 1.7 295
washed
3Pt-3Na-SiQ 3.0 1.2 2.1 470
3Pt-3Na-SiQ 3
2.1 0.8 1.2 353
washed

a: DI-water-washed samples were calcined at°@0i air before testing.
b: Measured by ICP-OES.

c: measured by XPS.

d: By CO-TPR in 5%CO-He, from RT to 48D, at 16C/min.

e: [OH]--calculated from CO-TPR by peak deconvolution. Pt amoust m@asured by
XPS.
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Table 4.2 WGS TOF of Pt-SiQ modified by various additives.

Sample OHmol/g)” TOF (él) #
1Pt-Li-SiQ, 189 01
1Pt-Na-SiQ 245 0.13
1PtK-SIO, 172 0.05
1Pt-Cs-SiQ 29 0.05
1Pt-Mg-SiQ, 27 0.05
1Pt-Ca-SiQ 118 0.05
1Pt-Ba-SiQ 69 0.2
0.8Pt-CeQ NA 0.13

*. The amount of OH groups was estimated from deconvolution of th€PR profiles and

integration of the kireduction peak centered between 100-150

#: The TOF was calculated by normalizing the reactionbytine OH amount. Values are for 250
°C, in 11%C0-26%bD-26%H-7%CQO-He at atmosphere pressure.

&: The reaction rate was normalized by the surface Pt amount, whicheessirad by XPS [2].
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Table 4.3 Decomposition temperature of binary oxides containing platinurf87]

Oxide Electronegativity of MQin MPtQ, Decomposition temperature (K)
PtO, 896-933

CdPtO, 2.44 978-1162

ZnPg0O, 2.37 982-1165

CaPt0O, 1.87 1053-1307

LiPt;0, 1.52 1042-1135

NaPtO, 1.41 1071-1241
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Table 4.4 Electronegativities of alkali and alkaline-earth metals

Metal H Li Na K Cs Mg Ca Ba

Electronegativity 2.20 0.98 0.93 0.82 0.79 1.31 1.00 0.89
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Figure 4.1 Steady-state WGS reaction rates measured on parent andtér.lvashed
samples in a fuel gas mixture: 11%CO-26§0F26%H-7%CO-He.
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Figure 4.2 P XP spectra of parent and washed Na- promoted Pt samples.
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Figure 4.3 Comparison of HTPR profiles of parent and washed 1Pt-3NasSiO
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Figure 4.4 Comparison of CO-TPR profiles of both parent and washed 1Pt-3Na-SiO
catalysts.
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Figure 4.5 WGS steady-state light-off activity of Na-promoted Pt-8#falysts. Gas
composition: 2%C0O-10%#D-He.
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Figure 4.6 XANES spectra at Pj;tedge in (alkali)-promoted 0.3Pt-Si®amples.
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Figure 4.7 CO-TPR of 0.3Pt-Si@ith and without K-promotion.
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Figure 4.8 Q-XANES spectra at Pftedge in 0.3Pt-K-Si@during the H-treatment.
5%H,-He at 200°C for 2 h, at $C/min.
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Figure 4.9 Q-XANES spectra at Pftedge in 0.3Pt-K-Si@during the HO-treatment.
The prereduced sample was exposed to 3%He at 275C for 10 min.
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Figure 4.10 Q-XANES spectra at Rfledge in 0.3Pt-K-Si@during the WGS reaction.
1%C0O-3%H0-He at 275C for 1 h.
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Figure 4.11 Cyclic CO-TPR of Na-promoted 0.3Pt-St@talysts in 5%CO-He.
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Figure 4.12 WGS-TPSR over 0.3Pt-Na-sgample. Gas composition: 5%CO-3%MHHe.
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Figure 4.13 WGR reaction rates over SgDdpported Pt catalysts with different additives,
measured in 11%C0-26%8-26%H—7%CQ-He.
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Figure 4.14 H-TPR of alkali and alkaline-earth modified 1Pt-S&amples.
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Figure 4.15 TOF of WGS reaction over 1Pt-Sdatalysts with different additives,
measured in 11%C0-26%8-26%H—7%CQ-He.
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Figure 4.16 Rt XP spectra of 1Pt-Siwith different additives.

123



— Normalized absorbance (a.u.)

—— Pt foil
——1PtSiO,

- 1PBLISIO,

—— 1PB3NaSiO,
1 Pt3KSi02

—— 1P3MgSiOQ.

in He at RT

540 11560 11580 11600
Photon Energy (eV)

Figure 4.17 XANES analysis at the Ri{dedge of 1Pt-Si@with various additives.
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Figure 4.18 Dynamic DRIFTS on 0.3Pt-Na-$id 250°C in 2%CO-6%HO-N,-Ar.
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Figure 4.19 Correlation of the IR spectra in Figure 4.18 and the reaction actiQiBPt-
Na-SiQ at 250°C in 29%CO-6%HO-N,-Ar.
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Figure 4.20 DRIFTS of Na-free and Na-promoted 0.3Pt&t@50°C in 29%CO-6%HO-
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