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Mechanistic Studies of Alcohol Steam Reforming Catalysts
Abstract
Recent advancements in fuel cells, known for their high efficiency in converting chemical energy into
electrical energy with zero greenhouse gas emissions, prompts the need for efficient methods of
hydrogen production, as most fuel cell systems require pure hydrogen as the fuel. Reforming of methanol
and ethanol is one attractive route since, at least in theory, this pathway can be considered carbon
neutral. This, in return, has motivated a study focusing on the development of highly active and selective
catalysts for the steam reforming of alcohols. In this thesis, we discuss fundamental studies on two
different steam reforming catalysts - Co-based catalysts for steam reforming of ethanol (SRE) and PtZn
bimetallic catalysts for steam reforming of methanol (SRM). Within the scope of Co-based catalysts, we
have investigated the structure and reactivity of model catalysts consisting of Co films and particles
supported on various metal oxides, such as ZnO(0001), YSZ(100), and CeO2/YSZ(100), to elucidate the
mechanism of the SRE reaction on cobalt catalysts and identify the support effects. The results obtained
demonstrate that partially oxidized cobalt is active for the partial oxidation of adsorbed ethoxide groups
to produce acetaldehyde, which is thought to be a key intermediate in the SRE reaction. Comparison of
the results obtained for the reducible (ZnO and CeO2) and non-reducible (ZrO2) supports shows that the
facile transfer of oxygen from reducible supports may play a role in maintaining the cobalt in a partially
oxidized state, and removing the deposited carbon on Co that is formed via unselective decomposition of
ethanol. On the PtZn catalysts for SRM application, we have carried out a surface science study utilizing
model catalysts of vapor deposited Zn on a Pt(111) single crystal to characterize the structural effect of
incorporating Zn into Pt surfaces and its correlation towards methanol reactivity. It was discovered that
the addition of Zn results in the stabilization of chemisorbed methanol allowing it to undergo an OH bond
scission to form methoxy on the catalyst surface. These methoxy groups that are bound on Zn sites are
found to undergo dehydrogenation to form formaldehyde, which is stable up to 400 K. Therefore, it is
proposed that Zn effects are not limited only in electronically altering the properties of Pt, but also
providing sites where the aldehyde intermediates are bound preventing them from undergoing further
dehydrogenation to CO.

Degree Type
Dissertation

Degree Name
Doctor of Philosophy (PhD)

Graduate Group
Chemical and Biomolecular Engineering

First Advisor
John M. Vohs

Keywords
alloy effects, bimetallic catalysts, cobalt, platinum zinc, steam reforming, support effects

Subject Categories
Chemical Engineering | Chemistry | Physics

This dissertation is available at ScholarlyCommons: https://repository.upenn.edu/edissertations/671

MECHANISTIC STUDIES OF ALCOHOL STEAM REFORMING CATALYSTS
Eddie Martono
A DISSERTATION
in
Chemical and Biomolecular Engineering
Presented to the Faculties of the University of Pennsylvania
in
Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy
2013

Supervisor of Dissertation

John M. Vohs
Carl V.S. Patterson Professor

Graduate Group Chairperson

Raymond J. Gorte, Russell Pearce and Elizabeth Crimian Heuer Professor

Dissertation Committee
John M. Vohs, Carl V.S. Patterson Professor
Raymond J. Gorte, Russell Pearce and Elizabeth Crimian Heuer Professor
Dawn A. Bonnell, Trustees Chair Professor of Materials Science and Engineering
Warren D. Seider, Professor of Chemical and Biomolecular Engineering

MECHANISTIC STUDIES OF ALCOHOL STEAM REFORMING CATALYSTS
COPYRIGHT
2013
Eddie Martono

This work is licensed under the
Creative Commons AttributionNonCommercial-ShareAlike 3.0
License
To view a copy of this license, visit
http://creativecommons.org/licenses/by-ny-sa/2.0/

To my parents, Tjin Tjok Fan and Suriami Kosasih,
who taught me the value of hard work and for always being there.

iii

ACKNOWLEDGMENT

I still can’t believe that I am at a point where I almost complete my PhD degree in
chemical engineering, and I am very certain that I will not be able to complete this journey of my
life without the help, support, and courage from everyone around me who were there along the
way.
First, I would like to thank my advisor, Prof. John M. Vohs, whose guidance helped me
develop into an engineer and researcher that I am today. The continuous support and patience
you showed as I slowly learned and struggled to get things working will always be remembered.
The limitless patience and funds (credit to the US Department of Energy) to help me surpass the
record in the number of electrical feedthrough broken by graduate students would be one of my
most memorable stories throughout my PhD study. Lastly, your enthusiasm that one day
everything is going to work have kept me going in the past 5 years and reminded me that in the
end, surface science is really fun! Also, thank you to Prof. Raymond J. Gorte who provided me
with his time and valuable insights to my research. My utmost gratitude also goes to Marge
Addario, John Linscheid, Terrie Scott, and Meghan Godfrey for all the help that they have given
me over the years.
I would also like to thank Jesse McManus, Ese Jeroro, Mosha Zhao, David Bennett, and
Matt Hyman for all your help and patience in teaching me how to run many different experiments
and trouble-shoot equipments in the laboratory. Special thanks also go to Jesse McManus for
operating “Bank of Jesse” and giving me someone to chat with in the lab. Thank you to Prof.
Edward L. Cussler Jr. (Univ. of Minnesota), Prof. William A. Phillip (Univ. of Notre Dame), and Dr.
Robert M. Henry for giving me the opportunity to do an independent research early on in my
undergraduate study which played an important part in my decision to go for graduate school.
Most importantly, I would like to thank my family for the opportunity to pursue higher
education in the United States. To my parents, Tjin Tjok Fan and Suriami Kosasih, thank you for

iv

your continuous support and belief in me. Your invaluable advice, care, and love throughout the
years are the foundation of who I am today and I would not trade it for the world! Finally, thank
you to all my friends. In particular, I would like to thank the UMN CEMS class of 2008, the Penn
CBE PhD incoming class of 2008, and NYC Indo group, in particular Linisia, Steven, and Bevano,
for the friendship and accommodation during my countless weekend stay, and Devi for keeping
me SANE during difficult time and giving me countless career advices.
The past 5 years have been a great experience which I believe have prepared me well
for my future endeavors!

v

ABSTRACT
MECHANISTIC STUDIES OF ALCOHOL STEAM REFORMING CATALYSTS
Eddie Martono
John M. Vohs
Recent advancements in fuel cells, known for their high efficiency in converting chemical
energy into electrical energy with zero greenhouse gas emissions, prompts the need for efficient
methods of hydrogen production, as most fuel cell systems require pure hydrogen as the fuel.
Reforming of methanol and ethanol is one attractive route since, at least in theory, this pathway
can be considered carbon neutral. This, in return, has motivated a study focusing on the
development of highly active and selective catalysts for the steam reforming of alcohols
[

]. In this thesis, we discuss fundamental studies on

two different steam reforming catalysts – Co-based catalysts for steam reforming of ethanol
(SRE) and PtZn bimetallic catalysts for steam reforming of methanol (SRM). Within the scope of
Co-based catalysts, we have investigated the structure and reactivity of model catalysts
consisting of Co films and particles supported on various metal oxides, such as ZnO(0001),
YSZ(100), and CeO2/YSZ(100), to elucidate the mechanism of the SRE reaction on cobalt
catalysts and identify the support effects. The results obtained demonstrate that partially oxidized
cobalt is active for the partial oxidation of adsorbed ethoxide groups to produce acetaldehyde,
which is thought to be a key intermediate in the SRE reaction. Comparison of the results obtained
for the reducible (ZnO and CeO2) and non-reducible (ZrO2) supports shows that the facile transfer
of oxygen from reducible supports may play a role in maintaining the cobalt in a partially oxidized
state, and removing the deposited carbon on Co that is formed via unselective decomposition of
ethanol. On the PtZn catalysts for SRM application, we have carried out a surface science study
utilizing model catalysts of vapor deposited Zn on a Pt(111) single crystal to characterize the
structural effect of incorporating Zn into Pt surfaces and its correlation towards methanol
reactivity. It was discovered that the addition of Zn results in the stabilization of chemisorbed

vi

methanol allowing it to undergo an OH bond scission to form methoxy on the catalyst surface.
These methoxy groups that are bound on Zn sites are found to undergo dehydrogenation to form
formaldehyde, which is stable up to 400 K. Therefore, it is proposed that Zn effects are not limited
only in electronically altering the properties of Pt, but also providing sites where the aldehyde
intermediates are bound preventing them from undergoing further dehydrogenation to CO.
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not observed. No enhancement is expected for Zn present in the
topmost layer.

Figure 7.8.

Energy spectrum of 1-keV Na ions scattered from the Zn/Pt(111) alloy
surface. The scan was taken along the [-12-1] azimuth at a polar
angle of  = 20. The scattering angle  was fixed at 144.

Figure 7.9.

Polar angle scans for 1-keV Na ions scattered from Pt atoms for
clean Pt(111) and the Zn/Pt(111) alloy along the long azimuth [-12-1].
Enhanced scattering peaks near 20 and 58 result from first-layer
and second-layer Pt atoms, respectively.

Figure 7.10.

Polar angle scans for 1-keV Na ions scattered from Pt atoms for
clean Pt(111) and the Zn/Pt(111) alloy along the long azimuth [-211].
The enhanced scattering peaks near 20 and 86 result from first-layer
and second-layer Pt atoms, respectively.

Figure 7.11.
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Polar angle scans for 1-keV Na ions scattered from Pt atoms for
clean Pt(111) and the Zn/Pt(111) alloy along the short azimuth [-110].
The enhanced scattering peaks near 30 result from first-layer
Pt atoms.
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Figure 7.12.

Cross section along the [-12-1] azimuthal directions for the fcc Pt(111)
crystal. The polar angle =0 is defined as parallel to the crystal
surface for ALISS.
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Figure 7.13.

Cross section along the [-211] azimuthal directions for the fcc
Pt(111) crystal. The [-211] azimuthal direction is identical to
the [1-21] direction and a mirror image of the [-12-1] azimuth
shown in Figure 7.12.

169

Figure 7.14.

Polar angle scans for 1-keV Na ions scattered from Zn atoms
for the Zn/Pt(111) alloy along the long azimuths [-12-1] and [-211],
and the short azimuth [-110]. Enhanced scattering peaks originate
from Zn atoms present in both the first and second layers.
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Figure 7.15.

ALISS polar scans of first-layer scattering features for Pt
(from clean Pt(111) and the Zn/Pt(111) alloy) and Zn
(from the Zn/Pt(111) alloy) along the [-12-1] azimuthal direction.
The positions of the critical angles are labeled.
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Figure 7.16.

TPD spectra following 0.1 L CO dosage at 120 K as a function
of Zn coverage.

174

xviii

Chapter 8. Reaction of CO, CH2O, and CH3OH on Zn-modified Pt(111) surfaces
Figure 8.1.

Models depicting the structure of freshly deposited Zn adatoms
on Pt(111) and those annealed at 600 K to form PtZn alloys.

181

Figure 8.2.

TPD spectra obtained following 2 L CH3OH dose at 100 K
on PtZn alloys as a function of the Zn coverage.

182

Figure 8.3.

TPD spectra obtained following (a) 0.1 L and (b) 0.5 L CO dose
At 100 K on Zn adatoms/Pt(111).

184

Figure 8.4.

TPD spectra obtained following 2 L CH3OH dose at 100 K on
Zn adatoms/Pt(111) as a function of the Zn coverage.

186

Figure 8.5.

TPD spectra obtained following 2 L CH3OH dose at 100 K on
freshly deposited 3 ML Zn on Pt(111).

187

Figure 8.6.

TPD spectra obtained following 1 L dose of CH2O at 100 K on
Zn adatoms/Pt(111) as a function of the Zn coverage.

188

Figure 8.7.

HREELS temperature series for 2 L CH3OH on 0.4 ML
Zn adatoms/Pt(111).

191

Figure 8.8.

The X-ray induced Zn(L3M45M45) spectra following deposition
of 0.4 ML Zn adatoms on Pt(111), 0.5 L CH3OH dose at 100 K,
and upon annealed progressively to higher temperatures.

194

Figure 8.9.

Proposed pathways for reaction of CH3OH on Zn adatoms/Pt(111).

198

Figure 8.10.

C1 product yield obtained following CH3OH TPD
on Zn adatoms/Pt(111) as a function of Zn coverage.

198

Chapter 9. Conclusions
Figure 9.1.

HREELS temperature series for 2 L dosage of CH3CHO on
(a) Pt(111) and (b) 0.4 ML Zn/Pt(111).

xix

211

CHAPTER 1. Introduction

1.1. The Necessity for Alternative Energy: Fuel Cells
The quest to develop an alternative source of energy has been motivated primarily by two
objectives: securing renewable, affordable energy sources, and becoming energy independent
from foreign supplies. United States imported energy accounts for approximately 26% of the total
domestic energy consumption [1], which positions this country in a state where it will be heavily
dependent on foreign oil for the foreseeable future unless new energy solutions are developed inhouse or the efficiency of current energy utilization is significantly improved. This fact is further
complicated by the issue that fossil fuels are not renewable and are consumed in an increasing
rate due to rapid industrial development and an increase in global population [2]. It is projected
that the worldwide reserves of petroleum will last for another 30 years based on the estimated
reserves availability in 1998 of 1033.2 billion barrels and annual consumption of 26.88 billion
barrels [3]. While there are approximately 1087.19 billion short tonnes of recoverable coal
reserves projected to last for 200 years [3], the environmental pressure and greenhouse gas
emissions from burning coal may limit the expansion of coal to the greater usage. The global CO 2
emission has already increased by 10-fold within the last 100 years proportional to the dramatic
increase in the worldwide fossil fuel energy consumption [4], and this has been attributed to be
the root cause of global warming.
Electricity is the most convenient energy media that is critical for industry and daily life.
Unfortunately, throughout the process of producing electricity from burning coal or natural gas
within power plants, more than 65% of energy inputs are wasted due to process inefficiency [1]. A
similar trend of conversion loss is also observed with the fuels used in the transportation sector
(efficiency of internal combustion engines is ~20-35%) [5]. In contrast, fuel cells have emerged as
promising candidates due to their high efficiency for the direct conversion of chemical energy into
electrical energy. Among different types of fuel cells (solid oxide, polymer electrolyte membrane,
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alkaline, molten carbonate, and phosphoric), the Polymer Electrolyte Membrane (PEM) fuel cell is
believed by many experts to have a future role in providing electricity, primarily in the automotive
and portable power industries [6]. In fact, many car companies, such as General Motors and
Honda [7], have started to develop PEM fuel cell powered vehicles. These PEM fuel cells could
have efficiencies as high as 50% when used for transportation means, which is significantly
higher than the current internal combustion engines. Furthermore, from the environmental issue
point of view, this technology would have CO 2 emissions close to zero assuming H2 can be
produced from renewable sources, with H2O being the sole other by-product.
PEM fuel cells consist of a solid polymer electrolyte material, which is sandwiched
between two thin electrodes (porous anode and cathode). A hydrogen fuel is supplied to the
anode side (negatively charged electrode) and it is catalytically separated into electrons and
protons. The electrons would proceed through an external circuit to create an electric current,
while the positively-charged protons would diffuse through the electrolyte membrane into the
cathode side (positively charged electrode) where oxygen is supplied. At the cathode side, the
protons and electrons would recombine with oxygen to create by-products, primarily H2O and
CO2. Most individual fuel cells are small and able to produce ~0.5 V of DC electricity [5] which
means that a stack of many individual cells are required for producing voltages comparable to
those used in the low and medium power distribution systems. Platinum, though expensive,
remains the most preferred catalysts for PEM fuel cell application due to its high stability and
activity for oxygen reduction and hydrogen oxidation [6]. While PEM fuel cells can also operate
with reformed hydrocarbon fuels containing CO 2, these Pt catalysts are extremely sensitive
towards CO contamination at levels above 10 ppm [5]. This fact creates the needs to incorporate
extra steps to selectively oxidize any remaining traces of CO, since the high purity level needed is
typically not achievable in the regular hydrogen production processes.
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1.2. Hydrogen production
As discussed above, since most fuel cell systems require pure hydrogen as the fuel,
efficient methods for producing hydrogen, preferably from bio-renewable resources, are needed if
these devices are to have a significant impact. While molecular hydrogen is a clean burning fuel,
the current process of hydrogen production is not renewable; in fact, the majority of hydrogen is
currently obtained through steam reforming or catalytic partial oxidation (CPO) of methane (the
main component of natural gas). Alternative methods involve partial oxidation of heavy oil or coal
[8, 9]. None of the above can be considered as renewable. A renewable route through electrolysis
of water [9] is deemed cost prohibitive for large-scale production because this method would
require extensive use of electricity.

Figure 1.1. Schematic of the methane steam reforming process followed by high and
low temperature water gas shift reactions [8].

Methane (CH4) steam reforming is typically carried out in two steps, as depicted in Figure
1.1 [8], the reforming of methane with steam and the water gas shift reactions. The reforming
process is further broken down into two steps consisting of primary and secondary reformers. In a
typical process, methane is reacted with excess steam at 1173 K (equation 1.1) within the first
reformer to produce a mixture of gas consisting of CO, CO 2, H2O, and H2. The products coming
out of the first reformer are fed into the second auto-thermal reformer, where the unreacted CH4
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from the first reformer would be oxidized by O2. To achieve the H2 purity level necessary for PEM
fuel cell application, these mixtures of gases coming out of the secondary reformer would typically
be processed further through water gas shift reactions. As shown in equation 1.2, the WGS
reaction is exothermic; implying that by running the reaction at an elevated temperature to have
fast reaction rate would shift the thermodynamics to the left favoring CO instead of CO 2.
Therefore, a two-stage WGS reactor consists of a high temperature shift at 673 K and a low
temperature shift at 473 K is utilized to have fast reaction rates as well as high selectivity to CO 2.

[1.1]
[1.2]

Coal gasification could potentially be an alternative route to efficiently produce H2;
however, an efficient method for CO2 capture and sequestration to remove the CO 2 produced
must be developed as coal is one of the least desirable H 2 sources from the standpoint of CO2
coproduction [9]. Furthermore, despite the abundance of coal reserves, these resources are also
not renewable, and do not contribute towards the efforts of reducing the greenhouse gas
emissions in the planet [9].
Steam reforming of alcohols, such as, methanol (SRM) and ethanol (SRE), is one
attractive route for hydrogen production from renewable sources since, at least in theory, this
pathway could be considered as carbon neutral [10]. The reaction route to produce hydrogen
from alcohols is shown in equation 1.3. Ethanol in particular can be derived from a wide range of
biomass; for example, it can be produced through fermentation of sugar cane, corn grains, and
other starch-rich materials [11, 12]. Furthermore, realizing that there is a cost issue as biomass
for fermentation competes with food production, recent research has focused on producing
ethanol from lignocellulosic biomass. This breakthrough would potentially allow the utilization of
diverse and low-cost biomass, such as agricultural wastes, in the production of ethanol [11, 12].
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[1.3]
Similar to the CH4 steam reforming process discussed previously, the H2 fuel produced
through steam reforming of alcohols may require further treatment in the form of WGS reactions
depending on the level of CO contamination in the output stream of the reformer. This has
motivated research groups [13-18] around the world to discover reforming catalysts that are not
only active for alcohol reforming, but also have a very high selectivity towards CO 2. Early findings
have discovered ZnO supported copper catalysts to be highly active for steam reforming of
methanol (SRM) with ~95% selectivity towards CO 2 [10]. However, these catalysts are relatively
prone to thermal sintering [19] and they are pyrophoric upon reduction [20], which will cause
deactivation of the catalytic performance over a relatively short period of time.

1.3. The SRM on PtZn-bimetallic catalysts
[1.4]
As discussed previously, the use of methanol and ethanol as feedstock for hydrogen
production can be considered as bio-renewable as ethanol in particular, can be derived from a
wide range of biomass. Early research work has focused primarily in Cu-based catalysts as they
have been shown to possess ~95% selectivity towards CO2 [21]. Further studies however
indicate that these catalysts are not stable over long-term reactivity test due to a fast deactivation
caused by thermal sintering. This has motivated many research groups [22-24] to look for
alternative catalysts that possess not only high activity for the reforming process, but also have
the desired long-term stability. Noble-metal catalysts, such as Pt and Pd, have received
significant attention as they are well known for their high activity in reforming processes and Pt, in
particular, is one of the most widely used catalytic metals in the chemical and petroleum
industries [25, 26].
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Early results obtained from comparing the catalytic activity of Group VIII metals to that of
copper for SRM were very disappointing. Over group VIII metal catalysts, CH 3OH primarily
decomposes to CO and H2 [18, 27], which is completely different than the results obtained from
SRM over Cu/ZnO catalysts [21], where high CO2 selectivity is observed. In the past, it has been
proposed that CH3OH over Cu-based catalysts under SRM reaction conditions would primarily
undergo a decomposition pathway (equation 1.5) to form CO and H2 followed by the water gas
shift reaction (equation 1.6) to selectively produce CO2 [28].

[1.5]
[1.6]
Further investigation into the reaction pathways involved in the SRM reveals that the high
CO2 selectivity achieved cannot be fully attributed towards water-gas shift reaction as the
concentration of effluent stream greatly exceeds that expected based on a thermodynamic
calculation. The

realized during the SRM is 6 times larger as compared with

at 523 K [18],

implying that there are other reaction pathways involved.

[1.7]

An alternative pathway, shown in equations 1.8-1.9, is proposed by Takezawa and Iwasa [18],
which involves the formation of CH2O intermediates in the SRM. This hypothesis is based upon
the observation of CO2, H2, and CH3OH products formed upon reacting CH2O and H2O over 10
wt% Cu/SiO2 catalysts.

[1.8]
[1.9]
Therefore, on Cu-based catalysts, the adsorbed methoxide (CH3O-) groups are proposed
to undergo dehydrogenation to form CH2O. This species would later be attacked by nucleophiles,
such as OH- (from H2O dissociation), to form HCOOH which decompose to CO 2 and H2. This is
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completely different compared to SRM over Group VIII metal catalysts. The CH2O intermediates
formed during SRM over 1 wt% Pd/SiO2 or 1 wt% Pt/SiO2 are not stable and readily decomposed
to CO and H2 (equation 1.5) [18]. Through a surface science study on aldehyde intermediates
formed during SRM, it was discovered that the geometry of which the aldehyde adsorbs on the
surface is different between Cu and Group VIII metal surfaces [29-31]. On Cu surfaces, the
1

aldehyde prefers to bind in η (O)-structure; this is different than that of Group VIII metal surfaces,
2

where aldehyde primarily exists in η (C,O)-structure. Figure 1.2 shows the schematic of these two
adsorption geometries associated with CH2O intermediates. While CH2O intermediates formed in
1

η (O)-structure could preserve its molecular identity and desorbs as CH 2O in the temperature
2

programmed desorption (TPD) experiment, the η (C,O)-CH2O species does not exhibit sufficient
stability; instead, it will rapidly undergo C-H bond scission to form CO and H2 due to strong back
donations of electrons from the metals. Based on these differences, Takezawa et al. [18] argue
that it is highly plausible that the difference in C 1 product selectivity between Cu and Group VIII
metals can be attributed to the difference in the adsorption configuration.

H

R
C

R
H

O

(a)

C

O

(b)

Figure 1.2. Adsorption geometry of aldehyde species: (a) η1(O)-structure and (b)
η2(C,O)-structure.
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Figure 1.3. CH3OH (a) conversion and (b) selectivity for SRE over 10 wt% Pd/SiO2, 10
wt% Pd/ZnO, and 10 wt% Pd/ZrO2 at 493 K [18].

After investigating various metal oxides (MgO, La2O3, Nd2O3, MnO2, Cr2O3, HfO2, Nb2O3,
Al2O3, SiO2, and ZnO) as potential supports for Pd and Pt, Iwasa et al. [22, 32] discovered that
supporting these transition metals on ZnO significantly improves the CO 2 selectivity achieved in
the SRM. Figure 1.3 shows that Pd/ZnO exhibits 97% selectivity to CO2 and H2 during SRM at
493 K with residence time of 0.47 s [18], in contrast to Pd supported on ZrO2 and SiO2, which
possess similar selectivity to bulk Pd catalysts. To further elucidate the role of ZnO support in
altering the reaction pathways of CH3OH over transition metal catalysts, SRM was carried out on
different transition metals (Pd, Pt, Ni, Fe, Co, Ru, and Ir) supported on ZnO catalysts (10 wt%
metal) at 573 K [32]. As shown in Figure 1.4 (a), both Pt/ZnO and Pd/ZnO appear to be more
active in comparison to Co, Ir, and Ru supported on ZnO. While Ni/ZnO possesses comparable
activity to Pt and Pd, the amount of CO produced in the effluent stream (~25%) would require
further extensive treatment to achieve the level of purity required for the fuel cell application. In
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contrast, high selectivity (CO2 and H2) above 95% is observed with SRM over Pt/ZnO and
Pd/ZnO. X-ray Diffraction (XRD) spectra were obtained and depicted in Figure 1.4 (b) on the
catalysts after SRM; on both Pd and Pt catalysts, the peaks associated with PdZn and PtZn
alloys are observed, while no alloy formation is observed with the remainder of metals supported
on ZnO leading to a hypothesis that bimetallic PdZn and PtZn catalysts could potentially be the
active sites that are responsible in shifting the product selectivity from 100% CO, when SiO 2 is
used as the support, to >95% CO2. This hypothesis, if proven correct, would add another
example where the catalytic performances of bimetallic catalysts are completely different from
those of monometallic catalysts. In fact, most, if not all, of Pt-based heterogeneous catalysts used
in the industry are incorporated with additional metal components to improve or modify its
catalytic properties to achieve desired activity and product selectivity [26, 33].

Figure 1.4. (a) SRM over various transition metals supported on ZnO with 10 wt% metal
loading and reaction temperature of 573 K; (b) The corresponding XRD
pattern obtained after the SRM [32].
9

These unique results obtained upon supporting Pd and Pt with ZnO are somewhat
surprising and are yet to be fully understood, hence many research groups [34, 35] have been
motivated to identify whether these selectivity differences are due to the presence of ZnO or the
Zn-Pd and Zn-Pt interactions. The effect of Zn addition to Pd/C catalysts were investigated by
Suwa et al. [35] and the results show a dramatic improvement both in terms of activity and CO 2
selectivity as shown in Figure 1.5 (a). They also found that addition of Zn to Pd/C catalysts results
in a SRM catalytic activity indistinguishable to that obtained on Pd/ZnO catalysts (Figure 1.5 (b)),
which provides further support to the hypothesis that the alloys formed are the active sites for
SRM.

Figure 1.5. (a) SRM over Zn-Pd/C (● conversion,
conversion,

○

selectivity) and Pd/C (■

□ selectivity) catalysts with CH3OH: 6.2 vol%, H2O: 8.7 vol%;

(b) SRM activity comparison to Pd/ZnO catalysts (▲ conversion,
selectivity) [35].

∆

Jeroro and Vohs [36], through their study on Zn/Pd(111) model catalysts, have shown
that incorporation of Zn into the Pd(111) surface significantly alters the adsorption and reaction of
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CH3OH and CH2O. While their results align with those proposed by Iwasa et al. [18] of which the
primary effect of Zn is to decrease the propensity of adsorbed CH 2O and CH3O species from
undergoing further dehydrogenation to produce CO and H2, they disagree on the mechanism by
which Zn stabilizes the aldehyde intermediates on the surface. Through the use of HREELS,
Jeroro and Vohs were able to identify the structural evolution of CH2O species on Zn-modified
2

Pd(111) surfaces, and it is found that CH2O primarily exists in the η (C,O) configuration similar to
2

that obtained from pristine Pd(111) surfaces. Despite maintaining the η (C,O)-CH2O structure, a
stabilization of this aldehyde species is observed upon addition of Zn onto Pd(111) surfaces,
which leads them to propose that Zn increases the activation energy required to break the C-H
2

bond of η (C,O)-CH2O on Pd(111) surfaces. These results are also in agreement with the density
functional theory (DFT) calculation reported by Lin et al. [37] of which it is determined that the CO
formation within SRM catalytic process on both PdZn(111) and Cu(111) surfaces is effectively
blocked by a high barrier for the CH2O dehydrogenation. Furthermore, the adsorption geometry
for H2O, CO2, and CH2O are found to be parallel to the surface, while HCOOH is perpendicularly
2

adsorbed; further confirming the η (C,O)-CH2O structure observed on Zn-modified Pd(111)
surfaces [36]. Jeroro and Vohs [38] also studied the effect of Zn towards the stability and
reactivity of formic acid (HCOOH), which has been reported to be the intermediate formed prior to
decomposition to CO2 and H2 [18]. Addition of Zn was found to have a stabilization effect towards
formate (HCOO-) specie on Pd(111), and, as shown in Figure 1.6, the incorporation of ~0.1 ML of
Zn into Pd(111) also significantly improves the selectivity of HCOO- decomposition to CO2 and H2
at the expense of dehydration to CO and H2O.
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Figure 1.6. Ratio of CO2/CO product yield from the TPD spectra following adsorption of
HCOOH on Pd(111) surfaces [38].

The optimal Zn concentration within the bimetallic catalyst is another issue yet to be
conclusively agreed upon. A single crystal Zn/Pd(111) model catalyst study [36] shows that
alloying Pd(111) surfaces with ~0.03 ML Zn is sufficient to stabilize the CH2O intermediates
formed from the dehydrogenation of CH3OH, implying relatively long range electronic interaction
effects between surface Pd and Zn atoms; the Zn/Pd(111) surfaces however appear to possess
negligible reactivity towards CH3OH upon increasing the Zn concentration to ~0.5 ML. These
results are supported by the theoretical calculation accomplished through the use of Monte-Carlo
and VASP reported by the Chen group [39]. It is reported that the high temperature CH2O
desorption observed in the single crystal study is likely to originate from the small surface
ensembles induced by deposited Zn. Furthermore, they also predicted that the CO 2 selectivity on
Zn clusters to be higher than that obtained from 1:1 PdZn alloy. These results nevertheless
contradict those reported by Karim et al. [40] in which they observed high CO2 selectivity during
SRM over Pd/ZnO catalysts independent of the extent of alloy formation. In contrast, the results
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obtained by Rameshan et al. [23] from Pd(111) model catalysts indicate that only “multi-layer”
PdZn alloys are CO2 selective during SRM, while the “monolayer” alloy is only active for CH3OH
decomposition to CO and H2.

Table 1.1. SRM performance comparison among PdZnβ1, PdZnα, and Pd catalysts [41].

SRM Ea (kJ/mol)
-1

SRM TOF @ 523 K (s )
SRM selectivity
CO-Ox (kJ/mol)
CO-Ox TOF @ 443 K (s-1)

PdZnβ1

PdZnα

Pd

48

50

26

0.21

0.12

0.015

98%+ CO2

100% CO

100% CO

78
0.053

65
0.075

87
0.027

Figure 1.7. Schematic of PdZnβ1 and PdZnα structures [41].

The importance of having high Zn concentration within the PdZn bimetallic catalysts is
further demonstrated by Halevi et al. [41] using their aerosol-derived PdZn catalysts. As shown in
Table 1.1, while the TOF is significantly improved upon addition of a small amount of Zn to form
PdZnα, the SRM selectivity remains the same as that of bulk Pd. High CO 2 selectivity is observed,
however, upon increasing the Zn concentration to form PdZn β1, where the Pd:Zn ratio is close to
1:1. Figure 1.7 shows the schematic of PdZnβ1 and PdZnα structures. These results indicate that
the formation of a PdZn intermetallic phase is critical for SRM, while a small addition of Zn into fcc
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Pd is not sufficient to alter the reaction pathway of CH 3OH on Pd catalysts. In fact, recent study
by Friedrich et al. [42] has shown that the presence of the intermetallic compound PdZn alone is
not sufficient for achieving high CO2 selectivity. The PdZn catalysts used in their study were
prepared through heating elemental Zn and Pd in an evacuated and sealed glass ampoule until
1027 K and annealing for 6 days. Figure 1.8 (a) shows the CO2 selectivity obtained on samples
with varying Pd content, and it is somewhat surprising that the selectivity drops dramatically from
98% to ~10% upon increasing the Pd content from 48% to 54%, implying that Pd-rich samples
are only active for CH3OH decomposition to CO and H2. Further analysis utilizing XPS, shown in
Figure 1.8 (b), indicates the presence of ZnO on the Zn-rich samples (Zn51.7Pd48.4) which can’t be
reduced completely after the treatment in 0.5 mbar H 2 and temperature of 693 K. In contrast,
0

oxidized Zn on the surface of Pd-rich samples, i.e. Zn49.8Pd50.2, is completely reduced to Zn .
These results, while implicating the potential role of ZnO in PdZn bimetallic catalysts for SRM, do
not provide a clear understanding of the mechanism by which ZnO alters the reactivity of this
catalyst. Furthermore, while it seems plausible that Zn would get oxidized under the SRM
reaction condition due to its high oxygen affinity, it remains unclear whether this oxidation is
desirable. In fact, Föttinger et al. [43], through the use of X-ray Adsorption Spectroscopy (XAS),
has reported that upon contact with O2, PdZn would segregate into Pd and ZnO resulting in a
shift to favor formation of CO and H2.
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Figure 1.8. (a) The CO2 selectivity of Zn100-xPdx samples following SRM at atmospheric
pressure and CH3OH:H2O = 1:1 molar ratio; (b) XP-spectra of Zn(3d) of
Zn100-xPdx samples following reduction treatment at 0.5 mbar H2 and 693 K
[42].

While there are many studies concerning PdZn alloys for SRM application as discussed
above, there are surprisingly very few reports [18, 22, 32, 44, 45] available in the literatures
concerning Pt-bimetallic catalysts for this particular application. As shown in Figure 1.4 discussed
previously, under certain reaction conditions, PtZn bimetallic catalysts actually outperform those
of PdZn in terms of SRM catalytic activity and CO2 selectivity. Therefore, it is of our interest to
provide a fundamental understanding of the effect of Zn alloying on Pt-based catalysts for steam
reforming of methanol application.
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1.4. The SRE on Co-based catalysts
While steam reforming of ethanol (SRE) involves a more complicated reaction pathway,
and generally resulted in the production of multiple by-products, producing hydrogen from ethanol
would be preferable due to its higher hydrogen content. Furthermore, ethanol can be produced
from a wide range of renewable sources as discussed previously.

[1.10]
Co, Rh, and Ni are the most active SRE catalysts as they are capable of activating both
C-C bond scission in ethanol and O-H bond scission in water [46]. While there are advantages
and disadvantages for each of these metals, cobalt’s higher resistance to coking relative to Ni
and its low cost relative to Rh has led to considerable interest in Co-based catalysts [16, 17, 4749]. Comparing the coke deposition rate on Co/ZrO 2 and Ni/ZrO2 catalysts measured after SRE
-1

experiments using H2O:C2H5OH with S/C ratio of 4.84 at GHSV of 74,000 h [50], it is estimated
that the coking rate on Ni/ZrO2 to be 4x higher than on Co/ZrO2. Koh et al. [51] attribute this
difference to the ability of cobalt to oxidize surface carbon to CO or CO 2. Furthermore, the
observed superior performance of Rh-based catalysts typically requires high operating
temperature (>900 K) [52-54], which is not suitable for the small-scale power generator due to its
high energy cost. When it is run at a mild operating temperature, ~673 K, the H2 selectivity
achieved is actually comparable to that of Co-based catalysts.
The selection of support has been reported to play a critical role in influencing the
catalysts’ stability and the reaction pathways that C2H5OH undertakes on Co-based catalysts [16].
Furthermore, metal oxides, such as ZnO [47], MgO [49], and Al2O3 [55], are found to exhibit
measurable activity for the ethanol reforming reaction. For example, comparing the SRE activity
on ZnO and Co/ZnO catalysts prepared from impregnation of Co2(CO)8, Llorca et al. [47] found
that on ZnO, the decomposition of surface acetate species via C-C scission is not favored
resulting in a significant amount of unreacted C2 by-products, i.e. CH3CHO and C2H4. The build-
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up of reaction intermediates could potentially result in catalyst deactivation by occupying the
active sites available for reforming.
An earlier study by Llorca et al. [16] looking into the SRE catalytic activity of cobalt-based
catalysts supported on different metal oxides has shown that support selection has a strong
influence on the activity and product selectivity achieved. The SRE is carried out at 723 K with a
-1

C2H5OH to H2O ratio of 1:13 and gas hourly space velocity (GHSV) of 5000 h . As shown in
Table 1.2, when Co is supported on non-reducible supports such as MgO and TiO 2, the selectivity
to CO2 and H2 is only 63% and 52% respectively. In contrast, Co supported on reducible supports
such as ZnO and CeO2 has selectivity higher than 90%. Several studies [56-58] have also
proposed that support with high redox properties, such as CeO2, can play a role in oxidizing
carbon at high temperature to prevent catalyst deactivation. Song et al. [59] has shown that
addition of CeO2 into Co/ZrO2 catalysts results in a significant improvement in terms of catalyst
stability, partially attributed to the high oxygen mobility in the ceria, which aids in the removal of
coke from the metal. Figure 1.9 shows the product yield comparison between Co/ZrO 2 and
Co/CeO2-ZrO2 catalysts for SRE carried out at 723 K with C2H5OH to H2O ratio of 1:10 and
-1

GHSV of 5000 h . While the performance of these two catalysts are comparable at the first 20
hrs, the activity of Co/ZrO2 catalysts drops substantially afterwards and that of Co/CeO 2-ZrO2 is
stable up to >100 hrs. Further analysis (XPS, TEM, and Raman Spectroscopy) has concluded
that this deactivation is primarily caused by carbon-build up, which is much less severe in the
case of Co/CeO2-ZrO2 catalysts. While there are numerous studies in the literature where
reactivity trends as a function of the support [13, 16, 17, 60], the mechanism by which the support
affects the catalyst activity is still not well understood.
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Table 1.2. SRE over supported Co-catalysts after 20 hrs at 723 K on a C2H5OH:H2O =
1:13 molar ratio at Atmospheric pressure and GHSV = 5000 h-1 [16].
Selectivity (%)
H2

CO

CO2

CH4

C2H4

C3H6

CH3CHO

(CH3)2CO

Co/MgO

Conversion
(%)
29.3

55.0

0.4

8.2

2.1

2.5

4.2

27.6

-

Co/Al2O3

100.0

0.8

0.3

0.1

98.8

-

-

-

Co/SiO2

87.0

49.8

2.9

3.9

2.1

3.4

0.2

37.7

-

Co/TiO2
Co/ZnO

16.4
100.0

47.4
71.3

-

4.4
20.2

0.3
0.8

13.5
0.6

0.1

34.4
0.2

6.8

Co/CeO2

93.7

69.6

-

21.1

0.1

1.9

0.1

0.8

6.4

Catalyst

Figure 1.9. SRE over 10% Co/ZrO2 and 10% Co/CeO2-ZrO2 at 723 K with
C2H5OH:H2O = 1:10 molar ratio and GHSV = 5000 h-1 [59].
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Characteristics of the support that have been proposed to play a role in determining
overall reactivity include redox properties as discussed above, acid-base properties [57, 61, 62],
and the strength of the metal-support interaction [17, 63]. Previous studies have indicated that
supports with high acidity [61], such as Al2O3, would favor C2H5OH dehydration to C2H4, widely
known as a coke promoter. In contrast, supports with high basicity would favor a dehydrogenation
pathway to form CH3CHO, which has been proposed to be the active intermediate in achieving
high CO2 selectivity [17, 47, 50, 64]. The Llorca et al. [16] studies mentioned above, however,
argue against support acid-base properties being the sole factor in controlling selectivity, since
MgO has stronger basicity properties compared to ZnO. The importance of both redox and acidbase properties has also been reported by Haffad et al. [65] of which CeO2 is found to be the
most active for propan-2-ol dehydration to propene under the flow of dihydrogen. This is
somewhat surprising since CeO2, despite its high redox properties, has the least acidic properties
among the three metal oxides. Addition of dopants, such as, Na [66, 67] and K [68] have been
shown to be quite effective in modifying the acid/base properties of the support. For example,
addition of Na to 10 wt% Co/ZnO catalysts results in the dramatic improvement of catalyst
stability under SRE [67]. Lastly, the interaction between the metal and support is critical in
controlling the cobalt crystal size and dispersion on the surface after reduction and during the
reforming conditions. Sintering of metal particles at elevated temperatures is a widely known
problem with supported catalysts and it results in a decrease of active site surface area causing
the catalysts to be less active. As shown in Figure 1.10 (a), ZrO2 supported catalysts have the
highest metal dispersion compared to Al2O3 and TiO2 supports, implying that the strength of CoZrO2 interaction is relatively stronger compared to Co-Al2O3 and Co-TiO2. This in return has a
direct correlation with the catalytic activity measured as the ethanol conversion rate depicted in
Figure 1.10 (b). The structure of support has also been shown to have a direct influence on the
strength of metal-support interactions [17]. A study by Da Costa-Serra et al. [15] has shown that
larger rod particles of ZnO obtained through calcinations of Zn acetate favors the Co-ZnO
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interaction, preventing Co from sintering during the calcination step. In contrast, small spherical
ZnO particles favor the mobility of Co over the support surface leading to the metal sintering.

Figure 1.10. (a) Co dispersion on various metal oxide supports (Al2O3, TiO2, and ZrO2)
measured through H2 chemisorption, and (b) the corresponding steady
state SRE results with C2H5OH:H2O = 1:3 molar ratio and GHSV = 150,000
h-1 [17].

The role of oxidized and reduced forms of Co is another issue concerning Co-based
catalysts for SRE that has yet to be completely resolved. While it is often assumed that metallic
cobalt is the active species, there is no definitive evidence in the literature to support this
conclusion [69-71]. Llorca et al. [71] in their magnetic measurement study of the SRE over
various supported cobalt catalysts (Co/MgO, Co/Al2O3, Co/SiO2, Co/TiO2, Co/V2O5, Co/ZnO,
Co/La2O3, Co/CeO2, and Co/Sm 2O3) has found that both metallic and oxidized cobalt are present
in the most active catalysts. Furthermore, Homs research group [69, 71, 72] also proposes that
ethanol first dehydrogenates into acetaldehyde and H2 over cobalt oxide, and the reforming of
acetaldehyde into H2 and CO2 takes place on metallic cobalt. These arguments are contradicted
by the SRE studies over Co/MgO reported by Karim et al. [49] in which it was found that higher
0

2+

conversion rate and CO2 selectivity are observed with samples exhibiting higher Co /Co
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ratio.

0

They assign Co to be the active sites for steam reforming of ethanol and Co

2+

to be the

precursor for CH4 formation. This hypothesis is supported by the XPS studies on Co/ZrO 2
0

catalysts reported by Lebarbier et al. [73], in which they argue that Co sites are more active than
2+

Co

for both ethanol dehydrogenation and C-C bond cleavage reactions based on the observed
0

2+

correlation between Co /Co

ratio and the reforming activity. It is however noted that the most

active sample that had been pre-reduced at 1023 K still consists of approximately 40% Co

2+

0

making it impossible to conclusively prove that Co is the sole active site for SRE on Co-based
catalysts.
Utilizing in-situ x-ray diffraction techniques, O’Shea et al. [69] were able to monitor the Co
oxidation states during the SRE reaction on bulk Co 3O4 catalysts with a feed stream consisting of
-1

C2H5OH:H2O ratio of 1:6 and a GHSV kept constant at 5000 h . It was found that Co3O4 first gets
partially reduced to CoO at 573 K, and then further reduced down to metallic Co at 623 K. As
shown in Figure 1.11 and Table 1.3, the catalysts found to be the most active and possess the
highest H2 selectivity exist at reaction temperature of ~623 K, implying that the presence of
metallic cobalt is crucial to achieve high SRE activity on Co-based catalysts. Surprisingly, upon
increasing the reaction temperature further up to ~673 K where most of Co exists in the metallic
state, the H2 selectivity actually decreases despite a stable ethanol conversion. This fact raises a
question concerning the importance of Co

2+

and whether it has any role in catalyzing the reaction

of C2H5OH to CO2 and H2. These results, while important, do not provide a definitive answer
0

about the state of the active sites, leaving an open question of whether only one or both Co and
2+

Co

is required for SRE. A study by Hyman and Vohs [74] on polycrystalline Co foil has shown

that adsorbed ethoxide groups (CH3CH2O-) primarily undergo decarbonylation to form CO and an
adsorbed methyl group (-CH3). In contrast, under conditions where the surfaces are partially
oxidized, the ethoxide groups undergo dehydrogenation to CH3CHO. Furthermore, catalytic
activity of cobalt to produce hydrogen from the SRE is also appears to be dependent on the
cobalt crystalline structure as reported by Lin et al. [63]; addition of CeO2 may not only aid in
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enhancing the catalyst stability through coke removal, but it also helps maintain the hcp cobalt
phase, which is found to have much higher activity than the fcc phase up to 873 K.

Table 1.3. Activity of Co3O4 catalyst for SRE and its evolution monitored by XRD under
operando conditions [69].
Selectivity (%)
T (K)

Conversion
(%)

H2

CH4

CO2

CH3CHO

(CH3)2CO

Co states

523

25

41.6

-

0.8

57.5

0.1

Co3O4

548

24

31.1

-

1.1

67.7

0.1

Co3O4

573

22

31.8

-

1.6

66.5

0.1

Co3O4-CoO

598

46

40.8

0.7

5.5

53

-

Co3O4-CoO

623

81

73

2

25

-

-

CoO-Co0

648

85

71.5

2.2

26.3

-

-

CoO-Co0

673

89

67.2

2.1

30.7

-

-

CoO-Co0

623

88

64

2.2

33.8

-

-

CoO-Co0

Figure 1.11. XRD patterns of Co3O4 evolution under the SRE as a function of reaction
temperatures [69]; the corresponding catalytic activity and product
selectivity are shown in Table 1.3.
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There are several reaction pathways that have been proposed in the literature for SRE on
Co-based catalysts [49, 56, 75]. Karim et al. [49] hypothesize that C2H5OH primarily undergoes
C-C bond scission followed by a water gas shift reaction to form CO 2 and H2. While this reaction
pathway is plausible, it is highly improbable that the 91% selectivity towards CO 2 and H2 reported
on Co-based catalysts is the sole product of CO intermediate undergoing a WGS reaction. Padilla
et al. [50] on the other hand, postulate that CH3CHO is the key surface intermediate formed
based on their SRE results obtained on Co/ZrO 2 and Ni/ZrO2 catalysts, which later decomposes
to CO and CH4. At low temperature, C2H5OH could either undergo a dehydrogenation to CH3CHO
or dehydration to C2H4 depending on the acid-base properties of the support [76]. For SRE
application, C2H4 formation is undesirable as it is believed to be a coke promoter (it can be
transformed into coke by polymerization or decomposition reactions) (equation 1.13). Platon et al.
[77] perform a series of co-feed SRE experiments with the observed by-products CH3CHO, C2H4,
(CH3)2CO, O2; the results indicate C2H4 and (CH3)2CO as the most deleterious intermediates.
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Figure 1.12. C-containing product distribution during SRE over M/CeO2 catalysts with
C2H5OH:H2O = 1:9 molar ratio and GHSV = 11,000 h-1 [75].
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The mechanistic steps within SRE on different metal catalysts supported on CeO 2
(Ir/CeO2, Co/CeO2, and Ni/CeO2) have been proposed by Zhang et al. [75] based on the product
distribution data depicted in Figure 1.12. Ni-based catalysts are found to be very active for C-C
bond scission resulting in a decomposition pathway (equation 1.11) to yield CO and CH 4 at
temperatures below 500 K. The CH4 formed could either undergo a steam reforming (equation
1.20) to produce more CO and H2, or dehydrogenate (equation 1.21) further to produce adsorbed
carbon which could result in catalyst deactivation. These pathways are completely different when
compared with those reported for Ir/CeO2 and Co/CeO2 catalysts; stabilization of intermediates,
such as CH3CHO and (CH3)2CO, are observed with these two catalysts. On Co/CeO2, significant
amount of CH3CHO is still observed at a reaction temperature of 573 K, and upon increasing the
reaction temperature to 623 K, it could either undergo an aldol condensation (equation 1.17)
forming (CH3)2CO, or get oxidized by H2O forming CH3CHOO (equation 1.18), which later
decomposes (equation 1.19) to form CH4 and CO2. These results are in agreement with those
reported by Ozkan group [59] on Co/CeO2-ZrO2 catalysts. Similar pathways involving formation of
CH3CHOO as an intermediate have been observed with SRE on Cu/La 2Zr2O7 catalysts [78].
Thermal decomposition of CH3CHO to produce (CH3-) and (CHO-) has also been reported to take
place on Co/ZrO2 catalysts followed by the coupling reaction of two methyl groups to produce
C2H6 at 473 K [50]. Increasing the temperature further would activate the methane reforming
reaction producing more CO and H2. In contrast, water-gas shift reaction is an exothermic
reaction. Based on the thermodynamic calculation [18], reverse water-gas shift reaction would
start to dominate at reaction temperatures above 723 K typically indicated by an increase in CO
production (see Figure 1.12). SRE on Ir/CeO2 is proposed to follow similar pathways to that of
Co/CeO2; the only two differences are related with the CH3CHO decomposition, which takes
place at lower temperature (T < 673 K) and higher concentration of CH4, implying the surface is
more reactive for C-C bond scission.

[1.11]
[1.12]
25

[1.13]
[1.14]
[1.15]
[1.16]
[1.17]
[1.18]
[1.19]
[1.20]
[1.21]
[1.22]
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1.5. Thesis Objective
Despite the numerous studies discussed above, there are still many questions
concerning the mechanisms, reaction pathways, and active sites for alcohol steam reforming
catalysts that have yet to be answered, thus warranting further investigation. Within the scope of
Co-based catalysts for steam reforming of ethanol (SRE), the questions related to the active sites
and support role of Co-based catalysts are not completely resolved. While it is often assumed
that metallic Co is the active species, the literature does not provide a definite answer to this
question. Furthermore, as Bayram et al. [79] point out in their studies of SRE over Co/CeO 2
catalysts, the extent of Co reduction during the steam reforming condition is found to be
independent of the initial state of the metal, which makes it difficult to analyze the Co active sites
without the ability to precisely control and maintain the Co oxidation states during the reforming
0

reaction, prompting the needs for fundamental insights on how these molecules react on Co ,
2+

Co , and Co

3+

sites. The support effect is a well-known phenomenon in catalysis as it has been

shown in many different cases that support selection could strongly influence the activity and
stability of the catalysts. However, the mechanism by which a support affects the catalyst activity
is still not well understood. While there are many published results on SRE over Co-based
catalysts supported on different supports, the majority of these studies do not compare the
selectivity achieved at the same conversion level. As the dispersion of metal is directly related to
the number of sites available for reaction to take place, the fact that Co interacts differently with
different metal oxide supports makes it difficult to compare activity obtained from various
supported Co samples. Therefore, one objective of this thesis is to provide a fundamental
0

2+

understanding and insight towards the individual role of Co and Co , as well as how the metalsupport interaction could potentially influence both the C 2H5OH reactivity and stability of catalysts
through the use of single crystal well defined surfaces - Co/ZnO(0001), Co/YSZ(100), and
Co/CeO2/YSZ(100) model catalysts.
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The second objective of this thesis focuses on providing a fundamental insight into the Zn
alloying effect on Pt-based catalysts for SRM application. This project involves the use of model
catalysts prepared from Zn deposited on a Pt(111) single crystal, which will be discussed greatly
in the later chapter, to study the structure of PtZn alloy and its activity towards CH 3OH, CH2O,
and CO. It is hoped that through the insights obtained from idealized model catalyst surfaces
under an ultra-high vacuum environment, important variables, such as optimal Zn concentration,
Zn ensemble, and Zn electronic effects, could be elucidated, which are important information
required in designing better catalysts for alcohol reforming to produce hydrogen.

1.6. Thesis Outline
This thesis is divided into 9 chapters. Chapter 2 outlines the experimental procedure,
which starts with the brief discussion of surface science, followed by the description of ultra-high
vacuum (UHV) chambers, sample preparation methods, and surface characterization techniques
(TPD, XPS, AES, and HREELS). The next 4 chapters – Chapters 3 – 6 present the results of
structural – ethanol reactivity relations of cobalt supported on three different metal oxide supports,
ZnO, ZrO2, and CeO2 with the objective of identifying the active sites of Co-based catalysts for
SRE (steam reforming of ethanol) and the support effect in influencing both the reactivity and
stability of these catalysts for this application. Chapter 7 discusses the structural analysis of the
PtZn/Pt(111) alloys and the effect of incorporating Zn into Pt(111) towards adsorption of CO.
Chapter 8 presents the CH3OH, CH2O, CO, and H2O reactivity results on the PtZn alloy system
described in the prior chapter and its comparison to that for Zn adatoms supported on Pt(111) to
identify the role of Zn in altering the adsorption and reaction of these key molecules involved
during the SRM (steam reforming of methanol). Finally, Chapter 9 provides a summary of
important key points discussed on the previous 6 chapters and discusses its merits and potential
value in directing future studies of catalysts used in the alcohol steam reforming.
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CHAPTER 2. Experimental

2.1. Introduction
Surface science techniques, including several electron and X-ray spectroscopies were
utilized to provide molecular-level insights into catalysts that are used for the steam reforming of
alcohols. Realizing that it is not possible to correlate experimental results obtained from “rough”
solid surfaces (high surface area catalysts) to the specific surface sites and compositions at the
atomic level, as these surfaces consist of countless number of various sites and distributions, we
are motivated to carry out an investigation utilizing well-defined single crystal model catalysts in
the effort to provide a fundamental understanding of alcohol reaction in these surfaces.
Comparative studies of the reactivity of cobalt supported on different metal oxides (ZnO(0001),
YSZ(100), and CeO2/YSZ(100)) were performed to identify the active sites and support effects of
cobalt-based catalysts for alcohol steam reforming. CeO2 thin film supported on YSZ(100) was
selected instead of a CeO2(111) single crystal because the ceria single crystal was not readily
available. Furthermore, previous studies [1-4] have showed that thin film ceria supported on
YSZ(100) is highly reducible, which correlates well with that of nanoparticle ceria catalysts. In
contrast, bulk ceria itself is found to be relatively unreactive [2, 5]. The second half of my thesis
project is focused on investigating alcohol reactivity on Zn/Pt(111) model catalysts to illustrate the
unique properties of bimetallic PtZn surfaces. This work was carried out by depositing known
concentration of Zn onto a Pt(111) single crystal prior to the spectroscopic and reactivity studies.
While most of the experiments were conducted in an ultra-high vacuum (UHV) surface
analysis chamber with a base pressure of 2 x 10

-10

torr equipped with various spectroscopic

instruments, AFM study to capture the structural evolution of deposited cobalt particles was
performed in air. This chapter describes the UHV chamber, sample preparation, and the surface
characterization techniques used throughout this study.
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2.2. Ultra-High Vacuum (UHV) Chambers
UHV is an essential experimental condition that needs to be achieved in order to study
reactive solid-gas interfaces. Two main issues that need to be addressed before surface
characterization studies can be conducted involve the preparation method to obtain a clean solid
surface and the ability to maintain surface cleanliness over the period of an experiment.
According to the kinetic theory of gasses shown in Equation 2.1, it takes approximately 1 second
to adsorb one monolayer of gas molecules at a pressure of 10

-6

torr assuming a worst case

scenario of sticking coefficient, S(Θ), equals to 1 (all gas molecules would stick to the surface
upon collision, which may not necessarily be true). The rate of collision between gas molecules
and surfaces, Z, can be estimated as follows,

[2.1]
2

where p is the ambient pressure (N/cm ), m is the molecular mass (kg/molecule), T is the
temperature (K), and k is the Boltzmann constant (J/K). Following the same analysis, it is
calculated that it would take approximately 8 hours to adsorb one monolayer of gas molecules at
an operating pressure of 10

-10

torr; hence, allowing sufficient time to conduct experiments.

Three different UHV chambers were used throughout these research projects with each
chamber equipped to perform different types of experiments. The first chamber was equipped
with an electron gun (Physical Electronics) and an electron energy analyzer (Omicrometer) to
perform Auger Electron Spectroscopy (AES). The second chamber has the capability to perform
X-ray Photoelectron Spectroscopy (XPS) utilizing its hemispherical electron energy analyzer
(Leybold-Heraeus) and X-ray source (VG Microtech). The third chamber was equipped with a
retarding field electron energy analyzer (OCI Vacuum Micro-engineering) that is used for Low
Energy Electron Diffraction (LEED) and a High Resolution Electron Energy Loss (HREEL)
Spectrometer (LK Technologies). These three chambers were also equipped with an ion gauge
(Granville-Phillips) to monitor the chamber’s pressure, an ion sputter gun (Perkin-Elmer) for
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sample cleaning, a quartz crystal oscillator (Q-pod, Inficon) for measuring the flux from the
deposition sources, and a glass-shrouded quadrupole mass spectrometer (UTI and SRS) for
Temperature Programmed Desorption (TPD) studies. In addition to this equipment, all three
chambers were also connected to a gas dosing system consisting of variable leak valves
(Varian), thermocouple pressure gauges (K.J. Lesker) for pressure reading, and a roughing pump
(ALCATEL).
The achievement of ultra-high vacuum was done through the use of 3 different pumps
consisting of roughing pump, turbo pump, and ion pump to bring the chamber pressure from
atmospheric pressure (760 torr) down to UHV (~2 x 10

-10

torr). After the chamber was sealed
-3

completely from air, the pressure could be brought down to 10 torr by running a roughing pump
(ALCATEL) for 30 min. The pressure is further reduced through operating the turbo pump
-7

(ALCATEL) which could bring the pressure to ~10 torr. Finally, an ion pump (THERMIONICS) is
used to reduce the pressure down to ~10
pressure (~2 x 10

-10

-9

torr. In order to reach the desired UHV operating

torr), baking the chamber over night through heating the chamber walls up to

o

100 C and flashing a titanium sublimation pump (TSP, THERMIONICS) regularly would be
required to desorb any impurities that adsorb onto the chamber’s wall when it was exposed to the
air.
Figure 2.1 shows the schematic of turbo-molecular pump. As the blades spin at 56000
rpm and hit the molecules, the momentum imparted causes the molecules to move to the right
side in Figure 2.1 due to the orientation angle of the rotor-stator pairs. These molecules are later
collected by the roughing pump. The turbo pump is typically started when the operating pressure
is down to ~10

-3

torr, where the molecular flow regime dominates. This implies that at this

operating pressure, the molecules rarely interact with each other, allowing the turbo pump to
guide the molecules down to the other end of the pump. In contrast, at pressures higher than 10

-3

torr, where viscous flow is the primary driving force of gas flows, the collision between molecules
is much more frequent than collisions with the blades’ walls preventing the turbo pump to impact
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the gas flows’ direction. Ion pumps consist of a cathode plate (titanium) and anode set at a high
voltage, ~5kV. As the high voltage is applied to the anode, it will generate a cloud of spinning
electrons known as plasma which will react with gas molecules to create positive ions. These
positive ions will accelerate towards the cathode plate creating an impact with the titanium
surface which will emit titanium atoms to the anode (sputtering). Chemically active gas would
typically get ionized by the electrons and form a very stable compound with titanium. Pumping
heavy noble gas is accomplished through interaction with sputtered titanium atoms resulting in
the entrapment of argon atoms as shown in Figure 2.2.

Figure 2.1. Schematic of turbo-molecular pump.
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Figure 2.2. Schematic of ion pump.
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2.3. Sample Preparation
2.3.1. Model Catalysts of Co/ZnO(0001) and Co/YSZ(100)
ZnO(0001) single crystal samples were purchased from MTI Corporation. These samples
3

were 10 x 10 x 1 mm with the (0001) face polished by the manufacturer. The Zn-terminated
(0001) surface was selected instead of the O-terminated

surface as it has been proposed

in the literatures [5-8] that while alcohol molecules would adsorb dissociatively on the Znterminated (0001) surface, only molecular adsorption is observed on the O-terminated
surface. These observations have led to the hypothesis that cation-anion pairs are the active sites
for the dissociative adsorption on the (0001) surface. As shown in Figure 2.3 comparing the
model structure of (0001) and

, both Zn

2+

2-

and O ions are accessible to adsorbates on the

(0001) surface due to the difference in the size of these cation-anion pairs. In contrast, on the
2-

surface, only O anions are accessible. Similar to the ZnO(0001) single crystal, YSZ(100)
single crystal samples were also purchased from MTI Corporation with the (100) polished by the
manufacturer.
2

2

The 100 mm face area sample was cut into a smaller piece with 36 mm area utilizing a
0.01” diamond wire blade (South Bay Technology) primarily to minimize heating/cooling problems
due to a low conduction associated with metal oxides, and to achieve a uniformity in temperature
across the sample during the temperature programmed desorption studies. The single crystal
was mounted in a tantalum foil holder (Alfa Aesar, 0.025 mm in thickness) that was attached to
the sample manipulator of the UHV chamber. As shown in Figure 2.4, this sample holder was
spot-welded onto copper rods wrapped with tantalum foil at the ends of the manipulator.
Previous attempts to utilize indium to glue the back of sample onto a tantalum foil holder were
unsuccessful as indium agglomerates upon annealing the sample to T > 800 K, which tilted the
sample downward, making it impossible to obtain high quality AES spectra and capture AFM
images of deposited cobalt particle. A type K chromel-alumel thermocouple was attached to the
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back of the sample (Figure 2.4) via a ceramic adhesive (Aremco 516) to monitor its temperature.
In the case of ZnO(0001) sample, the thermocouple was mounted to the edge of the sample to
maintain flat back surface necessary for AFM studies. The adhesive was dried for 30 min at room
temperature followed by 5-10 min heat treatment with a heat gun.

Figure 2.3. (a) Model structure of ZnO(0001)-Zn and (b) ZnO
-O surfaces; the
grey spheres represent Zn2+ cations, and the red spheres represent O2anions.

Figure 2.4. The schematic diagram of single crystal sample mounted on the Ta-sample
holder.
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Clean solid surfaces can be achieved through repetitive cycles of argon ion
bombardment and annealing in vacuum. Argon sputtering is basically a molecular “sandblasting”
technique used to physically remove layers of surface impurities by bombarding the surface with
2 kV argon ions for extended periods of time. As the well-defined, flat, solid surface is roughened
during the sputtering process, annealing the substrate to high temperatures close to the substrate
melting point is essential in order to both facilitate smoothing by surface diffusion and desorb
argon atoms that are embedded in the substrate. Cleaning by chemical reaction is accomplished
through annealing the sample in an O2-rich environment (P~10

-8

torr O2), which is useful in

removing carbonaceous layers that are present on the solid surface after decomposition of
hydrocarbon molecules during reactivity studies, i.e. C2H5OH and CH3OH.
When necessary, a single crystal sample could be taken out of the UHV chamber and
mechanically polished with diamond pastes and polishing cloths (South Bay Technology) to
obtain a pristine surface indicated by a “mirror” finish and no visible scratches observed under a
microscope. The following procedure was used to polish the single crystals (applies to both metal
and metal-oxide samples):
1. The sample was glued onto a stainless-steel holder with Duco Cement and let dried at
room temperature over-night. It was crucial to ensure that the sample was sitting flat ontop of the holder.
2. Start polishing the crystal with the 15 μm diamond paste for extended period of time. The
polishing cloth recommended for 15 and 6 μm polishing was cotton fine 8” in wheel
diameter (WD).
3. It was crucial to maintain the sample wet/moist throughout the polishing procedures by
regularly dispensing the polishing lubricants. (Alcohol-based lubricant was recommended
for metal-oxide polishing).
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4. While it was expected that the sample would not possess a “mirror” finish upon polishing
with the 15 μm diamond paste, no visible scratch must be achieved prior to progressively
moving down to the lower size diamond paste.
5. The sample should be polished with the diamond paste on the order of 15 μm, 6 μm, 3
μm, 1 μm, 0.5 μm, 0.25 μm, and 0.1 μm. Synthetic velvet 8” WD was used for 3 and 1 μm
polishing, and Rayon fine 8” WD were recommended for polishing with diamond paste
size below 1 μm.
6. All the consumables (i.e. gloves, polishing cloths) should be removed and changed when
moving to the different size polishing steps to avoid contamination. Furthermore, the
sample should also be washed thoroughly with water during this intermittent period.
7. Once the “mirror” finish and scratch-free surfaces were obtained, the sample was
sonicated with acetone to release it from the holder (~30 min).

Co deposition was accomplished through heating an evaporative metal source
constructed by wrapping 0.1 mm diameter high purity Co wire (Alfa Aesar, 99.995%) around a 0.2
mm diameter tungsten wire which was then attached to an electrical feedthrough on the UHV
chamber (see Figure 2.5). The flux of Co was monitored using a quartz crystal film thickness
monitor (Q-pod, Inficon). The deposition of Co was conducted with a growth rate of approximately
0.05 A/s while keeping the ZnO(0001) substrate at 300 K. Co coverage was reported in
equivalent monolayers (ML). One monolayer is defined to have 1.8 x 10
atom density on the Co(0001) surface.
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15

2

atoms/cm , which is the

Figure 2.5. The schematic of cobalt vapor deposition process.

2.3.2. Model Catalysts of Co/CeO2/YSZ(100)
In order to provide a better understanding of support effects in cobalt-based catalysts for
the alcohol steam reforming process, a surface science study utilizing ceria known for its unique
oxygen storage capacity (OSC) and high reducibility properties [9, 10] was accomplished to
complement our previous studies on Co/ZnO(0001) [11] and Co/YSZ(100) [12] model catalysts. A
thin cerium film was grown on a 6 x 6 x 1 mm YSZ(100) single crystal (MTI Corporation) that had
been previously cleaned through a repeated cycle of sputtering and annealing described above.
The deposition was performed utilizing a home-made electron beam evaporator depicted in
2

Figure 2.6. 5 mm Ce foil (Alfa Aesar, 99.9%) was mounted into a cone-shaped holder made from
0.025 mm thickness tantalum foil (Alfa Aesar, 99.95%). The holder, filled with the cerium source,
was spot-welded onto a 1 mm thickness Ta wire (Alfa Aesar, 99.95%) connected to the electrical
feedthrough. 0.2 mm Tungsten wire (Alfa Aesar, 99.95%) was spot-welded onto the other two Ta
wires of the electrical feedthrough. The deposition was initiated by sending current to heat up the
tungsten wire, hence emitting electrons (the filament was observed to be white hot). Tungsten

44

was chosen due to its relatively low work function (defined as the minimum energy required to
remove an electron from the highest occupied energy level in the solid to the vacuum level) and
low vapor pressure, hence allowing it to emit electrons required for this deposition process. The
cerium source was set to float at +2 kV, which would bias the emitted electron from tungsten
filament to the cerium source. The heat generated was sufficient to vapor deposit cerium onto the
YSZ(100) substrate. Cerium films ~40 A in thickness were used throughout this investigation.
The cerium film on the YSZ(100) single crystal was annealed in 2 x 10

-7

torr O2 while

keeping the sample temperature at 450 K for 15 min. This oxidation treatment yielded nearly fully
oxidized ceria, CeO2, as determined from XPS. This CeO2 film could be reduced to Ce2O3 by
annealing the sample to 800 K for couple minutes, confirming its high redox properties. Co was
later deposited to the CeO2/YSZ(100) substrate following the procedure described in the previous
section.

Figure 2.6. The schematic of cerium vapor deposition process through the use of ebeam evaporator.
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2.3.3. Model Catalysts of Zn/Pt(111) and PtZn/Pt(111)
This study utilized a Pt(111) single crystal (Goodfellow) with a 10 mm diameter and 1 mm
thickness. Unlike that of metal-oxide single crystals, the Pt(111) sample was attached to the UHV
chamber’s sample manipulator through spot-welding a 0.25 mm in diameter Ta wire (Alfa Aesar)
on the back of the Pt(111) single crystal, which was tied to the tantalum foil-wrapped copper rods
at the ends of the manipulator.
Cleaning the Pt(111) single crystal was accomplished through repetitive cycle of
sputtering with 2 kV Ar+ for 30 min while keeping the sample’s temperature at 600 K, followed by
-8

20 min annealing in vacuum at 1100 K and 20 min annealing in O 2-rich environment (2 x 10 torr
O2) at 1100 K. The O2 treatment was quite effective for removal of carbon impurities through
oxidizing the carbon at elevated temperatures and desorbing as CO and CO 2. The cleanliness of
sample can be confirmed through the use of XPS or CO TPD. On clean Pt(111), CO desorbs at T
~ 480 K [13, 14]; lower CO desorption temperature is typically an indicative of a contaminated
surface.
Zn was deposited onto the Pt(111) surfaces using a home-made evaporative source
which consisted of a 0.5 mm Zn wire (Alfa Aesar, 99.995%) wrapped around 0.2 mm diameter
tungsten wire which was then attached to an electrical feedthrough – similar to the Co deposition
source discussed above. Quartz crystal film thickness monitor was used to monitor the amount of
Zn deposited onto the Pt(111) surfaces, though keeping in mind that there could be an issue
related with the accuracy which will be discussed below. The Zn coverage was reported in
monolayers (ML), where one monolayer was defined to have 1.51 x 10

15

2

atoms/cm , which is

equal to the atom density on Pt(111). The inaccuracy and difficulty in controlling the amount of Zn
deposited has been well documented in the literature [15, 16], primarily attributed to Zn high
vapor pressure and relatively low sticking coefficient of Zn on the quartz microbalance. It was
found that a pristine gold sensor crystal (MAXTEK, Inc) would initially possess an accuracy
required for the deposition; however, this accuracy dropped significantly over time as more Zn
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was deposited on the surface of the gold crystal. This observation is in agreement with that
reported by Rameshan et al. [16] of which they saw the drop in measurement accuracy and
recommended that the gold crystal surface to be sputtered with 2 kV Ar+ and cooled to 270 K
during evaporation.
The amount of Zn deposited onto Pt(111) was calibrated by performing Zn TPD
experiments. As reported previously by Rodriguez et al. [17], Zn desorption peaks on Pt(111)
occur at two different temperature ranges, namely, the multi-layer Zn and PtZn alloy which desorb
at 500 K and 800 - 1100 K respectively. Temperature Programmed Desorption (TPD)
experiments following a deposition of < 1 ML Zn at 300 K would result in one Zn desorption peak
corresponding to that of PtZn alloy as Zn would react with Pt to form PtZn alloy upon heating the
sample to 650 K. It was found through our studies that independent of the sample preparation
method, the amount of Zn that can be incorporated into the Pt(111) surface is limited to 1 ML.
Knowing this information, the amount of Zn deposited could be calibrated as a function of
deposition time while maintaining consistency of both the Zn deposition pressure and sample’s
position. As shown in Figure 2.7, the integrated area of Zn alloy desorption peak has a linear
-9

correlation with the deposition time up to 10 minutes at Zn deposition pressure of 2 x 10 torr.
The amount of Zn alloy formed was found to plateau, as further increase in the deposition time
did not result in an increase of Zn alloy desorption peak. Based on these results, it could be
-9

approximated that 10 minutes deposition at 2 x 10 torr Zn would result in ~1 ML of Zn deposited
on Pt(111) surfaces. Furthermore by utilizing this information, the amount of Zn reported on the
quartz crystal microbalance could be verified with the time required to reach the desired Zn
coverage on Pt(111). The author however realized that this calibration method would be very
specific towards the UHV chamber used. Furthermore, the amount of Zn deposited would be
highly dependent on several key issues, such as, the Zn source configuration, location of
pressure gauge, and single crystal substrate position inside the chamber. It was recommended
therefore that the calibration curve to be repeated for experiments planned on different UHV
chambers or even upon changing Zn sources or mounting new samples.
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In order to create the PtZn alloy sample, the deposited Zn was annealed to 600 K for 2
min. Figure 2.8 shows the XP-spectra of Zn(2p1/2) obtained on the 0.2 ML Zn/Pt(111) surface
annealed progressively to higher temperature. Between 300 and 450 K, Zn(2p1/2) binding energy
was 1044.8 which was consistent with that reported previously for Zn adatoms on the Pt(111)
surface. Annealing the sample to temperature above 500 K resulted in a ~0.5 eV decrease in the
Zn(2p1/2) binding energy, indicative of the incorporation of adsorbed Zn atoms into the Pt(111)
surface to form a PtZn alloy. Annealing treatment at 600 K for 2 min was selected as it would
provide sufficient activation energy to induce alloy formation, but would retain the majority, if not
all, Zn from getting into Zn alloy desorption temperature regime.

Figure 2.7. The integrated area of Zn TPD spectra corresponding to PtZn alloy with Zn
deposition performed at 2 x 10-9 torr Zn.
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Figure 2.8. Zn(2p1/2) XP-spectra of 0.2 ML Zn/Pt(111) samples annealed progressively
to higher temperatures [18].

2.3.4. Metal Deposition
Utilizing a quartz crystal microbalance, the amount of metal deposited onto the single
crystal substrate can be accurately measured. Equations 2.2 and 2.3 would allow a calculation to
determine the thickness reading that corresponds to a single monolayer. In order to quantify the
deposition amount below 1 ML, setting the value of the metal source density to 1 compensates
for the thickness monitor’s lack of resolution.

[2.2]
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[2.3]

is the thickness reading on the film thickness monitor,
is the metal source density,
number (6.02 x 10

23

is the actual thickness,

is the molecular weight of metal source,

atoms/mole), and

is the Avogadro’s

2

is the # of atoms/cm . Figure 2.3 shows the schematic of

Co close packed structure used to calculate the atom density in Co(0001) surfaces where 2.51
is the diameter of cobalt atom. Based on this analysis, the atom density of Co is found to be 1.8 x
15

2

10 atoms/cm .

Figure 2.9. Schematic of Co(0001) HCP unit cell on the close packed layers.
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2.4. Surface Analysis Techniques
2.4.1. Temperature Programmed Desorption (TPD)

Figure 2.10. The adsorption of probe molecule onto the sample at ~100 K, followed by
ramping up the sample’s temperature in front of mass spectrometer to
monitor the desorption products (TPD).

TPD is used to measure the catalytic activity and identify the reaction mechanisms of
probe molecules adsorbed on the surface of model catalysts by simultaneously monitoring
several masses corresponding to a range of potential products as a function of sample’s
temperature. The typical set-up (depicted in Figure 2.10) for a Temperature Programmed
Desorption (TPD) experiment consists of a sample connected to the tantalum holder (by which
the resistive heating can be performed) and to a type-K thermocouple (for temperature
measurement), a quadrupole mass spectrometer which has been pre-tuned and calibrated to
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monitor masses of species expected to desorb from the surface, and lastly, a dosing needle for
adsorption of reactant used in the study.
The reactivity of model catalysts towards probe molecules, such as, CH 3OH and
C2H5OH, can be extensively investigated through the use of this particular technique. The
experiment is begun by situating the sample in front of dosing needle and exposing it with a
known amount of the reactant. The utilization of dosing needle allows dosing to be performed at a
lower pressure; hence minimizing the adsorption of reactant onto different parts of the UHV
chambers, which is undesirable. The enhancement factor (typically ~100x) associated with the
use of dosing needle can be estimated by comparing the integrated area of TPD product spectra
obtained from the sample dosed in front of the dosing needle to the one dosed from background
(the sample is positioned away from the dosing needle). It is to be noted that the enhancement
factor can be slightly different depending on the probe molecules dosed; therefore, for accurate
measurement, it is recommended that the enhancement factor be determined for every different
reactant used in the experiment. Upon adsorption of the reactant, the sample is positioned in front
of the quadrupole mass spectrometer and then heated at a constant heating rate (3 K/s) to the
desired temperature. This would cause the adsorbed species to desorb from the sample and
enter the aperture of the mass spectrometer, where they will be ionized and detected.
By analyzing the desorption spectra obtained, kinetic information, such as the desorption
activation energy (

), the surface activity and selectivity, the surface coverage (integrated area

of the TPD spectra), and the pre-exponential factor ( ) can be calculated. As the sample is
heated with constant heating rate ( ), the sample temperature at any given time ( ) can be
approximated by the relationship shown in Equation 2.4,

[2.4]
where

is the sample temperature at time equals to

and

is the initial sample temperature.

Furthermore as the vacuum chamber is being pumped continuously, the temperature at which
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maximum desorption occurs (Tp) would therefore correspond to the maximum desorption rate.
The rate of desorption ( ), defined as a change in the number of adsorbate coverage per unit
time, can be formulated as [19],

[2.5]
[2.6]

where

is the desorption rate constant,

is the pre-exponential factor,
Arrhenius relation for

is the fraction of sites with adsorbed molecules,

is the gas constant, and

is the temperature. Substituting the

shown in Equation 2.6 into the equation 2.5 would yield,

[2.7]

At temperature of which the maximum desorption is taking place,
equation 2.7 would equal to zero. Hence by assuming that both

=

and

coverage ( ), equation 2.7 can be solved to yield a relation between

and

, the derivative of
are independent of
.

[2.8]

For a first order reaction where n equals to 1, equation 2.8 can be simplified further to,

[2.9]

This equation implies that for a 1

st

order desorption, the desorption activation energy is

independent of the adsorbate coverages. For a simple desorption process,

is assumed to be in

the same order of magnitude to the molecular vibrational frequency which equals to 10
st

Chemisorbed monolayers would typically exhibit either 1 order or 2

nd

and that of multi-layer would follow zero-order desorption kinetics [19].
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-1

s .

order desorption kinetics,

While equation 2.9 assumes that the desorption activation energy (

) is independent of

surface coverage ( ), it is possible and indeed it is observed (see Figure 2.11) that increasing the
coverage of adsorbate in the 1

st

order desorption system would result in the desorption

temperature shift. This shift could either be due to the changes in terms of preferential adsorption
sites (i.e. from atop to bridge sites) or the interaction among the adsorbates on the surfaces [19].
Figure 2.11 shows the TPD spectra obtained following CO dosage on Pt(111) surfaces at ~120 K.
In general, the CO desorption temperature gets broadened and shifts to lower temperature upon
increasing the amount of CO adsorbed prior to the TPD experiment; for example, CO desorption
temperature is shifted from 470 to 425 K upon increasing the CO dosage from 0.05 to 1 L. 1 L
-6

corresponds to the dosage at 10 torr for 1 sec. At coverage below 0.2 ML, CO has been shown
to preferably bind on the atop sites [13]. Increasing the CO coverage above 0.2 ML would result
in the simultaneous occupancy on both bridging and atop sites [13]. Therefore, the shift in terms
of CO desorption temperature could be attributed towards the changes in the adsorption sites and
the repulsive interaction between adsorbed CO molecules.
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Figure 2.11. TPD spectra following CO adsorption on Pt(111) surfaces at 100 K.

Figure 2.12 shows the TPD spectra obtained following 2 L C 2H5OH adsorption at 298 K
on YSZ(100) model catalysts. On these surfaces, C2H5OH undergo a dehydration pathway to
form C2H4 and H2 [12]. As shown in Figure 2.12, a fraction of C2H5OH desorbs back to the
vacuum without undergoing any reaction at 300 K. C2H4 and H2 peaks at 485 K are reaction
limited products, implying that these products are produced at a temperature higher than the
corresponding desorption temperatures of C2H4 and H2 on YSZ(100). In TPD, large molecules
often disintegrate into smaller fragments, thus requiring the mass spectrometer to monitor a
range of masses for accurate identification. A range of m/e corresponding to a molecule is called
the cracking pattern, which can be obtained from the NIST database. For example, C 2H4 (MW =
28) have primary cracks at m/e of 28(100%), 27(60%), and 26(55%). In order to differentiate one
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product from another, it is often necessary to monitor not only the m/e with the highest relative
intensity since it may overlap with another potential desorption product. In the case of TPD
spectra shown in Figure 2.12, the biggest crack of C2H4 is m/e 28, which also corresponds to CO,
which is a plausible product from C2H5OH decomposition. Therefore, only by monitoring both m/e
26 and 28 can the formation of CO from C2H5OH adsorption on YSZ(100) surface be ruled out, as
the shape of both m/e 26 and 28 is identical and the peak size of m/e 26 is approximately half
that of m/e 28.
Quantifying the product relative yield from TPD spectra can be accomplished through
following the method described extensively by Ko et al. [20]. In order to quantify the product yield
of products obtained from TPD experiments, the integrated desorption spectra would need to be
corrected to account for differences in ionization efficiency ( ), quadrupole transmission (
electron multiplier gain (

), and mass fragment yield (

),

). These variables can be determined

by following the relations shown in Equations 2.10 – 2.13.

[2.10]
[2.11]

[2.12]
where MW is the molecular weight. The correction factor ( ) can then be calculated by inputting
the variables calculated together with the mass fragment yields that are tabulated in NIST
database.

[2.13]
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Figure 2.12. TPD spectra following 2 L C2H5OH adsorption on YSZ(100) at 298 K [12].

2.4.2. X-ray Photoelectron Spectroscopy (XPS)
XPS is used to identify and quantify the amount of atom or molecule that is present on
the surface with its corresponding oxidation states. Figure 2.13 shows the schematic diagram of
X-ray Photoelectron Spectroscopy (XPS). The sample is positioned in front of the detector with
0

the x-ray source approaching from the 45 angle. As the monochromatic x-ray source is incident
upon the sample’s surface, it will result in a photoemission from both core and valence levels of
surface atoms into the vacuum [19]. By monitoring the kinetic energy (
electron, we can back-calculate the binding energy (

) of the emitted photo-

) of electron which are the signatures of

atom type through applying the principle of energy conversation (Einstein’s photoelectric
equation),
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[2.14]
where

is the work function, defined as the minimum energy required to remove an electron

from the highest occupied energy level in the solid to the vacuum level [19].

Figure 2.13. Excitation of core electron upon incidence of X-rays.

While the binding energy of an electron is primarily dependent on the level of which the
photoemission is occurring, changes in terms of the formal oxidation state and the local chemical
environment could cause a chemical shift resulting in the small shift in peak position in the
spectra [19, 21]. These readily observed chemical shifts allow XPS to identify the sample’s
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oxidation states which is used extensively in these research projects. It is expected that atoms
with higher positive oxidation state would exhibit a higher binding energy due to a stronger
coulombic interaction between the photo-emitted electron and the ion core. Figure 2.14 shows the
XP-spectra of Co(2p) obtained from polycrystalline Co foil before and after the oxidation
treatment [22]. On the freshly prepared sample, labeled (a), Co primarily exists in the metallic
0

state (Co ) as determined from the sharp 2p3/2 and 2p1/2 peaks at 778.0 ± 0.2 and 793.0 ± 0.2 eV
7

[23, 24], respectively. Upon exposing it to 10 L O2 at 600 K, the sample, labeled (b), is found to
be completely oxidized to Co

2+

indicated by 2p3/2 and 2p1/2 peaks at 780.5 ± 0.5 and 796.0 ± 0.5

eV [23, 24].

Figure 2.14. Co(2p) XP-spectra on (a) freshly prepared polycrystalline Co foil and (b) Co
foil pre-treated with 107 L O2 exposure at 600 K [22].

On non-conductive samples such as metal oxides, core electrons that are emitted will
induce a positively charged surface as the electrons are not able to completely neutralize the
charge. This results in non-equilibrium Fermi levels between the sample and spectrometer
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creating a surface potential known as the charging effect. Several problems related with the
charging effect are commonly noticed by the shift in peak positions, broadening of peak widths,
and deformation of peak shape. These effects are observed on the studies accomplished on
metal oxide single crystals, such as, ZnO(0001) [11] and YSZ(100) [12]. In order to compensate
for the shift due to charging effect, the spectra obtained are calibrated accordingly by aligning the
peak position of certain elements that will not get affected by the experimental treatment to the
“universal” reference line such as C(1s). For example, the charging shift on YSZ(100) single
crystal can be estimated through aligning the Zr(3d5/2) peak position to the peak position
according to the references for ZrO2, 185.6 ± 0.2 eV [25, 26]. Hence, all the XP-spectra obtained
on YSZ(100) will be re-adjusted based on the shift estimated. It is noted that the charging shift is
very sensitive and depends on many factors, such as the size of sample and the contact between
sample and Ta holder. Therefore, it is necessary to obtain the charging shift upon changing
sample or re-mounting a sample onto new sample holder. Positioning the sample such that the xray would only be incident upon the single crystal and not the conductive Ta-sample holder and
minimizing the area of Ta-made sample holder on the front face of the single crystal are crucial in
preventing any major deformation of peak shape obtained. Figure 2.15 shows the Co(2p) spectra
obtained on 2 ML Co/CeO2/YSZ(100) model catalysts. In Figure 2.15 (a), it is clear that there are
extra peaks preceding the Co(2p3/2) and Co(2p1/2) peaks; these peaks disappear upon adjusting
the sample’s position as shown in Figure 2.15 (b). The extra peaks are most likely due to a small
amount of cobalt deposited onto the Ta-foil holder which will exhibit a slightly different binding
energy as the holder is conductive unlike the ceria sample.
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Figure 2.15. Illustration of charging effect observed on Co(2p) spectra obtained on 2 ML
Co/CeO2/YSZ(100) samples; (a) Co deposited both on CeO2 and Ta-holder
is observed during XPS and (b) upon adjustment of sample’s position
allowing only Co deposited on CeO2 to be monitored.
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Figure 2.16. Zn L3M45M45 spectra of 0.4 ML Zn/Pt(111) samples exposed to 0.5 L
CH3OH at 100 K and annealed progressively to higher temperatures [27].

Auger electrons are also created upon the incidence of x-ray onto the solid surface which
allows the XPS technique to be used for monitoring auger peaks. While it is rarely used to
monitor auger peaks, there are some circumstances where the shift in auger peaks is more
prevalent than the primary photoemission peaks. Figure 2.16 shows the Zn auger peak, L 3M45M45
0

obtained on 0.4 ML Zn/Pt(111) model catalysts. The oxidation of Zn from Zn to Zn

2+

upon the adsorption of CH3OH onto the surface, indicated by the kinetic energy (

is observed
) shift of

L3M45M45 peak from 992.5 eV to 991.5 eV [28]. In contrast, the shift in the Zn(2p) spectra
0

between Zn and Zn

2+

is on the order of ~0.2 eV [29], which is extremely difficult to differentiate

given the equipment’s resolution. Unlike the core photoemission spectra, the intensity of auger
peak is plotted against the kinetic energy instead of binding energy as the auger emission is
independent of photon energy incident upon the surface to create an electron vacancy in the core
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level. The details of auger electron will be discussed in more depth under the Auger Electron
Spectroscopy (AES) section below.
XP-spectra can also be used to characterize the relative concentration between two
different elements. For example, the growth mode of Co supported on CeO 2 support and its
strength of metal-support interaction upon annealing to progressively higher temperatures can be
obtained through analyzing the concentration ratio between Co(2p) and Ce(3d). Since the core
level photoemission sensitivity between two different elements can be completely different, the
calculated XPS peak area should be divided by its sensitivity factor [30] as shown in the following
equation,

[2.15]

where

is the ratio of XPS peak area obtained and

is the ratio of core level photoemission

cross-section of two different elements of interest.

2.4.3. Auger Electron Spectroscopy (AES)
AES can be used to identify element that consists of three or more electrons.
Furthermore, as Auger electron emission is strongly dependent on the thickness of adsorbate
layer, the growth mechanism of the adsorbate film can be characterized by monitoring the ratio of
adsorbate to substrate elements as a function of amount of adsorbate deposited. The Auger
effect is created through an incident electron on the solid surface which causes the
photoemission of a core electron. This electron vacancy (core hole) created can be neutralized by
an electron transition, known as the “down” electron, from an electron level of lower binding
energy. The energy released which equals to the difference in binding energy between the core
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hole (

) and the down electron (

the vacuum with a kinetic energy (

) can be transferred to a third electron, which is released into
). The relation between the kinetic energy of an Auger

electron for a KLL emission is shown in Equation 2.16.

[2.16]

where

is the energy associated with emitting the third electron from within atom. Figure

2.17 illustrates the mechanism by which the auger electron is emitted from the solid surfaces.

Figure 2.17. Schematic diagram of Auger process.
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As most of the emitted electrons are those that have undergone multiple energy losses
through interaction with other atoms on the way out, a large secondary electron background is
observed which makes the identification of auger peaks extremely difficult. This problem can be
overcome by differentiating the auger peak to yield a

curve. Figure 2.18 shows the

differentiated auger spectra obtained on ZnO(0001) single crystal. 3 primary Zn auger peaks L3M45M45, L3M23M45, and L2M23M23 – are observed at

of 994 eV, 906 eV, and 836 eV

respectively. O peaks – KL1L1, KL1L23, and KL23L23 – are detected at

of 511 eV, 489 eV, and

475 eV respectively. Similar to XPS, the area of auger peaks or more commonly measured as the
peak-to-peak height of differentiated auger peak is proportional to the surface concentration;
hence after accounting for the sensitivity factor, the concentration ratio between two elements on
the first few layers of a solid surface can be determined [19].
The growth mode of a certain element on the support can be identified by monitoring the
variation in the auger peak intensity as a function of deposition time or amount of metal deposited
on the substrate. There are three main types of growth mechanism, namely, layer by layer, 3dimensional islands, and layer + island (2-dimensional flat islands) [19]. Figure 2.19 shows the
growth curve of Co on a ZnO(0001) single crystal substrate plotting the auger peaks ratio of
peak-to-peak height of Zn(LMM) and Co(LMM) as a function of Co coverage [31]. The Zn/Co ratio
is found to decrease sharply for Co coverages up to 1 ML, and the ratio asymptotically
approaches zero at 2 ML. This curve shape implies that Co deposition process approximates
layer-by-layer growth. While it can be concluded that Co growth on ZnO(0001) substrate does not
form large 3-dimensional islands leaving significant portion of ZnO(0001) surfaces uncovered, it is
however difficult to distinguish between perfect layer-by-layer growth and formation of 2dimensional islands based solely on AES data.
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Figure 2.18. AES spectra of ZnO(0001) single crystal.

Figure 2.19. The ratio of Zn(LMM) and Co(LMM) obtained following deposition of Co
over ZnO(0001) single crystal [31].
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2.4.4. High Resolution Electron Energy Loss Spectroscopy (HREELS)
HREELS is a vibrational spectroscopy technique that is used to detect the vibrational
frequency of adsorbate bonding on the sample’s surface, which allows the identification of
surface intermediates and their bonding configuration as a function of annealing temperatures.
This technique utilizes a highly monochromatic electron beam with an energy spread of
approximately 5 meV and beam energy between 1 and 10 eV. The working principle of HREELS
is very similar to that of Reflection-adsorption infrared spectroscopy (RAIRS), with the energy
source used to probe the excitations of surface bonds (electron VS IR beams) being the only
difference. A major advantage of HREELS over RAIRS is in the ability to detect vibrational modes
-1

below 1000 cm associated with the substrate-atom stretches (see Figure 2.21); IR source is not
-1

able to produce a sufficient flux of photons below 1000 cm [19].
The generated electron beam could come in contact with the surface and bounce back
without losing energy, which is detected as the elastic peak with zero energy loss. On the other
hand, the electric field of the incoming electron could also interact with the changing electric field
associated with the molecular vibration of species on the surfaces; this is known as Dipole
scattering. In this mechanism, the molecule’s vibrational state is excited to the next energy level
due to the transfer of energy from the incoming electron beam. Following the energy conservation
rule, the outgoing electron would have an energy loss equals to that necessary to excite the
vibrational mode to the next energy level. By scanning the energy loss ranging from 0 (elastic
-1

peak) to 4500 cm , the intermediates formed and their bonding sites and geometry on the
surfaces at different temperatures can be identified. The interaction between electron beam and
the molecule on the surfaces is relatively long range, and hence it will detect a composite of the
molecular and image dipole. This results in an excitation of only the molecules that are
perpendicular to the surface. Figure 2.20 illustrates the dipole moment of both ‘lying down’
molecule and ‘upright’ molecule; lower peak intensity is expected with the lying down molecule as
the molecular and image dipoles cancel each other. In some circumstances, no peak is observed
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when the molecule lies perfectly flat on the surfaces. The second type of scattering is known as
impact scattering, which is the result of a direct impact between adsorbate and electron causing a
vibrational excitation. The intensity of impact scattering is considerably weaker than that of dipole
scattering due to the fact that electrons got scattered into a wide range of different directions.

Figure 2.20. Illustration of surface selection rules in terms of molecular and image
dipoles for observation of molecules during HREELS.

Before any HREEL spectra could be obtained, the spectrometer had to be tuned by
adjusting the sample position as well as the beam energy and the voltage settings for the grids
and lenses. High count rate and narrow peak-widths are necessary to ensure high quality spectra
allowing for identification of molecules on the surfaces. Typically a count rate of ~100,000 cps is
achieved on freshly prepared Pt(111) surfaces with a full-width half maximum (FWHM) elastic
-1

peak resolution of ~40 cm . Figure 2.21 shows the HREEL spectra obtained on Pt(111) dosed
-1

-1

with 0.5 L CO at 100 K. CO is detected at both 1850 cm and 2080 cm , which corresponds to
CO bound at bridge and atop sites respectively [13] . Two peaks at lower energy loss, 380 cm
-1

and 485 cm are identified as Pt-C stretch associated with CO [13].
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-1

Figure 2.21. HREEL spectra obtained following 0.5 L CO dose over Pt(111) surfaces at
100 K.
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CHAPTER 3. Studies of the Structure and Interfacial Chemistry
of Co Layers on ZnO(0001)
Summary
The thermal and chemical stability of vapor-deposited cobalt films on single crystal
ZnO(0001) surfaces were investigated. X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES), and atomic force microscopy (AFM) were used to probe the structure and
oxidation state of deposited Co layers as a function of coverage and annealing temperature. The
Co was found to approximate layer by layer growth at 300 K, but agglomerate into particles upon
heating to temperatures up to 700 K. Between 700 and 800 K the Co particles were found to
redisperse over the ZnO(0001) surface. XPS analysis revealed that this spreading is
accompanied by oxidation of Co to form CoO as a result of reaction with the ZnO support.
Additionally, XPS showed that heating above 800 K resulted in the incorporation of Co into the
ZnO support. The oxidation of Co via reaction with the ZnO is not expected based on bulk
thermodynamics and this result therefore demonstrates that interactions at the interface play a
dominate role in directing the structure and oxidation state of the Co for this system.

3.1. Introduction
As discussed in Chapter 1, while ethanol seems to be an attractive renewable feedstock
for the production of H2 via steam reforming for use in fuel cells [1-9], the viability of SRE as a
practical means of producing hydrogen is highly dependent on the availability of a highly
selective, low cost catalyst with a long operational lifetime [2, 7, 9-13]. In recent years Co-based
catalysts have emerged as an alternative to precious metals (e.g. Pd and Ru), and it has been
shown that they can obtain high selectivities to CO 2 and H2 at relatively low reaction temperatures
[12, 14]. For supported Co catalysts it has been observed that the support can significantly affect
reactivity. For example, Llorca et al. [12] report selectivities to H2 and CO2 at 723 K, for high
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ethanol to steam ratios, of 91 % for Co supported on ZnO and CeO2, but only 63 and 52 % when
MgO and TiO2 were used as the supports. The origins of these support effects are not well
understood, but interactions between Co and the support are clearly important in determining the
performance of the catalyst. Of the supports that have been studied, ZnO appears to produce
catalysts with the highest selectivity and activity [12].
The variations in reactivity observed for Co on different oxide supports also suggests that
interactions between Co or CoOx and the support are important. Altering the extent of Co
reduction under reaction conditions is one possible mechanism by which the support may affect
catalytic activity [12, 13, 15, 16]. In a study of propane hydrogenolysis on Co/ZnO, Martin-Luengo
et al. [17] also observed synergistic interactions between Co and ZnO and suggested that both
structural promotion and incorporation of Co

2+

into the ZnO lattice may play a role. Since the

details of the interactions at the Co-ZnO interface are not well understood, additional study is
warranted. Understanding these interactions and how they affect catalytic properties may be
helpful in tailoring the design of Co/ZnO catalysts in order to enhance stability, activity, and
selectivity for SRE. Dumont et al. have recently reported one of the more detailed studies of how
interactions at Co-ZnO interfaces affect the structure of supported Co particles, using STM and
Auger electron spectroscopy (AES) to examine vapor-deposited Co films on ZnO(0001) [18]. The
STM analysis revealed a high density of islands following deposition of 1.2 nm of Co at room
temperature which covered nearly the entire ZnO(0001) surface. Annealing the surface at
temperatures up to 945 K led to the agglomeration of the Co, forming more particle-like
structures, while annealing at higher temperatures led to a reversal of this process producing a
more film-like structure. The highest temperature annealing examined, 970 K, induced Co to
migrate into the ZnO subsurface, presumably displacing some Zn. This work suggests that there
are rather complex interactions at the Co-ZnO interface that direct the structure of Co films.
Unfortunately oxidation state information for the supported cobalt was not obtained in the Dumont
et al. study and a complete picture of the chemistry at the interface is therefore lacking. The goal
of the present study was to investigate this system in more detail and to use XPS, AES, and AFM
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to provide additional insight into the structure and oxidation state of Co films on ZnO(0001) as a
function of pretreatment conditions.

3.2. Experimental
Experiments were performed using two separate ultrahigh vacuum chambers, both with
pressures maintained below 5x10

-10

Torr. The XPS (x-ray source: VG Microtech; electron energy

analyzer: Leybold-Heraeus) experiments were performed in one chamber after depositing Co
from a 2 mm diameter rod (Alfa Aesar 99.995 % purity) using an electron beam evaporator (tectra
GmbH) onto an approximately 7 mm x 7 mm x 1 mm ZnO(0001) single crystal (MTI Corporation).
+

In this UHV chamber, samples were cleaned by sputtering with 2 kV Ar ions followed by
annealing at 800 K. This process was repeated until the sample was determined to be clean
using XPS. While the ideally cleaved ZnO(0001) surface is zinc terminated with a tetragonally
coordinated O layer below, this surface is unstable. The sputtering and annealing cycles result in
the formation of a stable, reconstructed surface that contains triangular terraces separated by
single height steps. A detailed description of the structure of the surfaces can be found in papers
Diebold et al [19, 20]. With Co deposited on the surface, the cleaning process typically required
20 – 30 sputter/anneal cycles to remove subsurface Co.
The second chamber was equipped to perform Auger electron spectroscopy (electron
gun: Physical Electronics; electron energy analyzer: Omicron). An approximately 5 mm x 5 mm x
1mm ZnO(0001) single crystal (MTI Corporation) was mounted similarly to that in the XPS
chamber. The deposition source on this chamber was made from a 0.1 mm diameter Co wire
(Alfa Aesar, 99.995 % purity) wrapped around a 0.25 mm diameter W wire. The W filament was
attached to an electrical feed through on the UHV system and heated resistively. Cleaning of the
sample was done as in the XPS chamber, with the exception that annealing was performed with
-7

2x10 Torr O2 (Matheson, 99.998 % purity) in the background.
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XP spectra are referenced to the Zn(2p 3/2) peak, assigned to 1021.7 eV [21]. To
investigate the influence of heating on Co structure and electronic state, XP spectra were
collected following annealing at the stated temperature for 10 minutes. Most scans were
performed at room temperature. In a few cases sample charging led to peak broadening and
scans were performed with the sample held at 450 K in order to alleviate this problem. Oxidation
of Co was achieved by dosing O2 through a leak valves attached to the UHV chambers. The leak
valves were equipped with a 6mm diameter stainless steel tube that the sample was placed in
front of while dosing. The enhancement factor while dosing due to the tube was estimated to be
100 relative to the background pressure. Atomic force microscopy (Pacific Nanotechnology) was
used to characterize the morphology of the metal deposits. Samples were prepared in the AES
chamber and then removed for AFM analysis in air.

3.3. Results and Discussion
3.3.1. XPS and AES Characterization of Co Film Growth
XPS and AES were initially used to characterize the growth of vapor-deposited Co films
on the ZnO(0001) substrates. Cobalt was deposited step-wise up to a total coverage of 3 ML.
Figure 3.1 displays a plot of the ratio of the intensities of the Zn(2p) and Co(2p) XPS peaks
versus coverage for the coverage range examined. The Zn(LMM)/Co(LMM) ratio determined by
AES is also plotted in the figure. Note that the XPS and AES data, which were collected for
different substrates in different chambers, both show a sharp decline in the Zn/Co ratio with
increasing Co coverage for Co coverages up to 1 ML, and the ratio asymptotically approaching
zero by 3 ML. This curve shape indicates that the Co deposition process approximates layer-bylayer growth [22]. That is, in comparison to particle growth, Co covers a large fraction of the ZnO
surface prior to significant growth in the vertical direction. It is important to note that based on
XPS and AES data alone it is difficult to tell the difference between true layer-by-layer growth and
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the formation of a high density of small 3d clusters at low coverages that coalesce into a
continuous film at higher coverages. The XPS and AES data do allow, however, the formation of
large 3D particles during Co deposition at 300 K to be ruled out. As noted in the introduction, in
the STM study of Co/ZnO(0001) by Dumont et al. it was found that following deposition of 1.2 nm
of Co, the ZnO surface was nearly covered by Co islands, which is consistent with the above
analysis [18]. For simplicity, in the remainder of the paper we will refer to freshly deposited Co as
a film, recognizing the shortcomings of this label.

Zn(2p) / Co(2p)
Zn(LMM) / Co(LMM)

Zn(2p) / Co(2p)

3
3
2

2

1

1
0

Zn(LMM) / Co(LMM)

4

4

0
0.0

0.5

1.0 1.5 2.0 2.5
Co Coverage (ML)

3.0

Figure 3.1. Zn(2p)/Co(2p) XPS (triangles) and Zn(LMM)/Co(LMM) AES (squares) ratios
for freshly deposited Co on ZnO(0001).

For the freshly-deposited state at 300 K, the XPS spectrum of cobalt on ZnO(0001) is
dominated by sharp 2p3/2 and 2p1/2 peaks at 778.0 ± 0.2 eV and 793.0 ± 0.2 eV, respectively, as
displayed in Figure 3.2 for 1 ML Co coverage. These are the expected peak positions for zero
valent Co and thus indicate that the freshly deposited cobalt exists predominantly in the metallic
state [23-26]. Oxidized Co can be distinguished from metallic Co based on the higher energy of
the 2p3/2 and 2p1/2 peaks located at 780.5 ± 0.5 eV and 796.0 ± 0.5 eV, respectively [23-32].
These peaks appear in spectra (b) and (c) in Figure 3.2 for 1 ML Co films exposed to O2 at 300
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and 500 K. Previous studies have reported that differences in the 2p peak positions between Co
and Co

+3

+2

vary from 0.1 eV [33, 34] to 0.9 eV [32, 35]. This makes it difficult to use the primary 2p

peaks to distinguish between CoO and Co3O4. These two oxides can be distinguished, however,
by differences in satellite features. The 2p spectrum of CoO contains prominent satellite peaks
which are approximately 6 eV higher in energy than the primary peaks. The location of these
peaks is marked by the solid lines in Figure 3.2. These satellite features arise from shake-up
phenomenon in which the excitation of unpaired valence electrons increases the number of
relaxed final states. While Co3O4 also exhibits satellite peaks due to the Co

2+

contribution, they

are considerably less intense. Note that spectrum (c) in Figure 3.2 for the sample oxidized at 500
K exhibits somewhat less intense shakeup peaks than that in spectrum (b) which corresponds to
the sample oxidized at 300 K. We, therefore, assign spectra (b) and (c) as CoO and Co 3O4,
respectively while recognizing that these films may not adhere to the bulk structures of these
compounds. Additionally, it cannot be ruled out that spectrum (b) may contain some Co

3+

due to

2+

due to

oxygen enrichment of the surface and/or that spectrum (c) may contain more than 1/3 Co

incomplete oxidation of the subsurface, which would lead to less distinction between the satellite
peak intensity in the spectra.
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Figure 3.2. Co(2p) XP-spectra for 1 ML of Co on ZnO(0001) at (a) 300 K, (b) following
exposure to O2 at 300 K, and (c) following exposure to O2 at 500 K. Dashed
lines indicate the location of the native 2p peaks and solid lines indicate the
location of the shakeup features.

In order to investigate the thermal and chemical stability of the Co films, samples were
heated for 10 minutes to a series of progressively higher temperatures. Figure 3.3 displays the
Co(2p) XP-spectra for the 2 ML Co sample. Up to and including 700 K, Co remains primarily in
the metallic state, although a small amount of Co

2+

is present. Annealing at 750 K, however,

results in significant oxidation of the cobalt, as evidenced by the appearance of a 2p 3/2 peak at
780.5 ± 0.2 eV and a 2p1/2 peak at 796.0 ± 0.2 eV, as well as the respective satellite peaks ca.
6.5 eV higher in energy. By 800 K, the oxidized peaks dominate the spectrum and only a subtle
shoulder on the 2p3/2 peak is left indicating a minor contribution of metallic Co. Above 800 K,
there is no indication of any metallic Co. The satellite peaks indicate the formation of CoO
beginning at 750 K.
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A plot of the Zn(2p)/Co(2p) ratio as a function of annealing temperature for the 2 ML Co
sample reveals a significant change in the cobalt structure with heat treatment (Figure 3.3 (b)).
For temperatures less than 750 K where Co exists primarily in the metallic state, the Zn/Co ratio
increases markedly with temperature in a nearly linear fashion. At 700 K, the Zn/Co ratio is 3.5
times greater than at 300 K. Corresponding AES data from the sample in the AES chamber is
also plotted in Figure 3b, demonstrating the reproducibility of this result. Annealing at 750 K,
which causes significant oxidation of the Co, results in a decrease in the Zn(2p)/Co(2p) ratio. This
trend continues upon heating to 800 K. Above 800 K, the ratio increases again. Similar trends
were observed for all Co coverages, although the temperatures for the Zn/Co maxima and
minima were dependent on coverage to some degree and the magnitude of the change in the
Zn/Co ratio relative to that at 300 K was more strongly dependent on Co coverage (see Figure
3.3 (b)).
These data indicate that significant changes in the morphology of the Co film occur upon
heating. The initial increase in the Zn/Co ratio with increasing temperature can be attributed to
agglomeration of the as-deposited metallic Co film into particles, thereby exposing more of the
substrate. The decrease observed between 700 and 800 K indicates a reversal of this process
upon Co oxidation and a spreading of the CoO over the ZnO(0001) support. Such a spreading
would decrease Co shielding and increase Zn shielding, thereby decreasing the Zn/Co ratio.
Spreading of one oxide onto another oxide at temperatures well below the melting temperature
has been reported previously for a variety of systems, including MoO3 on Al2O3 and TiO2, V2O5 on
TiO2, WO3 on Al2O3, and WO3 on ZrO2 [36-38].
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Figure 3.3. (a) XP-spectra of 2 ML Co/ZnO(0001) oxidized at 300 K and then heated to
series of progressively higher temperatures. (b) Zn(2p)/Co(2p) ratios from
XPS (triangles) and Zn(LMM)/Co(LMM) ratios from AES (squares) for 2 ML
Co/ZnO(0001) sample as a function of annealing temperature.

As noted above, heating above 800 K results in an increase in Zn/Co XP ratio, reversing
the trend observed from 700 to 800 K. Unlike with metallic Co at lower temperatures, the increase
in the Zn/Co ratio above 800 K when the cobalt is oxidized appears not to result from
agglomeration, but rather incorporation of Co into the ZnO(0001) support. Evidence of Co
incorporation into a ZnO support upon heating has previously been reported by Llorca et al. for
Co/ZnO high surface area SRE catalysts [39] and in studies examining the ferromagnetism of Co
0

doped ZnO [40-47]. In these latter studies it was found that both Co and Co

2+

may be present in

the subsurface, depending on conditions. As described in the introduction, Dumont et al. also
found that heating Co/ZnO(0001) above the onset of spreading led to Co incorporation into the
ZnO(0001) surface [18]. They reported that this occurred at temperatures above 940 K. While this
is a significantly higher temperature than that observed here, it should be noted that in the
Dumont et al. study the thermocouple was attached to the sample holder and not the sample
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itself, which likely resulted in the temperature reading being significantly above the true sample
temperature. Given the sharp increase in the Zn/Co signal in Figure 3.3 (b) above 800 K, we
speculate that diffusion of Co into the ZnO is facile and extends several nanometers in the ZnO
sample. It was also observed that unusually long sputtering times were needed to remove all
traces of CO from Co/ZnO(0001) samples that had been annealed above 800 K. This observation
is also consistent with Co diffusing into the ZnO(0001) sample.
The formation of Co oxide films on ZnO(0001) was further examined by exposing a
metallic Co film to O2. Figure 3.4 (a) displays the Co(2p) spectra for a freshly deposited 1 ML Co
film exposed to 5x10

-6

Torr O2 at room temperature for 30 minutes, and selected annealing

temperatures following oxidation. As noted above, peaks at 780.5 ± 0.2 eV and 796.0 ± 0.2 eV
are consistent with Co

3+

only apparent when Co
suggests that Co

2+

2+

and Co , but satellite peaks at 786.0 ± 0.2 eV and 802.0 ± 0.2 eV are

2+

is present. The prominence of the satellite peaks in the spectra strongly

is the dominant form of Co following exposure to O2. Attempts were also made
-3

to further oxidize the cobalt by exposing the surface to 5x10 Torr of O2 for 30 minutes at 300 K,
however no change in the spectrum could be detected. In a study of the oxidation of Co surfaces,
Castro and Kuppers found Co3O4 formed on Co(0001) at 120 K for > 40 L of oxygen exposures
[30]. When O2 was dosed at 300 K, they observed a thick CoO film along with some Co 3O4.
Oxidizing Co at 300 K led to a decrease in the Zn/Co XPS ratio (see Figure 3.4 (b)), which then
remained constant when the sample was heated to 500 K. A small increase in the Zn/Co ratio for
the oxidized sample is observed between 500 and 700 K. At 700 K, the shakeup peaks appear to
be more pronounced than at 300 K, suggesting that at 300 K a small quantity of Co, most likely at
the surface, exists as Co

3+

and that this species is reduced to Co

2+

when the sample is heated.

Heating the oxidized 1 ML Co sample above 700 K caused the Zn/Co ratio to increase
significantly.
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Figure 3.4. (a) 1 ML Co/ZnO(0001) oxidized at 300 K and then annealed at the indicated
temperatures for 10 min. Lines indicating the presence of nonmetallic Co at
780.5 and 796.0 eV are provided to guide the eye. (b) Corresponding
Zn(2p)/Co(2p) XPS ratios (open circle, freshly deposited; filled circles,
exposed to O2 at 300 K).

To explain the decrease in the Zn/Co XPS ratio which occurred upon exposure to O 2 and
oxidation of the cobalt at 300 K, we first considered how oxidizing an ideal, continuous Co film
producing a continuous CoO film would alter the ratio. Due to the volume expansion upon
oxidation, oxidizing a 1 ML Co film yields a 1.67 ML CoO film. For an XPS measurement, this
volume expansion dilutes the amount of Co detected per unit surface area and also causes some
shielding of Co atoms that are no longer on the surface. Both of these effects cause a decrease
in the Co 2p peak intensity. At the same time, the increase in the film thickness increases the
shielding of the ZnO substrate, leading to a decrease in the Zn 2p signal. The concomitant
decrease in Co and Zn signals mostly offset resulting in relativity small changes in the Zn/Co
ratio. For a 1 ML Co film the decrease is estimated to be 3 %, and only 8 % for a 2 ML Co film. In
contrast to this prediction based on continuous films of Co and CoO, the data in Figures 4 and 5
show that oxidizing the 1 and 2 ML Co samples decreased the ratio by 45 and 55 %, respectively.
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Although the actual Co and CoO crystal structures in the films may differ from those used in the
model, films of any structure would yield similar results. Thus, the continuous film model of Co
deposition and oxidation does not account for the observed decrease in the Zn/Co XPS ratio
upon oxygen exposure at 300 K. A more likely explanation is that the initial Co deposition does
not strictly adhere to layer-by-layer growth and that some 3D islands are formed. These 3D
structures then spread over the ZnO when oxidized. This is the same phenomenon that occurred
upon heating Co/ZnO(0001) samples as described in detail above and demonstrates that
spreading of CoO on ZnO is facile and occurs even at 300 K.

3.3.2. Zn Desorption Studies
The oxidation of the supported Co atoms upon heating Co/ZnO(0001) samples in
vacuum must occur via reaction with the ZnO support, which would also produce some metallic
Zn. Previous studies have shown that metallic Zn atoms displaced from on the ZnO(0001) lattice
desorb at temperatures below 600 K [48]. Thus, the rate of the oxidation of the supported Co can
be monitored by using a mass spectrometer to measure the Zn (m/e 64) desorption rate. Figure
3.5 displays the maximum m/e 64 signal detected at a series of progressively higher annealing
temperatures for a 1 ML Co/ZnO(0001) sample. The maximum Zn intensity typically occurred
within 2 minutes of reaching each temperature and by the end of the 10 minute annealing period
the Zn signal was essentially zero. For comparison purposes the Zn desorption signal from a
clean ZnO(0001) surface is also included in the figure. The onset of Zn desorption occurred near
650 K indicating that Co oxidation via reaction with the support commences at this temperature.
The intensity of the Zn desorption signal increased significantly as the annealing temperature was
raised to 800 K. These results are consistent with the trends observed in the XPS data in Figure
3.3 (a). For temperatures above 800 K the Zn desorption signal decreased significantly and was
essentially the same as that obtained for Zn sublimation from the Co-free ZnO(0001) support.
Thus, for the conditions used in this experiment, all of the Co was oxidized after heating to ~800
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K. A comparison of the Zn desorption data for the clean and Co-covered ZnO(0001) surfaces
further demonstrates that oxidation of the Co occurs via reaction with the support rather than by
reaction with O2, H2O or some other species present in the background gas in the vacuum

Intensity (a.u.)

chamber.

1 ML
Co/ZnO(0001)

ZnO(0001)

600 650 700 750 800 850 900
Temperature (K)
Figure 3.5. Maximum Zn desorption signal (m/e 64) detected at each temperature for a
1 ML Co/ZnO(0001) sample (filled circles). Data from a clean ZnO(0001)
sample (open circles) are included for comparison.

3.3.3. AFM Results
Atomic force microscopy was also used to examine morphological changes in the Co
deposits as a function of the annealing temperature (see Figure 3.6). It is important to note that
the AFM analysis was performed in air. The exposure to air presumably oxidizes any Co metal
present on the surface. Therefore, some differences are expected between the microstructures
displayed in the images in Figure 3.6 and those for the in-vacuo samples. Nevertheless, the
images still provide some useful insights into the structure of the Co and CoO films. Figure 3.6 (a)
corresponds to the AFM image of the clean ZnO(0001) surface. This image shows that the
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surface is relatively smooth with a rms roughness of 1.1 nm, although structures with lateral
dimensions of ~0.1 μm are apparent. The resolution of the image is insufficient to determine the
origin of these structures, but it is likely that they result from local variations in the surface
reconstructions that are required to stabilize the nominally polar (0001) surface [19, 20]. Image
3.6 (b) corresponds to a sample with a 2 ML Co film that was deposited at 300 K and then
exposed to air. This surface is significantly rougher than the Co-free surface. Oxidation of the Co
film upon exposure to air would result in a significant volume expansion and this may contribute
to the roughening. It is noteworthy, however, that individual CoO particles cannot be identified
suggesting a film like structure. While the oxidation complicates the analysis, this result is
consistent with the XPS and AES results which indicated a film-like morphology for the asdeposited metallic Co layer and the previous STM study by Dumont et al [18].
Figure 3.6 (c) displays the AFM image of a 2 ML Co/ZnO(0001) sample that had been
annealed at 700 K for 10 minutes prior to being exposed to air. The morphology of this surface is
substantially different than that of the 2 ML Co sample prior to heating. Consistent with the XPS
results in Figure 3b the image clearly shows that particle formation has occurred. Large particles
which have heights above 40 nm and diameters above 70 nm are apparent in the image. A
number of smaller particles are also apparent that have heights below 10 nm and a diameter to
height ratio of ~4. These results are again consistent with the XPS and AES data and the STM
study by Dumont et al [18].
As shown in Figure 3.6 (d), annealing the sample in Figure 3.6 (c) to 750 K in vacuum
caused additional morphological changes in the cobalt deposits. This image contains a high
density of relatively flat particles that cover a significant fraction of the ZnO(0001) substrate. The
particles are relatively uniform in size and with heights of 6-8 nm and diameters of 40-60 nm.
After annealing this sample at 800 K in vacuum, a low density of relatively flat island structures is
observed (Figure 3.6 (e)) with heights less than 5 nm and aspect ratios ranging from 20 to 40.
The evolution of images 3.6 (b)-(e) indicates a maximum particle size is achieved at 700 K, above
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which oxidation and subsequent spreading occurs. This is consistent with the XPS data in Figure
3.3 (b) and qualitatively with the STM and AES data reported by Dumont et al [[18]. The
temperature for maximum particle size in the Dumont et al. study, however, was 945 K. We again
attribute this difference to placement of thermocouple in contact with the sample holder in the
work by Dumont et al., leading to an artificially high temperature.
The XPS, AES, and AFM results obtained in this study in conjunction with the previous
STM and AES results of Dumont et al. [18] provide a fairly comprehensive picture of the evolution
of both the microstructure and chemical state of vapor-deposited Co films on ZnO(0001). The
growth of vapor deposited Co films at 300 K was found to more closely approximate layer-bylayer growth than growth via particle formation. Co layers formed at 300 K, however, were not
thermally stable and underwent agglomeration upon heating to temperatures between 500 K and
700 K, forming relatively large Co particles. At temperatures above 700 K, the Co particles
underwent oxidation forming primarily CoO. It is noteworthy that the structural evolution of the Co
layer observed here and in the previous Dumont et al. [18] study are similar to those reported by
Wett et al. for Fe films on both ZnO(0001) and ZnO (000 1 ) , [49, 50] suggesting that the
interactions at the metal-ZnO interface must be similar for these two systems.
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Figure 3.6. AFM images of (a) clean ZnO(0001), (b) 2 ML Co on ZnO(0001) at 300 K,
(c) 2 ML Co on ZnO(0001) annealed to 700 K, (d) sample from image c
annealed to 750 K, and (e) sample from image d annealed at 800 K.

Zn desorption studies confirmed that while heating in vacuum, oxidation of the supported
Co occurs via the solid state reaction with the ZnO, i.e.
[3.1]
This is a somewhat surprising result in light of the fact that based on the bulk thermodynamics of
CoO and ZnO, ΔG for reaction 3.1 at 700 K is 96 kJ/mol and the equilibrium therefore lies far to
the left [51]. This demonstrates that the redox properties of Co films and small particles on ZnO
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differ substantially from those of the bulk compounds and that surface and interfacial energies
must be the driving force for oxidation, Note that this conclusion also appears to apply to Fe on
ZnO surfaces for which Wett et al. have reported oxidation of Fe films and particles to produce
FeO [49, 50] again under conditions where bulk thermodynamics [51] predict that oxidation
should not occur. This is an important observation since it may affect the catalytic properties of
the supported Co. Note that ZnO is much more reducible than other common oxide supports such
as Al2O3, ZrO2, and SiO2 [51]. It is, therefore, possible that Co supported on ZnO is maintained in
a more oxidized state under typical SRE conditions compared to Co on other supports. This may
alter the activity for the SRE reactions and also inhibit carbon buildup, as suggested by Song and
Ozkan for Co/CeO2 catalysts [52]. While more study is needed to determine if this is indeed the
case, it provides one possible explanation for the unique activity and selectivity of Co/ZnO SRE
catalysts.
The importance of interfacial energies is also reflected in the structural evolution of the
oxidized Co particles. Upon heating above 700 K, the previously large metallic particles were
found to spread over the ZnO(0001) surface as CoO, reforming the more film like structure of the
as deposited metallic Co film. While one must be cautious in extrapolating this result to other
systems, it also has implications for understanding the structure, thermal stability, and redox
properties of small metal and metal oxide particles on oxide supports and suggests that a detailed
understanding of the chemistry of the interface is needed. Since supported nanoparticles of
metals and oxides are ubiquitous as catalysts for various hydrocarbon transformations, these
interface-mediated processes may be particularly important in this field.

3.4. Conclusions
In this work we have provided additional insight into the thermally-induced structural and
chemical changes in Co films and particles supported on ZnO(0001). Vapor-phase deposition of
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Co on ZnO(0001) was found to approximate layer-by-layer growth at room temperature. Heating
the surface below 700 K led to agglomeration of the Co film resulting in the formation of large
particles. Heating from 700 K to 800 K led to a sharp decrease in the surface Zn/Co ratio as
measured by XPS. This result, along with AFM images of the morphology of the Co deposits,
demonstrated that Co spreads over the ZnO(0001) surface in this temperature range. The XPS
2+

results also showed that the spreading was accompanied by oxidation of the Co to Co . Zn
desorption measurements showed the concomitant desorption of Zn upon Co oxidation
demonstrating that this reaction proceeded via reduction of the ZnO support. Surface and
interfacial energies appear to be driving forces for the oxidation and spreading of the Co since
this process would not be expected based on bulk thermodynamics. Heating Co/ZnO(0001)
samples above 800 K led to an increase in Zn/Co ratio as measured by XPS, which can be
attributed to the incorporation of Co into the ZnO lattice.
Reaction of Co with the ZnO(0001) surface led to the production only Co
oxidation of the Co to produce films or particles containing a mixture of Co
exposure to gaseous O2 at temperatures in excess of 500 K, with the Co

+3

+2

2+

(CoO). Further

and Co

+3

required

species being present

primarily on the surface of the CoO x deposits.
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CHAPTER 4. Reaction Pathways for Ethanol on Model
Co/ZnO(0001) Catalysts
Summary
The pathways for the reaction of ethanol on model catalysts consisting of Co and CoO
films and particles supported on single crystal ZnO(0001) surfaces was studied using
Temperature Programmed Desorption (TPD). On supported metallic Co films and particles
ethanol was found to primarily undergo decarbonylation forming CO, H2, and adsorbed methyl
groups. In contrast, supported CoO particles were found to be largely unreactive toward ethanol.
High selectivity to the dehydrogenation product, acetaldehyde, was only observed when the
0

2+

supported Co was partially oxidized and contained both Co and Co . Since acetaldehyde is
thought to be a critical intermediate during steam reforming of ethanol (SRE) to produce H 2 and
CO2, the results of this study suggest that partially oxidized Co species provide the active sites for
this reaction. This result is consistent with studies of high surface area Co/ZnO catalysts which
0

2+

also suggest that both Co and Co

species are present under typical SRE reaction conditions.

4.1. Introduction
While cobalt catalysts, in particular those that are supported on ZnO [1], have been
reported to be highly active for SRE, little is known regarding the active form of the cobalt,
specifically, whether metallic or oxidized cobalt is required. While it is often assumed that metallic
cobalt is the active species, there is no definitive evidence in the literature to support this
conclusion [2-4]. Indeed studies by Llorca et al. indicate that both metallic and oxidized cobalt are
present in the most active catalysts [1, 2, 5-7].
As will be discussed in more detail below, previous study from Vohs’ group of the
reaction of ethanol on polycrystalline Co foils [8] suggest that metallic cobalt sites are active for
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the decarbonylation of adsorbed ethoxide species, while Co

+2

sites are active for their

dehydrogenation to produce acetaldehyde which is thought to be an intermediate in the SRE
reaction. Previously, we have investigated the structure and oxidation state of vapor-deposited
Co films on ZnO(0001) [9]. From these characterization studies, which are presented in Chapter
3, it was found that for deposition at 300 K the Co initially forms two-dimensional islands. Upon
heating, these islands coalesce into particles which react with the ZnO surface at temperatures
above 700 K to form CoO. CoO was found to interact more strongly with the ZnO(0001) surface
compared to metallic Co resulting in re-dispersion of the CoO over the surface at elevated
temperatures. In this chapter, the reaction of ethanol on these model catalysts is discussed.
Ethanol TPD data for Co/ZnO(0001) catalysts as a function of the pretreatment conditions are
0

presented. The results of this study provide new insight into the role of Co and Co

2+

sites and

suggest that a surface oxide phase may be required for high SRE activity.

4.2. Experimental
All experiments were conducted in an ultrahigh vacuum (UHV) surface analysis chamber
with background pressure of 2 x 10

-10

Torr, previously described in Chapter 2. The 5 x 5 x 1 mm

ZnO(0001) single crystal (MTI Corporation) used in this study was mounted in a tantalum foil
holder that was attached to the sample manipulator of the UHV chamber. The ZnO(0001) surface
+

was cleaned using repeated cycles of 30 minutes of sputtering with 2 kV Ar ions followed by
annealing at 800 K for 30 minutes. This sputter/anneal cycles were repeated until the surface was
free from carbon and other impurities as determined by XPS.
A resistively heated evaporative metal source for Co deposition was constructed by
wrapping 0.1 mm diameter high purity Co wire (Alfa Aesar, 99.995%) around a 0.2 mm diameter
tungsten wire which was then attached to an electrical feedthrough on the UHV chamber. The
flux of Co was monitored using a quartz crystal film thickness monitor (Q-pod, Inficon). The
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deposition of Co was conducted with the ZnO(0001) substrate at 300 K with a growth rate of
-1

approximately 0.05 Å s . Ethanol (Decon Labs, Inc., 100%) was introduced into the chamber
through a variable leak valve. A 2 L ethanol dose with sample maintained at T < 200 K was used
in the majority of the Temperature Programmed Desorption (TPD) experiments. The TPD
experiments were performed with a heating rate of 3 K/s.

4.3. Results
4.3.1. CH3CH2OH TPD studies on ZnO(0001)
Before discussing the reaction of C2H5OH on the cobalt film, it is useful to consider its
reaction on the Co-free ZnO(0001) support. Figure 4.1 shows TPD data obtained following a 2 L
dose of C2H5OH at 250 K on the clean ZnO(0001) surface. In addition to desorption of molecular
ethanol between 250 and 425 K, reaction products were observed in two temperature ranges:
410 to 490 K in which CH4, C2H4, CH3CHO, CO and CO2 were produced, and 625 to 800 K where
additional CO and CO2 were produced. A small amount of H2 also appeared to be produced near
400 K, but due to the low sensitivity of the mass spectrometer used in this study for H 2 it was
difficult to quantify the amount. These TPD results are similar to those reported previously by
Vohs and Barteau [10] who assigned the C2H4 and CH3CHO products to the dehydration and
dehydrogenation, respectively, of adsorbed ethoxide intermediates produced via dissociative
adsorption of ethanol. Vohs and Barteau also assigned the low-temperature CO and CO2
products to the decomposition of acetate species that were formed via the reaction of ethoxides
with surface lattice oxygen, and the high-temperature CO and CO2 products to oxidation of
adsorbed carbon atoms formed during the ethoxide and acetate decomposition reactions at lower
temperature.
Previous studies of the reaction of alcohols and thiols on ZnO single crystal surfaces and
the structure of these surfaces provide some insight into the active sites for the dissociative
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adsorption of these molecules and their subsequent reaction. In early studies of the reactivity of
ZnO(0001) and ZnO

it was concluded that the active sites for dissociative adsorption of
2+

alcohols were cation-anion site pairs (i.e. Zn -O

2-

sites) [10-13]. It was argued based on the

structure of the ideal bulk terminations that such sites were present on ZnO(0001), making it
active for this reaction, and absent on ZnO

rendering it inactive. More recently, STM

studies have provided additional insight into the structure of these surfaces and have resulted in a
slight modification of the active site model [14-16]. Dulub et al. have shown that vacuumannealed ZnO(0001) surfaces are covered with single layer high, triangularly shaped islands, and
that these features produce a high concentration of oxygen-terminated steps [14]. The undercoordinated O

2-

ions at these step edges help stabilize the charge on the polar ZnO(0001)
2+

surface. Furthermore, it has been proposed that these oxygens comprise the anions in the Zn O

2-

site that are active for the dissociative adsorption of alcohols [17]. This conclusion is in

alignment with the work of Grant et al. [18] which showed that the dissociative adsorption of
methanol on ZnO(0001) was completely suppressed following the deposition of only 0.01 ML of
Pt which preferentially decorated the step edges.
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Figure 4.1. TPD following 2 L C2H5OH dose on clean ZnO(0001).
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4.3.2. CH3CH2OH TPD studies on Co/ZnO(0001)
TPD spectra for a 2 L dose of C2H5OH at 180 K on a freshly-prepared 2 ML
Co/ZnO(0001) sample are displayed as the (a) data set in Figure 4.2. Based on our previous
study, the Co deposits in this sample are present as two-dimensional islands, and as shown in
Figures 3.2 - 3.3 (Chapter 3) the Co is predominantly in the metallic state. The primary reaction
products were CO, which desorbed in a small peak at 350 K and a much larger peak at 516 K,
and CH3CHO which desorbed at 325 K. A broad molecular ethanol desorption peak between 200
K and 320 K was also observed, but is not shown in the figure. Peaks indicative of the reaction of
C2H5OH on ZnO(0001) (e.g. CH3CHO at 460 K) were not observed.
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Figure 4.2. TPD following 2 L C2H5OH dose on 2 ML Co/ZnO(0001): (a) as deposited
Co, and after annealing to (b) 600 K, (c) 700 K, and (d) 800 K for 10 min.
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To discern any influence that the ZnO(0001) had on the reactivity of the supported Co
islands, it is useful to compare these TPD results to those obtained from the reaction of C 2H5OH
on a polycrystalline Co foil [8]. For comparison purposes, C2H5OH TPD data obtained (a) before
and (b) after oxidation of the surface of the Co foil from this previous study are displayed in Figure
4.3. Note that on the metallic Co surface the primary decomposition product was CO which
desorbed at 365 K with a much smaller CO peak evident at 575 K. It was also observed that
carbon was deposited on the sample during the TPD run. The reaction pathways for C2H5OH on
the oxidized foil for which a high fraction of the Co atoms were in the +2 oxidation state were
substantially different. In this case the CO peaks at 350 and 516 K were still observed, but the
high-temperature peak was much more intense relative to that at low temperature. Significant
amounts of CH3CHO and CO2 were also both produced at 320 K on the partially oxidized Co
surface. Based on these results and additional data from Co samples co-adsorbed with O2 and
C2H5OH it was concluded that on metallic cobalt sites the primary reaction pathway for adsorbed
ethoxide intermediates is decarbonylation which gives rise to the CO peak at 350 K and deposits
methyl groups on the surface. In contrast, Co

2+

sites were thought to be active for

dehydrogenation of ethoxides producing CH3CHO at 320 K. CH3CHO produced by this pathway
can also react with lattice oxygen to form acetate species which decompose producing CO 2 and
adsorbed carbon at 495 K.

98

(a)

(b)
CH3CHO

H2

Intensity (a.u.)

Intensity (a.u.)

CH3CHO

CH4

CO2
H2

CO
CO

300

400 500 600 700
Temperature (K)

800

300

400

500 600 700
Temperature (K)

800

Figure 4.3. TPD following 4 L C2H5OH dose on Co foil: (a) Co0 surface and (b) Co2+
surface.

A comparison of the results in Figures 4.2 and 4.3 reveals that the ethanol TPD data from
the freshly deposited 2 ML Co film on ZnO(0001) contains features that, in the case of the Co foil,
0

have been assigned to the reaction of ethoxide species on Co (CO at 365 K) and Co

2+

(CH3CHO

at 355 K). This result is consistent with the XPS data in Figure 3.2 which show that the freshlydeposited Co film is partially oxidized. It is interesting that the high-temperature CO peak is much
more prominent for the Co film on ZnO(0001) compared to that of the oxidized Co foil. Since this
peak results from the oxidation of carbon deposited on the surface during the decarbonylation
and acetate decomposition reactions, its large size for the Co/ZnO(0001) sample suggests that
there is facile transfer of oxygen from the ZnO support to the Co.

This conclusion is also

supported by the fact that the extent of carbon build-up on the Co/ZnO(0001) sample during a
series of TPD runs was found to be much smaller than that on the Co foil.
XPS and Auger results discussed in Chapter 3 indicated that annealing a 2 ML
Co/ZnO(0001) sample to 600 K results in agglomeration of the Co film into particles [9]. This
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result is further confirmed by the (b) ethanol TPD data set in Figure 4.2 which was obtained after
annealing the 2 ML Co/ZnO(0001) sample to 600 K for 10 mins. Note that this treatment resulted
in a significant decrease in the areas of all the peaks resulting from the decarbonylation and
dehydrogenation of ethoxide species adsorbed on the Co, which is consistent with the loss of
metal surface area. In addition to the decrease in peak intensities for the products associated with
the reaction of ethanol on the Co, new peaks for CO, CH 3CHO, and C2H4 emerge at 450 K. Note
that this peak position is close to that observed for these products during TPD from ethanoldosed ZnO(0001) (460 K, see Figure 4.1). Since agglomeration of the 2 ML Co film would expose
sites on the ZnO(0001) surface, this result is also consistent with the formation of Co particles.
Annealing the 2 ML Co/ZnO(0001) sample to 700 K and then 800 K resulted in further
decreases in the intensities of the TPD peaks associated with reaction of ethanol on the Co (see
spectra (c) in Figure 4.2) with concomitant increases in those associated with reaction on
ZnO(0001). These trends are consistent with further agglomeration of the Co films into particles.
It is noteworthy that for the 700 K annealed sample the only peak indicative of reaction on Co is a
small CH3CHO peak at 324 K and only peaks indicative of the reaction of ethanol on ZnO(0001)
are evident for the sample annealed to 800 K. Since annealing above 700 K results in oxidation of
the Co, the disappearance of the CO peak at 700 K, which corresponds to desorption of CO
0

produced via decarbonylation of ethoxide groups on Co sites at lower temperature, is not
surprising. It is surprising, however, that the acetaldehyde product at 320 K which previously has
been assigned to dehydrogenation of ethoxide groups on Co

+2

sites also completely disappeared

upon annealing the sample at 800 K. As shown by the XPS data in Figure 3.3 (Chapter 3), this
2+

treatment produces a sample that contains only Co . Thus, products resulting from the reaction
of ethanol on the CoO particles would still be expected to be present in the TPD data. The fact
that this is not the case suggests that either the surface area of the CoO particles is exceedingly
low, or these particles are not very reactive towards ethanol. The former explanation seems
unlikely for a sample with an equivalent Co coverage of 2 ML.
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Figure 4.4 shows TPD results obtained following a 2 L C 2H5OH dose on a 0.5 ML
Co/ZnO(0001) sample as a function of the sample annealing temperature. The trends in this data
are similar to those in the data from the 2 ML Co/ZnO(0001) sample. For the freshly prepared 0.5
ML Co film the ethanol TPD data (spectra (a)) contain CO desorption peaks at 385 K and 583 K
which can again be attributed to the decarbonylation of ethoxides on metallic Co and the
oxidation of adsorbed carbon on the Co using oxygen supplied by the ZnO support. The large
size of the high-temperature CO peak again demonstrates that there is facile transfer of oxygen
from the ZnO to the Co. A broad CH3CHO peak between 300 and 400 K is also apparent in the
TPD data.
The data for the freshly deposited 0.5 ML Co film does not contain any peaks indicative
of the reaction of ethanol on ZnO(0001) demonstrating that this Co coverage was sufficient to
completely suppress the reactivity of the ZnO(0001) surface. As noted above, the active sites for
the dissociative adsorption of alcohols on ZnO(0001) are thought to be at step edges that are
present on the reconstructed surface [13, 14]. The fact that only 0.5 ML of Co was required to
completely suppress the reactivity of the ZnO(0001) surface towards ethanol indicates that these
step edges are also the nucleation sites for the vapor-deposited Co films. Since these sites
maximize the coordination number for an adsorbed Co atom, this result would be expected if the
Co atoms interact relatively weakly with the ZnO surface. In previous studies, preferential
poisoning of methanol adsorption sites on ZnO(0001) by deposited Pt atoms has also been
observed [18, 19]. Together these results provide further evidence that the step edges are indeed
the active sites for the reaction of alcohols on the ZnO(0001) surface.
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Figure 4.4. TPD following 2 L C2H5OH dose on 0.5 ML Co/ZnO(0001): (a) as deposited
Co, and after annealing to (b) 600 K, (c) 700 K, and (d) 800 K for 10 min.

Annealing the 0.5 ML Co/ZnO(0001) sample to only 600 K resulted in the disappearance
of all the TPD features indicative of the reaction of ethanol on the Co and the reemergence of
CO, CO2, CH3CHO, and C2H4 peaks at 475 K which are indicative of the reaction of ethanol on
ZnO(0001). This can again be attributed to agglomeration of the Co film into particles resulting in
the exposure of some of the active step edge sites on the ZnO(0001) surface. Annealing to 700 K
and then 800 K produced several relatively subtle trends in the desorption peaks resulting from
the reaction of ethanol on the exposed portions of the ZnO(0001) surface, including a slight
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decrease in the desorption temperatures with increasing annealing temperature (this trend is also
present in the data for the 2 Ml Co coverage). For example, the CH 3CHO peak temperature
decreased from 451 to 434 K as the annealing temperature was increased from 600 to 800 K.
The intensities of these peaks also decreased substantially upon increasing the annealing
temperature above 600 K. In our previous study of the structure of Co films on ZnO(0001) it was
found that freshly-deposited metallic Co films agglomerated upon heating above 500 K, but once
the Co became oxidized via reaction with the ZnO support the CoO particles re-dispersed over
the ZnO(0001) surface (see Figure 3.3) [9]. The temperature at which this latter process occurs
depends on the Co coverage but was found to occur above ~700 K for a 0.5 ML Co/ZnO(0001)
sample. This re-dispersion of the oxidized Co provides an explanation for the decrease in the
intensities of the peaks indicative of the reaction on ethanol on ZnO(0001) upon increasing the
annealing temperature form 600 to 700 K. It is noteworthy that while the effect of the morphology
of the CoO deposits on the number of exposed active sites or the reaction of ethanol on
ZnO(0001) is readily apparent, products for the reaction of ethanol on the CoO deposits were not
detected in the TPD experiments. This again indicates that the CoO particles are not very
reactive toward ethanol.

4.4. Discussion
Most previous studies of the steam reforming of ethanol on supported Co catalysts have
concluded that an important step in the mechanism is the dehydrogenation of adsorbed ethoxide
species to form acetaldehyde which is subsequently oxidized to acetate [7, 20-22]. This
conclusion is consistent with the observation of acetaldehyde as a side product during SRE and
by the fact that high selectivities to H2 and CO2 are also obtained during acetaldehyde steam
reforming [23]. The active sites for the SRE reaction are still an open question, however, and both
Co and Co

2+

species have been implicated [2, 3, 6, 7]. As noted above, in the previous study of

the reaction of ethanol on a polycrystalline Co foil it was observed that high yields of
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acetaldehyde were produced during ethanol TPD only when oxygen was also present on the Co
surface [8]. On oxidized Co surfaces for which a high fraction of the exposed Co atoms were in
the +2 oxidation state, high yields of acetaldehyde were also obtained. In contrast, on oxygen
free, metallic Co surfaces, ethoxide species were found to undergo decarbonylation to produce
CO and methyl groups. Based on these observations it was concluded that the primary reaction
2+

pathway for ethoxide species adsorbed on Co sites during TPD was dehydrogenation, while on
0

Co sites decarbonylation was preferred. The ethanol TPD results obtained in the present study
for freshly-deposited Co films are consistent with this scenario. The XPS and TPD results in
0

Figures 3.3 and 4.2 show that these samples contained Co and some Co

2+

and were active for

both the dehydrogenation and decarbonylation pathways. Partial oxidation of the Co presumably
occurs via reaction with the ZnO(0001) support.
While the results for the as-deposited Co films are consistent with our previous
assignment of the dehydrogenation and decarbonylation reactions to Co

2+

0

and Co sites, this

model is not entirely consistent with the data obtained for the annealed Co/ZnO(0001) samples.
Upon annealing up to 700 K the Co film agglomerates into particles and becomes increasingly
oxidized. Based on our previous model of the active sites, one would expect this annealing
treatment to cause a decrease in overall activity, due to the loss of Co surface area, and an
increase in selectivity to the dehydrogenation product, acetaldehyde, compared to the
decarbonylation product, CO; however, this is not what was observed. Annealing to higher
temperatures did decrease the overall activity of the Co, but had little effect on the
dehydrogenation/decarbonylation selectivity. The 800 K annealed sample which contained only
2+

Co

also appeared to be completely unreactive toward ethanol for the conditions used in this

study. As noted above, it is tempting to explain the disappearance of all the products indicative of
the reaction of ethanol on both metallic and oxidized cobalt to the loss of surface area resulting in
insufficient signal for these products to be detected. This possibility, seems highly unlikely,
however, due both to the high sensitivity of the mass spectrometer and the fact that even after
agglomerating the CoO particles still poison a significant fraction of the active sites on the
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ZnO(0001) surface (this is most evident in the data for the 0.5 ML Co/ZnO(0001) sample). The
trends in the data obtained in the present study lead to the conclusion that CoO particles
supported on ZnO(0001) are unreactive toward ethanol, at least for the conditions used in this
study, and therefore do not support the conclusion that dehydrogenation of ethoxide species
occurs on Co

2+

sites.

The results of the present study therefore cast some doubt on the conclusion that the
active sites for SRE on supported cobalt are exposed Co

2+

atoms. In this study the most active

and selective surfaces for the dehydrogenation of adsorbed ethoxide species to produce
0

acetaldehyde were the as-deposited Co films which contained a high ratio of Co to Co

2+

as

determined by XPS. In our study of the reaction of ethanol on a Co foil, surfaces that contained a
0

mixture of Co and Co

2+

sites were also the most active and selective surfaces for the production

of acetaldehyde [8]. It is noteworthy that using in situ magnetic measurements Llorca et al. [2]
0

showed the coexistence of Co and Co

2+

during SRE over both unsupported CoOx and Co/ZnO
0

2+

were the most active.

2+

sites are present during SRE over Co

catalysts and samples having a high ratio of Co and Co
0

Based on the observation of both Co and Co

catalysts, Llorca et al. [2] proposed that redox steps are involved in the overall SRE mechanism.
For example, dehydrogenation of adsorbed ethoxides could occur via abstraction of the αhydrogen in the ethoxide by surface lattice oxygen in CoO. Adsorbed hydroxyl groups formed in
this manner then subsequently react to produce water resulting in reduction of surface Co

2+

to

0

Co . This pathway has also been reported to occur on several other reducible metal oxide
surfaces such as ZnO [10] and CeO2 [24]. The results obtained in this study for the 800 K
annealed Co/ZnO(0001) samples in which essentially all of the Co was in the form of CoO
particles indicates, however, that bulk CoO is not active for this reaction. The fact that Co foils
dosed with only small amounts of oxygen and partially oxidized Co films and particles supported
on ZnO(0001) showed the highest activity for ethoxide dehydrogenation leads us to hypothesize
that a surface CoO phase on metallic cobalt may provide the active sites for ethoxide
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dehydrogenation. We are currently using a Co(0001) single crystal, for which the coverage of
adsorbed oxygen atoms and the extent of oxidation of the surface can be carefully controlled, to
study this possibility in more detail.
Consistent with previous studies of Pt [18] and Pd [19] films on ZnO(0001), vapordeposited Co atoms on this surface were found to selectively poison the sites for dissociative
adsorption of alcohols. A coverage of only 0.25 ML was found to be sufficient to completely
eliminate all of the sites active for the dissociative adsorption of ethanol, thereby demonstrating
that the entire ZnO(0001) surface is not active for this reaction. As noted above, it has been
proposed previously that the sites for dissociative adsorption of alcohols are under coordinated
2-

2+

O - Zn

pairs at step edges that are present on vacuum annealed ZnO(0001) surfaces [13, 14,

19]. Since step edges are likely to be the most energetically favorable adsorption site for a metal
atom, the observed selective poisoning of alcohol adsorption sites by vapor-deposited Co
provides additional evidence for this model of the active sites.
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Figure 4.5. The ratio of CH3CHO to C2H4 formed as a function of Co coverage during
C2H5OH TPD on Co/ZnO(0001) surfaces annealed at 800 K.
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In addition to the selective poisoning of alcohol adsorption sites on ZnO(0001) a close
examination of the TPD data in Figures 4.2 and 4.4 reveals that the deposited Co had several
more subtle effects on the reactivity of the exposed portions of the ZnO(0001) surface. For
example, comparing the peak areas for the acetaldehyde peak near 434 K to that for the ethylene
peak at 436 K for the 0.5 ML and 2 ML Co samples annealed at 800 K reveals that the relative
amounts of these products, which result from reactions taking place on the exposed portions of
the ZnO(0001) surface, vary with metal coverage. We have collected similar data for other Co
coverages and the CH3CHO/C2H4 peak area ratio obtained during ethanol TPD form samples that
had been annealed at 800 K is plotted in Figure 4.5 as a function of the Co coverage. (The
annealing treatment causes the as-deposited metal film to agglomerate and expose active sites
on the ZnO surface.) Note that the peak area ratio decreases significantly with increasing Co
coverage. On clean ZnO(0001), the ratio of acetaldehyde to ethylene is was 1.43, while for 0.5
ML of Co the ratio was only 0.90 and decreased further to 0.42 for the 2 ML Co sample. Similar
effects have been reported in studies of Pt-covered ZnO(0001) surfaces where the selectivity for
the production of CO or CO2 from formate intermediates adsorbed on the ZnO was also found to
be a function of the Pt coverage [18, 19]. The mechanism by which the Co (or CoO) particles
affect the selectivity of the decomposition of ethoxide groups on the ZnO(0001) surface is not
clear. It is possible that the reactions producing acetaldehyde and ethylene occur on different
sites and the Co selectively poisons those that produce CH 3CHO. Alternatively the Co may alter
the energetics of the reaction of ethoxide species adsorbed at sites at the Co-ZnO interface.

4.5. Conclusions
The results of this study provide new insight into the pathways for the reaction of ethanol
on cobalt supported on ZnO. Partially oxidized cobalt films and particles that contained both Co
and Co

2+

0

were found to have the highest activity for the dehydrogenation of adsorbed ethoxide

species to produce acetaldehyde. This observation coupled with the fact that bulk CoO particles
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supported on ZnO exhibited low reactivity towards ethanol suggests that a surface CoO layer on
metallic Co may provide the active sites for the dehydrogenation reaction. In contrast to this
partially oxidized Co species, metallic Co was found to be active for ethoxide decarbonylation
forming CO and H2 and adsorbed methyl groups. Facile transfer of oxygen from the ZnO lattice
to supported Co was also observed to occur. This resulted in oxidation of the Co upon heating
Co/ZnO(0001) samples in vacuum and facilitated the burn off of carbon deposited via reaction of
ethanol on the Co.
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CHAPTER 5. Active Sites for the Reaction of Ethanol to
Acetaldehyde on Co/YSZ(100) Model Steam
Reforming Catalysts
Summary
Structure-activity relationships for the reaction of ethanol on model Co/YSZ(100) (YSZ =
yttria-stabilized ZrO2)

steam

reforming catalysts

were

investigated

using temperature

programmed desorption (TPD) and x-ray photoelectron spectroscopy (XPS) and compared to
those obtained previously for the reaction of ethanol on Co/ZnO(0001) and Co foils. Oxygen-free,
metallic Co sites were found to be active for ethanol decarbonylation to form CO, H2, and
adsorbed CH3 groups, while oxygen adatoms on metallic Co promoted ethoxide dehydrogenation
to produce acetaldehyde at 330 K during TPD. In contrast, oxidized Co surfaces containing only
2+

Co

sites were found to be less reactive for ethanol dehydrogenation producing acetaldehyde at

480K. These results along with comparisons to those from Co/ZnO(0001) and Co foils provide
new insights into the active sites for ethanol steam reforming on Co-based catalysts and the
influence of the support on both catalyst reactivity and stability.

5.1. Introduction
As discussed in Chapter 1, Co-based catalysts have emerged as an alternative catalyst
to copper with reported activity comparable to that of the precious metals [1, 2]. For example,
some reports indicate that Co catalysts can achieve SRE selectivities to CO2 and H2 in excess of
90% at relatively low temperatures with CH 4, CH3CHO, C2H4, (CH3)2CO being the primary side
products [2]. The selectivity is highly dependent on the structure of the catalyst, however, and it
has been shown that the support plays a major role in influencing the overall activity and product
distribution. A survey of previous studies of Co-based SRE catalysts indicates that reducible
supports such as ZnO and CeO2 generally produce more selective catalysts compared to more
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refractory supports such as Al2O3, MgO, and ZrO2 [2-6]. Reducible supports also appear to
produce catalysts that are less prone to deactivation via carbon build-up on the metal [7, 8]. The
mechanism by which the support affects reactivity has yet to be completely determined. Another
important aspect of these catalysts that has yet to be resolved, concerns the active form of the
cobalt. Several studies have concluded that metallic cobalt is required [5, 9], while others indicate
the need for both metallic and oxidized cobalt [10-12].
Comparison of interfacial chemistry and ethanol reactivity on polycrystalline cobalt foils
reported by Hyman and Vohs [13] to those obtained from cobalt films and particles supported on
ZnO(0001) discussed in Chapter 4 [14, 15] show that on oxygen-free, metallic cobalt surfaces,
ethoxide species undergo decarbonylation to produce CO and adsorbed methyl groups. In
0

contrast, on Co surfaces that are partially covered with oxygen or contain a mixture of Co and
+2

Co

sites, dehydrogenation of adsorbed ethoxide intermediates to produce acetaldehyde

proceeds with a relatively low activation energy [13, 14]. For Co/ZnO(0001), facile exchange of
oxygen between the ZnO and the Co appears to facilitate this reaction. Whether Co

2+

sites or

merely oxygen adatoms on metallic Co are required is still an open question. Furthermore, the
0

individual role of Co and Co

2+

for SRE also remains elusive, due to a high reactivity of ZnO

which partially oxidizes Co even at 300 K.
In the work reported here we have expanded these studies to include the reaction of
ethanol on Co supported on the (100) surface of a yttria-stabilized, ZrO2 single crystal
(YSZ(100)). Zirconia was chosen as a prototypical, non-reducible support. The results of this
study along with comparisons to our previous data for the reactivity of Co on the more reducible
ZnO(0001) support provide new insight into the active sites for ethanol steam reforming and the
role of the support in determining catalytic activity and stability.

111

5.2. Experimental
All experiments were carried out in an Ultra-high vacuum (UHV) surface analysis
chamber with a background pressure 2 x 10

-10

torr. This chamber was equipped with an ion

sputter gun (Physical Electronics) for sample cleaning, a quadrupole mass spectrometer (UTI) for
TPD studies, and a hemispherical electron energy analyzer (Leybold-Heraeus) and X-ray source
(VG Microtech). A 6 x 6 x 1 mm YSZ(100) single crystal (MTI Corporation) was used as the
support in this study. 8 mole% yttria was added to the crystal in order to stabilize the cubic
zirconia phase which has a fluorite structure. The YSZ(100) sample was mounted in a tantalum
foil holder that was attached to the sample manipulator of the UHV chamber. The YSZ(100)
surface was cleaned by sputtering with 2 kV argon ions for 30 minutes, followed by annealing at
750 K for 1 hour. This sputter/anneal cycle was repeated until the absence of impurities, such as
carbon, was confirmed by XPS.
Co was deposited using an electron beam evaporator (Tetra GmbH) with a 2 mm
diameter Co rod (Alfa Aesar 99.995% purity) source. The flux of Co was monitored using a quartz
crystal film thickness monitor (Q-pod, Inficon). The deposition of Co was conducted with the
YSZ(100) substrate at 300 K with a growth rate of approximately 0.1 A/s. In this paper, the Co
coverage is reported in monolayers (ML) where one monolayer is defined to have 1.8 x 10

15

2

atoms/cm which is equal to the atom density on Co(0001). Ethanol (Decon Labs, Inc., 100%)
and oxygen (Matheson, 99.98%) were introduced into the UHV chamber through a variable leak
valve with the sample positioned directly in front of a dosing needle. The enhancement factor of
100-fold due to direct dosing was used and factored into all doses reported. A 2 L ethanol dose
with the sample maintained at 298 K was used in each TPD experiment, except where specified
otherwise. This dose was found to be sufficient to saturate the surface with ethanol. Since the Co
metal source outgases some CO and H2O when in operation, freshly prepared Co/YSZ(100)
samples were flashed to 500 K prior to any TPD experiments to remove these impurities from the
surface. As will be discussed below, this treatment does not result in any significant changes in
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structure of the Co film or the Co oxidation state. The TPD experiments were performed with a
heating rate of 3 K/s.

5.3. Results
5.3.1. Characterization of Co film growth
Figure 5.1 shows the Co(2p) XP spectra as a function of the nominal Co coverage on the
YSZ(100) substrate for Co deposition at 300 K. The intensity of ZrO 2 coming from the support
was monitored from the existence of Zr 3d3/2 and 3d5/2 peaks located at 183.2±0.2 and 185.6±0.2
eV, respectively [16, 17]. The ratio of the areas of the Zr(3d) and Co(2p) peaks as a function of
Co coverage is also included in the figure. The Co(2p) peaks for all coverages indicate that the
0

as-deposited Co existed primarily in the metallic state (Co ) as determined from the sharp 2p3/2
and 2p1/2 peaks at 778.0±0.2 and 793.0±0.2 eV, respectively [18, 19]. The steep, linear decrease
in the Zr(3d):Co(2p) ratio with increasing Co coverages up to 1 ML suggests that the Co film
growth proceeds via the formation of two-dimensional islands rather three-dimensional clusters.
This growth mechanism has also been reported for Pt on YSZ(100) [20, 21].
The Co films on YSZ(100) were found to have relatively high thermal stability. This is
demonstrated by the XPS data in Figure 5.2 for a 2 ML Co/YSZ(100) sample. Annealing the
sample up to 800 K resulted in a small increase in the Zr(3d):Co(2p) ratio which is consistent with
some agglomeration of the Co film into particles. For comparison purposes the Zn(2p) to Co(2p)
ratio as a function of temperature for a 2 ML Co film on a ZnO(0001) surface discussed in
Chapter 3 [14, 15] is included in the figure. On ZnO(0001) vapor deposited Co also forms twodimensional islands at 300 K. Note that in comparison to the results for Co/YSZ(100), the
Zn(2p):Co(2p) ratio increases much more abruptly when the sample is annealed above 500 K,
indicating significant agglomeration of the Co film on the ZnO(0001) surface. The sharp decrease
upon heating to 800 K is due to the reaction of the Co with the ZnO to form CoO which then
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spreads over the surface [15, 22]. These results demonstrate that the interaction of metallic Co
with zirconia is much stronger than that with ZnO resulting in a more thermally stable film. This
observation is in agreement with that reported by Padilla et al. [23] where high surface area
Co/ZrO2 catalysts were found to exhibit high thermal stability suggesting a strong interaction
between metal and support. Furthermore, Song et al. [3] report that cobalt supported on ZrO2
maintains higher metal dispersion compared to TiO2 or AlO2 supports.
The XPS data in Figure 5.2 also show that the Co remained in the metallic state for
annealing temperatures up to 700 K. This result is in contrast to that obtained for Co/ZnO(0001)
2+

where, as noted above, oxidation of the Co to form CoO (i.e. Co ) occurred via a solid-state
reaction with the ZnO lattice upon heating above 700 K. This oxidation reaction is partially
responsible for the sharp decrease in the Zn(2p):Co(2p) ratio after annealing to 800 K. CoO films
on YSZ(100) could be produced, however, by exposing the Co film to 1000 L of O 2 with the
sample held at 700 K. This is demonstrated by the XPS data in Figure 5.3 which shows Co(2p)
spectra for a 1 ML Co film before and after this oxidation treatment. Note the disappearance of
the peaks corresponding to metallic Co, and the emergence of the 2p 3/2 and 2p1/2 peaks at
780.5±0.5 and 796.0±0.5 eV, respectively, indicative of Co
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2+

[18, 19, 24, 25].
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Figure 5.1. (a) Co(2p) XP-spectra and (b) Zr(3d)/Co(2p) peak area ratios as a function
of the Co coverage on the YSZ(100) substrate.

2p3/2

(a)

Zr(3d)/Co(2p) or Zn(2p)/Co(2p)

2p1/2

Intensity (a.u.)

700 K

600 K

500 K

300 K

1.8

1.2

0.6

0.0

(b)

Zn(2p)
Co(2p)

Zr(3d)
Co(2p)

300 400 500 600 700 800
Temperature (K)

810

800

790

780

BE (eV)
Figure 5.2. (a) XP-spectra of 2 ML Co/YSZ(100) sample as a function of the annealing
temperature; (b) Zr(3d)/Co(2p) and Zn(2p)/Co(2p) peak ratios as a function
of the sample annealing temperature for 2 ML Co/YSZ(100) and 2 ML
Co/ZnO(0001) samples.
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Figure 5.3. XP-spectra of as-deposited 1 ML Co/YSZ(100) and after 1000 L O2
exposure at 700 K.

5.3.2. TPD Reactivity Studies
Before presenting the data for the reaction of ethanol on Co/YSZ(100), it is useful to
consider the reaction of ethanol on the clean YSZ(100) surface. Figure 5.4 (a) shows TPD data
obtained from a YSZ(100) sample dosed with 2 L C 2H5OH at 300 K. A small amount of molecular
C2H5OH was observed to desorb broadly between 300 and 420 K. The only other products were
C2H4 and H2 which desorb at 485 K. Previous studies have shown that methanol adsorbs
dissociatively on YSZ(100) to form adsorbed methoxide intermediates.[26] By analogy, ethanol
would be expected to adsorb dissociatively to form ethoxide species on this surface. Thus, the
C2H4 and H2 products at 485 K can be attributed to a net dehydration reaction involving these
ethoxide intermediates.

116

(a)

(b)
C2H5OH (x10)

Intensity (a.u.)

Intensity (a.u.)

C2H5OH (x2)

H2

H2

C2H4

C2H4
CO
CH3CHO

300

400

500

600

300

Temperature (K)

400

500

600

Temperature (K)

Figure 5.4. TPD obtained after a 2 L C2H5OH dose at 300 K on (a) YSZ(100) and (b)
freshly deposited 1 ML Co/YSZ(100).

TPD spectra obtained following a 2 L dose of C2H5OH at 300 K on a 1 ML Co/YSZ(100)
are shown in Figure 5.4 (b) and the product relative yields are listed in Table 5.1. As noted above,
0

the freshly deposited Co film consists primarily of two-dimensional islands of Co . In addition to a
small ethanol desorption peak at 320 K, the TPD spectra contain a broad H 2 desorption feature
which extends from 320 K to above 500 K, a broad C 2H4 peak at 480 K, and a much narrower CO
desorption peak at 360 K. No other gaseous products, including acetaldehyde, were detected.
Based on a comparison to the ethanol TPD data for the clean YSZ(100) surface, the C 2H4 peak at
480 K can be attributed to the reaction of ethoxide species adsorbed on the YSZ. The presence
of this peak also indicates that the vapor-deposited Co does not grow in a completely layer-bylayer fashion, since some of the YSZ(100) surface remains exposed for a 1 ML Co coverage.
The CO peak at 360 K was not present in the TPD spectra from the clean YSZ(100)
surface and therefore must be due to reaction of ethanol or ethoxide species adsorbed on the Co.
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This decarbonylation pathway would be expected to also produce adsorbed methyl groups.
Since CO was the only gaseous carbon-containing product produced on the supported Co, the
methyl groups must ultimately decompose producing H2 and depositing carbon on the surface.
This is supported by the fact that in a C2H5OH TPD run obtained immediately after the one shown
in Figure 5.4 (b), the CO peak resulting from the decarbonylation reaction on the metallic cobalt
sites was nearly absent suggesting that the Co sites are blocked by a surface carbon layer.
Additional support for the conclusion that carbon is deposited on the Co is provided by
the TPD data in Figure 5.5 which displays CO and C2H4 desorption spectra obtained in three
successive ethanol TPD experiments from a 3 ML Co/YSZ(100) sample. A plot of the relative
areas of the CO and C2H4 peaks as a function of the run number is also included in the figure.
Note that the amount of CO produced via reaction of ethanol on the supported Co was found to
decrease significantly with each successive experiment, while the amount of C 2H4 remained
nearly the same. The fact that the C2H4 peak due to reaction of ethanol on the exposed portions
of the YSZ(100) surface was nearly invariant indicates that no significant agglomeration of the Co
occurred during the TPD experiments, which is consistent with the XPS data in Figure 5.2, and
rules out the possibility that the decrease in the area of the CO peak was due to agglomeration of
the metal. The decrease in the CO peak area is, therefore, consistent with carbon build-up which
blocks active sites on the Co surface.
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Figure 5.5. (a) CO and C2H4 desorption spectra obtained in a series of sequential TPD
experiments with a 2 L C2H5OH-dosed, 3 ML Co/YSZ(100) sample. The run
number for each experiment is indicated in the figure; (b) CO and C2H4
relative product yields for each C2H5OH TPD experiment.

In order to study how oxidation of the supported cobalt affects its reactivity toward
ethanol, TPD experiments were also performed with a Co/YSZ(100) sample that was pre-dosed
with O2, and with a CoO/YSZ(100) sample. TPD data obtained from a 1 ML Co/YSZ(100) sample
that was exposed to 1 L of O2 followed by 2 L C2H5OH TPD at 300 K are shown in Figure 5.6 and
the product relative yields are listed in Table 5.1. XPS analysis of Co/YSZ(100) samples exposed
to similar amounts of O2 indicated that the Co remained predominantly metallic after this
treatment. Thus, the oxygen-dosed sample most likely contains only a surface layer of adsorbed
oxygen on the cobalt. The TPD results for this sample have some similarities and some
differences from those obtained from the sample that was not pre-dosed with O2 (see Figure 5.4
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(b)). The similarities include the net dehydration of ethanol which occurs on the exposed portions
of the YSZ(100) surface and produces C2H4 at 518 K, and decarbonylation of adsorbed ethoxide
groups on the supported Co which gives rise to the CO peak at 330 K. The primary differences
are the selective oxidation of ethanol producing acetaldehyde at 330 K and the appearance of a
second CO peak at 518 K. As will be discussed below, this high-temperature CO product can be
attributed to the oxidation of carbon atoms on the Co surface that were deposited via the
decarbonylation pathway at lower temperature.

Table 5.1. Relative product yields of carbon-containing products during C2H5OH TPD.

Co/YSZ
CoO/YSZ
O2-dosed Co/YSZ

Low Temp CO
(360 K)

High Temp CO
(518 K)

C2H4
(480 K)

CH3CHO

0.23
0.16

0.12

0.77
0.50
0.16

0.5 (480 K)
0.56 (330 K)
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Figure 5.6. TPD spectra obtained following a 2 L C2H5OH dose at 300 K on a 1 L O2
pre-dosed Co/YSZ(100) sample.

Ethanol TPD data obtained from a 1 ML Co/YSZ(100) sample that was oxidized by
exposure to 1000 L of O2 at 700 K is shown in Figure 5.7 and the product relative yields are
tabulated and listed in Table 5.1.

As described above, this oxidation treatment produces a
2+

sample in which the cobalt is present primarily as CoO (i.e. Co ). In addition to a broad feature
for molecular C2H5OH between 310 and 475 K, and a C2H4 peak at 480 K which can be attributed
to reaction on exposed portions of the YSZ(100) surface, the only other carbon-containing
product detected was CH3CHO which also desorbed at 480 K. Note that this peak temperature is
150 K higher than that observed for the O2-dosed Co/YSZ(100) sample. The possible origin of
this selective oxidation product will be discussed below.
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Figure 5.7. TPD spectra obtained from a CoO/YSZ(100) sample following a 2 L dose of
C2H5OH at 300 K.

5.4. Discussion
As noted in the introduction, the goals of this study were to determine both the active
sites for the reaction of ethanol to acetaldehyde, which is thought to be a key step in the steam
reforming of ethanol on supported Co catalysts, and the role that the support plays in directing the
overall catalyst reactivity. Insight into both of these issues can be obtained by comparing the
results obtained in this study for model Co/YSZ(100) catalysts with those obtained in our previous
studies of the reaction of ethanol on Co/ZnO(0001) [14] discussed in Chapter 4 and
polycrystalline Co foils [13]. Figure 5.8 shows schematically the structural evolution during the
thermal annealing of Co films on both YSZ(100) and ZnO(0001). For both supports, the vapordeposited Co forms two-dimensional island structures at 300 K. While the Co film does undergo
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some agglomeration upon heating on both supports, it interacts much more strongly with
YSZ(100) resulting in a relatively stable film, for temperatures up to 800 K. Although there was a
strong interaction at the Co-YSZ(100) interface the Co did not become oxidized via reaction with
the support. This is in contrast to Co on ZnO(0001) where significant agglomeration of the Co film
occurred upon heating to only 600 K, indicating a relatively weak interaction at the Co-ZnO
interface. These results are consistent with studies of high surface area supported Co catalysts
where it has also been observed that Co-support interactions vary significantly with the identity of
the support and that Co/ZrO2 catalysts are particularly stable [3].
In spite of the much weaker interaction of Co with ZnO(0001) relative to YSZ(100), Co
reacts with oxygen on the ZnO(0001) surface between 700 and 800 K to from CoO particles
which then spread back across the surface. This result suggests that there is much more facile
exchange of oxygen between the Co and the ZnO support compared to the less reducible YSZ.
As will be discussed below, this difference may affect the steady-state concentration of carbon on
the Co during SRE on Co/ZrO2 and Co/ZnO catalysts.

Figure 5.8. Schematic diagrams showing the structural evolution of vapor-deposited Co
films on YSZ(100) and ZnO(0001).
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The primary reaction pathway for ethanol on YSZ(100) was net dehydration to produce
ethylene at 485 K. This is in contrast to what has been reported for the reaction of ethoxy groups
on ZnO(0001) where the primary pathway is dehydrogenation to produce acetaldehyde, which
either desorbs or is further oxidized to acetate [14, 27]. The net dehydration product, ethylene, is
only observed as a minor product on the ZnO(0001) surface. Since ethylene is a potential coke
precursor, the higher activity of the YSZ(100) surface for ethylene production may make Co/ZrO2
catalysts more prone to coking than Co/ZnO.
The TPD results for metallic Co films on YSZ(100) are in concordance with our previous
TPD studies of the reaction of ethanol on polycrystalline Co foils [13] where it was concluded that
a CO peak near 365 K resulted from decarbonylation of ethoxide intermediates adsorbed on
metallic Co sites. The methyl groups produced by this pathway remain on the surface and
ultimately decompose to produce H2 and adsorbed carbon. The data in Figures 5.4 (b) and 5.7
demonstrates that this is also the case for Co/YSZ(100).
The ethanol TPD results obtained from the oxygen-dosed Co/YSZ(100) sample are more
interesting, since they show the production of CH 3CHO, which is thought to be a key intermediate
in the overall SRE reaction, at 330 K. For comparison purposes, the CO and CH 3CHO spectra
obtained during ethanol TPD runs from the O2-dosed Co/YSZ(100) sample, an O2-dosed
polycrystalline Co foil [13], and Co/ZnO(0001) from Chapter 3 [14] are displayed in Figure 5.9.
Note that the spectra from the O2-dosed Co/YSZ(100) and Co foil samples are similar with
CH3CHO being produced near 330 K, corresponding to an activation energy of only 86 kJ/mol
determined using a Redhead analysis assuming first order desorption with a pre-factor of 10

13

-1

s .

Since XPS data for both samples show only metallic Co, the production of acetaldehyde can be
attributed to abstraction of a hydrogen from an adsorbed ethoxide intermediate by an oxygen
0

atom adsorbed on a Co site. The low-temperature CO peaks on both surfaces are indicative of
0

the decarbonylation pathway that also proceeds on Co sites, while the high-temperature CO
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peak results from oxidation of adsorbed carbon that is a byproduct of the decarbonylation
reaction.
It is also noteworthy that the CH3CHO and CO desorption curves in the ethanol TPD data
from a 2 ML Co/ZnO(0001) sample without co-dosed O2 (see Figure 5.9) [14] are similar to those
obtained here for the O2-dosed 1 ML Co/YSZ(100) sample, with CH3CHO again being produced
below 350 K. This suggests that the same reaction pathways occur on both samples. Since O 2
was not dosed on the Co/ZnO(0001) sample, the oxygen required for the dehydrogenation
reaction that produces CH3CHO at 325 K must be supplied by the ZnO(0001) support. The fact
that the high-temperature CO peak at 518 K due to the carbon burn-off reaction is much larger for
Co/ZnO(0001) compared to O2-dosed Co/YSZ(100) is also consistent with facile transfer of
oxygen from the ZnO to the Co. These results demonstrate that for Co/ZnO(0001) oxygen
supplied by the reducible support can be used to remove carbon from the Co, while oxygen must
be provided from the gas phase in order for this reaction to proceed on Co/YSZ(100). This
observation is similar to that reported by Song and Ozkan [7] in a study in which they compared
ZrO2 to CeO2 as supports for cobalt SRE catalysts. Their steady-state kinetics measurements,
and XPS and microscopy analysis of the extent of carbon deposition, showed Co/ZrO 2 to be
much more prone to deactivation from carbon build-up compared to Co/CeO2. They attributed this
difference to the ability of the CeO2 support to transfer oxygen to the Co which could then be
used to oxidize carbon deposits.
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Figure 5.9. Comparison of CH3CHO and CO spectra obtained following 2 L C2H5OH
dose on (a) Co/ZnO(0001), (b) 1 L O2 predosed polycrystalline Co foil, and
(c) 1 L O2 predosed Co/YSZ(100).

While the selectivity for the production of acetaldehyde during ethanol TPD was nearly
the same on the CoO/YSZ(100) and O2-dosed Co/YSZ(100) samples (Table 5.1), the difference
2+

in temperatures at which acetaldehyde was produced indicates that CoO (or Co ) is much less
reactive towards ethanol than metallic or oxygen-covered cobalt. For the CoO/YSZ(100) sample
(Figure 5.7), the acetaldehyde product resulting from reaction on the CoO was produced at 480
K, which is 150 K higher than the acetaldehyde peak from the O 2-dosed Co/YSZ(100) sample. In
our previous study it was found that CoO particles on ZnO(0001) were even less reactive towards
ethanol with no products attributable to reaction on the CoO being observed during ethanol TPD
experiments [14]. In that case, it is possible that a mixed Co-Zn oxide was formed and this may
have contributed to the lower reactivity. In any event, both of these studies demonstrate that
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oxygen-covered metallic cobalt is much more active for the dehydrogenation of ethoxide to
produce acetaldehyde compared to CoO. This in turn argues against the ethoxide to
2+

acetaldehyde reaction occurring on Co sites and is in agreement with previous studies [5, 9, 28]
0

where it has been concluded that Co is required to obtain high SRE activity.
While oxidized Co does not appear to provide the active sites for the dehydrogenation of
ethoxide to produce acetaldehyde, the results of this study do suggest that adsorbed oxygen is
required to obtain high activity for this reaction. Under actual SRE conditions, adsorbed OH or O
atoms produced by dissociative adsorption of water on the metal may therefore be involved in this
reaction. The results obtained from reducible supports such as ZnO [12] and CeO2 [8, 29] suggest
that for these supports facile exchange of oxygen from the support to the metal may also play a
role. Under SRE conditions reoxidation of the support could occur by reaction with water. This
bifunctional pathway is analogues to that which has been proposed for the water gas shift
reaction on Pd/CeO2 catalysts [30]. It may also be at least partially responsible for some of the
support effects that have been reported for Co-based SRE catalysts.

5.5. Conclusions
The results of this study provide new insight into the active sites for the conversion of
ethanol to acetaldehyde on supported Co ethanol steam reforming catalysts and the role of the
support in determining overall reactivity. Oxygen covered metallic Co and CoO were both found
to be active for the dehydrogenation of adsorbed ethoxides to produce acetaldehyde, which is
thought to be a key step in the overall SRE pathway. The activation energy for this reaction,
however, was much lower on oxygen-modified metallic Co surfaces (86 kJ/mol) compared to CoO
(126 kJ/mol). Comparisons of the results obtained for the Co/YSZ(100) and Co/ZnO(0001) model
catalysts revealed large difference in the strength of the interaction of the Co with the support
which may affect catalyst stability. The transfer of oxygen from the support to the Co was also
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found to be much more facile on ZnO compared to ZrO 2. This process may be partially
responsible for the reported higher activity of Co supported on reducible supports, such as ZnO
and CeO2, compared to more refractory supports such as ZrO 2 and MgO.
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CHAPTER 6. Support Effects in Cobalt Based Ethanol Steam
Reforming Catalysts: Reaction of Ethanol on
Co/CeO2/YSZ(100) Model Catalysts
Summary
In order to provide insight into how the support affects the reactivity of cobalt-based
ethanol steam reforming catalysts, the reaction of ethanol on Co/CeO 2/YSZ(100) model catalysts
was investigated using a combination of X-Ray Photoelectron Spectroscopy (XPS) and
Temperature Programmed Desorption (TPD). Consistent with previous studies, metallic cobalt
was found to be active for decarbonylation of ethoxide groups, while partially oxidized cobalt
0

containing both Co and Co

2+

was found to be active for ethoxide dehydrogenation to produce

acetaldehyde. This partially oxidized active form of the cobalt was found to be readily formed via
reaction of vapor-deposited Co films with the reducible CeO2 support at temperatures as low as
300 K. Comparisons of these results to those obtained in our previous studies of the reactivity of
Co/ZnO(0001) and Co/YSZ(100) model catalysts are also presented and the role of the support in
enhancing ethanol steam reforming activity is discussed.

6.1. Introduction
In this chapter, the study of cobalt model catalyst for steam reforming of ethanol (SRE) is
extended to focus primarily in understanding various roles that supports may play in governing
the overall reactivity and stability of catalysts. While there are numerous studies in the literature in
which reactivity trends as a function of the support for SRE have been reported [1-6], the
mechanism by which the support affects the catalyst activity is still not well understood.
Characteristics of the support that have been proposed to play a role in determining overall
reactivity include acid-base properties [7-9], redox properties [9-13], and the strength of the
metal-support interaction [14, 15]. The Llorca et al. [1] studies discussed in Chapters 3 – 4, which
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found Co/ZnO to be much more selective to CO2 and H2 than Co/MgO, argue against support
acid-base properties being the sole factor in controlling selectivity, since MgO has comparable
basicity to ZnO [7]. On the other hand, the support acid-base properties may play a role in
catalyst stability, since acid sites, such as those on alumina, may promote coke formation.
Indeed, Cai et al. [16] have recently demonstrated that the rate of coke formation during the
steam reforming of butanol was lower on Co/ZnO compared to Co/CeO2 and Co/TiO2.
Song et al. [2, 13] have reported a dramatic improvement in catalyst stability during SRE
over Co/ZrO2 upon addition of CeO2 and have attributed it to high oxygen mobility in the ceria.
Thus, for reducible supports such as ZnO and CeO 2 it is possible that transfer of oxygen from the
support to the cobalt could aid in the removal of coke from the metal. Transfer of oxygen from the
support to the metal could also help to stabilize oxidized forms of the Co [11-13, 17, 18] and
allows for bi-functional mechanisms in which oxidative dehydrogenation of ethanol adsorbed on
the Co proceeds using oxygen supplied from the support. For this pathway, the support would be
re-oxidized in a subsequent step via reaction with water which would produce additional H 2.
0

In order to provide insight into the active form of cobalt in the SRE catalyst (e.g. Co or
2+

Co ) and the role of metal-support interactions, we have been studying the structure and
reactivity of model Co catalysts consisting of Co films and particles supported on single crystal
metal oxides including ZnO(0001) [17, 19], and YSZ(100) [18] (YSZ = yttria-stabilized zirconia)
discussed in Chapters 3 - 5. In TPD studies with these model catalysts we have shown that
adsorbed ethoxide intermediates primarily undergo decarbonylation to produce CO and adsorbed
-CH3 groups between 300 and 350 K on metallic cobalt sites [17, 18, 20]. In contrast under
conditions where the surface of the cobalt was partially oxidized, ethoxide groups underwent
dehydrogenation to acetaldehyde, which is thought to be an important intermediate in the overall
SRE reaction [14, 21-24]. It was also observed that such partially oxidized Co species were more
easily formed on reducible ZnO(0001) compared to un-reducible YSZ(100). These observations
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led us to hypothesize that facile transfer of oxygen from the support to the cobalt may be
important in obtaining a highly selective SRE catalyst.
In the work reported here we have expanded our previous studies to include the reaction
of ethanol on Co supported on epitaxial CeO2 films grown on YSZ(100). We again focus on
identifying the active sites and the energetics of the dehydrogenation of adsorbed ethoxide
groups to produce acetaldehyde which as noted above is a key step in the overall SRE reaction.
The thin film CeO2 support was chosen over a CeO2 single crystal surface because the films are
much more reducible than bulk CeO2 and therefore more accurately represent the properties of
nano-crystalline ceria that are used in commercial catalyst applications [25-28]. The results of
this study along with comparisons to our previous work with Co/ZnO(0001) and Co/YSZ(100)
model catalysts provides additional insight into the role of the support in determining the activity
and stability of Co-based catalysts.

6.2. Experimental
The experiments were conducted in an ultra-high vacuum (UHV) surface analysis
chamber with a base pressure of 2 x 10

-10

Torr, which was described in Chapter 2. Ceria films

were deposited on a 6 x 6 x 1 mm YSZ(100) substrates (MTI Corporation) that had been cleaned
using cycles of sputtering with 2 kV Ar+ for 30 minutes and annealing in vacuum at 700 K for 60
minutes. The YSZ(100) sample was mounted in a tantalum foil holder that was attached to the
sample manipulator of the UHV chamber. The deposition of ceria was performed by initially
growing a layer of cerium metal on the substrate using an evaporative cerium source (Alfa Aesar,
-7

99.9%) followed by annealing at 2 x 10 torr of O2 while keeping the sample temperature at 450
K for 15 min. This oxidation treatment yielded nearly fully oxidized ceria, CeO 2, as determined
from XPS. Ceria films ~40 Å in thickness were used in this study. Co was deposited onto the
previously-prepared CeO2/YSZ(100) substrate using an electron beam evaporator (Tetra GmbH)
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with a 2 mm diameter Co (Alfa Aesar, 99.995% purity) rod source with the flux being monitored
by the QCM.

In this paper the Co coverage is reported in monolayers (ML), where one

monolayer is defined to have 1.8 x 10

15

2

atoms/cm which is equal to the atom density on

Co(0001).
Samples were exposed to adsorbates – ethanol (Decon Labs, Inc., 100%) and oxygen
(Matheson, 99.98%) – through a dosing needle with the sample positioned directly in front to
maintain a low base pressure. The enhancement factor of 100-fold due to direct dosing was
factored into all doses reported. A 2 L ethanol dose with sample kept at 298 K and a heating rate
of 3 K/s was used in each TPD experiment, except where specified otherwise. Multiple m/e
values were monitored during each TPD experiment allowing products to be identified by
comparison to their known cracking patterns. The primary m/e values used to identify each
product were as follows: H2 m/e 2, CH4 m/e 16, C2H4 m/e 26, CO m/e 28, CH3CHO m/e 29, C2H6
m/e 30, C2H5OH m/e 31, (CH3)2CO m/e 43, and CO2 m/e 44. Additional m/e values were used to
distinguish between products with overlapping cracking patterns when needed. Any overlaps in
the product cracking patterns were also accounted for in the quantitative analysis of the TPD
data.

6.3. Results
6.3.1. Characterization of CeO2 film
Before presenting results for the supported Co films, characterization studies of the ceria
film on YSZ(100), which was used as a support, will be presented. In previous studies we have
shown that vapor-deposited CeO2 films on YSZ(100) form epitaxial overlayers with a nearly
relaxed lattice constant [27, 29-31]. Figure 6.1 shows Ce(3d) XP-spectra obtained in the present
study from a 4 nm epitaxial CeO2 film on YSZ(100) as a function of pre-treatment conditions. In
these spectra the peaks labeled u and v correspond to the 3d3/2 and 3d5/2 spin-orbit states,
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respectively. Spectrum a, from the freshly-prepared sample, primarily contains features which are
4+

consistent with what has been reported in the literature for Ce

[32-35]. Based on comparisons

to these previous studies, the u’’’/v’’’ doublet can be assigned to the primary photoemission
process from Ce

+4

cations, while the u/v and u’’/v’’ doublets are shakedown features resulting

from the transfer of electrons during photoemission from the filled O(2p) orbital to an empty
Ce(4f) orbital of the Ce

4+

4+

cations. Due to the complexity of the Ce photoemission spectrum, the

possibility that a small fraction of the cerium cations in the as-deposited film are in the +3
oxidation state cannot be ruled out. Ce
0

+3

cations give rise to the u’/v’ (primary photoemission

0

process) and u /v (shakedown feature) doublets whose peak positions are also indicated in the
figure.
Annealing the CeO2/YSZ(100) sample to 600 K (spectrum b) produced a small increase
in intensity at the expected position for the u’/v’ Ce

3+

doublet, suggesting a slight reduction of the

ceria film. Much more dramatic changes were observed upon annealing to 700 K and 800 K
0

0

(spectra c and d). For these temperatures the spectra are dominated by the u’/v’ and u /v
doublets for Ce

3+

indicating reduction of the ceria film. Thus, these data show that heating to 700

K in UHV is sufficient to partially reduce a 4 nm ceria film on YSZ(100) from CeO2 to Ce2O3. This
result is in concordance with previous studies in which it was also observed that reduction of
CeO2 films on YSZ(100) occurred upon heating in UHV to only 750 K [36].

134

u’ u
u’’

u’’’

u0

800 K

Intensity (a.u.)

(d)

700 K

(c)

600 K

(b)

300 K

(a)

920

910

v’’

v’’’

v’ v0
v

900

890

880

BE (eV)
Figure 6.1. Ce 3d XP spectra of CeO2/YSZ(100) sample as a function of the annealing
temperature.

The reactivity of the CeO2/YSZ(100) sample toward ethanol was also studied. Figure 6.2
shows ethanol TPD results obtained from a CeO 2/YSZ(100) sample following a 2 L C2H5OH dose
at 300 K. The curves labeled (a) in the figure correspond to a freshly prepared (i.e. oxidized)
CeO2 film, while those labeled (b) and (c) were obtained after annealing the CeO2/YSZ(100)
sample to 700 K and 800 K, respectively. For the fully oxidized film, in addition

to a small

amount of molecular ethanol which desorbed at low temperatures, the primary desorbing species
were C2H5OH at 500 K, and CH3CHO and a small amount of C2H4 at 517 K. A trace amount of
acetone was also detected at 520 K (not shown in the figure). The acetaldehyde product can be
assigned to the dehydrogenation of adsorbed ethoxide groups. The hydrogen produced by this
pathway can recombine with an adsorbed ethoxide group and desorb as molecular ethanol as
follows:
[6.1]

135

[6.2]

The fact that the ethanol peak is centered at a slightly lower temperature than that for
acetaldehyde is consistent with this pathway for its production [37]. Similar pathways have been
reported for the reaction alcohols on other metal oxide surfaces [38-40].
Partially reducing the ceria film by annealing to 700 K in vacuum caused dramatic
changes in the ethanol TPD results including a large increase in area of the C 2H4 peak which
shifted down in temperature to 502 K, and large decreases in the amounts of CH 3CHO and
C2H5OH produced near 500 K. These trends continued for the sample annealed at 800 K for
which ethylene at 483 K was the only reaction product detected. The amount of molecular ethanol
that desorbed at low temperature also increased with increasing sample annealing temperature.
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Figure 6.2. TPD data obtained after a 2 L C2H5OH dose at 300 K on (a) freshly
deposited CeO2/YSZ(100), (b) CeO2/YSZ(100) annealed to 700 K, and (c)
CeO2/YSZ(100) annealed to 800 K.
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Previous studies have shown that methanol adsorbs dissociatively on oxygen vacancy
sites on the CeO2(111) surface to form adsorbed methoxide intermediates [25]. By analogy, one
would expect ethanol to adsorb dissociatively on similar sites on CeO2(100) to form ethoxide
species. The relative product yields obtained during ethanol TPD from the oxidized and reduced
samples, which are listed in Table 6.1, supports this conclusion, since the total ethoxide coverage
increased with increasing annealing temperature (extent of reduction). At temperatures near 500
K the adsorbed ethoxides react via two competing pathways: dehydrogenation to produce
CH3CHO and dehydration to produce ethylene, with the latter pathway being preferred on
reduced surfaces. The fact that the net dehydration pathway proceeds on reduced surfaces is not
surprising, since this pathway results in reoxidation of the surface.

Table 6.1. Relative product yields of carbon-containing products during C2H5OH TPD on
CeO2/YSZ(100) as a function of pre-annealing temperature.
Annealing
Temperature (K)

Ce Oxidation States

CH3CHO

C2H4

C2H5OH

300

predominantly CeO2

1.00

0.79

0.58

700

predominantly Ce2O3

0.52

2.14

-

800

Ce2O3

-

2.85

-

6.3.2. XPS characterization of Co films
As described in the experimental section, Co films were vapor-deposited onto the
CeO2/YSZ(100) sample. Figure 6.3 displays both Co(2p) (panel a) and Ce(3d) (panel b) XPspectra as a function of the nominal Co coverage on the CeO 2/YSZ(100) substrate at 300 K. The
Co(2p) spectra for all coverages investigated (0.5 - 5 ML) show that the as-deposited film
0

2+

contained a mixture of Co and Co . The positions of the primary photoemission lines for each of
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these oxidation states are indicated in the figure [41, 42]. Note that XP-spectra of Co

2+

also

contain satellite features that appear ~5 eV higher in energy than the primary photoemission
peaks. These features are not well-resolved in the spectra in Figure 6.3 (a), but give rise to the
tails on the high-binding energy sides of the peaks. As shown in Figure 6.4, which compares the
Co(2p) spectra for the 0.5 and 5 ML films, the ratio of Co

2+

0

to Co in the film decreased with

increasing Co coverage. Furthermore, a comparison of these two Co XP-spectra obtained from
Co films on CeO2/YSZ(100) to that of Co(0001) (also included in the figure), reveals that the
peaks obtained from Co(0001) are much sharper which further affirms the hypothesis that a
portion of the deposited Co reacts with CeO 2 at 300 K to form CoO. Consistent with the oxidation
of a portion of the deposited Co atoms, the Ce(3d) spectra in Figure 6.3 (b) show partial reduction
of the surface region of the CeO2 substrate upon Co deposition. This is evident by the decrease
in the intensities of the Ce
0

4+

peaks (u/v, u’’/v’’, and u’’’/v’’’) relative to those for Ce

3+

(u’/v’ and

0

u /v ). Note that the overall decrease in the Ce(3d) signal is a result of shielding of the substrate
by the deposited Co atoms.
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u0
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5 ML

(b) ΘCo
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Figure 6.3. (a) Co(2p) and (b) Ce(3d) XP spectra of CeO2/YSZ(100) sample as a
function of Co coverage.
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Figure 6.4. Co(2p) XP spectra obtained from Co(0001), 0.5 ML Co/CeO2/YSZ(100), and
5 ML Co/CeO2/YSZ(100).

In addition to providing insight into the oxidation state of the deposited Co atoms the XPS
data also provide some insight into the morphology of the Co film. A plot of the ratio of the areas
of the Ce(3d)-to-Co(2p) peaks as a function of Co coverage is shown in the Figure 6.5 (a). For
comparison purposes, analogous data for the growth of Co films on ZnO(0001) and YSZ(100)
substrates from chapters 3 and 5 [17, 18] are also included in the figure. The peaks for both spin
orbit states (e.g., 2p1/2 and 2p3/2) and any associated satellite peaks were included in the area
measurement, and the resulting value was scaled using the XPS sensitivity factor for that element
[43], thereby allowing the three data sets to be displayed on the same axes. The steep, linear
decrease in the Ce(3d):Co(2p) ratio with increasing Co coverages up to 1 ML followed by a
further decrease at a lower rate up to 3 ML suggests that Co film growth proceeds via the
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formation of two-dimensional islands rather than three-dimensional clusters. Note that the curves
for the growth of Co films on ZnO(0001) and YSZ(100) had similar shapes and it has previously
been concluded that two-dimensional island growth also occurs on these substrates [18, 19].
As shown by the plot of the Ce(3d):Co(2p) ratio as a function of annealing temperature in
Figure 6.5 (b), the Co film on the CeO2/YSZ(100) substrate had modest thermal stability with the
Ce(3d):Co(2p) ratio increasing from 0.26 for the as-deposited film at 300 K to 0.64 after annealing
at 700 K. This increase in the peak ratio indicates partial agglomeration of the Co film to form
particles upon heating. Comparing this result to those for Co/ZnO(0001) and Co/YSZ(100)
reveals that Co/YSZ(100) is similar to Co/CeO2 exhibiting partial agglomeration upon heating to
700 K. In contrast, much lower thermal stability was exhibited by Co/ZnO(0001) where the large
increase in the Zn(2p)/Co(2p) ratio with increasing annealing temperature indicates that the Co
film on this support completely agglomerates into large particles upon heating to 700 K.

M(2p) or M(3d)
Co(2p)

3 (a)

(b)

1

2

1

0

0

1
2
3
Co Coverage (ML)

300

400 500 600 700
Temperature (K)

Figure 6.5. Ratio of the XPS peak areas of the CeO2, ZnO, and YSZ supports to that of
the deposited Co as a function of (a) the Co coverage, and (b) the sample
annealing temperature; the total areas of the Zn(2p), Co(2p), and Ce(3d)
peaks were used in the calculation, and the areas were scaled using the
appropriate XPS sensitivity factor.
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6.3.3. Ethanol TPD Studies
TPD spectra obtained following a 2 L ethanol dose on freshly deposited 0.5 ML (panel a)
and 2 ML (panel b) Co films on the CeO 2/YSZ(100) substrate are shown in Figure 6.6. The TPD
results were similar for both Co coverages with the primary product being CO which was
produced in a large peak at 530 K and a much smaller peak at 360 K. Small amounts of H 2, CO,
CH4 were also produced concomitant with the low-temperature CO peak, and a small amount of
CH3CHO was produced at 345 K. For the 0.5 ML Co film the lack of peaks indicative of the
reaction of ethoxide groups on CeO2 or partially reduced ceria, i.e. C2H4 and CH3CHO near 500
K, suggests that the deposited Co atoms selectively poison the active sites for dissociative
adsorption of ethanol on the CeO2. As noted above, these sites have previously been identified
as surface oxygen vacancies [25, 44]. Thus, these results indicate that these vacancies are
nucleation sites for the growth of Co films on ceria. Also note that the high-temperature CO peak
is at a temperature, 530 K, which is higher than that reported for the desorption of CO from
metallic Co [20]. This peak must, therefore, be reaction limited and is likely due to the oxidation
of carbon deposited on the Co surface via an unselective decomposition pathway that occurs at
lower temperatures. As will be shown below, the oxygen required for this reaction must be
supplied via reduction of the CeO2 support.
The CO and CH4 products at 360 K are indicative of the decarbonylation of ethoxide
groups adsorbed on metallic Co and similar peaks are observed in ethanol TPD experiments with
Co foils [20]. For Co/CeO2 we therefore assign these peaks to this decarbonylation pathway.
Note that while the majority of the ethoxide groups involved in this reaction were likely produced
via dissociative adsorption of ethanol on the metal, it is also possible that ethoxide groups on the
ceria could diffuse to the metal and react in a similar manner. Ethanol TPD studies with metallic
Co foils have also shown that reaction between adsorbed ethoxide groups and co-adsorbed
oxygen atoms produces acetaldehyde near 350 K [17, 20]. Thus for the Co/CeO2/YSZ(100)
samples, the acetaldehyde product at 345 K can also be assigned to this pathway with the
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oxygen being supplied via reduction of the CeO2 support. This result suggests that there is facile
transfer of oxygen from the ceria support to the Co.
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Figure 6.6. TPD spectra obtained following a 2 L C2H5OH dose at 300 K on (a) 0.5 ML
Co/CeO2/YSZ(100) and (b) 2 ML Co/CeO2/YSZ(100).

In order to further examine how transfer of oxygen from the ceria to the supported Co
may affect reactivity toward ethanol, an ethanol TPD experiment was performed in which the
extent of reduction of the ceria support was varied by annealing it to 800 K for 10 min prior to
depositing 2 ML Co at 300 K.

As shown by the XPS data in Figure 6.1, this annealing

temperature induces significant reduction of the ceria film. Figure 6.7 shows the H 2, CO, and
CH3CHO desorption curves obtained following at 2 L C2H5OH dose on (a) a freshly prepared
CeO2 film and (b) CeO2 film annealed to 800 K to form Ce2O3. The ethanol TPD data in Figure
6.7 show for the samples with the freshly-prepared CeO2 film, dehydrogenation of adsorbed
ethoxide groups to produce acetaldehyde and decarbonylation to produce CO and H2 occur
between 300 and 400 K with a high-temperature CO peak also present at 530 K. As noted
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above, the decarbonylation products between 300 and 400 K are indicative of the reaction of
ethoxide groups on metallic Co, while the high-temperature CO peak is likely due to the oxidation
of carbon which is deposited on the Co via unselective decomposition of ethoxide groups at lower
temperatures, with the oxygen being supplied via reduction of the ceria support.
Dramatic changes were observed for the sample with the highly reduced CeO 2 film that
was annealed to 800 K prior to Co deposition. Note that for this sample acetaldehyde was not
produced between 300 and 400 K during ethanol TPD. The area of the CO peak resulting from
ethoxide decarbonylation at 345 K also nearly doubled compared to that from the other samples
with the more oxidized ceria films. The disappearance of the acetaldehyde product for the highly
reduced ceria support demonstrates that this reaction pathway requires oxygen from the support.
Since the 800 K annealed ceria film is significantly reduced, one might expect it to be more
difficult to extract oxygen form this support relative to the more highly oxidized, as-deposited ceria
film. The upward shift in the CO peak temperature to 578 K is consistent with this scenario and
therefore supports the assignment of this peak to oxidation of carbon atoms on the metal using
oxygen supplied form the ceria support.
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Figure 6.7. TPD spectra obtained following a 2 L C2H5OH dose at 300 K on Co
deposited on (a) freshly prepared CeO2/YSZ(100) and (b) CeO2/YSZ(100)
annealed to 800 K.

6.4. Discussion
The XPS results obtained in this study show that CeO 2 films on YSZ(100) are highly
reducible and annealing in vacuum at 800 K is sufficient to induce complete reduction to Ce 2O3.
This result is not expected based on the bulk thermodynamics of ceria. Indeed, an experimentally
measured Ce-O phase diagram shows that CeO2 is the thermodynamically stable phase at 800 K
for PO2 values greater than 10

-26

atm [45]. Surface reduction of CeO2 single crystals is also not

observed upon annealing in UHV at 800 K [28]. The enhanced reducibility of CeO2 films on
YSZ(100), however, is consistent with previous studies [27, 31] where it has been attributed it to
strain in the CeO2 film induced by the 0.6% lattice mismatch at the CeO 2-YSZ(100) interface that
helps maintain a small ceria grain size and alters defect structures within the film.
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Based on bulk thermodynamics the free energy for the oxidation of Co via reaction with
CeO2, i.e.
[6.3]
at 300 K is ~130 kJ/mol [46] suggesting that this reaction should not occur at room temperature
as observed in the present study. As noted above, epitaxial ceria films on YSZ(100) are more
reducible than bulk CeO2 due to the lattice mismatch inducing small grain sizes. While we do not
have a direct measure of the ΔG of reduction for the ceria film we can estimate it using
thermodynamic data in from the literature for nano-crystalline ceria which is also more reducible
than bulk CeO2 and therefore more representative of the ceria film used in this study. Based on
the thermodynamic measurements in Zhou et al. [45], we estimate that the ΔG for reduction of
CeO2 to Ce2O3 in the epitaxial film is ~125 kJ per mole of CeO 2 (the corresponding value for bulk
CeO2 is 172 kJ/mol). Using this value, the ΔG for reaction 6.3 is close to zero. Thus, the transfer
oxygen from the ceria film to the supported Co at room temperature is thermodynamically
plausible and would be expected to be facile at higher temperatures.
The ease of transfer of oxygen from the ceria film to the Co also appears to play an
important role in determining the overall reactivity of the supported Co towards ethanol. This is
illustrated by the ethanol TPD data in Figure 5.7 for Co supported on a freshly deposited ceria
film, and on a ceria film that we pre-reduced to Ce2O3 by annealing at 800 K. Note that prereduction of the ceria film had the largest effect on the production of CH 3CHO at 345 K with this
product being absent when the pre-reduced ceria support was used. The fact that this lowtemperature CH3CHO selective oxidation product is only observed for the fully oxidized ceria
support indicates that oxygen supplied via reduction of the ceria is required for this reaction.
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Figure 6.8. Schematic diagram showing the reaction of C2H5OH molecules on
Co/CeO2/YSZ(100).

Based on this observation, the reaction pathway depicted in Figure 6.8 is proposed for
the oxidation of ethanol to acetaldehyde on the Co/CeO 2/YSZ(100) model catalyst. For this
scheme, ethanol adsorbs dissociatively on the Co which has become partially oxidized via
reaction with the ceria support. This results in the formation of adsorbed ethoxide groups and
hydrogen atoms and/or hydroxyl groups. The adsorbed ethoxide species then undergo oxidative
dehydrogenation via reaction with an adsorbed oxygen atom to produce acetaldehyde and
additional adsorbed hydroxyl groups which subsequently react to produce water.

While not

investigated in the present study, reoxidation of the ceria surface via reaction with water, which
produces additional hydrogen, would complete the catalytic cycle. It is noteworthy that similar
mechanisms requiring transfer of oxygen from ceria to a supported metal have been proposed for
other reactions. For example, Gorte and co-workers have shown that the mechanism for the
water gas shift reaction on Pd/CeO2 catalysts proceeds through oxidation of CO adsorbed on Pd
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by oxygen supplied by reduction of the ceria, followed by reoxidation of the ceria via reaction with
water, at least under some conditions [47].
A comparison of the results obtained in this study for Co/ceria catalysts with those from
the previous two chapters for the reaction of ethanol on Co supported on YSZ(100) [18] and
ZnO(0001) [17] provides additional support for the mechanism depicted in Figure 6.8. Figure 6.9
displays CO and CH3CHO desorption curves obtained in ethanol TPD experiments with
Co/CeO2/YSZ(100), Co/YSZ(100), and Co/ZnO(0001) model catalysts. Note that for the reducible
CeO2 and ZnO supports these TPD data show that selective oxidation of ethoxide to
acetaldehyde, which appears to occur on oxygen covered portions of the Co, competes with
decarbonylation to produce CO which occurs on metallic Co sites. In contrast, on the nonreducible YSZ support, where transfer of oxygen from the support to the metal would not be
expected, only the low-temperature decarbonylation pathway is observed.
While in the present study we have not investigated the entire catalytic cycle for the SRE
reaction on supported Co, it should be noted that acetaldehyde, whose formation was studied
here, is thought to be an important intermediate in the SRE reaction pathway [14, 21-24]. Thus
the results obtained in this study provide useful insights into how the support may influence the
overall activity of Co-based SRE catalysts. In particular, our results indicate that reducible
supports may facilitate the oxidative dehydrogenation of ethoxide to acetaldehyde by providing
the oxygen required for this reaction. This pathway results in reduction of the support which is
then reoxidized via reaction with water in a subsequent step. As suggested by the hightemperature CO peaks in Figure 6.9, in addition to promoting this reaction, the facile transfer of
oxygen from the support to the Co may also help to remove carbon deposits and thereby
maintain activity. These conclusions are consistent with studies of high surface area Co SRE
catalysts [1, 2] which report higher selectivity and lower rates of coke formation when using
reducible supports such as CeO2.
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Figure 6.9. Comparison of CH3CHO and CO TPD spectra obtained following 2 L
C2H5OH dose on (a) 1 ML Co/YSZ(100), (b) 2 ML Co/ZnO(0001), and (c) 2
ML Co/CeO2/YSZ(100).

6.5. Conclusions
The results of this study further demonstrate that partially oxidized cobalt, which contains
0

+2

both Co and Co , is active for the partial oxidation of adsorbed ethoxide groups to produce
acetaldehyde which is thought to be an important intermediate in the steam reforming of ethanol.
These partially oxidized cobalt species are readily formed via reaction of Co particles and films
with a reducible CeO2 and ZnO supports at temperatures as low as 300 K. These results along
with comparison to the reactivity of Co supported on non-reducible YSZ(100) suggest that
transfer of oxygen from the support to the Co, thereby maintaining it in a partially oxidized state,
may play a role in enhancing SRE activity and may be at least partially responsible for support
effects that have been observed for Co-based SRE catalysts.
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CHAPTER 7. Low-Energy Alkali Ion Scattering and X-ray
Photoelectron Diffraction Studies of the Structure
of the Zn/Pt(111) Bimetallic Surfaces
Summary
Alloying and the structure of bimetallic surfaces formed by vapor-depositing Zn on a
Pt(111) single crystal were investigated primarily by using X-ray Photoelectron Diffraction (XPD),
X-ray Photoelectron Spectroscopy (XPS), Low-energy Alkali Ion Scattering Spectroscopy
(ALISS), Low Electron Energy Diffraction (LEED), and Temperature Programmed Desorption
(TPD). A wide range of conditions were investigated to explore whether deposition and annealing
of Zn films could produce well-defined, ordered alloy surfaces, similar to those encountered for
Sn/Pt(111) surface alloys. These attempts were unsuccessful, although weak, diffuse (2x2) spots
could were observed under special conditions. The particular PtZn bimetallic alloy created by
annealing one monolayer of Zn on Pt(111) at 600 K, which has a Zn composition in the surface
layer of about 5 at. %, was investigated in detail by using XPD and ALISS. Only a diffuse (1x1)
pattern was observed from this surface by LEED, suggesting that no long-range, ordered alloy
structure was formed. Zn atoms are substitutionally incorporated into the Pt(111) crystal to form a
bilayer alloy and Zn atoms are found to reside primarily in the topmost and second layers. The
alloyed Zn atoms in the topmost layer are coplanar with the Pt atoms in the surface layer, without
any “buckling” of Zn, i.e., displacement in the vertical direction. This result is expected because of
the similar size of Pt and Zn, based on previous studies of bimetallic Pt alloys. Zn atoms desorb
upon heating rather than diffusing deep into the bulk of the Pt crystal. Temperature programmed
desorption (TPD) measurements show that both CO and NO have lower desorption energies on
the PtZn alloy surface compared to that on the clean Pt(111) surface.
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7.1. Introduction
Multiple studies have shown that the unique reactivity of Pt/ZnO catalysts can be
attributed in large part to the formation of a PtZn alloy under reaction conditions as discussed
previously in Chapter 1 [1, 2]. In order to relate the reactivity data of PtZn surfaces presented in
the later chapter, it is very important that the structure and chemical states of these bimetallic
surfaces formed under the ultra-high vacuum chamber are well understood. In this chapter, the
characterization results obtained on samples prepared through vapor depositing Zn onto Pt(111)
single crystal substrates are presented.
Rodriquez and Kuhn [3, 4] have studied this particular system previously. They made
extensive core-level and valence-level photoemission studies, along with ab initio self-consistent field calculations. Part of the rationale for their investigations was that the Zn/Pt(111) surface alloy
represented an ideal system to study the interaction of Pt with a (s,p) metal, in contrast to most of
the previous studies that had focused on the interaction of Pt with second metals having a large
density of d states. They showed that, after bonding with Zn, Pt had similar chemical and
electronic perturbations as when Pt was bonded to early transition metals, and much bigger effect
than those for Pt bonded to late transition metals. This resulted in a reduction of the CO
chemisorption bond energy. While these authors characterized the electronic structure of
Zn/Pt(111) surfaces, and also investigated Zn TPD and the alloying process via temperature
dependant studies, several questions remain about the concentration of Zn in the topmost layer
of the alloy and whether two-dimensional and three-dimensional structure of the alloy are formed.
In particular, we wanted to explore whether or not a long-range, ordered structure could be
prepared and whether or not the alloyed Zn atoms were coplanar with the Pt atoms in the surface
layer. Previous results showed that Sn atoms incorporated into the surface layers of fcc(111) late
transition metal substrates were displaced vertically or “buckled” out of the surface plane to
relieve the strain induced by the larger atomic size of Sn compared to the substrate atoms [5-7].
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7.2. Experimental
The experiments were performed in several different UHV surface analysis chambers.
The LEIS experiments were conducted on the primary two-level UHV chamber operating with a
base pressure of ~1 x 10

-10

torr. The upper level contained a four-grid LEED optics and UTI 100C

quadrupole mass spectrometer (QMS) for temperature programmed desorption (TPD). The lower
level was equipped with a Colutron ion gun providing collimated and monoenergetic ion sources
for LEIS, dual-anode Al/Mg K X-ray source for XPS and XPD, Perkin-Elmer Model 10-360
spherical capacitor analyzer (SCA) with a multichannel detector at a fixed scattering angle  of
144, electron gun for AES, and ion sputtering gun. Gas and metal dosers were located at
convenient positions throughout the chamber on both levels. The sample manipulator rotated in
polar ( 180) and azimuthal ( 90) planes. Both rotations were controlled by stepping motors
operated either manually or interfaced through a computer. The accuracy of the polar angle ( for
XPD and  for ALISS), azimuthal angle , and scattering angle  were  0.5,  1, and  0.5,
respectively.
The other UHV chamber that was used in this study was equipped with a Stanford
Research Systems (SRS) QMS for TPD analysis and a quartz crystal film thickness monitor (Qpod, Inficon) for measuring Zn deposition rates. This system also had a hemispherical electron
energy analyzer and dual Al/Mg K X-ray source for XPS. The detail description of this UHV
chamber has been previously discussed in Chapter 2.
The XPD results presented here use a polar angle  that is defined with respect to the
surface normal, with  = 0 corresponding to positioning the analyzer perpendicular to the surface
plane. The angle between the analyzer and the X-ray source was fixed at 42.5. Mg K X-rays
were used for both XPS and XPD. The X-ray source was operated at 300 W (15 kV) and a pass
energy of 93.9 eV was used on the SCA for both XPS and XPD. Spectra for the Pt 4f and Zn
2p3/2 core-level peaks were obtained with a 0.2-eV step size, and the Pt and Zn intensities used
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in XPD were measured from peak areas after background subtraction. In XPD, a data point
(energy scans for both Pt and Zn) was acquired every 17.5 seconds and a complete angular line
scan was obtained in about 20 minutes.
+

Na alkali ions were produced from a solid state source mounted in the ionizer region of
the Colutron ion gun. Na

+

ions were thermally emitted from a cartridge containing an

aluminosilicate charge which has been loaded previously with sodium ions by ion-exchange. This
type of ion emitter is very durable, and does not react with the ambient atmosphere during
+

storage. In these ALISS measurements, a Na ion beam energy of 1.0 keV was used at a current
2

density of 45 pA/mm at the Pt(111) sample. The SCA was operated at a pass energy of 1127.1
eV for ALISS, and a complete energy scan could be acquired every 1 minute, with a 1-eV step
size. A complete polar angle scan could be obtained in 90 minutes. The angle between the
analyzer and ion source was fixed at 36 to give a scattering angle of 144. Conventionally in
ALISS, the polar angle  is defined with respect to the crystal surface, with  = 90
corresponding to ions incident perpendicular to the surface. ALISS polar scans were obtained for
 = 0 - 90. An energy scan was obtained at every polar angle from E1/E0 = 0.1 - 0.7, which fully
covers the scattering peaks from Pt and Zn. The Pt scattering signal intensity could be easily
taken from the Pt peak height, and this gave the same result as measuring the Pt peak area.
Because of the low intensity and high background, the Zn scattering signal intensity was
calculated from the Zn peak area after background subtraction.

7.3. Results and Discussion
7.3.1. Preparation of PtZn Alloy
XPS and TPD were initially used to characterize the growth and thermal evolution of
vapor-deposited Zn layers on the Pt(111) surface. Figure 7.1 shows the position of the Zn(2p 1/2)
XPS peak as a function of annealing temperature for a 0.2 ML Zn film on Pt(111). Between 300
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and 450 K the Zn(2p1/2) binding energy is 1044.77 eV which is consistent with that reported
previously for Zn adatoms on the Pt(111) surface [3]. Annealing the 0.2 ML Zn/Pt(111) sample to
temperatures above 500 K caused an ~0.5 eV decrease in the Zn(2p 1/2) binding energy indicating
a change in the chemical environment of the Zn atoms. This result is in agreement with the
previous study of Rodriguez et al. [3, 4, 8] in which it was concluded that adsorbed Zn atoms
become incorporated into the Pt(111) surface to form a PtZn alloy upon heating above 400 K.

Zn 2p1/2

1044.8
Zn adatoms

PtZn alloy

BE (eV)

1044.6

Pt(111)

Pt(111)

1044.4

1044.2
300

400

500

600

700

800

Temperature (K)
Figure 7.1. XP-spectra of Zn(2p1/2) for Zn/Pt(111) sample annealed to progressively
higher temperatures.

Figure 7.2 shows Zn TPD spectra obtained from Zn-dosed Pt(111). Spectrum (a)
corresponds to a sample that was dosed with 1 ML of Zn (as determined by the film thickness
monitor) at 300 K, followed by annealing at 600 K for 2 min. This spectrum contains a Zn
desorption peak at 840 K. As shown in Figure 7.3, the area of this peak increased linearly with
Zn coverage up to 1 ML at which point it become saturated with the area remaining constant at
higher coverages. Curve (b) in Figure 7.2 corresponds to a Zn desorption spectrum obtained from

156

a Pt(111) sample dosed with 2 ML of Zn at 300 K. For this coverage, in addition to the peak at
840 K, a narrower peak of similar area is also present at 550 K.

The area of the lower-

temperature peak was found to increase linearly with Zn coverage for coverages greater than 1
ML. Based on the XPS and TPD results, the high-temperature Zn desorption peak can be
assigned to Zn atoms that have reacted with the Pt(111) surface to form an alloy, while the low-

Intensity (a.u.)

temperature peak can be assigned to Zn atoms adsorbed on the PtZn alloy surface.

(b)

(a)

200

400
600
800 1000
Temperature (K)

Figure 7.2. TPD spectra following (a) 1 ML and (b) 2 ML Zn deposited on Pt(111) at 120
K.

TPD experiments were also performed with samples for which 1 ML of Zn was deposited
and annealed at 600 K to form the alloy, followed by deposition of a second Zn monolayer at 300
K. The TPD spectra obtained from these samples were identical to curve (b) in Figure 7.2.
These results demonstrate that for the various sample preparation methods used in this study,
the amount of Zn that can be incorporated into the Pt(111) surface is limited to 1 ML. Figure 7.4
depicts the schematic of different preparation methods for PtZn/Pt(111) and their corresponding
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desorption temperatures. Throughout the remainder of this paper all of the structural
characterization using XPD, ALISS, and XPS was done using a PtZn alloy surface that was
formed by annealing a monolayer Zn on Pt(111) to 600 K for 2 minutes, except where indicated

Zn Alloy (a.u.)

otherwise.

0.0

0.5

1.0

1.5

2.0

Zn Deposited (ML)
Figure 7.3. Integrated area of Zn alloy desorption spectra as a function of initial Zn
adatoms deposited at 300 K.
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B

A

B

Figure 7.4. Different PtZn alloy preparation methods and their desorption temperatures.
The corresponding Zn TPD spectra are shown in Figure 7.2.

7.3.2. Characterization of the PtZn Alloy
7.3.2.1. XPD
Results from the clean Pt(111) surface are given and discussed as an important
reference for characterizing the Pt-Zn alloy. Figure 7.5 (a) shows a top view of the Pt(111) fcc
crystal and corresponding azimuthal directions. A side view of the [-12-1]/[1-21] azimuthal crosssection of the Pt(111) crystal is shown in Figure 7.5 (b). This azimuthal cross-section is identical
to that of [2-1-1]/[-211] and [-1-12]/[11-2], because the fcc(111) single crystal has 120 rotational
symmetry. This diagram shows several specific polar angles  that correspond to enhanced
photoemission intensity positions in the XPD data, as shown in the stereographic projection
pattern presented in Figure 7.6. For example, Figure 7.6 exhibits enhanced emission intensity for

159

a polar scan along the [-12-1] azimuth at  = 0, 19.5, 35.3, and 54.7. The left hand side of
th

rd

th

nd

Figure 7.5 (b) attributes these peaks to electrons emitted from 4 -, 3 -, 4 -, and 2 -layer atoms,
respectively. These emission directions correspond to the [111], [121], [141], and [010] vectors,
respectively, projected on the hemispherical XPD pattern. The right hand side of Figure 7.5 (b)
assigns the origin of the intensity enhancements for polar angles along the [1-21] azimuth
(identical to the [-211] azimuth) at  = 0, 10.0, 35.3, 60.5 and 70.5. These peaks are
th

th

nd

rd

nd

attributed to electrons emitted from the 4 -, 5 -, 2 -, 3 -, and 2 -layer atoms, respectively, and
correspond to the [111], [323], [101], [3-23], and [1-11] vectors, respectively, projected on the
hemispherical XPD pattern as marked in Figure 7.6. Some slight shifts were observed between
the enhanced intensity directions measured in XPD and the calculated polar angle positions. This
is partly due to mixing in enhanced emission that arises from deeper atoms which have similar,
but not identical, polar angles. Figure 7.6 shows that both the polar and azimuthal directions of
the Pt(111) single crystal can be identified unambiguously by observing the full-hemisphere XPD
pattern.
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Figure 7.5. (a) Top view of the fcc Pt(111) crystal showing the main crystallographic
directions. The [-211] direction is identical to the [1-21] direction. (b) Side
view of the fcc Pt(111) crystal from a [-12-1]/[1-21] azimuthal cross section.
This plane is the same as those of [2-1-1]/[-211] and [-1-12]/[11-2]. The
polar angle  is defined with respect to surface normal for XPD.
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As mentioned above, Figure 7.6 shows an image plot of a full-hemisphere XPD pattern
for the Pt(111) crystal by stereographic projection. This plot was obtained by measuring the Pt
4f7/2 and 4f5/2 intensities along a given azimuthal direction, performing polar scans every 3
degrees from  = 0 to 75. Then the azimuthal direction was varied in 3-steps from  = 0 to 120
while performing the same polar scans. For fcc(111) single crystals, the full-hemisphere XPD plot
has 120 rotational symmetry. Therefore, data for only one-third of the full hemisphere is needed
to map the entire pattern. Actually, one-sixth of the data would be enough to map the entire
pattern if the polar scans were to start from the long azimuthal direction, for example, from [-12-1]
to [-211]. This is because the full-hemisphere XPD plot has a mirror-symmetry plane every 60.
We collected the extra data, i.e., one-third of the full hemisphere, to confirm the mirror and
rotational symmetry planes and calibrate the sample alignment. As described above, specific
features with enhanced intensity are labeled in Figure 7.6 and correspond to electron emission
from specific layers of the crystal. Usually, the shorter the internuclear distance between
scattering centers, the stronger the diffraction signal.

[-112]

[ -1
10
]

1]
[-21

[-12-1]

[1-21]

[111]

[323]

[121]

[101]

[141]

[3-23]

[010]

[1-11]

Figure 7.6. Full-hemisphere XPD pattern taken from a Pt(111) single-crystal by using
Mg K X-rays and monitoring the Pt 4f core-level peak. The polar angle 
was scanned from 0o to 75 in each azimuthal direction. The plot has 120
rotational symmetry.
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Figure 7.7 shows XPD polar scans of the Zn/Pt(111) alloy along the [-12-1] azimuth. The
Pt 4f polar scans have four peaks near  = 0, 19.5, 35.3, and 54.7 corresponding to forward
th

rd

th

nd

scattering from the 4 -, 3 -, 4 -, and 2 -layer Pt atoms, respectively. This result is identical to
that for the clean Pt(111) crystal shown in Figure 7.5. This establishes that Pt atoms remain at the
same, unchanged positions from the bulk termination of Pt(111) after forming the Zn/Pt(111)
alloy. For the Zn 2p3/2 XPD polar scans, an enhanced diffraction peak exists only near  = 54.7
which corresponds to Zn atoms occupying Pt sites in the 2

nd

layer, although we can see the Zn

2p3/2 peak in XPS at every polar angle. This suggests that some Zn atoms remain in the topmost
nd

layer and some migrate into the subsurface region, but these only significantly occupy 2 - layer
sites, after forming the Zn/Pt(111) alloy.

Figure 7.7. XPD polar scans along the [-12-1] azimuth for the Zn/Pt(111) alloy. The Pt
4f polar scans have four forward-focusing, diffraction peaks that correspond
to the same specific internuclear directions as for clean Pt(111). The Zn
2p3/2 core-level peak was only enhanced at a polar angle characteristic for
emission from second-layer Zn atoms; enhanced emission peaks from the
third and fourth layers were not observed. No enhancement is expected for
Zn present in the topmost layer.
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Zn has a much lower surface free energy compared to Pt [9] and as shown by the TPD
results this leads to desorption of Zn from the Pt(111) surface upon annealing rather than
diffusion of Zn deep into the substrate [3]. This is further confirmed by the absence of a Zn signal
after the alloy was sputtered at room temperature and subsequently annealed to temperatures
ranging from 300 to 1200 K in 100-K increments. This behavior is different from that observed for
the Sn/Pt(111) [10] and Ge/Pt(111) [11] bimetallic systems, where Sn or Ge atoms migrate into
the bulk of the crystal during annealing the substrate to form the alloys. As shown in Figure 7.6,
alloyed Zn can be easily removed from the Pt(111) surface by annealing the crystal up to 1200 K
without sputtering.

7.3.2.2. ALISS
Because the scattering angle  is fixed at 144, the ratio between the scattered ion
energy (E1) and incident ion energy (E0) is dependent only on the mass ratio between target atom
(m2) and projectile ion (m1) according to [12, 13]:

[7.1]

Therefore, the mass m2 of all surface atoms (with m2 > m1 in our geometry) can be
determined by measurement of the peak positions in the ALISS energy scan. Figure 7.8 gives an
+

energy spectrum of 1-keV Na ion scattered from the Zn/Pt(111) alloy along the [-12-1] azimuth at
a polar angle of  = 20. The observed Zn single-scattering peak and the Pt single-scattering
peak are widely separated and thus simple to monitor. A scattering feature at lower energies from
the Pt single-scattering peak is attributed to the inelastic scattering background [5, 10, 14]. The
presence of this feature does not affect our analysis of the Zn or Pt intensity. At some other
angles, a minor feature appears at higher energies from the Pt single-scattering peak, which
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originates from double-scattering. Two separate scattering events lead to less total energy loss
than one scattering event through the same total scattering angle [12, 13].

Figure 7.8. Energy spectrum of 1-keV Na+ ions scattered from the Zn/Pt(111) alloy
surface. The scan was taken along the [-12-1] azimuth at a polar angle of 
= 20. The scattering angle  was fixed at 144.

+

Figures 7.9 – 7.11 compare polar angle scans for 1-keV Na ions scattered from Pt
atoms for clean Pt(111) and the Zn/Pt(111) alloy along [-12-1], [-211], and [-110] azimuths,
respectively. In Figure 7.9, the scans for clean Pt(111) and the Zn/Pt(111) alloy along the long
azimuth [-12-1] are not significantly different. At very low polar angle , there is no Pt-scattering
intensity. A peak near 20 is attributed to scattering from Pt atoms in the first-layer and the peak
near 58 is due to scattering from Pt in the second layer [7, 15, 16]. This can be visualized by
looking at the cross section of the [-12-1] azimuthal direction for fcc(111) crystals shown in Figure
7.12. For ALISS, the polar angle  is defined such that =0 corresponds to a direction parallel
to the crystal surface plane. At low polar angles , all the surface atoms in a “chain of atoms”

165

along the [-12-1] azimuth are hidden inside the “shadow cone” created by the proceeding atom in
the chain [12, 13]. Therefore, no Pt scattering intensity is observed at very small values of . As
the polar angle is increased, the first-layer atoms emerge from the shadow cone at a critical angle
c, but the shadow cones will prevent ion penetration to scatter from second-layer and deeper
atoms. Thus, at relatively low angle which is near 20 for this azimuth on Pt(111) there is a peak
in the scattering intensity due to scattering from atoms in the outermost layer. As the polar angle
is further increased to 1, second-layer atoms emerge from the shadow cones created by the first
layer atoms. Thus, the higher angle peak observed near 58 originates from second-layer Pt
scattering. Along the [-12-1] azimuth, the third-layer atoms are still inside the first-layer shadow
cones even if the polar angle is increased to 2, close to 90, and thus no third-layer scattering
feature appears.

Figure 7.9. Polar angle scans for 1-keV Na+ ions scattered from Pt atoms for clean
Pt(111) and the Zn/Pt(111) alloy along the long azimuth [-12-1]. Enhanced
scattering peaks near 20 and 58 result from first-layer and second-layer Pt
atoms, respectively.
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Figure 7.10. Polar angle scans for 1-keV Na+ ions scattered from Pt atoms for clean
Pt(111) and the Zn/Pt(111) alloy along the long azimuth [-211]. The
enhanced scattering peaks near 20 and 86 result from first-layer and
second-layer Pt atoms, respectively.

Figure 7.10, shows the ALISS scans for Pt on the clean Pt(111) surface and the
Zn/Pt(111) alloy along the [-211] azimuth; the two scans are nearly identical indicating little
difference in structure of the Pt atoms between the two surfaces. A cross section along the [-211]
azimuthal direction for fcc(111) crystals is shown in Figure 7.13. Along this azimuth, as with the
scans on the [-12-1] azimuth, there is a critical angle for first-layer scattering near 20. However,
the second-layer scattering peak does not occur at 58 (shown as 3) as was observed in the [12-1] azimuth. An increase in scattering intensity was observed at ~86, 4 in Figure 7.13, which
is due to scattering from second [16] or possibly third layer atoms emerging from the shadow
cone created by surface layer atoms.

It should be noted that the [-12-1] azimuth can be

distinguished unambiguously from the [-211] azimuth by the different positions of the higher polar
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angle peaks originating from second layer scattering due to the different distance and angle
between surface and second layer atoms in the two azimuthal directions.

Figure 7.11. Polar angle scans for 1-keV Na+ ions scattered from Pt atoms for clean
Pt(111) and the Zn/Pt(111) alloy along the short azimuth [-110]. The
enhanced scattering peaks near 30 result from first-layer Pt atoms.

Figure 7.11 shows that there was no differences between polar scans for clean Pt(111)
and the Zn/Pt(111) alloy along the short azimuth [-110]. The low angle peak near 30 originates
from first-layer Pt scattering, but it is at a higher polar angle than those along the long azimuths ([12-1] and [-211]) because the distance between nearest neighbor Pt atoms is larger in the long
azimuth ([-12-1] or [-211]) direction than in the short azimuth ([-110]) direction, as shown in Figure
7.5 (a). Consequently, a higher critical angle is necessary for the first-layer atoms to move out of
the shadow cones created by their neighbors along the short azimuth than along the long azimuth
[7, 10].
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Figure 7.12. Cross section along the [-12-1] azimuthal directions for the fcc Pt(111)
crystal. The polar angle =0 is defined as parallel to the crystal surface
for ALISS.

Figure 7.13. Cross section along the [-211] azimuthal directions for the fcc Pt(111)
crystal. The [-211] azimuthal direction is identical to the [1-21] direction
and a mirror image of the [-12-1] azimuth shown in Figure 7.12.
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Figure 7.14 shows polar angle scans for 1-keV Na ions scattered from Zn atoms for the
Zn/Pt(111) alloy along the [-12-1], [-211], and [-110] azimuths. The Zn scattering features along
the [-12-1] azimuth have a similar angular profile and peak positions to the Pt scattering features
shown in Figure 7.9. If Zn atoms were present as dispersed adatoms in an overlayer, the Zn firstlayer scattering peak would be at a lower angle than that of the Pt first-layer scattering peak near
20. Therefore, the results in Figure 7.14 establish that Zn atoms are substitutionally incorporated
into the topmost layer to form an alloy rather than remaining in an adlayer. The observation of a
second-layer Zn-scattering peak at a similar position to that of the second-layer Pt-scattering
peak indicates that Zn is alloyed not only into topmost layer but is present also in the second
layer along with Pt. This is consistent with the conclusions from the Zn 2p 3/2 polar scans in XPD
presented in Figure 7.7. Nevertheless, the first-layer Zn scattering peak is higher than that of the
second-layer Zn-scattering peak, contrary to that observed for Pt scattering, and this shows that
that are more Zn atoms alloyed with Pt in the topmost layer than in the second layer. Zn
scattering along the [-211] azimuth in Figure 7.14 shows a much smaller peak at 86˚ than that
observed at 58˚ along the [-12-1] azimuth. As discussed earlier this peak location is associated
with second layer scattering in Pt(111) [16] or possibly even third layer atoms. The smaller
relative size of 86˚ Zn scattering peak along the [-211] compared to the peak observed at 58˚
along the [-12-1] azimuth could possibly indicate lower concentrations of Zn in the third layer
compared to the second layer. This is also consistent with the XPD results. Both the ALISS and
XPD data establish that Zn-Pt forms a bilayer alloy after annealing a one-monolayer Zn film on
Pt(111) at 650 K.
Zn scattering features along the [-12-1], [-211] and [-110] azimuths in Figure 7.14 have
the same first-layer scattering peak positions as shown in Figures 7.9 – 7.11 respectively for Ptscattering features. These also confirm that Zn atoms are substitutionally incorporated into the
topmost layer to form an alloy rather than an adlayer.
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Figure 7.14. Polar angle scans for 1-keV Na+ ions scattered from Zn atoms for the
Zn/Pt(111) alloy along the long azimuths [-12-1] and [-211], and the short
azimuth [-110]. Enhanced scattering peaks originate from Zn atoms
present in both the first and second layers.

The ALISS data can also be used to quantitatively determine the Zn concentration in the
topmost layer of the alloy. For  = 40, along the [-211] azimuth, there is 1st-layer scattering
observed. Thus, the Zn concentration can be determined using the ion scattering intensities
measured for Zn and Pt at these angles for the Zn/Pt(111) alloy, and the following relationship:

[7.2]

The sensitivity factors were evaluated using ALISS spectra taken at the same conditions
for clean Pt(111) and a thick Zn film (where no Pt scattering was observed). This determined that
SPt/SZn= 3.4, and that CZn=0.05 ML.
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Quantitative analysis by XPS gave a consistent answer for the Zn concentration in this
alloy. The Zn XPS signal was directly compared to the Ge XPS signal obtained for the
(√19x√19)R23.4-Ge/Pt(111) surface alloy which contains 0.053-ML Ge in the top layer [11].
Using the tabulated [17] relative sensitivity factors for Zn and Ge in XPS, it was found that the
composition of Zn at the surface was also quite dilute, about 5 %, supporting the ALISS
determination.

7.3.2.3. Critical Angle
The critical angle c in an ALISS polar scan is normally assigned at 90% of the peak
maximum for the scattering feature [5, 7, 14]. The first-layer scattering features of Pt (from clean
Pt(111) and the Zn/Pt(111) alloy) and Zn (from the Zn/Pt(111) alloy) along the [-12-1] azimuthal
direction are shown in Figure 7.15. The critical angles c are 19.0, 19.0, and 19.1,
respectively. The relative position of Zn and Pt atoms can be determined by comparing the
corresponding c values [5-7, 10, 14, 15]. The critical angle of the first-layer Pt scattering peak
from clean Pt(111) is unchanged after alloying with Zn to form the Zn/Pt(111) surface alloy. This
ordinarily would be sufficient to establish that the average position of first-layer Zn atoms is
coplanar with the Pt atoms in the Pt(111) surface without any buckling. But, because of the dilute
concentration of Zn, most of the surface Pt atoms are still surrounded by other Pt atoms and any
buckling effect might not be indicated by an altered critical angle. Therefore, we need additional
information to prove that there is no buckling for the alloyed Zn atoms.
This evaluation comes from comparing the critical angles of first-layer Pt and Zn
scattering peaks from the Zn/Pt(111) alloy. They have almost the same values of 19.0 and 19.1.
In a dilute alloy, nearly all of the Zn atoms will be surrounded by Pt atoms. If Zn is buckled
outwardly from the Pt surface plane, the critical angle of the Zn scattering peak should be lower
than that of the Pt scattering peak at 19.0. On the contrary, if Zn is buckled inwardly from the Pt
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surface plane, the critical angle of the Zn scattering peak should be higher than that of the Pt
scattering peak. We find no significant difference between these two critical angles, confirming
that surface Zn and Pt atoms are located in the same plane without any buckling. Importantly,
identical results to that of the [-12-1] azimuth were obtained in the other two azimuthal directions,
[-211] and [-110].

Figure 7.15. ALISS polar scans of first-layer scattering features for Pt (from clean
Pt(111) and the Zn/Pt(111) alloy) and Zn (from the Zn/Pt(111) alloy) along
the [-12-1] azimuthal direction. The positions of the critical angles are
labeled.

This result is consistent with previous data which showed a linear relationship between
the lattice mismatch and buckling distance for bimetallic alloys of Sn with fcc metals [5, 6]. Zn and
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Pt have nearly the same atomic radii of 1.37 and 1.39 Å, respectively, and no buckling would be
expected for Zn atoms in the surface plane of a Zn/Pt(111) alloy if this behavior were general.

7.3.2.4. Chemical Probes
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Figure 7.16. TPD spectra following 0.1 L CO dosage at 120 K as a function of Zn
coverage.

In addition to ion scattering and XPD, chemical probes (CO, and NO) were used to
characterize the surface of the Zn/Pt(111) alloy. Since the bonding of CO to metal surfaces is
very sensitive to the electronic structure, especially d-band energy and occupancy, CO TPD was
used to characterize the effect of alloying on the electronic properties of the surface. CO is known
to preferentially bind carbon end down on the atop sites at low coverage on Pt(111) [18-21]. In
this configuration bonding occurs via transfer of electron density from the filled CO 5σ orbital into
the Pt 5dz2 orbital and back-donation from the Pt 5dxz and 5dyz orbitals into the unoccupied CO
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antibonding orbital. It has previously been proposed that alloying with Zn causes a decrease in
the electron density in the Pt d band [3, 4, 8]. Thus, one might expect that alloying Pt with Zn
would decrease the amount of back-donation into the CO

orbital resulting in a destabilization

of the adsorbed CO. The CO TPD data in Figure 7.16 show that this is indeed the case. These
data were obtained from Zn/Pt(111) alloy surfaces dosed with 0.1 L of CO at 100 K as a function
of the Zn concentration in the near surface alloy. Note that the CO desorption peak shifts from
475 K on the Zn-free Pt(111) surface to 360 K for the 1 ML Zn/Pt(111) alloy surface. The CO
sticking coefficient was also found to decrease with increasing amount of Zn in the bimetallic alloy
surface. Similar results were obtained for the interaction of NO with the alloy surface. In this
case the destabilization was such that NO was found to not adsorb on the Zn/Pt(111) alloy
surface above room temperature. These data show that in spite of the fact that the Zn
concentration in the top two layers of the Zn/Pt(111) alloy surface is relatively small (<0.1 ML),
the surface is chemically very distinct from that of Pt(111).

7.4. Conclusions
A considerable range of conditions were explored in order to search for formation of longrange ordered structures by depositing Zn on a Pt(111) single-crystal substrate. No such
structures were found. Zn alloys with Pt upon annealing, and we have used XPD and ALISS to
characterize the PtZn alloy created by annealing one monolayer of Zn on Pt(111) to 650 K. This
PtZn/Pt(111) alloy had a diffuse (1x1) LEED pattern, suggesting the formation of a random,
substitutional alloy between Pt and Zn. The Zn concentration in the surface layer of this alloy was
determined by ALISS and XPD to be 0.05 ML. Both XPD and ALISS results establish that Zn
alloys with Pt primarily on the topmost and second layer to form a bilayer alloy. ALISS polar
scans show that Zn atoms are substitutionally incorporated into Pt lattice positions. Alloyed Zn
atoms in the surface layer are located coplanar with the surface Pt atoms, without any vertical
displacement or “buckling”. This is consistent with existing trends observed for Sn alloys with late

175

transition metals that would predict no buckling based on the nearly identical atomic radii of Zn
and Pt of 1.37 and 1.39 Å, respectively. Upon further annealing to 850 K, Zn atoms desorb from
the Pt(111) surface rather than diffuse into the substrate.
TPD results show that both CO and NO chemisorb more weakly on the Zn/Pt alloy
surface compared to that on the clean Pt(111) surface, with NO more strongly affected. No NO
adsorption occurs on this Zn/Pt alloy surface under UHV conditions at 325 K. As a final note, we
mention that several previous papers misidentified the [-12-1] and [-211] azimuths in ALISS
results, and we show how these can be distinguished by the different angles where scattering
intensity peaks were observed in ALISS measurements.

7.5. References
[1]

N. Takezawa, and N. Iwasa, Catal. Today 36 (1997) 45.

[2]

N. Iwasa, and N. Takezawa, Top. Catal. 22 (2003) 215.

[3]

J.A. Rodriguez, and M. Kuhn, J. Chem. Phys. 102 (1995) 4279.

[4]

J.A. Rodriguez, and M. Kuhn, J. Phys. Chem. 100 (1996) 381.

[5]

Y.D. Li, M.R. Voss, N. Swami, Y.L. Tsai, and B.E. Koel, Phys. Rev. B 56 (1997) 15982.

[6]

S.H. Overbury, and Y.S. Ku, Phys. Rev. B 46 (1992) 7868.

[7]

Y.S. Ku, and S.H. Overbury, Surf. Sci. 273 (1992) 341.

[8]

J.A. Rodriguez, Surf. Sci. 345 (1996) 347.

[9]

L.Z. Mezey, and J. Giber, Jpn. J. Appl. Phys. 21 (1982) 1569.

[10]

S.H. Overbury, D.R. Mullins, M.T. Paffett, and B.E. Koel, Surf. Sci. 254 (1991) 45.

176

[11]

C.S. Ho, S. Banerjee, M. Batzill, D.E. Beck, and B.E. Koel, Surf. Sci. 603 (2009) 1161.

[12]

H. Niehus, W. Heiland, and E. Taglauer, Surf. Sci. Rep. 17 (1993) 213.

[13]

D.P. Woodruff, and T.A. Delchar, Modern Techniques of Surface Science. Cambridge
University Press, Cambridge, 1994.

[14]

Y.D. Li, and B.E. Koel, Surf. Sci. 330 (1995) 193.

[15]

Y.G. Shen, D.J. Oconnor, K. Wandelt, and R.J. Macdonald, Surf. Sci. 328 (1995) 21.

[16]

H. Niehus, and G. Comsa, Surf. Sci. 152 (1985) 93.

[17]

C.D. Wagner, W.M. Riggs, B.H. Davis, J.F. Moulder, and G.E. Muilenberg, Handbook of
X-Ray Photoelectron Spectroscopy. Perkin-Elmer, Eden Prairie, MN, 1979.

[18]

P.J. Feibelman, B. Hammer, J.K. Norskov, F. Wagner, M. Scheffler, R. Stumpf, R.
Watwe, and J. Dumesic, J. Phys. Chem. B 105 (2001) 4018.

[19]

H. Steininger, S. Lehwald, and H. Ibach, Surf. Sci. 123 (1982) 264.

[20]

B.E. Hayden, K. Kretzschmar, A.M. Bradshaw, and R.G. Greenler, Surf. Sci. 149 (1985)
394.

[21]

M.O. Pedersen, M.L. Bocquet, P. Sautet, E. Laegsgaard, I. Stensgaard, and F.
Besenbacher, Chem. Phys. Lett. 299 (1999) 403.

177

CHAPTER 8. Reaction of CO, CH2O, and CH3OH on Zn-Modified
Pt(111) Surfaces
Summary
In order to provide insights into how the incorporation of Zn affects the reactivity of
methanol on Pt-based catalysts, the reaction of methanol on Zn/Pt(111) and PtZn alloy/Pt(111)
was investigated using a combination of X-Ray Photoelectron Spectroscopy (XPS), High
Resolution Electron Energy Loss Spectroscopy (HREELS), and Temperature Programmed
Desorption (TPD). it is found that the methoxy group adsorbed on Zn-modified Pt sites is
stabilized up to 450 K, while that adsorbed on Zn sites undergoes a dehydrogenation pathway to
form formaldehyde. The fact that these differences in methanol reactivity are not observed when
Zn is alloyed into Pt(111) surfaces suggests the importance of having Zn on the topmost layer
(ensemble effect) for the selective dehydrogenation of methanol to formaldehyde to take place.
These results, indeed, are in agreement with those obtained on high surface area catalysts
reported in the literature, where it was reported that addition of a small amount of Zn to Pd has
little effect on the SRM selectivity; high selectivity to CO 2 and H2 was obtained only for catalysts
where the Pd:Zn ratio was close to 1:1.

8.1. Introduction
As discussed previously in Chapter 1, the work by Takezawa and Iwasa demonstrates
that bimetallic catalysts containing a group VIII metal, such as, Pt or Pd, alloyed with Zn exhibit
methanol steam reforming (MSR) activity and selectivity comparable to that of Cu/ZnO and are
less prone to deactivation [1-4]. They also have attractive properties as catalysts for ethanol
steam reforming (ESR)
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The role of Zn in these catalysts is particularly interesting since it has a very dramatic
effect on selectivity. For example, the CO/CO2 selectivity for MSR changes from greater than 85
% CO for both Pt and Pd on inert supports such as SiO 2, to greater than 95 % CO2 when these
metals are supported on ZnO [2]. In the latter case it has been shown that under reaction
conditions the metals become alloyed with Zn provided via reduction of the support [1]. These
observations have motivated numerous fundamental theoretical and experimental studies of the
mechanism by which alloying with Zn affects the reactivity of the Group 10 metal [3, 5-13], with
most of this work focusing on the PdZn system. In studies of Zn-modified Pd(111) surfaces Jeroro
and Vohs showed that one effect of Zn addition was to increase the barriers for C-H bond
scission in adsorbed methoxide and formaldehyde intermediates thereby stabilizing these species
from rapid dehydrogenation to CO as occurs on the Zn-free Pd surface [7]. Similar results have
been reported in studies of the reaction of methanol on multilayer PdZn alloy films grown on
Pd(111) [14]. Both theoretical and experimental studies have also shown that addition of Zn to
Pd alters the density of states (DOS) near the Fermi energy causing the Pd 4d band to shift to
higher binding energies compared to Pd making the DOS closely resemble that of Cu [15-17].
Thus, adding Zn to Pd makes the Pd appear more “Cu-like” resulting in a shift in the MSR
selectivity towards the production of CO2 and H2 rather than CO and H2
While similar reactivity trends are observed for the PdZn and PtZn systems [3, 4],
relatively few fundamental studies of the effect of the addition of Zn to Pt on MSR activity have
appeared in the literature [9, 12, 18, 19]. Rodriguez et al. have shown, however, that like PdZn,
alloying Pt with Zn causes the metal d-band to shift to higher energies thereby making the
valence band electronic structure of the alloy more similar to that of Cu [12, 18, 20]. In order to
provide additional insight into how the addition of Zn to Pt affects its activity for SRM, in the work
reported here, we have expanded our previous studies of the effect of alloying group 10 metals
with Zn on their reactivity towards methanol to include the Pt-Zn system. In particular we have
used XPS, TPD and HREELS to study the adsorption and reaction of methanol, formaldehyde,
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and carbon monoxide on model catalysts consisting of Zn-modified Pt(111) and near-surface
PtZn alloys on Pt(111).

8.2. Experimental
Experiments were performed in two separate ultra high vacuum (UHV) chambers; both
with a 2x10

-10

Torr background pressure. The first chamber had a capability to perform XPS and it

has been described in detail in Chapter 2, while the second chamber was equipped with an
HREEL spectrometer (LK Technologies). HREEL spectra were obtained using a 4 eV electron
o

beam directed 60 with respect to the surface normal. The typical full width half maximum (fwhm)
-1

for the HREEL elastic peak after tuning was approximately 40 cm .
Samples were exposed to adsorbates, CH3OH (Fischer Scientific, 99.9%), O2 (Matheson,
99.997%), and CO (Matheson, 99.9%), through a dosing needle with the sample positioned
directly in front to maintain a low base pressure. CH 2O was produced through heating a tube
containing solid paraformaldehyde (Fischer Scientific, 95%) to induce depolymerization. The
enhancement factor of 100-fold measured previously due to direct dosing was factored into all
doses reported.
Zn was deposited onto the Pt(111) surface using an evaporative Zn source (Alfa Aesar,
99.99%) wrapped around a 0.2 mm diameter W (Alfa Aesar, 99.95%) filament. The W filament
was attached to an electrical feedthrough on the UHV system and heated resistively with the flux
being monitored by the QCM. In this chapter, Zn coverage is reported as effective monolayers
where one monolayer was assumed to be 1.51x10

15

2

atom/cm which is the density of Pt atoms

on the Pt(111) surface. Zn deposition was carried out with the Pt(111) sample held at or below
300 K. For these conditions the Zn remains adsorbed on the Pt(111) surface and we refer to
these as Zn/Pt(111) samples throughout the remainder of the paper. It has been shown in
Chapter 7 that annealing monolayer and sub-monolayer Zn films on Pt(111) to 600 K induces
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reaction of the Zn with the Pt to form an alloy [18, 19]. Since multilayer Zn desorbs at ~500 K,
this method for producing a PtZn alloy on the Pt(111) surface is somewhat self limiting. Similar
phenomenon has previously been reported for Zn/Pd(111), where the multilayer Zn desorption
peak was observed at temperatures below 600 K and the Zn desorption associated with the PdZn
alloy occurred at temperatures above 750 K [21]. Low energy ion scattering (LEIS) studies have
shown that upon annealing to 600 K the Zn becomes distributed in the first 3-4 atomic layers, with
the concentration of Zn in the surface layer being only 0.05 atomic % [19]. We use PtZn/Pt(111)
to refer to these surface alloy samples throughout the remainder of the paper. Figure 8.1 shows a
schematic diagram of the two types of Zn-modified Pt(111) samples that were used in this study.

Figure 8.1. Models depicting the structure of freshly deposited Zn adatoms on Pt(111)
and those annealed at 600 K to form PtZn alloys.

8.3. Results
Figure 8.2 displays TPD data obtained from PtZn/Pt(111) surfaces dosed with 2 L
CH3OH at 100 K as a function of the initial Zn coverage used during alloy synthesis. The bottom
spectra in this figure correspond to the clean Pt(111) surface. These data show that Pt(111) is
relatively unreactive toward CH3OH with most of the CH3OH desorbing intact in peaks centered at
150 and 195 K which can be attributed to desorption from multilayers and the first monolayer,
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respectively [22-24]. A small amount of CO and H2 were also produced on the Zn-free surface at
350 K and 480 K, respectively, but blank experiments indicate that this was due primarily to the
adsorption of these molecules from the background gas in the vacuum chamber. These results
are consistent with previous studies of the reaction of CH 3OH on Pt(111) [24-26] where it has
been shown that reaction occurs only at defect and step edge sites. The data in figure 8.2 also
shows that PtZn/Pt(111) alloy surfaces that were prepared using up to 0.6 ML of Zn were all
similar and only slightly more active than the clean surface for the dehydrogenation of CH 3OH to
produce CO and H2. The small shift to lower temperatures that is apparent for both the CO and
H2 peaks indicates that Zn in the first layer slightly destabilizes the bonding of CO and H to the
surface. This is consistent with previously reported CO TPD studies with PtZn/Pt(111) samples
[18-20]. For initial Zn coverages > 0.6 ML the PtZn/Pt(111) surface was found to be nearly
unreactive toward methanol in comparison.

Figure 8.2. TPD spectra obtained following 2 L CH3OH dose at 100 K on PtZn alloys as
a function of the Zn coverage.
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More interesting chemistry was observed for Zn/Pt(111) samples for which Zn was
present only in the form of adatoms. Figure 8.3 (a) shows the TPD results for a 0.1 L CO dose at
100 K as a function of the Zn adatom coverage. This CO dosage was chosen because previous
studies have shown that CO preferably binds on atop sites at coverages below 0.2 ML, while
bridge sites become populated at higher coverages. On the Zn-free Pt(111) surface, CO
desorbed in a broad peak at 470 K, which is consistent with that reported in the literature for atop
CO [27]. Addition of 0.1 ML Zn to the Pt(111) surface prior to dosing CO resulted in an upward
shift of the CO desorption temperature to 497 K. Further increases in the amount of adsorbed Zn
up to 0.8 ML did not cause any additional shift in the CO desorption temperature, however, the
area of the CO desorption peak decreased with increasing Zn coverage, disappearing altogether
for 0.8 ML of Zn. CO is known to bond very weakly to Zn, desorbing below 125 K from Zn
surfaces [28-30]. Thus, the decrease in the CO peak area with increasing Zn coverage can
simply be attributed to Zn blocking the Pt adsorption sites. HREELS was used to measure the
frequency of (CO) stretching mode of adsorbed CO and it was found to be 2080 cm

-1

and

invariant with Zn coverage. This frequency is consistent with that reported in the literature for CO
adsorbed on atop Pt sites and demonstrates the Zn does not induce a change in the CO
adsorption geometry (e.g. it does not shift to bridge sites).
It is interesting that for only 0.1 ML of Zn all of the adsorbed CO is stabilized relative to
Zn-free Pt(111). Since the Zn does not induce a change in the adsorption site, the stabilization of
the adsorbed CO by Zn must be due to an electronic effect. It is difficult to discern if this effect is
local to the Zn adatoms or more longer range from the low CO coverage (~0.2 ML) data in Figure
3(a), since even for the low Zn coverages all of the adsorbed CO could populate Pt sites adjacent
to Zn atoms. Additional insight is provided, however, by the CO TPD data as a function of Zn
coverage in Figure 8.3 (b) in which a higher 0.5 L CO dose was used. Note that in this case the
peak indicative of CO on atop sites on clean Pt(111), decreases with increasing Zn adatom
coverage up to 0.3 ML of Zn, while that of the Zn-stabilized species at 497 K exhibits behavior
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similar to that in the lower CO coverage experiments, i.e. it appears for 0.1 ML Zn and then
decreases in intensity with increasing Zn coverage. These results are consistent with the Zn
stabilizing the adsorbed CO via a relatively short range electronic effect.

Figure 8.3. TPD spectra obtained following (a) 0.1 L and (b) 0.5 L CO dose at 100 K on
Zn adatoms/Pt(111).

As shown in Figure 8.4 which displays TPD spectra obtained following a 2 L CH 3OH dose
on Zn/Pt(111) as a function of the Zn coverage, the Zn adatoms also had a dramatic effect on the
surface chemistry of CH3OH. As noted above, the clean Pt(111) surface exhibits low reactivity
towards CH3OH, with multilayer (154 K) and monolayer (195 K) molecular CH 3OH being the
primary desorption products from this surface. Adding Zn to the surface, however, creates sites
that are active for methanol dehydrogenation as signified by the disappearance of the molecularly
adsorbed CH3OH peak at 195 K, and the appearance of the reaction products, H 2, CO, and
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CH2O. For 0.1 ML of Zn, CO desorbed in a broad peak at 480 K, while two H 2 desorption peaks
were observed at 320 K (β1) and 400 K (β2). Increasing the Zn coverage to 0.2 ML resulted in the
β1 and β2 H2 peaks shifting to 295 K and 450 K, respectively, and the emergence of a CH 2O peak
at 438 K. The CO desorption feature can also now be resolved into two separate peaks at 438 K
(α1) and 497 K (α2).
For 0.2 ML Zn/Pt(111) the α1 and α2 CO peaks were of nearly equal intensity. With
increasing Zn coverage the areas of these peaks decreased with the α 1 peak disappearing for Zn
coverages > 0.5 ML and the α2 persisting up to 0.8 ML. The CH2O peak at 438 K, which emerged
at 0.2 ML of Zn, peaked in intensity at 0.5 ML of Zn and then decreased significantly for higher Zn
coverages. More complex behavior with Zn coverage was observed for the H2 desorption
features. Increasing the Zn coverage to 0.3 ML caused significant broadening of the β 1 peak
along with a shift to lower temperature. At higher Zn coverages this peak decreased in intensity
and split into several small peaks between 200 and 300 K. In contrast, the β 2-H2 peak remained
at 450 K, peaked in intensity for 0.3 ML of Zn, and then decreased monotonically with increasing
Zn coverage.
To provide comparison data for the reaction of methanol on a Zn surface, a methanol
TPD experiment was also performed using a Pt(111) sample covered with a 3 ML Zn film. As
shown in Figure 8.5, the Zn surface is unreactive toward CH 3OH and this molecule adsorbs
reversibly, desorbing intact at 150 K. The Zn desorption spectrum is also included in this figure.
Based on previous results reported by Rodriguez et al. [18], the large Zn peak at 490 K can be
attributed to desorption of the Zn multi-layers, while the smaller peak at 850 K is associated with
the PtZn alloy which was formed during the TPD run.
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Figure 8.4. TPD spectra obtained following 2 L CH3OH dose at 100 K on Zn
adatoms/Pt(111) as a function of the Zn coverage.
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Figure 8.5. TPD spectra obtained following 2 L CH3OH dose at 100 K on freshly
deposited 3 ML Zn on Pt(111).

Since CH2O was one of the primary reaction products during the reaction of CH3OH on
Zn/Pt(111), TPD spectra for CH2O-dosed surfaces (1 L) were also obtained and are shown in
Figure 8.6. On clean Pt(111), CH2O primarily decomposes to form CO and H2 which desorb at
450 K and 325 K, respectively. A small CH2O peak is also apparent at 280 K. These results align
well with those reported in the literature for reaction of formaldehyde on Pt(111) [31]. Deposition
of 0.3 ML of Zn prior to the CH2O dose resulted in significant changes in the TPD results,
including the appearance of a larger, second CH2O peak at 438 K, a second H2 peak at 450 K,
and the splitting of the CO peak into the 1 (405 K) and 2 (497 K) states that were also observed
for the CH3OH-dosed surface. The two separate CH 2O peaks persist for higher Zn coverages
with the intensity of the low-temperature peak increasing at the expense of that at hightemperature. The trends in the CO and H2 desorption spectra at higher Zn coverages were similar
to those observed for the methanol-dosed surface.
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Figure 8.6. TPD spectra obtained following 1 L dose of CH2O at 100 K on Zn
adatoms/Pt(111) as a function of the Zn coverage.

HREELS was used to identify stable intermediates that were formed by the reaction of
CH3OH on the Zn/Pt(111) surface. Figure 8.7 shows the evolution of the HREEL vibrational
spectrum for a 0.4 ML Zn/Pt(111) dosed with 2 L of CH3OH at 100 K, as a function of the
annealing temperature. The peak positions and mode assignments for the spectra are tabulated
in Table 8.1. For comparison, the peak positions in the IR spectrum of CH 3OH are also included
in the table [32]. After dosing at 100 K, the sample is covered with multilayers of CH 3OH, and as
shown in the table, there is good agreement between the vibrational spectrum of the adsorbed
multilayer CH3OH film and that reported in the literature for crystalline methanol.
Annealing the sample to 200 K produced only minor changes in the HREEL spectrum. As
shown in the TPD results in Figure 8.4, this temperature is sufficient to desorb the weakly bound
CH3OH multilayers. Thus, the persistence of the vibrational modes indicative of OH groups in this
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-1

-1

-1

HREEL spectrum (i.e., v(OH), ~3230 cm ; δ(COH), ~1500 cm ; and γ(OH), ~720 cm )
demonstrates that CH3OH adsorbs molecularly on the 0.5 ML Zn/Pt(111) surface at this
temperature.
Upon heating to 300 K, the peaks indicative of the OH groups nearly disappear and the
-1

intense v(CO) peak shifts from 1023 to 1007 cm . New peaks also emerge at 400 and 627 cm

-1

which are at positions typically observed for the metal-oxygen stretching and deformation modes,
respectively, of alkoxides adsorbed on metal surfaces [22, 33-37]. All of these factors point to OH bond cleavage in the adsorbed methanol to form methoxide intermediates. Whether these
intermediates are bound to Pt or Zn sites will be addressed in the discussion section below.
Additional changes in the spectrum include the appearance of small peaks at 1750 and 2030 cm
1

, indicating the formation of additional surface intermediates. The peak at 1750 cm

-1

-

is at a

frequency that is characteristic of the v(CO) mode of H2CO adsorbed on transition metals in an 

1

configuration where bonding to the surface occurs via the oxygen atom. The presence of this
species demonstrates that C-H bond scission in the adsorbed methoxide intermediates has
started to occur by 300 K. The peak at 2030 cm

-1

is readily assigned to CO adsorbed atop Pt

sites [22, 27, 38] which is either the product of complete dehydrogenation of a small fraction of
the adsorbed methoxides or, perhaps more likely, due to the adsorption of a small amount of CO
form the chamber background. Heating to 400 K and then 450 K caused all the peaks associated
with adsorbed –OCH3 and  -H2CO to decrease in intensity with a concomitant increase in the
1

-1

intensity of the v(CO) peak for adsorbed CO. A new peak also emerges at ~340 cm which can
be assigned to the v(Pt-C) mode of the adsorbed CO.
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Table 8.1. Vibrational mode assignments for CH3OH.
frequency, cm-1
crystalline
CH3OH [32]

~0.5 ML
~0.5 ML
~0.5 ML
~0.5 ML
~0.5 ML
Zn/Pt(111) Zn/Pt(111) Zn/Pt(111) Zn/Pt(111) Zn/Pt(111)

mode
ν(OH)

93 K
3235

100 K
3230

200 K
3230

300 K
-

400 K
-

450 K
-

νas(CH3), νas(CH2)

2955

2900

2900

2900

2900

(2900)

νs(CH3), νs(CH2)

2829

2820

2820

-

-

-

δ(CH3), δ(CH2)

1445

1430

1430

1430

1430

(1430)

ρ(CH3)

1187

1150

1150

-

-

-

ν(CO), CH3OH

1038

1023

1023

1007

1007

990

(1540)
720
(320)

1540
720
(340)

1750
2030
1540
627
400
-

1750
2030
627
400
-

2030
627
400
(340)

1

ν(CO), η -CH2O
ν(CO), CO
δ(COH)
γ(OH)
δ(M-O)
ν(Zn-O)
ν(Pt-O)

1490
740
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Figure 8.7. HREELS temperature series for 2 L CH3OH on 0.4 ML Zn adatoms/Pt(111).

8.4. Discussion
The results of this study show that the reactivity of Pt(111) towards methanol is modified
by both Zn adatoms and Zn atoms incorporated into the near surface region. Consistent with the
literature [22, 24, 35], we observed that the Pt(111) surface had relatively low reactivity towards
molecular methanol, with a low temperature decomposition pathway to form CO, occurring
primarily at defect sites. Substituting Zn into the surface and near surface layers had only a minor
effect on this pathway causing, as shown in Figure 8.2, a slight increase in methanol
dehydrogenation activity when < 0.6 ML of Zn were used during alloy synthesis, and little to no
effect for higher Zn coverages. The data in Figure 8.2 also show that the CO desorption
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temperature decreases slightly with the increasing Zn concentration which is consistent with
previous studies of the interaction of CO with PtZn (see Figure 7.16) and PdZn alloy surfaces [8,
18, 19]. Note that a previous LEIS study of PtZn/Pt(111) surfaces formed in the same manner as
those used here (i.e. vapor deposition of Zn followed by annealing to 600 K) demonstrated that
the concentration of Zn in the surface layer is less than 5 atomic %. Thus, it is perhaps not
surprising that alloying caused only subtle changes in the surface reactivity. Much more dramatic
effects were observed when the Zn was present in the form of an adatom on the Pt(111) surface.
As shown in Figure 8.3, Zn adatoms stabilize adsorbed CO by ~12 kJ/mole, causing a 50 K
increase in the CO desorption temperature. This is an interesting result since it is opposite to
what is observed on PtZn alloy surfaces, where as noted above, CO is destabilized relative to
clean Pt(111). The decrease in the amount of adsorbed CO for a constant CO dose with
increasing Zn adatom coverage demonstrates that CO remains bonded to Pt sites and does not
adsorb directly on the Zn. The observation that CO interacts only weakly with Zn is consistent
with previous studies of the adsorption of CO on Zn surfaces [28-30]. The trend in the CO TPD
peak position with Zn coverage also suggests that stabilization of adsorbed CO is limited to Pt
sites in close proximity to a Zn adatom.
As shown by the TPD data in Figure 8.4, complex behavior is observed for the reaction of
CH3OH on the Zn/Pt(111) surfaces. Adding only 0.1 ML of Zn adatoms caused the molecular
methanol desorption peak to shift from 190 K to 220 K and decrease significantly in intensity,
along with a concomitant increase in the amount of CO and H 2 produced at higher temperatures.
Note that the HREELS data in Figure 8.7 shows that for CH 3OH-dosed 0.4 ML Zn/Pt(111),
methanol remains largely intact at 200 K. While it is tempting to assign the stabilized form of
molecular methanol to species adsorbed on Zn sites, the fact that this species is not observed for
the high coverage Zn/Pt(111) samples which also exhibit low dehydrogenation activity argues
against this. The methanol TPD data obtained from 3 ML Zn/Pt(111) (Figure 8.5), which shows
that methanol desorbs below 200 K and is the sole product, further supports the hypothesis that
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intact methanol does not adsorb strongly on Zn sites. Thus, it appears that the Zn adatoms
stabilize molecular methanol that is adsorbed on nearby Pt sites.
The TPD and HREELS data show that O-H bond scission, resulting in the formation of
adsorbed methoxide groups, competes with direct desorption of the Zn-stabilized form of
adsorbed molecular methanol. These methoxide groups undergo C-H bond scission producing
CH2O and ultimately CO. From the TPD and HREELS data it is not clear whether the Zn adatoms
participate directly in the O-H bond scission reaction to form methoxide groups, or whether they
merely serve to stabilize the adsorbed CH3OH to a sufficiently high temperature such that O-H
scission can occur on the exposed portions of the Pt(111) surface. To provide additional insight
into the role of the Zn adatoms in this reaction, XP-spectra of a 0.4 ML Zn/Pt(111) sample dosed
0.5 L CH3OH were collected as a function of temperature and are depicted in Figure 8.8. Since
the Zn(2p) peaks are not very sensitive to changes in electron density, e.g. there is only a ~0.2
0

eV shift between Zn and Zn

2+

[39], we instead collected spectra for the x-ray induced L3M45M45

Auger peak which is more sensitive to the Zn chemical state. As shown in Figure 8.8, the freshly
deposited Zn on Pt(111) exists in the metallic state with the L 3M45M45 peak at the expected
energy of 992.5 eV [40, 41]. Note that following CH3OH adsorption at 100 K, the center of the Zn
L3M45M45 peak shifts slightly to lower kinetic energy and upon heating to 200 K it is centered at
991.5 eV. This peak position is consistent with that reported in the literature for Zn

2+

[40, 41]. The

peak position remains fixed upon heating to 300 K, but shifts back to 992.5 eV upon heating to
600 K, which is above the desorption temperature for all of the reaction products. A similar
experiment was performed for a 0.4 ML PtZn/Pt(111) alloy surface and the L 3M45M45 peak
position was found to remain fixed at 992.5 eV. Since oxygen is electron withdrawing relative to
Zn, the results of these XPS experiments are consistent with at least some of the methoxide
groups formed on the Zn/Pt(111) surface being bonded to the Zn adatoms.
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Figure 8.8. The X-ray induced Zn(L3M45M45) spectra following deposition of 0.4 ML Zn
adatoms on Pt(111), 0.5 L CH3OH dose at 100 K, and upon annealed
progressively to higher temperatures.

The data provide some hints to the reaction pathways for the Zn-adatom bound
methoxide groups. Note that during TPD with methanol-dosed Zn/Pt(111) both the 1 and 2 CO
desorption peaks are observed. As described above, our data indicates that these peaks arise
from CO adsorbed on Pt sites. Thus, there are no CO peaks that appear to originate from
reaction of the Zn-bound methoxides. There is some evidence, however, that suggests that the
CH2O that desorbs at 438 K during CH3OH TPD with the Zn/Pt(111) surfaces is produced via
dehydrogenation of the Zn-bond methoxides. Based on HREELS data, Sen and Rao have
reported that methoxide species produced by the reaction of methanol on O2 pre-dosed Zn(0001)
at 80 K undergo dehydrogenation to form CH2O at ~300 K as indicated by the presence of a
ν(CO) mode at 1750 cm

-1

1

which is indicative of η -CH2O [42]. Note that this peak is also
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observed in the HREEL spectrum of the methanol-dosed Zn/Pt(111) surface after heating to 300
and 400 K (see Figure 8.7). The H2 peaks between 195 and 300 K appear to be reaction limited
and associated with the dehydrogenation of these Zn-bound methoxide groups.
According to this scenario the CH2O TPD peak at 438 K must be desorption limited.
Note that on clean Pt(111), CH2O undergoes complete dehydrogenation to CO and H2 below 250
K [31, 43]. In contrast, upon deposition of ~0.3 ML of Zn prior to CH2O dosage, a CH2O
desorption peak is observed at 438 K (see Figure 8.6). Thus, the Zn adatoms do prevent
dehydrogenation of at least a portion of the adsorbed CH 2O. The interpretation of the CH2O TPD
data is complicated, however, by the fact that a second, lower-temperature CH2O peak is also
observed at 320 K. This low-temperature peak grows in intensity at the expense of the hightemperature peak with increasing Zn coverage. We propose that this peak results from the rapid
depolymerization of paraformaldehyde formed by reaction of the adsorbed formaldehyde.
Polymerization of adsorbed formaldehyde is known to occur on metal surfaces [7, 31, 33, 44]
including Zn as reported by Sen and Rao [42]. It is also not surprising that this species would not
be formed at low Zn coverages where the Zn would be in the form of isolated sites. Note that CO
and H2 are also produced during CH2O TPD on Zn/Pt(111). The fact that the amount of these
products decreases with increasing Zn coverage indicates that they result from reactions taking
place on the exposed Pt sites.
Figure 8.9 summarizes the pathways that were observed for reaction of methanol on the
Zn/Pt(111) surfaces. The upper branch in this diagram shows the pathways for methoxide groups
bound to the Zn adatoms. In accordance with the analysis presented above, CH3OH adsorbed on
Pt sites adjacent to the Zn adatoms are stabilized relative to Zn-free Pt(111) and undergo O-H
bond scission to form methoxide (CH3O-) groups upon annealing to 200 K, a portion of which are
bound to the Zn adatoms. These Zn-bound methoxides undergo C-H bond scission to form
1

adsorbed η -CH2O at ~300 K. These formaldehyde intermediates desorb upon heating to 438 K.
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As noted above, the temperatures for the CO desorption peaks obtained from the
CH3OH-dosed Zn/Pt(111) surfaces are consistent with those for CO adsorbed on Pt sites. This
suggests that in addition to the pathway that produces formaldehyde from Zn-bond methoxides,
there must be additional pathways that involve intermediates adsorbed on the exposed portions
of the Pt(111) surface. We therefore propose that in addition to Zn-bound methoxides, the Zn
adatoms also facilitate the formation of Pt-bound methoxides from adsorbed methanol. The
HREEL spectra obtained from methanol-dosed Zn/Pt(111) (Figure 8.7) show the appearance of a
ν(CO) mode at 2030 cm

-1

associated with adsorbed CO upon annealing the sample to 300 K.

This indicates that at least a portion of these adsorbed methoxide groups undergo
dehydrogenation at or slightly below this temperature. Allowing for surface diffusion of CO, this
pathway would populate both the 1 (Pt(111)) and 2 (Zn-modified Pt(111)) CO adsorption sites.

The HREEL data also show that some methoxide groups remain intact up to 450 K. The
presence of a desorption-limited H2 peak at 450 K from Zn/Pt(111) is also consistent with this
observation. This result is more difficult to rationalize since dehydrogenation of methoxides
adsorbed on both the Zn adatoms and Zn-free portions of the Pt(111) surface commences well
below this temperature. We speculate that these more thermally stable methoxide intermediates
are adsorbed on the Pt sites adjacent to the Zn adatoms, although additional study is needed to
confirm this. Dehydrogenation of these methoxide intermediates would populate only 2 CO
adsorption sites. These proposed pathways for the reaction of methoxide groups on the exposed
Pt portions of the surface are summarized by the lower branches in the reaction pathway diagram
in Figure 8.9.
As shown in Figure 8.9, we ascribe the production of formaldehyde to dehydrogenation of
Zn-bound methoxides, and the production of both the 1 and 2 CO to dehydrogenation of
methoxide groups bound to Zn-free and Zn-modified Pt sites. A plot of the C1 TPD product yield
obtained from 0.5 L CH3OH-dosed Zn/Pt(111) surfaces as a function of Zn adatom coverage
shown in Figure 8.10, provides additional support for this conclusion. Note that addition of 0.2 ML
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of Zn adatoms causes a large increase in the CO product yield and is consistent with the
proposed reaction pathway discussed above, where the dehydrogenation of methanol to
methoxide occurs only on the Zn-modified Pt sites. Apparently relatively few such sites are
needed in order to populate the surface with methoxide groups. A linear decline in CO yield is
observed, however, upon increasing the Zn coverage above 0.2 ML with extrapolation of the data
indicating that the CO product yield would be near zero for 1 ML Zn coverage. This trend is
consistent with the CO being produced on the exposed portions of the Pt(111) surface. In
contrast to CO, the CH2O yield initially increases nearly linearly with Zn adatom coverage, for
coverages up to 0.5 ML, at which point it decreases with further increases in Zn coverage. The
initial linear increase with Zn coverage supports the conclusion that the CH2O product results
form a reaction taking place on the Zn sites. The decrease at high Zn coverages can be attributed
to loss of the Pt-Zn interfacial sites which are necessary for the initial O-H bond scission step
which forms the methoxide groups.
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Figure 8.9. Proposed pathways for reaction of CH3OH on Zn adatoms/Pt(111).

Figure 8.10. C1 product yield obtained following CH3OH TPD on Zn adatoms/Pt(111) as
a function of Zn coverage.
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Since under typical SRM reaction conditions, the ratio of Pt to Zn in Pt/ZnO catalysts is
higher than that what was accessible here for the PtZn/Pt(111) samples, one must be cautious
when attempting to extrapolate the insights obtained in this study to real catalysts. As noted
above, based on our previous characterization studies [19], the Zn concentration in the outermost
layer of the PtZn/Pt(111) samples was less than 5 atomic %. The primary effect on reactivity of
the Zn in these samples was to provide sites for dissociative adsorption of CH 3OH. The reaction
of the resulting methoxide species, however, was similar to that on Zn-free Pt(111) with complete
dehydrogenation CO and H2 taking place. This observation aligns well with the SRM studies over
analogous unsupported Pd-Zn bimetallic catalysts reported by Halevi et al. [5] in which it was
found that addition of a small amount of Zn to Pd had little effect on the MSR selectivity. High
selectivity to CO2 and H2 was obtained only for catalysts where the Pd:Zn ratio was close to 1:1.
This corresponds to the formation of the thermodynamically stable PdZn intermetallic compound
[5, 10, 45, 46].
There is some evidence in the literature, however, that suggests that excess Zn is
required in PtZn and PdZn catalysts for high CO 2/H2 selectivity [10, 11, 47]. For example,
Friedrich et al. [47] have reported that the selectivity to CO 2 during SRM shifts from ~10% to over
98% upon increasing the Zn content in unsupported PdZn alloys from 48 to 54 %. While this
result is consistent with the need to form the 1:1 intermetallic compound to obtain high selectivity,
they also observed by XPS that a distinguishing characteristic of the highly CO 2 selective
catalysts was the presence of a small amount of excess Zn that was not incorporated into the
alloy. Their XPS measurements were made in situ with the sample exposed to 0.2 mbar of 2:1
H2O:CH3OH mixture and under these conditions the excess Zn was present in the form of a
surface ZnO species. They concluded that only samples rich in Zn exhibit the extraordinarily high
selectivity to CO2. Our results indicate that one possible role of excess surface Zn is to provide
sites that stabilize adsorbed CH 2O from further dehydrogenation allowing them to react with
hydroxyl groups to form dioxymethylene and formate which are likely intermediates in reaction
pathways which produce CO2 rather than CO [3, 5, 48]. This conclusion is also in accordance
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with that of Iwasa and Takezawa who propose a similar role for Zn in both PtZn and PdZn MSR
catalysts [1, 3, 4].

8.5. Conclusion
The results of this study provide new insights towards the role of Zn in altering the
methanol reactivity on Pt(111) surfaces. The dehydrogenation activity of adsorbed methoxy
groups (CH3O-) is significantly inhibited through the presence of Zn adatoms on Pt surfaces,
indicated by the high temperature desorption peak of formaldehyde. By comparing the results
obtained from PtZn alloy and Zn adatoms supported on Pt(111) substrates, it is found that the
presence of Zn on the topmost layer (creation of new sites – ensemble effect) is necessary to
influence the methanol reactivity as the electronic effect by itself may not be sufficient to stabilize
the aldehyde intermediates formed from undergoing further dehydrogenation to CO.
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CHAPTER 9. Conclusions
9.1. Introduction
The first part of this thesis presents the results from a surface science study on model
catalysts consisting of Co films and particles supported on single crystal metal oxides including
ZnO(0001), YSZ(100) (yttria-stabilized zirconia), and CeO2/YSZ(100). This study includes
structural characterization of these model catalysts through the use of XPS, AES, and AFM,
which reveal the thermally-induced structural and chemical changes in Co particles resulting from
the metal-support interaction. Partially oxidized cobalt species are instantaneously formed when
Co is deposited on reducible supports, such as ZnO(0001) and CeO2/YSZ(100), at 300 K. In
contrast, Co maintains its metallic oxidation state upon annealing up to 800 K when it is
supported on a more refractory support - YSZ(100). The results obtained from ethanol TPD
0

studies on these model catalysts demonstrate the role of Co and Co

2+

in providing sites that are

active for dehydrogenation of ethanol to acetaldehyde at ~330 K. Furthermore, the facile transfer
of oxygen from reducible support to the Co is also implicated to be partially responsible for
enhancing the catalyst stability through oxidizing surface carbon originated from unselective
decomposition of adsorbed ethoxide groups on Co sites.
The second half of this thesis primarily focuses on investigating the role of Zn in
modifying the SRM (steam reforming of methanol) catalytic activity of Pt sites through the use of
Zn adatom/Pt(111) and PtZn alloy/Pt(111) model catalysts. The results from these studies reveal
that addition of Zn results in stabilization of aldehyde intermediates, which is proposed to be the
key for preventing complete dehydrogenation to CO. These stabilized intermediates could then
react with hydroxyl (OH-) from water dissociation to yield formic acid, which later decomposes to
CO2 and H2.
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9.1. Reactivity of Ethanol on Co0 and Co2+ Sites
The XPS and TPD results discussed in Chapters 3 – 6 demonstrate the needs for both
0

Co and Co

2+

in catalyzing the dehydrogenation reaction of ethanol to form acetaldehyde, which

is thought to be an important intermediate in the overall SRE reaction. On oxygen free, metallic
cobalt sites, ethanol is found to undergo a decarbonylation reaction to form CO, H 2, and adsorbed
(CH3-) groups, which could react further to form CH4. In contrast, oxidized Co surfaces containing
only Co

2+

are found to be relatively unreactive towards ethanol at temperatures below 400 K;

acetaldehyde is produced, however, upon increasing the temperature to ~480 K. Completely
0

different results are obtained when the sample consisting of Co is promoted with oxygen
0

2+

adatoms to induce partial oxidations resulting in the presence of both Co and Co . The ethanol
decarbonylation activity is significantly reduced, while the dehydrogenation pathway to form
acetaldehyde is activated at 330 K, corresponding to an activation energy of only 86 kJ/mol
determined using a Redhead analysis assuming first order desorption with a pre-factor of 10

13

-1

s .

Pure metallic Co sites can only be prepared utilizing a non-reducible support, such as YSZ(100)
discussed in Chapter 5, while the use of reducible supports, such as, ZnO(0001) (Chapter 4) and
0

2+

CeO2/YSZ(100) (Chapter 6) would yield a sample consisting of both Co and Co , which is the
0

product of reaction between Co and the supports.

9.2. Support Effect towards Ethanol Reactivity on Co/MOx Model Catalysts
The reactivity and characterization results discussed in Chapters 3 – 6 clearly indicate
that support selection plays a critical role in influencing the ethanol reaction pathways and the
stability of cobalt catalysts themselves. As discussed in the previous section, the ethanol
dehydrogenation pathway to form acetaldehyde is activated in the presence of partially oxidized
cobalt and these species are found to be readily formed via reaction of Co particles with reducible
CeO2 and ZnO supports at temperatures as low as 300 K, which may provide a plausible
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explanation of reported higher activity and selectivity to CO 2 and H2 when Co is supported on
reducible supports compared to more refractory supports, such as ZrO2 and MgO. High oxygen
mobility associated with reducible supports is also proposed to play a role in enhancing catalysts’
lifetime through oxidizing surface carbon from the Co sites, hence preventing coking which may
lead to catalyst deactivation. This hypothesis is supported by the TPD results shown in Figure
6.9, where high temperature CO peaks (T > 550 K) are observed when ethanol is reacted on Co
supported on CeO2 and ZnO; this peak is absent in the case of Co supported on ZrO2. While
promoting Co/ZrO2 with oxygen adatoms prior to the ethanol dosage does result in the oxidation
of carbon at high temperature (see Figure 5.6), the carbon burn-off reaction activity is much lower
in comparison to that observed when Co is supported with CeO 2 and ZnO. These results provide
a significant insight towards understanding why Co supported on a more refractory support is
much more prone to deactivation from carbon build-up. Lastly, the results obtained through the
use of XPS and AES (Figure 6.5) reveal that Co/CeO2 possesses a very similar thermal stability
to Co/ZrO2 with both undergoing partial agglomeration upon annealing the sample to 700 K. In
contrast, a much lower thermal stability is exhibited by Co/ZnO where the large portion of Co film
deposited at 300 K has agglomerated into large particles by 700 K. The insights towards the
strength of metal-support interactions are critical in order to maintain high metal dispersion, which
is directly related to the number of active sites available for the reaction to take place. Therefore,
the fact that Co has a very low thermal stability when it is supported on ZnO may explain the
sintering phenomenon that occurs during steam reforming of ethanol at elevated temperatures.

9.3. Structure of PtZn/Pt(111) and Its Comparison to PdZn/Pd(111)
The analysis of the structure of the PtZn alloy formed through annealing a monolayer of
Zn on Pt(111) surfaces to 650 K is accomplished through the use of XPD and LEIS. The effort to
produce ordered alloy surfaces, similar to those obtained on PdZn/Pd(111) surface alloys, was
unsuccessful implying that no long-range, ordered alloy could be formed in the case of PtZn.
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Furthermore, this particular bimetallic alloy is found to have a Zn composition in the surface layer
of about 5 at. %, implying that a large portion of Zn diffuse into the 2nd layer and below upon
annealing to 650 K. In contrast, ordered surface layers were formed upon annealing vapor
deposited Zn on Pd(111) to 600 K, with p(2x2) and p(2x1) LEED patterns observed for 0.25 and
0.5 ML of Zn incorporated into Pd(111) surfaces.

9.4. Reactivity of Methanol on Zn-Modified Pt(111) Surfaces
The TPD, XPS, and HREELS results in Chapter 8 show that addition of Zn adatoms onto
Pt(111) surfaces results in a dramatic shift in the reaction pathway that methanol follows. The
presence of Zn stabilizes the adsorbed methanol up to 200 K leading to the OH bond scission to
form methoxy (CH3O-) groups on the surfaces. In contrast, methanol adsorbs and desorbs
reversibly without undergoing any reaction on Zn-free Pt(111) surfaces. Furthermore, it is found
that the methoxy group adsorbed on Zn-modified Pt sites is stabilized up to 450 K, while that
adsorbed on Zn sites undergoes a dehydrogenation pathway to form formaldehyde. The fact that
these differences in methanol reactivity are not observed when Zn is alloyed into Pt(111) surfaces
suggests the importance of having Zn on the topmost layer (ensemble effect) for the selective
dehydrogenation of methanol to formaldehyde to take place. As discussed in the previous
section, the technique used in this study to induce the PtZn alloy results in 5 at. % Zn remaining
in the topmost layer, which precludes a direct comparison between the methanol reactivity
observed on the PtZn alloy formed in the UHV condition to that of nanoparticle PtZn alloy high
surface area catalysts. In the case of PtZn bimetallic catalysts run under steam reforming
condition, it is highly plausible that the highly diluted input stream consisting of typically 1:10
alcohol to water ratio would attract Zn to the topmost layer due to its high oxygen affinity. These
results, indeed, are in agreement with those obtained on high surface area catalysts reported in
the literature, where it was reported that addition of a small amount of Zn to Pd has little effect on
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the SRM selectivity. High selectivity to CO2 and H2 was observed only for catalysts where the
Pd:Zn ratio was close to 1:1.

9.5. Future Studies
The results obtained from cobalt model catalysts supported on ZnO(0001), YSZ(100),
0

and CeO2/YSZ(100) have provided insights implicating the role of both Co and Co

2+

to catalyze

the dehydrogenation of ethanol to acetaldehyde with relatively low activation energy. These
aldehyde intermediates have been proposed to react with hydroxyl groups from water
dissociation to form acetate specie, which later decompose to CO2 and H2. Co-adsorption study
of ethanol and water on these model catalysts is suggested to study the influence of (-OH) groups
on the surfaces towards ethanol reactivity as well as Co oxidation states. Furthermore, reactivity
studies utilizing acetic acid as a probe molecule to investigate the mechanistic steps involved in
the later part of SRE would also provide an additional insight towards understanding the whole
catalytic route of ethanol reforming to CO2 and H2.
The LEIS and XPD data discussed in Chapter 7 provide definite proof that upon
annealing the freshly deposited multi-layer Zn to 650 K, only 5 at. % Zn remains on the topmost
layer. Furthermore, it is also shown that the amount of PtZn alloy that can be produced on the
Pt(111) surface is somewhat self limiting to 1 ML Zn; deposition of Zn above 1 ML simply results
in a multi-layer Zn desorption peak at ~500 K (see Figure 7.2). Similar characterization studies
utilizing these techniques to better understand the structure of PtZn alloy with Zn coverage below
1 ML would be very useful and hence recommended in order to better understand the CO and
methanol reactivity data presented in Chapter 8 for PtZn alloy model catalysts. As it is depicted in
Figure 8.2, the PtZn/Pt(111) alloy surfaces that are prepared using up to 0.6 ML of Zn are all
similar and only slightly more active than the clean surface for the dehydrogenation of CH 3OH to
produce CO and H2, which is somewhat surprising implying that most of the Zn diffuses below the
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1st layer even at relatively low Zn concentration. Further LEIS experiments to analyze the
structure of the PtZn alloy formed on Pt(111) surfaces with sub monolayer Zn coverage is
therefore highly recommended to complement the current characterization study.
The results obtained from Zn/Pt(111) model catalysts discussed in Chapter 8 clearly
illustrate the importance of having the presence of Zn on the top-most layer; in fact, it is found
that the stabilization of aldehyde intermediates indicated by the desorption limited formaldehyde
peak at 438 K (see Figure 8.10) scales accordingly with the amount of Zn adatoms present over
Pt(111) surfaces. However, it remains unclear whether the formation of the PtZn alloy itself is
necessary in order to achieve high CO2 and H2 selectivity during SRM. Direct comparison
between the results obtained from PtZn alloy high surface area catalysts and those synthesized
by vapor deposition and annealing treatment of Zn particles over Pt(111) is precluded since most
of the Zn is found to diffuse below the 1st layer when heated to > 600 K (T required to induce
alloying) leaving approximately 5 at. % Zn on the topmost layer. While it has been proposed in
the literature that the dramatic shift in selectivity towards CO2 and H2 from what typically is
observed with group VIII metal catalysts (complete decomposition route to CO and H 2) is due to
the formation of PtZn and PdZn alloys when SRM is run over Pt/ZnO and Pd/ZnO catalysts
respectively, these studies do not provide a definite answer of the role of Zn within the alloys
towards methanol reactivity. Therefore, it is suggested that additional methanol reactivity studies
utilizing a multi-layer PtZn alloy and PtZn alloy + Zn adatoms model catalysts be performed. The
results obtained from these studies could provide a useful insight towards understanding the Zn
alloy effects towards methanol reactivity.
Preliminary HREELS results on acetaldehyde adsorbed on 0.4 ML Zn/Pt(111) surfaces
depicted in Figure 9.1 (b) indicate that this surface may be active for the de-oxygenation reaction
pathway of aldehyde groups. Figure 9.1 (a) shows HREELS spectra after acetaldehyde
exposures on freshly prepared Pt(111) surfaces as a function of annealing temperatures. The
peak positions and mode assignments for the spectra are tabulated in Table 9.1. For comparison,
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the peak positions in the IR spectrum of CH3CHO are also included in the table. On Pt(111),
1

acetaldehyde primarily chemisorbs in a η (O)-CH3CHO configuration indicated by the presence of
-1

ν(CO) at ~1700 cm . Upon annealing to 200 K, a fraction of acetaldehyde undergoes a
1

dehydrogenation to form acetyl (CH3CO), which is bound to the surface in a η (C)-CH3CO
-1

configuration. The acetyl formation is confirmed through the presence of ν(CO) at ~1580 cm .
Annealing to 300 K results in decarbonylation of the acetaldehyde adlayer to CO, indicated by
-1

-1

bridged- and atop- bonded CO at 1816 cm and 2055 cm respectively. Annealing the sample
further to 400 K results in the decomposition of acetyl species, hence releasing more CO and
adsorbed methyl group on the surface. Similar spectra is obtained upon chemisorbing
acetaldehyde at 100 K on 0.4 ML Zn/Pt(111) as shown in the bottom spectra of Figure 9.1 (b).
-1

Annealing the sample to 300 K results in the disappearance of ν(CO) at ~1700 cm associated
1

-1

with η (O)-CH3CHO, and the appearance of γ(OH) at ~3575 cm , which indicate a deoxygenation of acetaldehyde species to form C 2 hydrocarbon and oxygen adatoms on the
surfaces. The (OH-) stretch is very likely the reaction product of these oxygen adatoms with
hydrogen from background. Furthermore, it is also found that the majority of C 2 molecules remain
intact even upon annealing to 400 K, which is completely different than that obtained on Zn-free
Pt(111) where all the C2 species have already undergone dehydrogenation to CO and (CH 3-)
groups between 300 K and 400 K. The fact that the aldehyde species is stabilized to higher
temperature with activity for de-oxygenation pathway could have a potential value in the area of
de-oxygenation of large biomass derived sugar molecules for fuel production. Therefore, it is
highly recommended that the reactivity studies utilizing Zn/Pt(111) model catalysts are expanded
to include more complex aldoses found in biomass, i.e. glucose.
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Figure 9.1. HREELS temperature series for 2 L dosage of CH3CHO on (a) Pt(111) and
(b) 0.4 ML Zn/Pt(111).

Table 9.1. Vibrational mode assignments for CH3CHO.
frequency, cm-1
IR of crystalline CH3CHO
[1]

Pt(111) [2]

Pt(111)a
100 K
2940

mode
νa(CH3)
ν(CO), η1(O)-CH3CHO

2964
1722

90 K
2984
1667

δ(CH3)
δ(CH)
ρ(CH3); ν(CC)

1431
1389
1118

1430
1365
1130

1408
1352

ν(CH3); ρ(CC)

882

913

δ(CCO)
γ(M-C)

552

607
550

875
607
523

a) This study
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