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Abstract
With the development of technologies for cellulosic biomass conversion to fuels
and chemicals, bio-alcohols are among the main alternative feedstocks to fossil fuels. The
research pursued in my thesis was the investigation of gold and palladium as catalysts for
the application of short aliphatic alcohols to hydrogen generation and value-added
chemicals production. Specifically, selective methanol steam reforming and nonoxidative ethanol dehydrogenation to hydrogen and acetaldehyde were investigated in
this thesis work. A major aim of the thesis was to develop atomically efficient catalysts
with tuned surface chemistry for the desired reactions, using suitable synthesis methods.
Methanol steam reforming (SRM) for hydrogen production has recently been
investigated on gold catalysts to overcome the drawbacks of copper catalysts
(deactivation, pyrophoricity). Previous work at Tufts University has shown that both
CeO2 and ZnO are suitable supports for gold. In this thesis, nanoscale composite oxides
ZnZrOx were prepared by a carbon hard-template method, which resulted in
homogeneous distribution of Zn species in the matrix of ZrO2. Tunable surface chemistry
of ZnZrOx was demonstrated by varying the Zn/Zr ratio to suppress the strong Lewis
acidity of ZrO2, which leads to undesired production of CO through methanol
decomposition. With atomic dispersion of gold, Au/ZnZrOx catalyzes the SRM reaction
exclusively via the methanol self-coupling pathway up to 375˚C. The activity of
Au/ZnZrOx catalysts was compared to Au/TiO2, which is another catalyst system
demonstrating atomic dispersion of gold. Similarity in the apparent activation energy of
SRM on all the supported gold catalysts studied in this thesis and in the literature further

I

confirms the same single-site Au-Ox-MO centers as active sites for SRM with indirect
effects of the supports exploited.
With this fundamental understanding of gold-catalyzed C1 alcohol reforming, the
Au/ZnZrOx catalyst was evaluated for the dehydrogenation of ethanol. Bare ZnZrOx
activate ethanol conversion in the range of 280-300˚C and produce undesired ethylene as
product of ethanol dehydration, whereas, addition of small amount of gold (<1wt.%) was
found to significantly change the product distribution in the low-temperature range
(200˚C-350˚C). As gold passivates the strong Brønsted acid sites of ZrO2 and selectively
facilitates the dehydrogenation of ethanol at low-temperature, a wide temperature range
was found between the production of acetaldehyde (dehydrogenation products) and
ethylene (dehydration product), which can be harnessed for the industrial application.
Interestingly, the steam reforming of ethanol did not take place in the low-temperature
region, thus the selectivity to acetaldehyde and hydrogen was 100% even in the presence
of water.
In addition to gold, palladium was also studied in this thesis work on the ZnZrOx
composite oxides, and its activity and selectivity were compared to Au/ZnZrOx.
Monometallic Pd catalyzes the decomposition of methanol and ethanol, resulting in
different product distribution for C1-C2 alcohol reactions. With ZnZrOx employed as the
catalyst support in this thesis work, the finely dispersed ZnO species in ZrO2 were found
to alloy with the supported palladium under reduction treatment. Alloying with Zn tunes
the chemistry of Pd to catalyze the SRM reaction through the methanol coupling
mechanism, shutting off the undesired methanol decomposition pathway. A preliminary
study of the Pd/ZnZrOx system for ethanol dehydrogenation also demonstrated the
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modification of Pd when in the PdZn alloy form. Different from the monometallic Pd
catalyst, which primarily catalyzes the C-C bond scission of ethanol, high selectivity to
ethanol dehydrogenation products was found on PdZn, over the temperature range of
200-400˚C. Formation of the PdZn alloy broadens the application of Pd and potentially
other Group VIII metals for selective alcohol conversion reactions.
In summary, this thesis work has investigated two noble metals Au and Pd from
Group IB and Group VIII, respectively, for methanol and ethanol alcohol reforming
reactions employing a novel ZnZrOx composite oxide as a platform catalyst support.
Comprehensive study of Au catalyst has deepened our understanding of atomically
dispersed Au anchored on various supports through oxygen bonds as the active sites for
alcohol reforming reactions, and showed the support effect to be indirect, serving as the
carrier and stabilizer of the gold species. For Pd, the Zn species of the composite oxide is
necessary to modify the Pd catalyst and the PdZn alloy gives it the desired Au-like
properties. Full characterization of the catalysts used here by ICP, XPS, XRD, FTIR and
STEM imaging was conducted throughout the thesis to identify the stable species and
correlate the catalyst performance with its composition and morphology. Surface acidity
titration by isopropanol temperature-programmed desorption/mass spectrometry (IPATPD/MS) and pyridine-IR adsorption/desorption was conducted in parallel to
temperature-programmed surface reaction (TPSR) studies and products from isothermal
steady-state reactions were monitored online by mass spectrometry.
Keywords: single-site heterogeneous catalysts, gold, palladium, methanol steam
reforming, ethanol dehydrogenation, zinc oxide, zirconia, palladium zinc alloys
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Chapter 1. Introduction
1.1 Methanol steam reforming reaction
Hydrogen is one of the most abundant elements in the Earth’s crust which occurs
in the form of water and hydrocarbon fossil fuels rather than elemental hydrogen1. To
obtain hydrogen in high purity from fossil fuels or biomass economically is essential to
the development and large-scale introduction of the proton exchange membrane fuel cell
(PEMFC) technology2. Facing problems of storage and transportation of gaseous
hydrogen, the on-site reforming of small alcohol molecules and hydrocarbons to produce
hydrogen has attracted the developers’ interest3. Among all feedstocks for hydrogen
production, methanol is outstanding due to its ready availability both from industrial
synthesis and through biomass conversion (“green methanol”), high-energy density, and
absence of C-C bonds, which enables the reforming at a relatively low temperature (200300°C) compared to ethanol (>400°C)1,3 or hydrocarbon fuels. Of course, since energy is
expended to synthesize methanol, using methanol to make hydrogen must be justified in a
full life-cycle analysis4. Hydrogen production from methanol can be carried out through
methanol decomposition, steam reforming, partial oxidation and autothermal reforming1,5.
Steam reforming of methanol (SRM) is the one with highest H2 yield among all the
methanol reactions. Besides the overall reaction of methanol steam reforming, there are
two side reactions that may occur depending on the reaction temperature and different
reaction sites on the catalyst surface as indicated in Rxn. 1-33,6,7.
CH3OH + H2O D CO2 + 3H2

ΔHr = 49.7kJmol-1

(1)

CH3OH D CO + 2H2

ΔHr = 90.2kJmol-1

(2)
15

CO + H2O D CO2 + H2

ΔHr = -41.2kJmol-1

(3)

High temperature favors the formation of CO via the reverse water gas shift reaction
(RWGS), since Rxn. 3 is an exothermic reaction8. Since hydrogen production via
methanol steam reforming is intended for PEMFC application, it is crucial to keep the
CO concentration as low as in ~1-5 part per million (ppm) levels in the hydrogen stream
to avoid poisoning of the anode electrode of the fuel cell7. Furthermore, for better thermal
and overall energy efficiency, it is crucial to select catalysts that do not catalyze the
formation of CO in the first place; i.e. catalysts that do not include the WGS reaction as
part of the SRM reaction pathway9. Such catalysts are for example, the Group IB metals
(Au5,10,11, Ag12, Cu7,13-16) or alloys formed between the Group VIII and Group IB metals,
such as Pd-Ag17,18 or Pd-Cu19, but not the pure Group VIII metals (Pd13,14,20-23, Pt13,14,20).
Each catalyst system shows different selectivities and activities and follows a distinct
mechanism for the SRM reaction24.
The SRM reaction mechanism is believed to involve two different pathways on
the different catalyst surfaces mentioned above. The first step in the adsorption of
methanol is the formation of methoxy group, adsorbed through the -O end; this may or
may not lead to formaldehyde formation and stabilization on the surface. In the case
where formaldehyde is formed, the intrinsic reason for the pathway difference is due to
two distinct adsorption forms of formaldehyde on each catalyst surface as a reaction
intermediate. The Iwasa group25 described these two ways of formaldehyde adsorption as
η1(O)- and η2(C,O)-configuration. In η1(O)-adsorption, HCHO is adsorbed linearly on the
catalyst surface, followed by a nucleophilic addition of water, and finally transformed
into hydrogen and carbon dioxide via formic acid (Figure 1.1). In contrast, for the
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η2(C,O)-configuration, HCHO is bridged to the surface with C,O both bound onto the
surface. The C-H bonds are easily broken when temperature increases, yielding hydrogen
and carbon monoxide through decarbonylation of HCHO20,25,26. Cu-based and Au-based
catalysts have shown primary selectivity to CO2 and H2 in product gases due to the η1(O)adsorption configuration. Besides Cu and Au catalysts, alloyed Pd catalysts also exhibit
high selectivity to CO2. Metallic Pd catalysts, on the other hand, immobilize HCHO
species mostly through the η2(C,O)-adsorption configuration, and produce CO and H2 as
the main products of SRM. The strength of interaction of noble metals with CO-species
plays a critical role in the selectivity of the SRM reaction. The bonding strength
decreases in the following sequence on the surface of catalyst metals: Pd>Cu>Ag>Au27.
Since Cu and Au do not form stable complexes with CO, selectivity to CO as product is
low on Cu and Au catalysts. Metallic Pd catalysts bind strongly with carbonyl groups so
that CO is primarily formed and released when the temperature increases. By introducing
another element and forming an alloy with Pd, the electronegativity of Pd can be adjusted,
so that the bonding strength with carbonyl groups is weakened. And this explains the
high selectivity to CO2 of a variety of Pd alloy catalysts, like PdZn13,24-26,28, PdSn22,29,30,
and PdIn21,23.
1.1.1 Cu- and Au-based catalysts for the SRM reaction
Copper-based catalysts are widely used in methanol reactions such as methanol
synthesis, decomposition and oxidative methanol steam reforming besides SRM reaction
7,15,16,31-33

. Conventional copper catalysts for SRM comprise the commercial methanol

synthesis catalysts of Cu/ZnO/Al2O334,35 and Cu/ZnO systems. For the copper-based
catalysts, it was initially proposed that the reaction pathway was a sequential combination

17

of methanol decomposition (Rxn.2) and the WGS (Rxn.3), as it was suggested on the
Group VIII metals. However, later research proved that another pathway with methyl
formate as an intermediate product9 is more likely to be involved as a competing reaction,
Rxn. 4-6.
CH3O + O* → HCHO + OH*

(4)

CH3O + HCHO + O* → H3COOCH + OH*

(5)

H3COOCH + 2H2O → 2CO2 + 3H2

(6)

This mechanism is also supported on the Rozovskii group’s study on the
intermediate products of methanol decomposition.32 It was proposed that methanol
decomposes to CO through Rxn.7-8 only in the absence or after consumption of water,
since strong interaction between water and copper catalysts may occupy all the active
sites before the occurrence of Rxn.7-8
2CH3OH → CH3OCHO + 2H2

(7)

CH3OCHO → 2CO +2H2

(8)

In spite of the abundance and low price of copper, which makes copper-based
catalysts very attractive for commercialization, there are still several drawbacks of copper
catalysts. Deactivation, pyrophoricity and high-temperature (>280°C) sintering7,9 are
partially due to the relatively poor thermal stability of copper. Alteration in the
morphology and structure of catalysts under high temperature (300ºC) and reducing
atmosphere contributes significantly to catalyst deactivation. The change maybe induced
from the support. For example, aggregation of ZnO and crystallization of amorphous
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ZrO27 drastically decreases the surface area of copper, and results in the deactivation of
the catalyst34. Doping with structure-stabilizers like La2O3, Y2O3, and Al2O334 mitigates
the phase change in ZrO2 for the Cu/ZrO2 system. Al2O316 in Cu/ZnO system also
improves the stability and activity of the catalyst by increasing the surface area and
accessibility of the copper nanoparticles and the BET surface area of the catalyst.
The CO selectivity of the catalyst is another concern. One reason for the increase
of CO production from methanol steam reforming is the occurrence of the reverse water
gas shift reaction on metallic copper at high temperature (~400ºC) through CO2 + 2Cu →
CO + Cu2O and H2 + Cu2O → H2O + 2Cu7. The presence of Cu+ species may suppress
the reverse water gas shift reaction, which can be achieved by adding promoters36-38 to
the conventional Cu/ZnO system. Zirconium oxide, for example, in the system mitigates
the sintering of copper species, and by keeping the copper particles finely dispersed,
strong interaction between support and copper occurs and consequentially keeps the
copper species as Cu+. Ritzkopf et al. have reported that in Cu/ZrO2 catalysts prepared by
a microemulsion technique, more Cu2+ species were detected by XPS on the used
samples comparing with commercial Cu/ZnO under the same methanol conversion39. To
overcome the instability and deactivation of copper catalysts, palladium and gold
catalysts are studied widely for many reactions conventionally catalyzed by copper. In
parallel, improved formulations of copper-based catalysts and delineation of their active
sites have been undertaken by the Schlögl group and others in the recent literature40-42.
Since the pioneering work of Parravano et al.43 in the 1970’s and Haruta et al.44-46
in the 1980’s, researchers have shown great interest in the fundamental studies of gold,
inactive in bulk form, but very active and selective for a large number of reactions in
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nano or subnano scale on a variety of supports. The reactions catalyzed by nanoscale gold
include water-gas shift reaction6,47-50, CO oxidation51-54 and methanol steam reforming
reaction5,10,11, etc. Supported Au/CeO2 was first reported by Fu et al.55 in 2001 as a
powerful new catalyst for the water-gas shift (WGS) reaction, while its attributes for the
CO-preferential oxidation (PROX) reaction were reported by Deng et al.56 in 2005. Until
the demonstration of the activity of individual gold atoms, anchored as cation Au-Ox on
ceria, for these reactions in 200357, it was thought that the size of gold nanoparticles was
the most important design parameter. It was unclear whether “perimetric” gold at the
interface of metal and support were unique to gold or included the oxide support as part
of the active site. In much of the work that has followed these early studies, the role of
the support as a ligand (through –O bonds) to gold atoms has been elucidated, as can be
followed in the 2012 review by Flytzani-Stephanopoulos and Gates58 which covers
atomically dispersed supported metal catalysts, including gold, and the 2013 overview of
supported gold atoms for the low-temperature WGS reactions by FlytzaniStephanopoulos59. This body of work complements the general concept and realization of
single-site heterogeneous catalysts (SSHCs) advanced by Sir Meurig Thomas60. It should
be noted at the outset that each metal atom (cation) thus stabilized on oxide supports
retains its chemical “signature”, for example Pt atoms on ceria and Au atoms on ceria
have different intrinsic catalytic activity for the water-gas shift reaction57; while Au
atoms on CeO261, FeOx62,63, TiO264, La2O365, etc. all have the same intrinsic activity59 for
this reaction. Therefore, the support identity does not matter. The support properties are
crucial in providing enough anchoring sites to the metal atoms, thus increasing the total
catalyst activity66. When an “inert” support, such as silica, zeolite, or carbon is used,
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addition of alkali oxides has been found to form the metal atom-centered, stabilized PtOx67-71 or Au-Ox72 sites, with identical intrinsic activity as on “active” reducible oxide
supports.
The WGS reaction has also been examined on a variety of Au/ZrO2 catalyst
systems. To achieve strong interaction between gold and zirconia, many factors such as
surface area, the presence of surface hydroxyl groups, modification of surface
acidity/basicity and crystal phase of the support are considered essential. Shen et al.48
investigated the size effects of both gold clusters and zirconia as the support on the
performance of the catalyst, and they realized that Au-ZrO2 interface plays an essential
role in catalyst performance; increase on either size will lead to significant decrease of
the catalyst performance. The Zheng group proposed a uniform nanodisk morphology for
the Au/ZrO2 system, and claimed that the porous structure and the morphology are the
decisive factors for the high performance of the catalyst73. Boccuzzi et al.6,49 used
optimized amount of sulfates as structural promoters of the support to retard
crystallization and increase the surface area of zirconia, and reported that stronger
interaction between gold complexes and the support was achieved during depositionprecipitation of gold precursors on the sulfated zirconia support.
Methanol steam reforming catalyzed by supported gold catalysts is much less
studied than the reaction on copper catalysts as discussed above. The first comprehensive
study of Au/CeO2 as an SRM catalyst was reported by Yi in 20105. All evidence points to
atomically dispersed Au-Ox-Ce species as the active sites, similar to the case of the WGS
reaction on Au/CeO2. Motivated by Yi’s work on gold supported on reducible CeO2 for
SRM74, Boucher et al.10,11 have investigated and reported the high activity and stability of
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gold catalyst for SRM on ZnO, which is the typical component of the Cu/ZnO catalysts
used in methanol synthesis. Abundant oxygen defects on the polar surfaces of nanoscale
ZnO supports were proposed as the reason for the preferential binding of gold on the
polar surfaces after synthesis10,11. Similar apparent activation energies (~110kJ/mol) for
the SRM reaction on gold catalysts supported on either ceria or zinc oxide has made the
case for similarly structured active sites involving the Au-Ox- species on both supports.
The SRM reaction mechanism on the supported gold catalysts was first investigated on
the Au/CeO2 system by Yi et al5,74 who found that methanol decomposition did not take
place on gold. Instead, CO2 and H2 were the only products found up to 225˚C, thus the
selectivity to H2 was not limited by the WGS reaction equilibrium. There was direct
catalytic evidence to rule out the WGS pathway for SRM on Au/CeO2. Firstly, the CO2
selectivity measured on Au/CeO2 in the temperature window of 175-225ºC, where CO2
and H2 were generated simultaneously (Fig. 1.2), breaks the equilibrium for the WGS
reaction. Another evidence is that adding CO to the reactant gas stream did not affect the
selectivity to CO2 and H2 in the production gases5. Using dynamic TPSR experiments, Yi
found that the reaction pathway involved the methanol coupling to methyl formate
intermediate (Rxn. 9), with further hydrolysis of methyl formate to formic acid taking in
the presence of water (Rxn. 10). Dehydrogenation of formic acid to CO2 and H2
terminates the reaction cycle without involving the water gas shift reaction in the reaction
pathway (Rxn. 11). Boucher et al. later confirmed the same reaction route on the Au/ZnO
system10,11. Thus, Au-Ox- species catalyze the SRM reaction similarly on the two (very
different) supports. It is also noteworthy that parallel work on O-activated gold single
crystals75,76 and on unsupported nanoporous gold77, gave similar reaction pathway, i.e.
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the oxidative methanol coupling reaction to methyl formate. This further establishes the
oxidized gold as the active site for methanol activation and conversion to products. The
support is a mere carrier of the active gold sites.
2CH3OH → HCOOCH3 + 2H2

(9)

HCOOCH3 + H2O → HCOOH + CH3OH

(10)

HCOOH → CO2 + H2

(11)

The success of gold as a selective SRM catalyst has broadened the scope of
catalyst development for SRM. Moreover, the absence of support participation in the
reaction pathway frees the choice of support to include a number of other oxides and
mixed oxides as dictated by practical designs or a specific application. To widen the
study of gold catalysts in this direction, nanoscale ZrO2, which has lower oxygen
mobility and different acid properties than ZnO, was chosen to be studied in this thesis
work, alone and in combination with ZnO as gold catalyst support for methanol as well
as ethanol reactions.
1.1.2 Pd alloys as catalysts for the SRM reaction
Group VIII metals like Pd and Pt are more promising than copper-based catalysts
in terms of their thermal stability. However, Group VIII metals are known to catalyze
methanol reactions via the η2(C,O)-adsorption of aldehyde species followed by formation
of CO. To eventually produce CO2 rather than CO, the WGS reaction must follow the
methanol decomposition reaction9. Among all the supported Group VIII metal catalysts
for SRM, Pd/ZnO system is the most investigated system to date. Different from the
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undesired methanol decomposition pathway, H2-pretreated Pd/ZnO shows very
promising selectivity to CO224 and H2 for the SRM reaction. Modification of Pd metal
occurs by forming a PdZn alloy28, so that the reaction pathway is modified to be similar
to that on copper catalysts.
The Pd/ZnO system reduced at high temperature (>300°C) in hydrogen was first
reported by the Iwasa group with exceptional activity and selectivity to CO2 and H226,28.
After reduction at temperatures higher than 300°C, PdO and ZnO form PdZn alloys,
which can be verified by the combination of X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS)26. Pd is kept partly oxidized with electrons transferring
from Pd to nearby Zn atoms. On PdZn alloy, the η2(C,O)-adsorption of HCHO, which is
the derivative of adsorbed methoxy group, is shut off due to the weakening of the Pd
electronegativity. Instead, the coupling of linearly adsorbed HCHO with CH3O- will form
methyl formate, which in the presence of water will convert to formic acid as shown in
reaction network below24:

H 2O

CH 3OH → HCHO

HCOOH +CH 3OH → CO 2 +H 2
↑H2O
HCOOCH3

Besides Zn, other transition metals such as Ga30, Ge22,30, Sn78, and In20,21 are also
good candidates to form alloys with Pd due to the facile reducibility of the corresponding
oxides of these metals. PdSn alloy on carbon black was prepared via a microwaveassisted polyol process for formic acid oxidation by Liu et al29. In this method, ethylene
glycol is used as the reducing agent in the presence of basic –OH groups from NaOH.
The mechanism of polyol solutions acting as reducing agents for the synthesis of metal
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nanostructures can be found in the literature79,80. The metal precursor first precipitates in
basic solution followed by reduction and growth of metal particles:
M2+ + OH- → M(OH)2

(12)

2CH2OH-CH2OH → 2CH3CHO + 2H2O

(13)

2CH3CHO + M(OH)2 → CH3-CO-CO-CH3 + 2H2O + M

(14)

Preparation of the bulk sample as a model catalyst (thin film) has also been reported for
the formation of Pd/In2O3 and Pd/SnO nanofilms on cleaved NaCl crystals21,22,30 by
electron-beam evaporation of Pd precursor under high vacuum. Pd particles were then
covered by a layer of In2O3 or SnO nanofilm. Pd alloys are detected on samples after H2
treatment at high temperature (>573K).
Through formation of the bimetallic Pd-M alloys (M=Zn, Ga, Ge, In), electron
transfer occurs from Pd to the other metal, which depresses the electron back donation of
Pd to adsorbed species on it. Tuning of the electronegativity23 of Pd will passivate its
original catalytic function as a Group VIII metal, and by decreasing the electron donation
to the C=O bond of adsorbed HCHO species, the η1(O)-adsorption mechanism is
proposed for the alloy system13,24.

1.2 Ethanol decomposition and dehydrogenation reactions
In parallel to the development of alternative fuels, many efforts have been made
for innovative synthesis of valuable “green” chemicals81 using biomass-derived
feedstocks, primarily for environmental reasons82,83. Ample sources of biomass from
agricultural residues and the wood industry along with recent developments in metabolic
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engineering84-86, will soon enable the use of cellulosic biomass fermentation with ethanol
being a major product84-86. This is superior to fossil fuels reforming in terms of
environmental conservation83 and utilization of abundant renewable natural resources.
The Complexity of the reaction network increases due to the existence of C-C bond in
ethanol, involving bond scission (C-C bond, C-O bond, and O-H bond) and C2 molecules
coupling reactions. During the past decade, hydrogen production from ethanol has been
intensively studied, especially for application to fuel cells87,88. The reaction mostly
investigated is the steam reforming of ethanol (C2H5OH + 3H2O →2CO2 +6H2, ESR).
Thermodynamic equilibria in the temperature range of 100˚C to 1000˚C predict the main
products of ESR to be the ethanol cracking products like CO, CH4, CO2 and H289.
However, light olefins and oxygenates are commonly produced in practice in the low and
intermediate temperature range (200-700˚C), suggesting that ethanol dehydration and
dehydrogenation reactions are kinetically controlled in this temperature range and
affected by various factors in terms of the product distribution of ethanol conversion90.
Supported transition metal catalysts, represented by Rh91,92, Ni93-95 and Co96-98 are widely
studied as C-C bond cleavage catalyst for ESR in the literature, where ethanol
decomposition (C2H5OH → CO + CH4 + H2) takes place in the temperature range of 300500˚C followed by WGS, methane steam reforming (CH4 + H2O→ CO + 3H2) and
methane dry reforming (CH4 + CO2 → 2CO + 2H2) reactions at higher temperature. On
Al2O3 and MgO supported Group VIII noble metal (Pd, Pt) catalysts92,99, noticeable
amount of acetaldehyde is produced at low temperatures (200-400˚C) accompanied with
predominant selectivity to C1 molecules throughout the temperature range (100-700˚C).
Oxygenated species are present to a greater extent on Pd and Pt catalysts supported on
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CeO2100 because of the availability of oxygen on this support. Fundamental work by
Mavrikakis and Barteau101 has reported the thermal stability and configuration of C1 and
C2 alcohol adsorption on various group VIII (Ni, Pd, Pt, Ru) and group IB (Cu, Ag)
metals as summarized below:
Alcohol→ Alkoxide → η1(O) or η2(C,O)-surface-bonded aldehyde → Acyl
Formation of the aldehyde species requires rapid transfer of hydroxyl group hydrogen
and α-hydrogen to adjacent basic oxygen102. The adsorption configuration of the
aldehyde species depends primarily on the electronegativity of the metal surface, i.e.
η1(O)-configuration occurs via carbonyl compound bonding with the surface through the
oxygen lone pair orbital, acting as a Lewis base. While the η2(C,O)-configuration occurs
with back-donation of electrons from the metal to carbon in the carbonyl compound.
Stability of the η2-adsorption promotes decomposition of the adsorbates more than
desorption as in the η1-adsorption. General reaction pathways of ethanol on oxides and
supported metal catalysts are summarized in Figure 1.390.
Recent advances in catalytic conversion of ethanol for value-added chemicals81
have broadened the application of bio-ethanol and opened the field for a more thorough
understanding of the reaction mechanisms of ethanol conversion to various products via a
cascade of elementary reactions; among which, ethanol conversion to light olefins
(ethylene103,104, isobutene82,105,106, etc.) and oxygenates (acetaldehyde107,108, acetone109-113,
etc.) are two types of catalytic conversion of ethanol other than the aforementioned
ethanol decomposition reactions. In this thesis work, we focused on the selective ethanol
dehydrogenation (EDH) reaction at low temperature (<300˚C) for the exclusive
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acetaldehyde and hydrogen production and further oxidation of acetaldehyde to acetone
in a separate temperature range (350-400˚C). EDH initiates with molecular adsorption of
ethanol to the catalyst surface; followed by O-H bond scission to form ethoxide and α-H
scission of ethoxide to form acetaldehyde (Rxn. 15); further oxidation of acetaldehyde to
acetone is facilitated in presence of mobile surface oxygen species (Rxn. 16). Stable
production of acetaldehyde and acetone from ethanol requires the synergistic interaction
of basic sites that catalyze the scission of ethanol O-H bond and regenerable mobile
oxygen species on the surface from oxygen or water:
CH3CH2-OH → CH3CHO + H2

(Rxn. 15)

2CH3CHO + O*→ CH3COCH3 +CO2 + H2

(Rxn. 16)

Deviations depend on whether acetaldehyde is the only precursor to acetone synthesis
(Figure 1.4), since acetate is also proposed in the literature to be a precursor of acetone.
On CeO2 supported copper catalyst, Nishiguchi et al.112 claimed the formation of
acetaldehyde on CuO and the acetate formation at the interface of metal and support,
CuO/CeO2 (Rxn. 17). Tanabe and coworkers110,111 also reported that on basic metal
oxides, like ZnO and CaO, acetate condensation (Rxn. 18) is the reaction pathway of
ethanol conversion to acetone. Appel et al.113 have proposed that both acetaldehyde
condensationand acetate condensation can take place on Cu/ZrO2 catalysts (Rxn. 16, 18).
CH3CHO* + O*→ CH3CHOO* → CH3COO* + H*
2CH3COO* → CH3COCH3 +CO2 + O*

(Rxn. 17)

(Rxn. 18)
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Besides the differences in mechanistic interpretation of the reactions on copper-based
catalysts for ethanol conversion, another realistic issue is the inferior stability of
commercial Cu/SiO2 catalysts114-116 due to copper sintering, and over oxidation of
dehydrogenation products in oxidative environment117. Recent researches on gold-based
catalysts107,118,119 have demonstrated the promising selectivity of gold to ethanol
dehydrogenation products. However, high O/C ratios in these systems lead to oxygenated
byproducts. To overcome these issues, we are aiming to develop the catalyst that is stable
and selective to O-H bond scission under moderately oxidizing environment.

1.3 Nanoscale ZrO2 as catalyst support
ZrO2 has been studied both as catalyst and support due to its high thermal stability,
high resistance towards corrosion and photo irradiation, low thermal conductivity120 and
high oxygen ion conductivity at high temperatures (>600°C). All these properties make
ZrO2 a good solid oxide electrolyte material121. ZrO2 can be prepared with controllable
surface area and pore volume that is large enough to disperse noble metal clusters. As an
amphoteric oxide, ZrO2 has both acidic sites and basic sites on its surface. With different
dopants and modification, ZrO2 can be adjusted to facilitate a variety of reactions such as
CO

hydrogenation,

alcohol

conversion

and

hydrogenation

of

unsaturated

hydrocarbons6,122. ZrO2 displays three polymorphic crystalline structures: monoclinic (m), tetragonal (t-) and cubic (c-)123. Non-equivalent O2- anions in the bulk phase of
monoclinic ZrO2 result in non-equivalent OH groups and coordinatively unsaturated Zr4+
on the surface (Figure 1.5), which are believed to catalyze surface processes such as
adsorption and desorption of carbonate molecules124. Decoration of ZrO2 dramatically
alters the catalytic performance of ZrO2. Additives in ZrO2 dramatically alter its catalytic
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performance. Addition of precious metals or functional groups on the surface of ZrO2 is
one way to modify the catalytic performance as well as mixing it with a second oxide in
the bulk phase. In Bell’s extensive studies of methanol synthesis from CO/H2, m-ZrO2
supported Cu catalysts showed better activity than t-ZrO2 supported Cu due to higher
concentration of active intermediates on the former125. Pd/ZrO2 catalyst is widely
investigated for the methanol decomposition reaction, which produces CO and H2 as
main products at low temperatures (200-300°C)126,127. The Au/ZrO2 system has also been
studied for the low temperature water gas shift reaction6,47,48,73. Among those, Shen and
Zhang47,73 claimed that the crystal phase of ZrO2 plays an essential role in dispersing the
gold, since monoclinic ZrO2 tends to have more active hydroxyl groups due to the
unsaturated coordination of Zr(IV) on the surface of the support; while the Boccuzzi
group6 have claimed that the strong surface acidity of sulfated ZrO2 disperses gold better.
Surface acidity/basicity is greatly modified when ZrO2 is doped with functional groups
on the surface or mixed in bulk phase with a second metal oxide. The Parera group has
reported that promotion of ZrO2 surface acidity by adding SO42- groups128 benefits the
isomerization of n-butane and greatly increases the stability of the physical texture to
thermal treatments. In this thesis, we used the nanoscale ZrO2 and ZrO2-based composite
oxides as gold or palladium catalyst supports in order to exploit the potentially beneficial
physical and chemical properties of these supports in the study of alcohol reactions,
especially the selective SRM reaction, and the selective non oxidative dehydrogenation of
ethanol (EDH) on gold. Modification of pristine ZrO2 was used to optimize the capacity
of ZrO2-based supports to accommodate isolated Au-Ox- species, and investigate the
activity and selectivity of the latter for the reactions of interest.
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1.4 Thesis objectives and rationale
In this work, we employed a number of pure metal oxides (e.g. ZrO2, ZnO and
TiO2) and a composite oxide, ZnZrOx, prepared by a carbon hard template method82,129 as
catalyst supports; and applied gold and palladium precursors to create active sites for the
methanol steam reforming and ethanol dehydrogenation reactions.
1.4.1 Objective 1
The first objective of this thesis is to formulate and develop atomically dispersed
and stable gold catalyst supported on ZnZrOx composite oxides for the SRM and EDH
reactions. Previous studies by the Flytzani-Stephanopoulos group5,10,11,74 on gold
catalyzing SRM has demonstrated the Au-Ox-MO linkages as the active sites for SRM
regardless of the metal oxide support employed. ZnZrOx composite oxide with optimized
ZnO concentration provides abundant oxygen defects as anchoring points for Au atoms
and exhibits satisfactory resistance to alkaline solutions, which opens the opportunity for
quantitative study of the active Au sites, e.g. by performing NaCN leaching. Highly
dispersed ZnO species binds strongly with ZrO2 and shows resistance towards NaCN
leaching, which is not the case for gold catalyst supported on pure ZnO polyhedra. Hence,
it is crucial to develop feasible catalyst synthesis techniques to achieve full dispersion
and anchoring of the catalyst metals under reaction conditions.
1.4.2 Objective 2
The second objective of this thesis is to investigate and understand the
modification of ZrO2 surface by ZnO addition, specifically by the formation of ZnZrOx
composite oxide. More profound modification of the support was observed after gold
addition. Surface titration of the bare supports by probe molecule temperature31

programmed desorption and IR spectroscopy has demonstrated gradual passivation of the
Lewis acidic sites of pristine ZrO2 by increasing the ZnO concentration in ZnZrOx
composite oxide; whereas thorough passivation of the Brønsted acid sites was achieved
by gold addition. Therefore, the second goal of this thesis is to investigate the tuning of
the surface acidity of the composite oxides with and without gold addition, and to explore
the conditions at which the surface modification may correlate with the catalytic
performance of designed catalysts.
1.4.3 Objective 3
The third objective of this thesis is to test the activity of the designed gold
catalysts under SRM and EDH reaction conditions, and to investigate the mechanism of
the reactions. By eliminating “spectator” gold species, active sites for SRM and EDH
reactions on supported gold catalysts are revealed. The mechanisms of SRM and EDH
reactions are proposed based on the active sites of the supported gold catalysts.
1.4.4 Objective 4
The fourth goal of the thesis is to broaden the application of atomically dispersed
gold catalysts to precious metals from Group VIII, represented by palladium. Metallic
palladium has significantly lower selectivity to H2 than oxidized gold. Modification of
palladium catalysts by forming PdZn alloy on the platform ZnZrOx surface, where
abundant highly dispersed ZnO species serve as the anchoring points of palladium,
maybe the approach to follow to achieve the “gold-like” or “copper-like” catalyst
selectivity to hydrogen in the SRM and EDH reactions.
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Figure 1.1 Schematic of methanol η1(O) and η2(C,O) adsorption on catalyst surface.
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Figure 1.2 CH3OH + H2O-TPSR10: (a) 1 at. % Au-ZnO polyhedra; (b) 1 at. % Au-CeO2 rods.
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Figure 1.3 General reaction pathways of ethanol over oxides and supported metal catalysts90. *
means adsorbed species.
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Figure 1.4 Reaction pathways of ethanol conversion to acetaldehyde and acetone82, 105, 111.
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Figure 1.5 Representation of Zr4+ coordination polyhedra in monoclinic and tetragonal ZrO2
structures.
Zirconium and oxygen ions are sketched as small and large circles, respectively, and trigonally
and tetrahedrally coordinated oxygen anions as spotted and hatched circles, respectively123.
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Chapter 2. Experimental methods and procedures
2.1 Synthesis of nanoscale metal oxides
A list of the metal oxide supports studied in this thesis is shown in Table 2.1
2.1.1 Synthesis of ZrO2 nanoparticle by a hydrothermal method
Synthesis of crystal structure-specific ZrO2 nanoparticles followed a reported
hydrothermal method1 to produce tetragonal- or monoclinic-rich ZrO2. Accordingly, 150
mL of 0.5M aqueous solution of zirconyl chloride (ZrOCl2.8H2O, Alfa Aesar) was first
prepared. The pH of the solution was ~2. To synthesize monoclinic ZrO2, the zirconyl
chloride aqueous solution was refluxed at 100ºC for 240 h under pH ~2. Concentrated
NH4OH (30%) solution was added to the aged solution to precipitate Zr4+ hydroxide until
the pH reached 10. To synthesize tetragonal ZrO2, the pH of the solution was adjusted to
10 by adding concentrated NH4OH (30%) solution drop wise, and then refluxed at 100˚C
for 240 h. In either case, the precipitate after refluxing was washed with DI water until all
chloride ions are removed (as tested by AgNO3) and dried under vacuum at 100˚C. The
harvested powder was calcined at 500˚C in air for 5 h.
2.1.2 Synthesis of ZrO2, ZnO and ZnZrOx by a carbon-template method
To synthesize ZnZrOx composite oxide, a carbon hard-template method is
employed2. Two types of mesoporous carbon powders with were used as the hard
template. The required amounts of zirconyl nitrate hydrate (Sigma-Aldrich,
ZrO(NO3)2•xH2O) and zinc nitrate hydrate (Sigma-Aldrich, Zn(NO3)2•6H2O) were
dissolved in DI water to nominal Zn:Zr atomic ratios of 1:10, 1:5 and 1:1. The precursor
salt solution was impregnated onto the carbon template to incipient wetness endpoint,
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where either activated carbon (Sigma-Aldrich, Darco G-60) or carbon black (Cabot,
BP2000) were used as template.. The usage of porous carbon template ensures that
precursors are well mixed, and homogeneous distribution of Zn/Zr components is largely
preserved in the bulk structure of the binary metal oxides after calcination. Two-step
calcination was conducted at 400˚C for 4h and 550˚C for 20h in air, sequentially. For
comparison, pure ZrO2 and ZnO nanoparticles were also synthesized by the carbon hard
template method under the same conditions.

2.2 Addition of precious metals (Au and Pd)
2.2.1 Addition of gold by anion adsorption method (AA)
One technique of adding gold to the metal oxide supports is by anion adsorption3.
Typically, 1g of metal oxide support was suspended in 300 mL DI water at 80˚C. The
gold precursor (Alfa-Aesar, HAuCl4•3H2O) stock solution with concentration of 0.01
g/mL was added drop wise to the support suspension to reach 1 wt.% loading. The pH
value of the suspension was monitored continuously, observing that the pH of the support
suspensions was more than 2-3 units larger than the HAuCl4 stock solution. [AuCl4]speciation ([AuCl4]- + xOH- " [Au(OH)xCl4-x]- + Clx-) took place at 80˚C under vigorous
stirring for 4 hr. The suspension was then filtered and washed with 1.8 L of DI water. The
material was dried at room temperature under vacuum overnight, and calcined at 300˚C
in 2%-O2/He for 2h.
2.2.2 Addition of gold by incipient wetness impregnation (IWI)
In cooperation with Ming Yang, a member of the Flytzani-Stephanopoulos group,
gold catalysts supported on TiO2 were synthesized by incipient wetness impregnation
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(IWI) of a in-house made gold precursor Au-O(OH)x-Na. A commercial TiO2 (G5,
Millenium, 300 m2/g) was used in this case, with precursor solutions of the same volume
as the pore volume of the support structure. The precursor Au-O(OH)x was made by
refluxing the suspension of a calculated amount of Au(OH)3 (Alfa Aesar) and NaOH
powder (Alfa Aesar, molar ratio of Au:Na=1:10) in 30 ml of DI water under N2 sparging
at 80˚C. The refluxing of gold and sodium mixture was carried out overnight to get a
transparent solution where the gold is stabilized by the –O- and –OH ligands. Gold
loadings of 0.5, 1.0 wt.% were achieved by impregnating the designed amount of the gold
precursor solution to TiO2.
2.2.3 Addition of palladium by incipient wetness impregnation (IWI)
Supported palladium catalysts were synthesized in this work by a facile one-step
IWI of palladium nitrate (Alfa Aesar, Pd(NO3)2•xH2O, Pd 39%) aqueous solution to ZrO2,
ZnO and ZnZrOx mixed oxides to achieve the 1 wt.% Pd loading. To avoid alteration of
the structure of ZnO-containing oxides, palladium nitrate precursor was dissolved in DI
water instead of nitric acid4. Impregnated samples were dried at 80˚C for 8 h under
vacuum to enhance the uptake of palladium precursors onto the porous structure of the
metal oxide support. Calcination of the dried samples was performed in air at 400˚C for 4
h. Reduction of Pd catalysts was conducted in flowing H2 at either 200 or 400˚C for 2 h
to facilitate the formation of PdZn alloy.

2.3 NaCN leaching
Leaching of gold- and zinc-containing samples in dilute cyanide aqueous solution
(pH ≥ 12) under air sparging efficiently removes weakly bound gold and excess ZnO in
the composite oxide, which is not combined with ZrO2 to form an oxide solid solution.
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Dissolution of weakly bound gold, which is normally metallic gold nanoparticles or
loosely bound gold clusters, in sodium cyanide (NaCN) solutions takes place as follows:
4Au + 8CN- + 2H2O + O2 → 4[Au(CN)2]-+4OHWhereas dissolution of ZnO in high pH alkali solution can be expressed as:
ZnO + 2NaOH + H2O → Na2[Zn(OH)4]
Cyanide leaching of bare ZnZrOx support was conducted in 2 wt.% NaCN
aqueous solution with pH value of the solution adjusted to ≥12 by adding NaOH (Alfa
Aesar, 99.99% metal basis). 1g of ZnZrOx powder was suspended in the cyanide solution
for 3 min followed by filtering and washing with DI water until all Na was washed off
from the sample. Cyanide leaching of gold-containing samples followed the same
procedure as leaching of bare supports; only the concentration of the NaCN aqueous
solution used was 0.05 wt.%.

2.4 Catalyst characterization
2.4.1 BET specific surface area measurements
The BET surface area was measured on a Micromeritics AutoChemII 2920
instrument. Effluent gases were monitored using a thermal conductivity detector (TCD).
The surface area was determined by single-point N2 physisorption cycles by cooling the
sample to -196˚C in a liquid nitrogen bath, and heating to room temperature in a water
bath in cycles. Samples were pretreated in He at 200˚C prior to BET tests (unless
otherwise noted.) Table 2.1 summarizes the BET surface areas of samples tested.
Samples synthesized by the carbon black hard template method have large surface areas
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for all Zr-containing samples, while pure ZnO has relatively low surface area (Table 2.1).
This could be partially attributed to the difference in the precipitation rates of Zr and Zn
salts, which will crucially affect the surface area and size of precipitated agglomerates5,6.
2.4.2 Point-of-zero charge
An amphoteric oxide surface contains terminal hydroxyl groups that protonate or
deprotonate, depending on the acidity of the surrounding solution. The pH at which the
hydroxyl groups are neutral is termed the point of zero charge (PZC). Below this pH, the
hydroxyl groups protonate and become positively charged; above the PZC, the hydroxyl
groups deprotonate and become negatively charged7. PZC of the bare metal oxides was
measured before applying the anion adsorption synthesis technique. The metal oxide
powder was gradually added to 50 mL of DI water with continuous measuring of the pH
value of the suspension. Once this reached a plateau, where adding more metal oxide
power did not further change the pH value, the fixed pH value of the suspension was
recorded as the PZC of the metal oxide. (Table 2.1)
2.4.3 X-ray powder diffraction
X-ray powder diffraction (XRD) analysis was performed on a Rigaku Smart Lab
multi-purpose diffractometer. Cu-Kα radiation was used with a power setting of 50 kV
and 250 mA. Scan rate of 2˚/min with a 0.02˚ step size was used. The identification of the
crystal phases and calculation of the mean crystal size was carried out with the HighScore
Plus software. Broadening of the diffraction peaks was used to calculate crystal size
!"

according to the Scherrer Equation: 𝐵(2𝜃) = !"#$%, where B is the FWHM of selected
diffraction peak, 2θ is the diffraction angle, λ is the wavelength of excitation light source,
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K is the Scherrer constant. The value of K is considered 0.94, assuming spherical shape
of metal oxide particles.
2.4.4 XPS
X-ray photoelectron spectroscopy (XPS) was conducted on the Thermo Scientific
monochromatic using Al-Kα line (1.4866keV) as the excitation source. Binding energies
were measured on a multi-channel detector with pass energy of 50eV and energy step of
0.05eV for high resolution scans and 0.5eV for survey scans. Surface composition of the
composite metal oxides was calculated based on the peak fittings of high-resolution XP
spectra of Zn 2p, Zr 3d and Pd 3d (for Pd-containing samples) spectral regions.
Quantitation of the high-resolution peaks used the Al Scofield sensitivity factor provided
by Thermo Scientific. Due to the overlap of Au 4f and 4d spectral regions with Zn 2p and
Zr 3p spectral regions respectively, quantitation of surface gold composition could not be
conducted by XPS.
2.4.5 ICP/IES
The bulk composition of samples was measured by inductively coupled plasma
ion emission spectroscopy (ICP/IES) in triplicates on a Leeman Labs PS1000 instrument.
Gold addition and leaching amount was also quantitated by performing ICP tests of the
filtrate after gold anion adsorption and leachate after leaching.
2.4.6 Electron microscopy imaging (HRTEM, STEM, STEM-EDS)
Electron microscopy techniques were applied in this thesis for direct imaging of
the sample morphology and metal catalyst distribution. High-resolution transmission
electron microscopy (HRTEM) was conducted on a JEOL 2010 electron microscope with
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200 kV and107 µA beam emission. Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (ac-HAADF/STEM) was conducted on a
JEOL 2200FS STEM/TEM instrument at Oak Ridge National Lab equipped with a
hexapole corrector (CEOS GmbH, Heidelberg, Germany) on the illuminating lenses. The
corrector permits imaging at 200kV in HAADF mode at a nominal resolution of 0.07 nm
with a collection semi-angle of 26.5mr and a beam current of 23 pA. Energy-dispersive
X-ray spectra (EDS) were collected on a JEOL 2010 FEG analytical electron microscope.
2.4.7 UV-Vis and IR spectroscopy
Diffuse reflectance UV-Vis-NIR spectra were collected using a Jasco V570
instrument. Skeletal IR spectra were recorded with a Thermo Nicolet FT-IR 380
spectrometer using pressed disks of 0.01 g sample powder diluted in 1g of KBr. To
distinguish the type of acid sites, i.e. Brønsted acid and Lewis acid, pyridine-adsorption
IR was conducted. Sample powders were pressed into thin wafers and activated in situ at
500˚C for 1h in vacuum. Pyridine vapor (Py) was adsorbed at room temperature at ∼4
Torr for 15min. Weakly adsorbed pyridine was outgassed in vacuum (10-3 Torr), while IR
spectra of the surface species were recorded at room temperature and increasing
temperature up to 500˚C. These IR tests were conducted at the University of Genoa,
Chemistry department, by our collaborator, Dr. Gabriella Garbarino.
2.4.8 Temperature-programmed reduction (CO-TPR)
CO temperature-programmed reduction (CO-TPR) was performed on goldcontaining samples to study the regenerability of surface active –OH groups. CO-TPR
was conducted in 10% CO/He with ramping rate of 10˚C/min from 30 to 400˚C (holding
at 400 ˚C for 30 min). 3 cycles of CO-TPR were performed on each sample with room
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temperature rehydration and degassing in between cycles to regenerate the –OH groups.
The effluent gas was monitored online using a residual gas analyzer (SRS RGA 200).
2[-OH] + 2CO → 2CO2 + H2
2.4.9 Temperature-programmed desorption (IPA-TPD)
Surface titration tests with isopropanol was carried out in the temperatureprogrammed desorption (TPD) mode to probe the surface acidity/basicity of the bare
supports and gold-containing samples. 100mg of sample was loaded in a fixed bed quartz
micro reactor with 400mg of silica sand (pretreated at 800˚C in air for 2h). Pure
isopropanol liquid was pumped to the He carrier gas line at the rate of 200µL/h by a
syringe pump and vaporized to make the total flow rate of 50 mL/min. The gas line was
heated to 90˚C to facilitate the vaporization of isopropanol. Samples were saturated with
isopropanol vapor for 2h, followed by He degassing for 4h at room temperature. A
ramping rate of 2˚C/min starting from room temperature to 400˚C was used in the TPD
experiments. The exit gas was continuously analyzed by mass spectrometry (RGA, MKS
model RS-1). Considering acetone and propene as the main products of isopropanol
(m/e=45) decomposition, He-carried vapor of isopropanol, acetone (m/e=43) and propene
(m/e=41) were calibrated in the same mass spectrometer. The propene signal was
corrected for the contribution of isopropanol at m/e=41. Since acetone and isopropanol
both contain m/e=45 and 43 in their cracking patterns, binary linear equations were
solved to correlate the RGA signal intensity with compound concentration8.

2.5 Catalytic activity tests
There are two alcohol conversion reactions primarily studied in this thesis,
namely, the steam reforming of methanol (SRM) and the ethanol dehydrogenation (EDH)
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reaction. Both the temperature-programmed surface reaction (TPSR) mode and the
steady-state mode were applied in activity tests for the two reactions for different
purposes.
2.5.1 TPSR
The temperature-programmed surface reactions were carried out in a fixed-bed
quartz micro reactor (6mm OD, 4mm ID) at atmospheric pressure. Typically, 100 mg of
catalysts in powder form were loaded in the quartz tube, diluted with 400 mg of quartz
sand that was pretreated at 800˚C in air prior to use. Catalysts were tested without further
pretreatment after calcination, unless otherwise specified. The reactant gas mixture was
injected into a flow of pure He by a syringe pump and vaporized in the heated gas line
before entering the reactor. For SRM-TPSR, the molar ratio of CH3OH/H2O/He was set
to 2/2.6/95.4 with total flow rate of reactants and carrier gas set at 50 mL/min, 25
mL/min or 20 mL/min, corresponding to a gas hourly space velocity (GHSV) of 34,000/h,
17,000/h or 13,600/h (STP) respectively. For EDH-TPSR, with and without water, molar
ratios of EtOH/He and EtOH/H2O/He were set to 8/92 and 2/2/96 respectively. The total
flow rate of reactants and carrier gas was set to 50 mL/min, corresponding to a gas hourly
space velocity (GHSV) of 34,000/h (STP). The feed and the product gases were analyzed
online by a residual gas analyzer (RGA, MKS model RS-1). The RGA was calibrated by
monitoring a series of gases or vaporized liquid carried by ultra high purity He at
different concentrations. The calibrated compounds for SRM include: CH3OH (m/e=31),
H2O (m/e=18), CO (m/e=28), CO2 (m/e=44), H2 (m/e=2), HCOOCH3 (m/e=60). Several
signals were corrected when the cracking patterns of different compounds contributed to
the same m/e value. The CO signal (28) was corrected for the contribution of methanol
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and CO2 at m/e=28. For ethanol EDH-TPSR, the calibrated compounds include: diethyl
ether (m/e=59), acetone (m/e=58), ethanol (m/e=31), acetaldehyde (m/e=43), ethane
(m/e=30), ethylene (m/e=26), CO (m/e=28), CO2 (m/e=44) and methane (m/e=16). For
each reaction system, inferring signals were corrected by solving a system of linear
equations to correlate the RGA signal intensity with the compound concentration in the
effluent gas (Table 2.2).
2.5.2 Steady-state reactions
For steady state testing, the same residual gas analyzer (RGA, MKS model RS-1)
and calibration methodology was applied as for TPSR. For steady-state SRM, a mixture
of 2% methanol and 2.6% water carried by He gas was introduced to the catalyst bed
with a total flow rate of 20mL/min or 50mL/min, corresponding to a GHSV of 13,600/h
or 34,000/h (STP), respectively. Catalyst loading was 100 mg diluted with 400 mg quartz
sand. Reaction temperature was first ramped to the highest set point at a linear rate of 5
ºC/min, and held constant at each set point within the temperature range between 200 and
400˚C with online MS monitoring of the effluent gases. For steady-state EDH, a mixture
of 2% EtOH and 2% H2O carried by He was introduced to the packed bed of catalysts
with a total flow rate of 50mL/min. 100 mg of catalyst in powder form was loaded with
400 mg of inert quartz sand, corresponding to a WHSV of 1.1 gEtOH/(gcat.•h). Reaction
temperature was held constant at each set point for 75 min within the temperature range
between 275 and 400˚C with online MS monitoring of the effluent gases.
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Table 2.1 List of metal oxide supports studied in this thesis and the basic properties.
Preparation
Method
Hydrothermal
Low pH
Hydrothermal
High pH

Activated
carbon hard
template

Sample
Name
m-ZrO2
t-ZrO2
AC-ZrO2
Leached ACZn1Zr10Ox
AC-Zn1Zr10Ox
AC-Zn1Zr5Ox

Carbon black
hard template

AC-ZnO
CB-ZrO2
CB-Zn1Zr10Ox
CB-Zn1Zr5Ox
CB-Zn1Zr1Ox

Commercial

CB-ZnO
TiO2

Crystal
Phase
mZrO2
t-ZrO2

Crystal
Size (nm)
5

PZC
2.6

BET
m2/g
160

Surface
Zn:Zr ratio
-

Bulk
composition
-

5

4.0

110

-

-

t- ZrO2

8

5.0

60

-

-

t-ZrO2

7

6.6

97

Zn1Zr35.4Ox

Zn1Zr13.3Ox

t-ZrO2,
h-ZnO
t-ZrO2,
h-ZnO
h-ZnO
t- ZrO2
t-ZrO2
t-ZrO2
t-ZrO2,
h-ZnO

6

6.9

79

Zn1Zr6.5Ox

Zn1Zr7.8Ox

8

7.8

66

Zn1Zr2.5Ox

Zn1Zr3.7Ox

35
4
4
4
4 (ZrO2)
11 (ZnO)

8.1
4.0
5.1
5.6

30
146
136
116

Zn1Zr13.7Ox
Zn1Zr6.4Ox

Zn1Zr7.8Ox
Zn1Zr3.7Ox

6.8

105

Zn1Zr1.3Ox

Zn1Zr0.8Ox

h-ZnO
anatase

40
10

7.8
-

31
221

-

-

Note: m- represents monoclinic ZrO2, t- represents tetragonal ZrO2, h- represents
hexagonal ZnO
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Table 2.2 Table of compounds quantitated by signal intensity calibration on the Residual
Gas Analyzer
SRM
compounds
H2
H2 O
CO
CO2
CH3OH
HCOOCH3
EDH
compounds
CH4
CO
CO2
C2H4
C2H6
C2H5OH
CH3CHO
CH3COCH3
(C2H5)2O

Mass Fragments
2
2

18

2

18

28
28
28

44
31
60

Mass Fragments
16

16
16
16

26
26
26
26
26

28
28
28
28
28
28
28
28

44
30
30
30
30

31
31
31
31

43
43
43
43

44
44
44

58
58

59

Characteristic
peak
2
18
28
44
31
60
Characteristic
peak
16
28
44
26
30
31
43
58
59
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Chapter 3. Au/MO (MO=ZrO2, ZnO, TiO2 and ZnZrOx) Catalysts for
Methanol Steam Reforming Reaction
The pioneering work of Parravano et al.1 and Haruta et al.2-4 have shown the
unique catalytic properties of gold, inactive in bulk, but active and selective for a large
number of reactions in nano or subnano scale. Methanol steam reforming catalyzed by
supported gold was first comprehensively studied on Au/CeO2 by Yi in 20105. All
evidence points to atomically dispersed gold species as the active sites. Following Yi’s
work on Au/CeO26, Boucher et al.7,8 have investigated Au/ZnO for the same reaction.
Abundant oxygen defects on the polar surfaces of ZnO nanoshapes were proposed as the
reason for the preferential Au-MO binding7,8. Similar apparent activation energies
(~110kJ/mol) for the SRM reaction on Au/CeO2 and Au/ZnO have made the case for the
same Au-Ox- species on both supports as active centers. The SRM reaction mechanism
on the two gold catalysts indicated that methanol decomposition did not take place on
gold. Instead, CO2 and H2 were the only products found up to 225˚C. Using dynamic
TPSR experiments in the absence of water, Yi and Boucher et al.5-8 found that the
reaction pathway involved the methanol coupling to methyl formate intermediate
(2CH3OH → HCOOCH3 + 2H2). Parallel work on O-activated gold single crystals9,10 and
on unsupported nanoporous gold11, gave similar reaction pathway, i.e. the oxidative
methanol coupling reaction to methyl formate. This further proved that supports are
merely carriers of the active gold sites. The success of gold as a selective SRM catalyst
regardless of the supports has broadened the choice of supports to a number of other
oxides and mixed oxides for desired catalytic performance.
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Nanoscale ZrO2, which has larger surface area and higher resistance to alkali
solution, but lower oxygen mobility and higher acidity than ZnO, was chosen to be
studied in this thesis work, alone and in combination with ZnO as gold catalyst support
for methanol as well as ethanol reactions. Another support candidate for gold is
commercial TiO2, which possesses even higher acidity than ZrO2. The investigation of
SRM on various supports in a wide range of surface acidity has further unraveled the fact
that gold centers in atomic scale on intrinsically less favorable supports will have the
same reactivity per gold atom via the same reaction mechanism.

3.1 Catalyst characterization results
Metal oxides employed in this work were synthesized by the activated carbon
hard-template method, denoted as AC-ZrO2, leached AC-Zn1Zr10Ox, AC-Zn1Zr10Ox and
AC-Zn1Zr5Ox and AC-ZnO, all shown in Table 2.1. Also, commercial G5 TiO2
(Millenium) was used as a support of gold with added alkali oxides. Bulk Zn/Zr ratios of
ZnZrOx composite oxides were measured by ICP. Each sample was tested at least three
times by ICP and the average was taken as shown in Table 2.1. ZrO2 nanoparticles
synthesized by the activated carbon hard-template method are highly crystallized in the
tetragonal phase. Due to the similarity between the diffraction patterns of cubic and
tetragonal phases of ZrO2, the characteristic peaks of high index planes (400) at mediumangles (72º-76º) were closely examined. As discussed by Srinivasan et al.12, asymmetric
doublets at ~74º indicate the tetragonal rather than the cubic phase of ZrO2 (inset of Fig.
3.1). Moreover, synthesis of ZrO2 from zirconyl precursors without structural
stabilization by yttria or hafnia13,14 most likely develops the tetragonal phase of ZrO2.
Zn1Zr5Ox and Zn1Zr10Ox composite oxides synthesized by the activated carbon hard-
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template method demonstrate predominantly the tetragonal structure of ZrO2, while the
ZnO hexagonal structure was also detected as a minority phase (Fig. 3.1). ZnO polyhedra
nanoparticles synthesized by the same method crystallize in the hexagonal system. The
as-received G5 TiO2 is almost pure anatase phase with average crystal size of ~10nm
(Table 2.1).
Significant positive change (3-4 units) of point of zero charge (Table 2.1) was
observed by ZnO addition into ZrO2. Since the anion adsorption method was conducted
for adding gold to the ZnZrOx supports (Table 3.1), increased PZC enables better
speciation of [AuCl4]- to [Au(OH)4]- and facilitates the adsorption of the anionic gold
precursor onto the positively charged metal oxide surface15,16. ICP testing of the filtrate
after 4 h of gold anion adsorption showed that the adsorption capacity of Zn1Zr10Ox had
increased to 1.4 wt.% Au from 1 wt.% Au on bare the ZrO2. The designed amount of 1
wt.% gold loading was applied on all the supports by the anion adsorption method. To
study the effect of ZnO addition on the performance of ZnZrOx as support of gold,
leaching of Zn1Zr10Ox with 2 wt.% NaCN (~0.04M) aqueous solution was carried out for
3 minutes to dissolve loosely bound ZnO particles. 42% of the original ZnO amount was
leached off the Zn1Zr10Ox sample, resulting in the bulk composition of the leachedZn1Zr10Ox to be Zn1Zr13Ox (Table 2.1) as measured by ICP.
XPS analysis of the gold-free supports was performed to get the surface
composition of Zn and Zr. The surfaces of Zn1Zr5Ox and Zn1Zr10Ox are slightly Zn-rich
compared to the bulk Zn:Zr atomic ratio (Table 2.1). XPS spectra of Zn at the 2p energy
range captured a slight energy shift on Zn1Zr10Ox indicating the strong interaction
between ZnO and ZrO2. No shift was detected on Zn1Zr5Ox, which is consistent with
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other characterization findings showing that ZnZrOx samples with high Zn concentration
do not deviate from the properties of pure ZnO. For the same reason, there was a Zr peak
shift on Zn1Zr5Ox, because more ZrO2 is in close contact with ZnO and forming the
ZnZrOx composite oxide (Fig. 3.2). Leaching of Zn1Zr10Ox dissolved 42% of zinc in total,
most of which from the surface, since the surface Zn:Zr atomic ratio of the leached
Zn1Zr10Ox significantly decreased from 1:13 (bulk, overall) to 1:35 (Table 2.1) after
washing and drying. Interestingly, as will be discussed below, this small amount of ZnO
associated with the ZrO2 crystallites was enough to disperse the 1wt.% gold atomically
and anchor gold through the –O- bonds.

3.2 Modification of surface acidity/basicity through ZnZrOx formation
Addition of ZnO to ZrO2 modifies the surface chemistry of ZrO2 by passivating
the strong Lewis acidity of ZrO2 and simultaneously creating basic sites17. Isopropanol is
a good probe molecule for surface acidity/basicity evaluation, since it dehydrates to
propene on strong Lewis acid sites18, and dehydrogenates to acetone on weak Lewis acid
sites and basic sites19,20. To quantify the composition of different surface active sites
based on the selectivity of IPA-TPD to different products within different temperature
windows, experimental data of IPA-TPD were fitted, deconvoluted and integrated.
Acetone production on pure ZnO starts from 150˚C and peaks at 220˚C (Fig. 3.3-a),
while on pure ZrO2, it peaks at 320˚C (Fig. 3.3-b). Since both are amphoteric metal
oxides, propene was also produced, peaking at ~230˚C on ZnO and still at 320˚C on ZrO2.
IPA-TPD from Zn1Zr10Ox (Fig. 3.3-d) shows two acetone peaks at 220˚C and 300˚C,
respectively, and one propene peak at 300˚C. The acetone and propene peaks at 300˚C
were not observed on either ZnO or ZrO2, indicating the formation of a new type of
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active site on Zn1Zr10Ox. Hence, addition of ZnO at a bulk atomic ratio of Zn:Zr=1:10
will lead to two types of active sites on the surface: a small portion of ZnO particles that
demonstrate the surface properties of pure ZnO; and a homogeneous composite of ZnO
and ZrO2 (denoted as ZnZrOx) that exists in the form of highly dispersed ZnO clusters
throughout the ZrO2 phase. Isobutylene peaks (not shown in IPA-TPD/MS) observed at
~310˚C are likely due to the coupling of acetone produced at high temperature with water
present on the surface21. A similar result was found on Zn1Zr5Ox (Fig. 3.3-e). Acetone
peak centered at 220 °C and propene peak centered at 230°C prove the existence of ZnO
particles. With higher Zn concentration, the amphotericity of ZnO is clearly demonstrated
with both acetone and propene peaks found at low temperature. High temperature peaks
of acetone and propene at ~300˚C indicate the formation of the new ZnZrOx phase.
Quantitation of each type of site is based on the integrated area of the product peaks. It is
interesting to find that the fraction of ZnO particles among the total active sites does not
increase linearly with the ZnO amount in the bulk. ICP test of the NaCN leachate of
Zn1Zr10Ox reveals that 42% of Zn in Zn1Zr10Ox was dissolved by the leaching. The
leached-Zn1Zr10Ox was tested by IPA-TPD/MS under the same condition, showing
acetone and propene peaks at ~300˚C only, hence containing only the homogeneous
ZnZrOx phase after leaching. The ZnO associated with this phase is not soluble in the
highly alkaline solution.

3.3 Temperature-programmed surface reactions (SRM-TPSR)
Modification of the metal oxide supports crucially affects the performance of gold
catalysts in the way of anchoring active gold centers. To study the catalyst activity and
selectivity under dynamic conditions, temperature-programmed surface reactions were
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conducted. Previous work by the Flytzani-Stephanopoulos group5-7 on gold has
demonstrated the methanol coupling mechanism, producing methyl formate as the
intermediate (2CH3OH à HCOOCH3+2H2). Methyl formate is hydrolyzed rapidly to
formic acid in the presence of water, which makes it challenging to capture methyl
formate during the SRM reaction. To prove the coupling mechanism, and to rule out the
direct oxidation of CH3O– by –OH, which is not likely to occur due to the rapid
deprotonation of methoxy groups to formaldehyde and the nucleophilic property of both
the methoxy and hydroxide groups22, methanol-TPSR in the absence of water was
conducted on all the Au/ZnZrOx samples. In collaboration with Ming Yang, a member of
the Flytzani-Stephanopoulos group, two Au/TiO2 samples23 (Table 3.1) were also tested
in methanol-TPSR to demonstrate the indirect effect8 of metal oxide supports on the
reaction mechanism of gold catalysts. Methanol-TPSR on Au/ZrO2 and Au/TiO2 samples
(Figure 3.4) has identified the formation of methyl formate (m/e=60) via methanol
coupling by continuous monitoring of the effluent gas by MS. Production of methyl
formate, starting from 160 ˚C, peaked at ~210˚C on 1.0 wt.% Au-Ox-Na/TiO2; and
~220˚C on 0.5 wt.% Au-Ox-Na/TiO2. A delay of methyl formate production occurred on
the as prepared 1 wt.% Au/ZrO2, which shows the difference in gold catalyst activity
even with same gold loading; the gold on the TiO2 being fully atomically dispersed24, but
not so on ZrO225. Capture of methyl formate indicated the unique gold chemistry for
methanol coupling, which is universal to all the gold samples as has been previously
observed on Au-CeOx and Au-ZnO5-8.
To investigate the catalysts activity and reaction pathway in the presence of H2O,
(CH3OH + H2O)-TPSR was conducted on the bare supports and on all the gold-
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containing samples. SRM-TPSR on bare TiO2 and Na-Ox/TiO2 supports shows no
activity in the temperature range of 30-300˚C (Figure 3.5), which clearly attributes the
activity of the gold-containing samples to active sites formed by the gold species. On
0.5Au-Ox-Na/TiO2 and 1.0Au-Ox-Na/TiO2, SRM lighted off at ~200˚C with simultaneous
production of H2 and CO2. No CO production was detected up to 300 ˚C, leaving a wide
temperature window for CO-free methanol steam reforming. The same SRM activity was
detected on 0.5Au-Ox-Na/TiO2 and 1.0Au-Ox-Na/TiO2 with a GHSV of 13,600/h, at
which the conversion is high, i.e. not within the kinetic control region for these sodiumstabilized samples. The TOF of SRM on Au-Ox-Na/TiO2 samples per gold atom amount
will be discussed in Chapter 3.5. Inferior reactivity and poor selectivity of SRM was
detected on bare ZrO2, ZnO and ZnZrOx samples (Figure 3.6). SRM lighted off at
~380˚C on pure ZrO2 and ZnO, and at ~320˚C on Zn1Zr10Ox. Addition of ZnO to ZrO2
remarkably increased the activity of SRM and the selectivity to CO2 over CO comparing
to pure ZrO2. However simultaneous production of CO and CO2 on Zn1Zr10Ox at these
higher temperatures renders these catalysts impractical for CO-free conversion. Addition
of gold at 1 wt.% loading drastically improves the catalytic performance on all the
ZnZrOx supports (Figure 3.7), although the overall performance differs depending on the
capacity of the support to disperse and anchor gold stably under reaction conditions.
Simultaneous production of H2 and CO2 started at 250˚C on Au/ZrO2 sample, while CO
production started at ~300˚C. This narrow temperature window for exclusive H2 and CO2
production (selectivity > 99%) is due to the weak binding between gold and bare ZrO2.
As temperature increases to 300˚C and above, the catalysis by ZrO2 surface strong Lewis
acid sites takes over26,27, i.e. methanol decomposition occurs through the CO and H2
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pathway. Great enhancement by ZnO-modification was observed on Au/Zn1Zr10Ox and
Au/L-Zn1Zr10Ox samples, where simultaneous H2 and CO2 production without any CO
production started below 225 and 200˚C, respectively. Exclusive production of H2 + CO2
was maintained up to 375 and 325˚C, respectively, where CO started to be produced.
This wider temperature window for CO-free SRM reaction is due both to the passivation
of the ZrO2 surface acidity, as the IPA-TPD tests have demonstrated (Figure 3.3), and
also to the interaction of Au with ZnO, a more active and selective oxide. Indeed, ZnO
itself catalyzes the CO-free SRM at temperatures above 300˚C7,8. However, the
composite ZnZrOx surface has superior activity to bulk ZnO as the light-off temperature
of SRM on Au/ZnO is 275˚C, which is higher than for Au on the ZnZrOx supports
(Figure 3.7). This is due to the larger number of active Au–O-species on the latter than on
the former, as discussed above. Overall, therefore, modification of ZrO2 by addition of
∼10 at. % ZnO by the carbon hard-template method creates a superior support for gold,
whereby highly dispersed ZnO clusters are strongly coupled with the ZrO2 nanocrystals,
and provide many more anchoring sites for the gold catalyst species than bulk ZnO.
Furthermore, the modification benefits the selectivity to H2 and CO2 over a wider
temperature window (to ∼375˚C), as the ZrO2 acid sites are passivated by ZnO. As an
added feature, ZnO stability is improved and gold remains anchored stably after reaction.
In summary, ZnO-modified ZrO2 is an attractive support for gold catalysts, maintaining
high activity and high CO2 and H2 selectivity during low- and moderately-high SRM
reaction temperatures.
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3.4 Atomic dispersion of gold followed by electron microscopy (HRTEM,
STEM)
Electron microscopy of the fresh and reaction-used samples provides the direct
evidence of the atomic dispersion of gold catalysts on various supports. HR-TEM
imaging of gold-containing samples prepared by anion adsorption method, fresh and used
(after SRM-TPSR to 400ºC), conducted on a JEOL 2100 microscope are shown in Figure
3.8. No gold particles were visible in the fresh (calcined at 300°C, in 10%CO2/He, 2h)
samples of Au/ZrO2, Au/L-Zn1Zr10Ox, Au/Zn1Zr10Ox and Au/Zn1Zr5Ox. However, gold
particles can be clearly seen on the pure ZnO nanoparticles (~35nm) even before reaction,
due to the lack of adequate surface area (~30 m2/g) to disperse all the gold added.
Sintering of gold into particles (>2.5nm dia.) on the used catalyst samples was detected
on Au/ZrO2 and Au/ZnO samples. Milder agglomeration of Au into clusters (1-2.5nm)
was found on the modified supports, Zn1Zr10Ox parent and its ZnO-leached derivative,
and on Zn1Zr5Ox. Sintering of gold indicates destabilization under the reaction conditions.
While the bulk ZnO nanoparticles were unable to keep most of the 1 wt.% Au in
dispersed form, the ZnZrOx samples, where ZnO is highly dispersed itself, allow the
retention of gold in the active atomic state. Although no gold particles were imaged on
the fresh Au/ZrO2 sample, this could be partially due to the high electron density of ZrO2
that might conceal the gold particles. To further capture the dispersion of Au on ZrO2 and
Zn-modified supports, aberration-corrected high angle annular dark field scanning
transmission electron microscopy (ac-HAADF/STEM) was conducted on both the parent
and leached Au/ZrO2 and Au/Zn1Zr10Ox fresh samples at the Advanced Microscopy
Laboratory in Oak Ridge National Laboratory, using a JEOL 2200FS STEM/TEM. Au
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particles on pure ZrO2 are clearly seen along with gold atoms (Fig. 3.9-a); while on
Zn1Zr10Ox, only gold atoms were present (Fig. 3.9-b). Leaching by 0.05% NaCN solution
removed most of the gold particles from the Au/ZrO2 sample (Fig. 3.9-c), hence the
image of the leached sample (Fig. 3.9-c) shows only residual gold atoms. Leaching of
Au/Zn1Zr10Ox by NaCN also dissolved ~40% of Zn in the Zn1Zr10Ox support along with
the Au atoms attached to it. Finely dispersed Au atoms were still found to be the only
form of Au on the leached Au/Zn1Zr10Ox (Fig. 3.9-d).

3.5 Steady-state SRM reactions
The temperature-programmed surface reactions of SRM on all the gold catalysts
have demonstrated the unique chemistry of gold, which catalyzes the coupling of
methanol through the methyl formate intermediate. To further confirm the gold catalysis
of SRM on all the gold-containing samples, steady-state SRM reaction was conducted in
the kinetic control region to measure the apparent activation energy of SRM on all the
samples. Gold on various supports with different ZnO amount were tested to investigate
the effect of Zn content on the catalyst activity (Figure 3.10). Addition of gold shifted the
light-off temperature of methanol conversion to as low as 200˚C on the leached
Zn1Zr10Ox, the most significant effect shown among all Au/ZnZrOx samples. Full
conversion of methanol was reached at 400 ºC on 1 wt.% Au/Zn1Zr10Ox, 1 wt.% Au/LZn1Zr10Ox and 1 wt.% Au/Zn1Zr5Ox, while 92% conversion of methanol was measured
on 1 wt.% Au/ZrO2 and 89% conversion on 1 wt.% Au/ZnO at 400 ºC (Figure 3.10).
Superior activity was observed on gold catalysts supported on ZnO-modified ZrO2. As
mentioned above, ZnZrOx composite oxides with highly dispersed ZnO species create
more active sites for SRM by better anchoring gold and keeping it atomically dispersed.
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This is consistent with the fact that no severe agglomeration of gold into particles was
detected on the used samples supported by Zn1Zr10Ox, L-Zn1Zr10Ox or Zn1Zr5Ox by
HRTEM (Figure 3.8-d, f, h). To test the stability of the samples under reaction conditions,
the samples were cooled down to 350˚C and held there for 2 h after reaching the highest
temperature of 400˚C. These are shown by the filled red symbols in Figure 3.10. The
conversions of methanol were in close agreement on Au catalysts supported on Zn1Zr10Ox,
L-Zn1Zr10Ox, Zn1Zr5Ox and ZnO; a considerable deactivation occurs on the Au/ZrO2
sample after reaching the highest temperature of 400 °C. This is attributed to the loss of
atomically dispersed gold from this sample after use (See Figure 3.8). Milder conditions
were employed for the steady-state test on 1.0Au-Ox-Na/TiO2, where the temperature
peaked at 260˚C for the 1st-cycle, and the same methanol conversion was observed at
260˚C for the 2nd-cycle. Overall, the gold-containing samples were able to maintain
satisfactory reactivity as long as the atomic dispersion of gold was well maintained
through the -Ox- bonds to the metal oxide supports under realistic SRM conditions.
Reaction rates of steady-state SRM reactions were collected to calculate the
activation energy of the reaction on the bare supports and the gold-containing samples
(Figure 3.11). Conversions were kept low (<20%) to assure the reaction rates were in the
kinetic control region. Yi et al.5,6 first reported the apparent activation energy of SRM on
highly dispersed gold on ceria (CeO2 nano rods and cubes) to be 110±1.2 kJ/mol.
Boucher et al.8 confirmed the same value for gold supported on ZnO nano polyhedra and
rods. The values of the Eapp (110±8 kJ/mol) over all the Au-containing samples examined
here (Figure 3.11) are in close agreement with the previous reports for gold supported on
CeO2 or ZnO. As shown in the Arrhenius plot (Figure 3.11), even though the same
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reaction mechanism was observed for all the gold-containing samples, indicated by the
same Eapp of SRM, reaction rates still varied on the different samples over the examined
temperature range (220-350˚C). This is attributed to different gold dispersion, i.e.
availability on each sample. The same designed loading of gold (1 wt.%) results in
different amount of the total gold in atomic state depending on the number of anchoring
sites, which varies widely with the type and treatment of each support. Some supports,
such as CeO2, especially in nanoscale, are superior in binding and dispersing gold
atomically5-7,28,29; hence the number of active sites, corresponding to the support
“capacity” is higher. Reaction rates on Au/ZnZrOx at 350˚C and on 1.0 Au-Ox-Na/TiO2 at
260˚C are listed in Table 3.1. On a per catalyst weight basis, the rates are significantly
different among these samples. Boucher et al. have reported that the proper scaling of
SRM rates on Au/ZnO nanoshapes is by the amount of the polar (0010) surface area of
ZnO for samples with the same gold loading7,8. As stated above, the number of active
Au-Ox- sites for SRM depends on the number of anchoring points on the support; in ZnO
the polar (0010) surfaces are the preferred ones, while in CeO2 these are the (110)
surfaces5-7. For the ZnZrOx system, the amount of dispersed ZnO clusters and
homogeneous ZnZrOx composite oxide, i.e. the number of anchoring points is correlated
to the dispersion of gold, which eventually determines the total reaction rate of the SRM.
Spectator gold in the form of particles is loosely bound to the support and inferior in
activity for the SRM considering the usage of gold per gram basis.
To investigate the fraction of dispersed gold, which has formed the strong Au-Oxbonds with the ZnO clusters and ZnZrOx composite oxide, leaching with dilute (0.05wt%)
NaCN aqueous solution for 3 min was performed on all the 1 wt.% Au/ZnZrOx samples
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to remove the gold particles, which are spectator species as well as the Au-Ox-ZnO
species which are active, but only associated with the dispersed ZnO clusters. The
leachates of parent samples (Au/ZnO; Au/Zn1Zr10Ox; Au/Leached-Zn1Zr10Ox; and
Au/ZrO2) were tested by ICP to quantify the amount of dissolved Zn and Au during the
leaching process, and to back calculate the amount of Au left on each support, which
corresponds to the active sites for the SRM reaction on the support. 11.7%, 33.0%, 48.1%
and 53.2% of the original 1wt.% of gold was retained on Au/ZnO, Au/Zn1Zr10Ox,
Au/ZrO2 and Au/L-Zn1Zr10Ox, respectively, after leaching. Rescaling of the SRM
reaction rate on parent samples at 260˚C by the amount of the residual dispersed gold
brings to a closer agreement the turnover frequencies (TOF(Au)) on all the Au/ZnZrOx
samples, shown in units of 1/s, corresponding to CO2 molecules produced per second per
residual gold atom (Table 3.1). The Eapp on the leached Au/ZnZrOx samples was similar
to the Eapp of the parent catalyst samples (110±8kJ/mol). For comparison, the two Au-OxNa/TiO2 samples with 1.0 and 0.5 wt.% gold loading prepared by the IWI method23,30 by
Yang et al. were also investigated here, since these two were shown to have 100%
dispersion of gold in Yang’s work23,30. In other words, comparison of SRM reaction rates
between Au-Ox-Na/TiO2 and leached Au/ZnZrOx samples will more precisely measure
the gold catalyst activity since gold atoms only are present on both types of catalysts. The
Arrhenius plot (Figure 3.12) of the normalized SRM rate per atom of gold on 1.0Au-OxNa/TiO2 and 0.5Au-Ox-Na/TiO2 shows them on the same TOF line with the NaCNleached Au/ZnZrOx samples. Thus, similarly structured Au-Ox- are the active sites,
regardless of the supports employed. The stable Au-Ox- active sites on Au-Ox-Na-TiO2
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under reaction conditions accounts for the stable overall catalyst performance during the
cyclic SRM tests up to 260˚C shown in Figure 3.13.
CO-temperature programmed reduction (CO-TPR) was performed 3 times on
each of the as prepared Au/ZnZrOx samples (Figure 3.14), and the results from the last 2
cycles were plotted and averaged for the surface –OH groups calculation. Evolution of
CO2 and H2 corresponds to the active –OH groups on the surface which coincides with
the activation of Au-Ox-M species on the metal oxide supports (-OH + CO à CO2
+1/2H2)8. The CO-TPR profiles indicate the existence of two types of –OH groups
activated at ~250˚C and ~350˚C, respectively (Figure 3.14). Low-temperature active –OH
groups are attributed to the Au-Ox-M-(OH)y structures, while high-temperature –OH
groups correlate with additional but less active M–(OH)x sites on the support. Integration
of H2 peaks shows the amount of –OH groups in units of µmol per gram of catalyst
(Table 3.1) over the whole temperature range up to 400 ˚C. The molar ratio of CO2/H2 is
close to 2:1 on Au/Zn1Zr10Ox and Au/Leached-Zn1Zr10Ox samples, while the CO2/H2 is
found to be 3.1 on Au/ZnO indicating that certain amount of CO2 is the product of ZnO
reduction by CO at high temperatures (>350˚C). The SRM turnover frequencies of the
Au/ZnZrOx samples based on the amount of active –OH groups were also calculated and
are listed in Table 3.1. A closer agreement between the four parent samples was observed,
indicating that the overall activity of Au-containing samples correlates with the amount
of the surface –OH groups of surrounding the Au-Ox-M-(OH)y species.

3.6 Temperature-programmed oxidation
Temperature-programmed oxidation (TPO) of the spent Au/ZnZrOx samples after
steady-state SRM was conducted to investigate potential carbon deposition on the surface
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during the course of the reaction. Spent samples (none of the used samples listed in
Figure 3.15 showed black color of possible soot) were heated from room temperature to
400°C under 10%O2/He at the flow rate of 50 mL/min21. The concentration of CO2 in
effluent gas of TPO was not higher than 0.018% throughout the whole temperature range,
indicating a negligible production of CO2 from the combustion of very minor amount of
carbon species on the surface. A slight increase of CO2 on Au/leached-Zn1Zr10Ox,
Au/Zn1Zr10Ox, and Au/Zn1Zr5Ox was observed at ~320˚C, while a wider CO2 peak
starting from 300˚C was observed on Au/ZrO2. No increase of H2O signal took place at
the same temperature range, which rules out the formation of hydrocarbons under SRM
reaction conditions up to 400˚C.

3.7 Summary
In this chapter, ZnO-modified ZrO2 samples prepared by the activated carbon
hard-template method were studied as gold catalyst supports for the SRM reaction to
overcome the undesired surface acidity and scarceness of oxygen defects of pristine ZrO2.
The ZnZrOx composite oxides have been found to be good supports for gold catalysts by
dispersing and anchoring the gold stably under realistic SRM reaction conditions with
exclusive H2 + CO2 production, free of CO over a wide temperature window (175-350˚C).
Comparison between the Au/ZnZrOx samples to sodium ion-stabilized Au/TiO2
samples23,30 further demonstrates the indirect effect of catalyst supports on the SRM
reaction mechanism on gold. Overall, ZnO-modification of ZrO2 offers a way to improve
gold catalyst activity by creating many more active Au-Ox- sites on the dispersed ZnO
species, but more importantly also on the modified ZnZrOx surface, which improves the
stability of gold at high temperatures, a result of practical importance for the application
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of these catalysts in realistic conditions, in fuel cell systems and the like. Although
significant improvement by ZnO-modification to ZrO2 was observed as discussed in this
chapter, there is still room for better mixing of the ZnO and ZrO2 crystallites. XRD, XPS
and IPA-TPD results of all the ZnZrOx samples clearly show that a separate phase of
excess ZnO exists even in Zn1Zr10Ox. Surface enrichment of ZnO makes the Au/ZnZrOx
samples with excess ZnO potentially more prone to sintering (destabilization). To
improve the homogeneous distribution of ZnO species in the domain of ZrO2, a more
suitable carbon material, carbon black (Cabot, Black Pearl 2000), will be employed and
discussed in the next chapter as the hard template. Black Pearl 2000 with larger pore
volume and no micropores31, allows thorough mixing of ZnO and ZrO2 precursors during
preparation and results in drastically different performance of the ZnZrOx composite
oxides as catalyst supports, as will be discussed in Chapter 4.
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Table 3.1 List of samples discussed in Chapter 3 and their SRM catalytic properties.
Sample

Au
wt.%

% of Au
retained
post
leaching

SRM
Reaction
ratea

TOF(Au)b
s-1

Surface
–OHc

TOF(OH)d
s-1

Anion
adsorption on
AC-supports
1wt.%
loading
on
parent
sample

Au/ZrO2

1.0

33.0%

0.19

0.012

395

0.008

Au/L-Zn1Zr10Ox

1.0

48.1%

0.40

0.015

739

0.008

Au/Zn1Zr10Ox

1.0

53.2%

0.35

0.014

684

0.011

Au/ZnO

1.0

11.7%

0.06

0.010

199

0.009

Incipient
wetness
Impregnation

Au-Na-TiO2

1.0

-

0.71

0.014

-

-

0.5

-

0.44

0.017

-

-

Preparation
Method

a

Steady-state reaction rate was measured at the conditions of Fig. 3.10. Reaction rate is in µmol of CO2
produced per second per catalyst weight (µmol/s/gcat) at 260˚C.
b

TOF(Au), molecule of CO2 produced per atom of gold per second measured at 260˚C

c

Amount of –OH groups per gram of catalyst (µmol/gcat) is calculated from integration of the CO-TPR
profiles from 30˚C to 400˚C, shown in Fig. 3.14.
d

TOF(-OH), molecules of CO2 produced per active -OH per second measured at 350˚C
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Figure 3.1. XRD patterns of a) ZnO; b) Zn1Zr5Ox; c) Zn1Zr10Ox; d) Leached-Zn1Zr10Ox; e) ZrO2
synthesized by activated carbon hard template method.

• tetragonal ZrO2; + hexagonal ZnO
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Figure 3.2. XP spectra of ZnO, Zn1Zr5Ox, Zn1Zr10Ox, and ZrO2 at Zn 2p binding energy range and
Zr 3d range
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Figure 3.3 Mass spectra from IPA-TPD on: a) ZnO (polyhedra); b) ZrO2 (tetragonal); c) LeachedZn1Zr10Ox; d) Zn1Zr10Ox; e) Zn1Zr5Ox.
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Figure 3.4 Methyl formate production (m/e=60) on Au/ZrO2 and Au/TiO2 samples. 10% CH3OH
in He, total flow rate=10 mL/min; 100 mg catalyst loading; Temperature increases linearly from
50 ˚C with 2 ˚C/min heating rate.
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Figure 3.5 SRM-TPSR on TiO2, Na-TiO2, 0.5Au-Na-TiO2 and 1.0Au-Na-TiO2 (2%CH3OH,
2.6%H2O, balance in He, total flow rate = 20mL/min; 100mg catalyst loading; Temperature
increases linearly from 30˚C to 300˚C with 2˚C/min ramping rate).
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Figure 3.6 SRM-TPSR on bare ZrO2, Zn1Zr1Ox and ZnO (2%CH3OH, 2.6%H2O, balance in He,
total flow rate = 50mL/min; 100mg catalyst loading; Temperature increases linearly from 30˚C to
500˚C with 2˚C/min ramping rate)
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Figure 3.7. SRM-TPSR on 1 wt.% Au/ZrO2, 1 wt.% Au/ZnO, 1 wt.% Au/Zn1Zr10Ox and 1 wt.%
Au/L-Zn1Zr10Ox (2%CH3OH, 2.6%H2O, balance in He, total flow rate = 50mL/min; 100mg
catalyst loading; Temperature increases linearly from 30˚C to 400˚C with 2˚C/min ramping rate)
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(continued next page)
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Figure 3.8 HRTEM images of a-b) as prepared and used 1 wt.% Au/ZrO2; c-d) as prepared and
used 1 wt.% Au/leached-Zn1Zr10Ox; e-f) as prepared and used 1 wt.% Au/Zn1Zr10Ox; g-h) as
prepared and used 1 wt.% Au/Zn1Zr5Ox; i-j) as prepared and used 1 wt.% Au/ZnO
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Figure 3.9 ac-HAADF-STEM images of parent and leached Au/ZrO2 (a, c); and parent and
leached Au/Zn1Zr10Ox (b, d). Circles are drawn around single gold atoms.
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Figure 3.10 Methanol conversion in steady-state SRM tests over bare supports and goldcontaining samples. Red filled symbols are methanol conversions of the 2nd cycle at 350˚C
(260˚C for 1.1 wt.% Au/TiO2) after reaching the highest set reaction temperature. MeOH/H2O/He
molar ratio = 2/2.6/95.4; total flow rate = 50 mL/min (20mL/min for 1.0Au-Na-TiO2), GHSV =
34,000/h (13,600/h for 1.0Au-Na-TiO2).
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Figure 3.11 Arrhenius plots for SRM on bare supports and gold-containing samples. Same
reaction conditions as stated in Figure 3.10
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Figure 3.12 Arrhenius plot of SRM-TOF calculated by CO2 production rate per gold atom basis
(2%CH3OH, 2.6%H2O, balance He, total flow rate=20 ml/min; 100 mg catalyst loading;
Temperature between 280˚C-220˚C with 75min holding at set temperature, CH3OH conversion <
20 %)
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Figure 3.13 Stability tests by performing 3 cycles of SRM with isothermal holding at 260˚C for
75min for each cycle. 2%CH3OH, 2.6%H2O, balance He, total flow rate=20 ml/min; 100 mg
catalyst loading; 7.5hr on-stream reaction.

101

a)

b)

c)

d)

Figure 3.14 CO-TPR profiles of a) Au/ZrO2, b) Au/leached-Zn1Zr10Ox, c) Au/Zn1Zr10Ox and d)
Au/ZnO; CO-TPR conducted in 10% CO/He with the flow rate of 30 mL/min from 30 to 400˚C
at the ramping rate of 10˚C/min and holding at 400˚C for 30 min
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Figure 3.15 TPO profiles over used Au-containing samples (after steady-state SRM tests up to
400˚C). Heating from room temperature to 400˚C at 2˚C/min, in 10% O2/Heat the flow rate of 50
mL/min.
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Chapter 4. Au/ZnZrOx Catalysts for Low-Temperature Ethanol
Dehydrogenation Reaction
Gold in nano and subnano scale catalyzes many reactions, such as water gas
shift1-5 and methanol steam reforming reaction6-9. Reactivity and stability of gold catalyst
is significantly affected by the capability of the catalyst support to disperse and anchor
the active centers of gold under reaction conditions. Application of the ZnZrOx composite
oxides synthesized by the activated carbon hard template method in Chapter 3 has
demonstrated the advantages of the ZnZrOx composite oxide as gold support for
methanol reforming the via self-coupling mechanism. The study of the Au/ZnZrOx
system for methanol steam reforming inspired the investigation of a more complex C2
alcohol, ethanol, for H2 and value-added chemicals production. Supported gold was used
for ethanol dehydrogenation in the literature with oxygen or water co-feeding as
oxidant10-12. Vaporization of extra oxidant is not only energy consuming, but also
decreases H2 yield by producing oxygenated byproducts. In Chapter 3, some questions
still remain after the investigation of ZnZrOx materials prepared by activated carbon hard
template method, regarding the modification of ZrO2 by ZnO, the homogeneity and the
morphology of the ZnZrOx composite oxide.
With these questions unsolved, a series of Au/ZnZrOx samples were studied for
selective ethanol dehydrogenation (EDH) at low-temperature (~200˚C) with moderate
water feeding. Carbon black (Cabot, Black Pearl 2000) with large pore volume of ~3ml/g
was employed as the hard template for ZnZrOx preparation to achieve a homogeneous
distribution of ZnO in the ZrO2 crystallites. In this chapter, UV-Vis spectroscopy and IR
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spectroscopy with pyridine adsorption was conducted to investigate the modification of
surface acidity by ZnO addition in greater depth. The thorough mixing of ZnO and ZrO2
resulted in significant difference (Table 4.1) in the physicochemical properties and the
performance of the ZnZrOx as catalyst support for gold. The same anion adsorption
technique was used for gold addition with 1 wt.% gold loading (Table 4.2). Atomic
dispersion of gold on the ZnZrOx composite oxides was directly shown by electron
microscopy imaging, and the morphology of the Au/ZnZrOx samples was well
maintained under the EDH reaction conditions for satisfactory acetaldehyde and acetone
yields up to 400˚C. Separated temperature reaction zones of acetaldehyde, acetone and
undesired products formation open the possibility of using this type catalyst for practical
applications.

4.1 Catalyst characterization results
In this chapter, ZnZrOx composite oxides with three different Zn/Zr ratios as well
as the two pure ZnO and ZrO2 metal oxides were synthesized by the carbon hard template
method and employed as gold supports for low-temperature EDH reaction. X-ray
diffraction measurements (Table 2.1 and Figure 4.1) have found a fully crystallized
structure for all the metal oxide supports. Pure ZrO2 and ZnZrOx with low Zn
concentration (Zn/Zr = 1:5, 1:10) contain solely the tetragonal zirconia phase (P42/nmc,
01-088-1007). Zn1Zr1Ox, with high concentration of Zn in the composite oxide, shows
both the tetragonal zirconia phase (P42/nmc, 04-005-4207) and hexagonal zinc oxide
phase (P63/mc, 01-070-2551) with prominent characteristic peaks corresponding to ZnO.
Nanoparticles of ZnO of 11 nm on average are seen in this sample. The small crystallite
size (4 nm, Table 2.1) of ZrO2 in all samples and the lack of the ZnO phase in all but
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Zn1Zr1Ox indicates that ZrO2 may incorporate small amounts of ZnO in its lattice. There
appears a slight peak shift of the tetragonal ZrO2 phase towards higher theta in the
ZnZrOx samples compared to pure ZrO2 (Figure 4.1), which indicates lattice size
decrease due to the solubility of Zn2+ into the ZrO2 phase13. In contrast, the peaks of ZnO
in Zn1Zr1Ox do not shift compared to pure ZnO, showing no Zr4 entering the ZnO phase.
The crystal structures of ZnZrOx composite oxides synthesized with carbon black are
remarkably different from those synthesized with activated carbon, where more thorough
mixing and attachment between ZnO and ZrO2 was observed in the former ones. ZnO
species remain highly dispersed and undetectable by XRD up to the Zn:Zr ratio of 1:5.
The bulk Zn:Zr ratios of the ZnZrOx composite oxides were measured by ICP in
triplicates and are shown in Table 2.1. Surface compositions of Zn:Zr were calculated
based on the peak fittings of high-resolution XP spectra of Zn 2p and Zr 3d spectral
regions. The surface composition of the ZnZrOx composite oxides synthesized with
carbon black shows no enrichment of ZnO as observed on those synthesized with
activated carbon, in contrast, there is slight ZrO2 enrichment on the surface. Another
proof of the thorough mixing of ZnO and ZrO2 precursors is the homogeneous dispersion
of ZnO in the crystalline ZrO2, imaged by energy-dispersive X-ray spectroscopy (EDS)
on a JEOL 2010 FEG analytical electron microscope (Figure 4.2). The morphology of
dispersed ZnO species in the domain of ZrO2 is captured by the scanning transmission
electron microscope images with EDS elemental mapping. Even in Zn1Zr1Ox with extra
ZnO nanoparticles, ZnO species remain dispersed in the composite (Figure 4.2-c).
Therefore, this method serves to prepare well-dispersed ZnO species in ZrO2.
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Beyond the homogeneous morphology of the ZnZrOx composite oxides, there
clearly has formed chemical bonding between the ZnO and ZrO2 phases. High-resolution
XP spectra of Zn 2p and Zr 3d of ZnO, ZrO2 and ZnZrOx are compared in Figure 4.3. All
the spectra were referenced to the elemental carbon at binding energy (BE) of 284.8eV.
XP spectra of Zn 2p show a distinct trend of binding energy shift towards higher values
on ZnZrOx samples as the amount of ZnO is decreased indicating the strong interaction
between ZnO clusters and ZrO2. As the Zn amount increases, the properties of pure ZnO
start to dominate. The opposite trend was observed in the Zr 3d spectra. The Zr binding
energy of ZnZrOx samples with higher Zn concentration tends to shift toward lower
values, where more ZrO2 is in close contact with ZnO. The energy shift trends of Zn and
Zr provide clear evidence of the strong association between ZnO and ZrO2 phases, with a
likely substitution of Zn2+ into the ZrO2 lattice13. The surface properties of the composite
oxides are thus expected to differ from those of pure ZrO2.

4.2 Modification of surface acidity/basicity by ZnZrOx composite oxide
formation and Au addition
Skeletal IR spectra of ZnO, ZrO2 and ZnZrOx in the wavenumber range of 4001400 cm-1 are shown in Figure 4.4. The spectrum of pure ZrO2 shows a continuous
feature starting from 800 cm-1 with a shoulder around 752cm-1, which is consistent with
the spectrum of tetragonal zirconia14. Addition of ZnO to the domain of ZrO2 produces a
shift of the complex band toward lower wavenumbers, which provides further indication
of the substitution of Zn2+ into the ZrO2 lattice as deduced also from the XRD profiles
(Figure 4.1). Pure ZnO in this region presents only one complex band15 centered at
~431cm-1, featuring the wurtzite crystal structure. It is worth noticing that a complex
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feature at ~1140 cm-1 present in all samples indicates oxygen stretching of groups
involving nonmetallic atoms, which could be attributed to sulfate or silicate species16. It
is believed that the carbon black (Cabot BP2000, sulfur ~1.8%, ashes ~1.3%) employed
as hard template during preparation has introduced such impurities to the system even
after calcination in air at 550˚C.
UV-Vis spectra in the wavelength range of 230-600 nm are shown in Figure 4.5.
The spectrum of ZrO2 is consistent with that of tetragonal zirconia with the absorption
edge in the region of 210-240 nm14,17. This absorption is due to the O(2p)-Zr(4d) charge
transfer, corresponding to the valence-conduction band transition of ZrO2. The weak
component at 235 nm indicates the presence of a small amount of monoclinic zirconia,
which was not detected by XRD. An additional component centered at 315 nm is
observed in the spectrum of the ZrO2 sample, which is not found in the spectra of most
commercial ZrO2 samples14,17. A possible assignment is the small amounts of transition
metal cations, maybe the aforementioned impurity of transition metal silicates introduced
by the carbon black template (Cabot, Black Pearl 2000). The spectrum of ZnO presents a
strong absorption with the edge near 375 nm and a main maximum near 357 nm, which is
the typical optical gap of ZnO18. The absorbance due to the O (2p)-Zn (4s-p) transition
extends down to near 240 nm and then decreases drastically. Features of Zn are
detectable even in Zn1Zr10Ox with a weak component centered at 368 nm; the shape of
the absorption curve indicates the presence of isolated Zn2+ ions. Only in the Zn-rich
samples (ZnO and Zn1Zr1Ox), the full absorption in the region of 250-370 nm is observed,
indicating the presence of ZnO nanoparticles as demonstrated by the XRD results. As Zn
loading increases, the main maximum of ZnO-containing samples shifts towards lower
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wavelength down to 363 nm for Zn1Zr5Ox, and 357nm for Zn1Zr1Ox and ZnO. Noticeable
sulfate and silicate impurities were detected by both the skeletal IR and UV-Vis spectra
(SI)16, which are attributed to the carbon black material employed.
Formation of ZnZrOx composite oxide does not only modify the bulk properties;
it also alters the surface chemistry drastically. To probe the modification of surface
acidity/basicity by addition of ZnO to ZrO2, isopropanol (IPA)-TPD was conducted on
various ZnZrOx composite oxides. As discussed in Chapter 3, isopropanol is a good
probe molecule for surface acidity/basicity evaluation, since dehydration to propene
occurs on strong acidic sites and weak basic sites19, and dehydrogenation to acetone
involves moderate acid and strong basic sites20,21. Despite some disagreement in
assigning the strength of basic sites by IPA-TPD tests, it is well accepted that the strength
of acidic sites is reflected by the apparent activation energy22 and temperature
dependence23 of isopropanol to propene conversion, and the number of sites determined
by the amount of propene production24. In this chapter, IPA-TPD was performed on all
the bare supports and Au-added ZrO2. The results (Table 4.1 and Figure 4.6) revealed
that propene is the only product on all four Zr-containing oxides. On bulk ZnO, due to its
low surface area, no obvious adsorption/desorption of isopropanol and its derivatives was
observed. The amount of propene produced, shown in Table 4.1, indicates that the
number of total acid sites slightly increases in Zn1Zr10Ox, and starts to decrease with the
ZnO concentration in the composite oxides. The most affected is the low-temperature
(165˚C peak) propene produced which totally disappears in Zn1Zr1Ox. Addition of ZnO
thus alters the surface acidity of ZrO2 by passivating the strong Lewis acid sites that are
active in the temperature range of 150-250˚C. Addition of gold to the ZrO2 support,
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however, had the most pronounced effect, as it produced acetone exclusively over the
temperature range of 100-200˚C, with only trace amounts of propene measured at 200250˚C. Thus, addition of gold not only introduces a new set of mild Lewis acid sites
(single site Auδ+ centers) and basic sites (surrounding O- species) producing acetone
exclusively, but also passivates the strong acid sites of ZrO2 within the whole lowtemperature range.
To identify the Lewis and Brønsted acid sites and the strength of each type of
acidic sites, IR of pyridine (Py) adsorption was collected. The IR experiments25 in this
thesis were conducted by our collaborators Dr. Garbarino and Dr. Busca at University of
Genoa in Italy. IR-Py bands at ~1610, 1575 and 1450cm-1 are reported to be pyridine
adsorption on Lewis acid sites, the band at ~1540cm-1 is attributed to pyridine adsorption
on Brønsted acid sites, while absorption at 1493cm-1 is assigned to both Lewis and
Brønsted acid sites26. ZnO and ZrO2 powders were pressed into thin wafers and activated
in situ at 500˚C for 1h in vacuum. Pyridine vapor (Py) was adsorbed at room temperature
at ∼4 Torr for 15min. Weakly adsorbed pyridine was outgassed in vacuum (10-3 Torr),
while IR spectra of the surface species were recorded at room temperature and increasing
temperature up to 500˚C. Figure 4.7 shows pyridine adsorption on the pure and
composite oxide samples with different pyridine desorption temperatures of outgassing.
Absorption bands of both pyridine and pyridinium ions at room temperature indicate the
occurrence of both Lewis and Brønsted acid sites on ZrO2 (Figure 4.7-a). The occurrence
of the bands at 1606 cm-1, 1579 cm-1 and 1445 cm-1 are due to the 8a, 8b and 19b modes
of pyridine adsorbed on Lewis acid sites of ZrO227. The absorption bands centered at
1638 cm-1 and 1542 cm-1 are due to pyridinium ions (8a and 19b modes), i.e. pyridine

110

reacted with Brønsted acid sites. The band at 1490 cm-1 is common to both pyridine and
pyridinium ions26. The component at 1579 cm-1 that quickly disappeared upon evacuation
is the 8a mode of weakly bonded pyridine. Disappearance of the bands at ~1490 and
~1540cm-1 after evacuation at 400-500˚C indicates no strong Brønsted acid sites,
comparing to the fact that bands at ~1450 and ~1610 cm-1 are still present after
desorption at 400-500˚C, which indicates the occurrence of strong Lewis acid sites on
pure ZrO2. In Figure 4.7-b, consistent presence of pyridine bands at 1613, 1451cm-1 and
pyridinium ion band at ~1490 cm-1 from room temperature to 500˚C suggest the presence
of both strong Lewis acid sites and Brønsted acid sites on Zn1Zr10Ox. Compared to pure
ZrO2, a slight shift up of the pyridine absorption bands was observed on Zn1Zr10Ox
suggesting that Zn2+ centers are present over this catalyst, characterized by stronger
Lewis acid strength than Zr4+ cations. With higher Zn loading the band position of
pyridine adsorbed to Lewis acid sites remains the same at ~1612cm-1 for Zn1Zr5Ox
(Figure 4.7-c), Zn1Zr1Ox (Figure 4.7-d) and ZnO (Figure 4.7-e); on the other hand, bands
at ~1540cm-1, which indicates pyridinium ions adsorbed to Brønsted acid sites, are not
present. The IR spectroscopy of adsorbed pyridine confirms the TPD of isopropanol
showing the predominant acidic character of the ZrO2-containing samples. It is worth
noticing that a component centered at 1378 cm-1 (spectra not shown in Figure 4.7) started
to get prominent as the desorption temperature of pyridine increased above 400˚C. The
position of this band has been reported as sulfated ZrO228. Similar to ZrO2, a weak
component centered at 1345 cm-1 was also present in the spectrum of ZnO after pyridine
desorption at 500˚C. The introduction of sulfate impurities could possibly be due to the
usage of carbon black as hard template during synthesis. The effect of the addition of
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gold to zirconia was also investigated by pyridine adsorption, as reported in Figure 4.7-f.
Together with the features due to pyridine adsorbed on Lewis acid sites (1606, 1579 and
1445 cm-1) no bands due to Brønsted acidity were detected (~1540 cm-1) in this case. This
indicates that gold strongly modifies the surface acidity of the ZrO2 support, eliminating
the Brønsted sites. It is likely that gold cations exchange the protons thus neutralizing
them.
Quantitative analysis of the Brønsted and Lewis acid sites based on the integration
of pyridine-IR spectra at 200˚C is listed in Table 4.3. Detailed calculation methodology
was described in Emeis’s work29. Table 4.3 summarizes the amount of Brønsted and
Lewis acid sites on ZrO2, Zn1Zr10Ox, Zn1Zr5Ox and Au/ZrO2 in the unit of mmolpy/gcat. At
200˚C, Zn addition by the ratio of Zn:Zr=1:5 has already fully passivated the Brønsted
acid sites of ZrO2. Similar passivation effects can be observed with Au addition by 1wt.%.
However, passivation of the Lewis acid sites is different by ZnO and Au addition. As
shown in Table 4.3, addition of ZnO even caused a slight increase of Lewis acid sites in
Zn1Zr10Ox. Gradual decrease of Lewis acid sites with increase of Zn loading in the
ZnZrOx mixtures should be expected, since the ~1455cm-1 peak area of IR spectra
decreases slightly in Zn1Zr5Ox and Zn1Zr1Ox. Addition of 1wt.% Au, on the other hand,
significantly decreases the Lewis acid sites. The quantitative analysis better explains the
IPA-TPD results that addition of Zn gradually decreased the amount of propene
production while Au drastically eliminated the propene production on ZrO2 and promoted
the acetone production. The change in IPA-TPD results corroborates exactly with the
modification of Lewis acid sites by Zn and Au addition reflected by IR measurements.
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Only by gold addition, can the strong Lewis acid sites of ZrO2 be totally eliminated and a
new type of active sites with weak acidity will be generated.

4.3 Temperature-programmed ethanol conversion on bare ZnZrOx
supports with and without water
Ethanol conversion on the ZrO2, ZnO and on the ZnZrOx composite oxides was
studied under temperature-programmed surface reaction mode (TPSR) to investigate the
effect of surface acidity on the reaction pathways and the product distribution. Other than
ethanol dehydrogenation, competing reactions include ethanol dehydration (C2H5OH →
C2H4 + H2O) and C-C bond scission (C2H4O → CH4 + CO) at intermediate temperatures.
Results of ethanol-TPSR without water under mass spectrometry monitoring are shown
in Figure 4.8. Temperature-programmed oxidation (TPO) on samples post ethanol-TPSR
was conducted up to 600˚C with linear temperature ramping to investigate potential
carbon or CHx fragments deposition during ethanol-TPSR. To eliminate the effects of
molecularly adsorbed hydrocarbons after TPSR, mild heating treatment in He at 200˚C
was performed prior to TPO. In ethanol-TPSR (Figure 4.8), ZrO2 and Zn1Zr10Ox both
produced ethylene from ethanol dehydration (C2H5OH → C2H4 + H2O) as the
predominant product, lighting off at ~300˚C. Full conversion of ethanol was reached at
~350˚C on both catalysts. Ethylene production starting from 350˚C carried on sustainably
on ZrO2, while it decreased significantly on Zn1Zr10Ox. The decrease of ethylene may be
attributed to the activation of ethanol dehydrogenation (C2H5OH → CH3CHO + 1/2H2)
on Zn1Zr10Ox at temperatures ≥350˚C and a slightly larger amount of CHx deposition on
Zn1Zr10Ox indicated by the production of H2O and CO2 by TPO on spent Zn1Zr10Ox. With
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increased Zn loading, acetaldehyde, the product of ethanol dehydrogenation, increased to
comparable amounts to ethylene, lighting off at 300-350˚C on Zn1Zr5Ox and Zn1Zr1Ox.
On ZnO neat, acetaldehyde was the dominant product, in agreement with Tanabe30,31 and
Halawy’s32 findings. Acetone was detected on samples with higher basicity, such as
Zn1Zr5Ox and ZnO, indicating that basic sites are the necessary sites for the further
conversion of acetaldehyde to acetone through acetaldehyde coupling and aldol
decarboxylation (2C2H4O → CH3COCH2CH2OH). Decrease of ethylene production and
improved selectivity to acetaldehyde and acetone was observed with the suppression of
surface acidity in the ethanol-TPSR tests. The same relationship between the surface
acidity and ethanol conversion pathway has been previously reported on metal oxide
supported copper catalysts33,34. Based on the IR findings (Figure 4.7), weakening of the
Lewis acidity correlates with the increase of ZnO loading. The Brønsted acidity,
manifested by pyridinium ion bands at ~1540 cm-1, peaks on Zn1Zr10Ox and decreases at
higher ZnO loadings.
Addition of water vapor to ethanol serves several purposes, one as an oxidant to
facilitate the acetaldehyde to acetone conversion35 (2CH3CHO + O*→ CH3COCH3 +CO2
+ H2); another to suppress the formation of ethylene by suppressing the ethanol
dehydration reaction. Carbon and CHx fragments deposition on the catalysts may also be
moderated due to the mild oxidizing atmosphere caused by adding water vapor. Carbon
deposition from the Boudouart reaction 2CO ↔ CO2 + C was analyzed by García and
Laborde36 under various steam to ethanol (S/C) ratios, and it was calculated that carbon
will form at any temperature without water addition; while no carbon deposition will take
place at temperatures ≥600K with H2O:EtOH ≥2:1. To investigate the effect of water
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addition under dynamic conditions, a gas mixture of 2 mol.% ethanol and 2 mol.% water
in He was used for TPSR followed by TPO of the spent catalyst with continuous mass
spectrometry monitoring (Figure 4.9). Mild heat treatment in He at 200˚C was performed
prior to TPO. Ethylene was still found to be the predominant product of EtOH+H2OTPSR on ZrO2 and Zn1Zr10Ox, lighting off at ~300˚C. Peaked at ~400˚C on both of these
catalysts, ethylene started to decrease as temperature increased, and CO2 started to be
produced at ~450˚C on Zn1Zr10Ox via the ethanol steam reforming reaction. Selectivity to
acetaldehyde increased with ZnO content. On Zn1Zr5Ox and ZnO, the amount of
acetaldehyde, peaking at 0.9% and 1.7% respectively, exceeded that of ethylene (<0.5%)
and became predominant on ZnO. Light-off temperatures for ethylene and acetaldehyde
were both at ~300˚C on the three ZnZrOx catalysts, and they shifted to 375˚C on pure
ZnO. CO2 production became noticeable on Zn1Zr5Ox, Zn1Zr1Ox and ZnO starting from
400˚C to 450˚C via the ethanol steam reforming reaction.
Compared with the products of ethanol-TPSR (Figure 4.8), the activity of all
samples was unaffected by water addition. A beneficial effect of water addition was that
ethylene production was suppressed at temperatures >400˚C, and more CO2 produced via
the ethanol steam reforming reaction. Another benefit of adding equal moles of steam to
ethanol is the suppression of carbon and CHx formation, indicated by the TPO post
EtOH+H2O-TPSR in Figure 4.9. CHx species were oxidized to CO2 beginning at ~300˚C,
which is the same temperature range for CO2 production on the spent sample from pure
ethanol-TPSR. ZrO2 carried the highest amount of carbonaceous species, while all three
ZnZrOx mixtures show the same amount of CO2 production from TPO (Figure 4.9).
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Addition of steam in ethanol, therefore, plays a more prominent role in suppressing
carbon and CHx deposition on the Brønsted acid sites.

4.4 Temperature-programmed ethanol conversion on gold-containing
samples
Although promising activity was shown, the selectivity to acetaldehyde and/or
acetone of the ZnZrOx composite oxides as shown in Figure 4.8-4.9 is not adequate for
practical application. Indeed, there is an overlapping temperature range where both
products are found, and more so the dehydration to ethylene complicates the picture.
Clearly, one would have to add a minor amount of a metal to shift to lower temperatures
the window over which acetaldehyde alone is produced. As discussed in Chapter 3, the
strategy was successful in the case of methanol reactions by adding small amounts of
gold on the ZnZrOx surfaces6; and it is herein broadened to the application of selective
ethanol dehydrogenation at low-temperature (~200˚C). As mentioned briefly in Chapter 1,
the choice of gold is a good one as long as atomic dispersions of gold are achieved on
supports to boost activity in cases where single gold atoms (cations) are the active sites.
This also maximizes the atomic efficiency of the gold and reduces cost. Catalysis of
methanol-coupling reactions has been demonstrated on atomic oxygen-dosed Au single
crystal surfaces37-39, and on single Au-Ox species on various supports6-9,40, as discussed
previously. However, it has not been shown for ethanol reactions, undertaken here for the
first time.
To investigate the reaction pathway of ethanol on gold, we repeated the ethanolTPSR on gold catalysts (Figure 4.10) supported on the neat and composite oxides
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(Zn:Zr=1:10, 1:1). On the bare oxides, ethanol lights off at moderately high temperatures
in the range of 300-350˚C, as shown in Figure 4.8. Addition of gold at 1 wt.% loading
remarkably lowers the light-off temperature to 200-250˚C on Au/ZrO2 (Figure 4.10-a)
and Au/ZnZrOx (Figure 4.10-b, c), and to 300˚C on the Au/ZnO (Figure 4.10-d) with
acetaldehyde and hydrogen as the only products. Production of ethylene was activated at
much higher temperatures (400-450˚C) on all samples, considerably higher than on the
bare oxides. A wide temperature window (from 180- 350˚C) is now possible, over which
to exclusively produce acetaldehyde and hydrogen from ethanol. A similar investigation
of the effect of surface acidity on the product yields from ethanol steam reforming was
conducted by Verykios and coworkers41,42 on Ni-based catalysts on a series of La2O3,
La2O3/Al2O3 and Al2O3 supports, which have a wide distribution of surface
acidity/basicity. EtOH+H2O-TPSR (H2O:EtOH=2%:1%) on 20% Ni-Al2O3 found that CC bond scission is the predominant reaction at all temperatures in the range of 100-700˚C
producing CO, CH4 and H2 as the main products. Ni on the basic support La2O3, however,
favored the formation of acetaldehyde in a wider temperature window (170-300˚C), but
C1 species and H2 were still the predominant products from 200˚C to 700˚C. Thus, the
chemistry of gold identified here is specific to gold without catalyzing C-C bond scission
and with a remarkable 100% selectivity to acetaldehyde achieved below 300˚C.
Analogous to the production of formaldehyde from methanol dehydrogenation43,
acetaldehyde is expected to adsorb linearly on the Au sites in η1-configuration. Weak
binding between the adsorbate and Au promotes desorption faster than decomposition,
which explains why acetaldehyde is the predominant product, and why no C-C bond
scission takes place to produce CO and CH4 (C2H5OH → CH4 + CO + H2).
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From the ethanol-TPSR data of Figure 4.10, gold catalysts supported on the
composite oxides outperform the pure supports in terms of activity in the lowtemperature region and ethylene suppression in the high-temperature region. As
discussed earlier, addition of gold modifies the surface acidity of ZrO2 testified by IPATPD (Table 4.1) and the selectivity to acetaldehyde shown in Figure 4.10 was anticipated.
The use of the composite ZnZrOx supports is advantageous in that it increases the overall
catalyst activity (Figure 4.10b-c) by preserving a higher number of gold active sites than
ZrO2 or ZnO neat. The extended temperature window (200-330˚C) for the exclusive
production of acetaldehyde and hydrogen offered by the Au/ZnZrOx catalysts is
promising for the practical application of these catalysts.
Since Au and ZnO are involved in the Au/ZnZrOx system, pretreatment in H2 was
performed on two selected samples with medium and high ZnO concentration
(Au/Zn1Zr5Ox and Au/ZnO) to investigate whether the reduction pretreatment plays a role
in the catalyst performance for EDH. The two samples were first calcined in 2%O2/He at
300˚C for 2 h, then half of the calcined samples were tested in ethanol-TPSR up to 500˚C;
the other portion of calcined catalysts were reduced in 5%H2/He at 250˚C for 2 h, then
tested in ethanol-TPSR up to 500˚C. Same product distribution was observed on the two
groups of samples; therefore, mild reduction of Au catalysts in this case has a negligible
effect on the product distribution of the reaction. (Figure 4.11)

4.5 Steady-state ethanol dehydrogenation on atomically dispersed gold
Gold catalysts synthesized by the anion adsorption method on ZnZrOx with low
and high Zn concentration (Zn:Zr=1:10, 1:1) can both carry and disperse 1 wt.% Au. ICP
tests of the anion adsorption filtrate showed no gold precursor remaining in the solution,
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i.e., the designed 1 wt.% loading was successfully achieved on the ZnZrOx composite
oxides. The morphology of the as prepared (calcined in 2%O2/He at 300˚C) Au/ZnZrOx
was imaged by aberration-corrected high-angle annular dark-field ac-HAADF-STEM
(Figure 4.12a-b). The as prepared gold catalysts, with atomically dispersed gold species
on both Zn1Zr1Ox and Zn1Zr10Ox, also contain Au clusters and nanoparticles,
complicating the identification of the active sites of gold. Therefore, NaCN-leaching
treatment was performed on the as prepared gold catalysts (referred as “parent” samples)
which effectively removes spectator gold species from oxide supports44-47. ac-HAADFSTEM images of the leached Au/ZnZrOx samples are shown in Figure 4.12c-d,
presenting only gold atoms after NaCN-leaching.
Activity tests under steady-state conditions were conducted on the two selected
gold catalysts, 1wt.% Au/Zn1Zr1Ox and 1wt.% Au/Zn1Zr10Ox, before and after NaCNleaching (L-). A moderate amount of steam (EtOH:H2O =1:1) was added to the reaction
gas mixture, and steady-state ethanol conversion tests were conducted in the temperature
range of 275-400˚C with 75 min isothermal holding at each set temperature with online
mass spectrometry monitoring of the effluent gases. As shown in Figure 4.13-a, ≥93%
conversion of ethanol was reached on all catalysts except L-Au/Zn1Zr1Ox (84%) at 400˚C.
Acetaldehyde and acetone (above 320˚C) were the main products for all catalysts up to
400˚C through ethanol dehydrogenation and acetaldehyde oxidation (CH3CH2OH →
CH3CHO + H2; 2CH3CHO + O* → CH3COCH3 + CO2 + H2; Figure 4.13c-d),
accompanied by the production of H2 (Figure 4.13-b). The yield of acetaldehyde
increased on Au/Zn1Zr10Ox until 350˚C, and started to decrease at 400˚C, while it was
maintained on the parent Au/Zn1Zr1Ox and continued to increase on L-Au/Zn1Zr1Ox up to
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400˚C, but from a much lower initial value. The yield of acetone on all four samples
started to increase at ≥325˚C, and was higher on the sample with low Zn concentration.
Acetaldehyde and acetone closed the carbon balance to ~90% at 400˚C compared to the
ethanol consumption. Production of H2 was sustained up to 400˚C and matches the
production of acetaldehyde and acetone for each of the samples. The conversion rate of
ethanol and production rate of acetaldehyde at 350˚C per catalyst weight are shown in
Table 4.2.
From the comparison of the parent and leached catalysts in Figure 4.13, catalyst
activity and selectivity are maintained on the leached Au/Zn1Zr10Ox catalyst as on the
parent sample, which indicates that the residual strongly bound gold atoms on the leached
sample are the active sites. On the other hand, considerably decreased was the activity of
the leached Au/Zn1Zr1Ox. ICP tests of the Au/ZnZrOx leachates indicate 22% and 12% of
Zn was leached away from 1wt.% Au/Zn1Zr10Ox and 1wt.% Au/Zn1Zr1Ox, respectively,
while no dissolution of ZrO2 took place for either sample. Similar amount of gold,
counting for about 50% of the original gold, was leached from both Au/Zn1Zr10Ox and
Au/Zn1Zr1Ox (Table 4.2). Considering the high bulk Zn concentration in Zn1Zr1Ox, ~5
times more Zn was leached from 1wt.% Au/Zn1Zr1Ox than from 1wt.% Au/Zn1Zr10Ox.
The larger amount of Zn dissolution from the parent Au/Zn1Zr1Ox sample very likely
contributes to the catalyst activity loss after leaching. Isolated ZnO nanoparticles in
Zn1Zr1Ox (11 nm avg. size, Table 2.1) dissolve promptly in the NaCN solution, resulting
in the loss of active gold sites bound to them. The dissolution of ZnO particles from
Au/Zn1Zr1Ox probably destabilizes the residual gold, more so in Zn1Zr1Ox than in
Zn1Zr10Ox, as indicated by gold aggregation only on the spent L-Au/Zn1Zr1Ox but not on
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the spent L-Au/Zn1Zr10Ox after steady-state reaction up to 400˚C for 75min (Figure 4.12e,f).
Due to the narrow contrast difference of Au and Zr atoms in STEM images,
identification of the gold atoms can be facilitated by converting the grey-scale STEM
images to color-scale based on the brightness of the images for better distinguishing the
discrete Au atoms from the support. Figure 4.14 is an example of using colorized STEM
image of spent leached-Au/Zn1Zr10Ox sample (post steady-state ethanol conversion up to
400˚C) to better indicate the isolated bright dots of gold atoms. The same method was
applied for all STEM images for gold atom identification. It is noted that besides isolated
gold atoms, aggregates of gold atoms were also detected on the spent leachedAu/Zn1Zr10Ox, where the gold atoms aggregate in irregular shapes along the boundaries
of support. This is different from gold nanoparticles formed on the spent leachedAu/Zn1Zr1Ox, where spheroidal gold crystals can be seen, not affected by the beam
exposure (Figure 4.12-f).
TPO profiles of all the spent samples are shown in Figure 4.15 with CHx
deposition amount shown in Table 4.2. Similar CO2 production from TPO was found
between the two sets of parent and leached samples, indicating the active gold sites for
ethanol conversion are most likely also the sites for carbonaceous species deposition.
Simultaneous production of CO2 and H2O centered at ~350˚C during TPO indicates CHx
deposition as the carbon source, and excludes the formation of graphitic carbon, as this is
oxidized at much higher temperatures (≥550˚C)48.
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Stability testing of the Au/ZnZrOx catalysts at 325˚C was carried out for 11 h onstream (Figure 4.16). The acetaldehyde yield was closely matched to the ethanol
conversion, showing that no other side reactions occurred up to 325˚C on either catalyst.
The inclusion of water up to 325˚C does not further convert ethanol to oxygenated
products, such as acetic acid and ethyl acetate, which typically decreases the yield of
acetaldehyde when ethanol and O2 are co-fed on supported gold catalysts10,11,49.
Moreover, this new catalyst may have much better long-term stability than commercial
Cu/SiO2 catalysts for the dry ethanol dehydrogenation, which rapidly deactivate due to
copper metal sintering50-52.

4.6 Summary
In this chapter, the reaction of ethanol dehydrogenation with and without water
present was studied on the Au-free and Au-containing ZnZrOx oxides. Ethanol
conversion on various ZnZrOx supports occurs through different reaction pathways
depending primarily on the surface acidity/basicity of the supports. Modification of ZrO2
by ZnO increases the selectivity to the ethanol dehydrogenation products: acetaldehyde
and acetone. Moreover, ZnO incorporation into ZrO2 allows for many more anchoring
points for metal addition than uncombined ZnO or ZrO2 nanoparticles. Addition of 1wt.%
gold to ZrO2 or the composite supports has a significant effect of eliminating the
Brønsted acid sites and forming acetaldehyde and hydrogen with 100% selectivity at
temperatures below 300˚C. A wider temperature window down to 200˚C is realized by
dispersing gold on the low-content Zn1Zr10Ox support due to a much better dispersion of
gold on the latter. NaCN-leaching of the 1 wt.% gold catalysts has found that the optimal
loading capacity of this ZnZrOx is ~0.5wt.% Au to achieve atomic gold dispersion. The
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stability of the gold catalysts is sustained at 325˚C, at which temperature steam reforming
reaction products are still not present. Ample scope, therefore, exists for the design of
practical gold catalysts for the low-temperature ethanol dehydrogenation exclusively to
acetaldehyde and hydrogen, with potentially much better stability than the commercial
Cu/SiO2 catalysts50-52. The scheme of ethanol catalytic conversion on various sites of
Au/ZnZrOx is summarized in Figure 4.17.

123

4.7 References
1. Menegazzo F, Pinna F, Signoretto M, Trevisan V, Boccuzzi F, Chiorino A, Manzoli M.
Highly Dispersed Gold on Zirconia: Characterization and Activity in Low-Temperature
Water Gas Shift Tests. ChemSusChem. 2008;1(4):320-326.
2. Li J, Chen J, Song W, Liu J, Shen W. Influence of zirconia crystal phase on the
catalytic performance of Au/ZrO2 catalysts for low-temperature water gas shift reaction.
Appl. Catal. A-GEN. 2008;334(1-2):321-329.
3. Li J, Ta N, Song W, Zhan E, Shen W. Au/ZrO2 catalysts for low-temperature water
gas shift reaction: Influence of particle sizes. gold bulletin. 2009;42(1):48-60.
4. Manzoli M, Boccuzzi F, Trevisan V, Menegazzo F, Signoretto M, Pinna F. Au/ZrO2
catalysts for LT-WGSR: Active role of sulfates during gold deposition. Appl. Catal. BENVIRON. 2010;96(1-2):28-33.
5. Zane F, Trevisan V, Pinna F, Signoretto M, Menegazzo F. Investigation on gold
dispersion of Au/ZrO2 catalysts and activity in the low-temperature WGS reaction. Appl.
Catal. B-ENVIRON. 2009;89(1-2):303-308.
6. Wang C, Boucher M, Yang M, Saltsburg H, Flytzani-Stephanopoulos M. ZnOmodified zirconia as gold catalyst support for the low-temperature methanol steam
reforming reaction. Appl. Catal. B-ENVIRON. 2014;154-155(0):142-152.
7. Yi N, Boucher MB, Gittleson F, Zugic B, Saltsburg H, Flytzani-Stephanopoulos M.
Hydrogen Production from Methanol over Gold Supported on ZnO and CeO2
Nanoshapes. J. Phys. Chem. C. 2011;115(4):1261-1268.
8. Yi N, Si R, Saltsburg H, Flytzani-Stephanopoulos M. Steam reforming of methanol
over ceria and gold-ceria nanoshapes. Appl. Catal. B-ENVIRON. 2010;95(1-2):87-92.

124

9. Yi N, Si R, Saltsburg H, Flytzani-Stephanopoulos M. Active gold species on cerium
oxide nanoshapes for methanol steam reforming and the water gas shift reactions. Energy
Environ. Sci. 2010;3(6):831-837.
10. Chen H, Jia X, Li Y, Liu C, Yang Y. Controlled surface properties of Au/ZSM5
catalysts and their effects in the selective oxidation of ethanol. Catal. Today. 2015;256,
Part 1:153-160.
11. Guan Y, Hensen EJM. Ethanol dehydrogenation by gold catalysts: The effect of the
gold particle size and the presence of oxygen. Appl. Catal. A-GEN. 2009;361(1–2):49-56.
12. Redina EA, Greish AA, Mishin IV, Kapustin GI, Tkachenko OP, Kirichenko OA,
Kustov LM. Selective oxidation of ethanol to acetaldehyde over Au–Cu catalysts
prepared by a redox method. Catal. Today. 2015;241, Part B(0):246-254.
13. Dutkiewicz J. The Zn-Zr (zinc-zirconium) system. JPE. 1992;13(4):430-433.
14. Fernandez Lopez E, Sanchez Escribano V, Panizza M, Carnasciali MM, Busca G.
Vibrational and electronic spectroscopic properties of zirconia powders. J. Mater. Chem.
2001;11(7):1891-1897.
15. Busca G. The Use of Infrared Spectroscopic Methods in the Field of Heterogeneous
Catalysis by Metal Oxides. Metal Oxide Catalysis: Wiley-VCH Verlag GmbH & Co.
KGaA; 2009:95-175.
16. Gillespie RJ, Robinson EA. CHARACTERISTIC VIBRATIONAL FREQUENCIES
OF COMPOUNDS CONTAINING Si—O—Si, P—O—P, S—O—S, AND Cl—O—Cl
BRIDGING GROUPS FORCE CONSTANTS AND BOND ORDERS FOR THE
BRIDGE BONDS. Can. J. Chem. 1964;42(11):2496-2503.

125

17. Ranjan Sahu H, Ranga Rao G. Characterization of combustion synthesized zirconia
powder by UV-vis, IR and other techniques. Bull. Mater. Sci. 2000;23(5):349-354.
18. Srikant V, Clarke DR. On the optical band gap of zinc oxide. J. Appl. Phys.
1998;83(10):5447-5451.
19. Bezen MCI, Breitkopf C, El Kolli N, Krafft J-M, Louis C, Lercher JA. Selective
Modification of the Acid–Base Properties of Ceria by Supported Au. Chem. Eur. J.
2011;17(25):7095-7104.
20. Gervasini A, Fenyvesi J, Auroux A. Study of the acidic character of modified metal
oxide surfaces using the test of isopropanol decomposition. Catal. Lett. 1997;43(3):219228.
21. Manriquez ME, Lopez T, Gomez R, Navarrete J. Preparation of TiO2-ZrO2 mixed
oxides with controlled acid-basic properties. J. Mol. Catal. A: Chem. 2004;220(2):229237.
22. Gervasini A, Auroux A. Acidity and basicity of metal oxide surfaces II.
Determination by catalytic decomposition of isopropanol. J. Catal. 1991;131(1):190-198.
23. Waugh KC, Bowker M, Petts RW, Vandervell HD, O'Malley J. Kinetics and
mechanism of propan-2-OL decomposition on zinc oxide. Appl. Catal. 1986;25(1-2):121128.
24. Iglesia E, Barton DG, Biscardi JA, Gines MJL, Soled SL. Bifunctional pathways in
catalysis by solid acids and bases. Catal. Today. 1997;38(3):339-360.
25. Wang C, Garbarino G, Allard LF, Wilson F, Busca G, Flytzani-Stephanopoulos M.
Low-Temperature Dehydrogenation of Ethanol on Atomically Dispersed Gold Supported
on ZnZrOx. ACS Catal. 2015:210-218.

126

26. Liu C, Sun J, Smith C, Wang Y. A study of ZnxZryOz mixed oxides for direct
conversion of ethanol to isobutene. Appl. Catal. A-GEN. 2013;467(0):91-97.
27. Massa M, Andersson A, Finocchio E, Busca G, Lenrick F, Wallenberg LR.
Performance of ZrO2-supported Nb- and W-oxide in the gas-phase dehydration of
glycerol to acrolein. J. Catal. 2013;297(0):93-109.
28. Morterra C, Cerrato G, Pinna F, Meligrana G. Limits in the use of pyridine adsorption,
as an analytical tool to test the surface acidity of oxidic systems. The case of sulfated
zirconia catalysts. Top. Catal. 2001;15(1):53-61.
29. Emeis CA. Determination of Integrated Molar Extinction Coefficients for Infrared
Absorption Bands of Pyridine Adsorbed on Solid Acid Catalysts. J. Catal.
1993;141(2):347-354.
30. Nakajima T, Nameta H, Mishima S, Matsuzaki I, Tanabe K. A highly active and
highly selective oxide catalyst for the conversion of ethanol to acetone in the presence of
water vapour. J. Mater. Chem. 1994;4(6):853-858.
31. Nakajima T, Tanabe K, Yamaguchi T, Matsuzaki I, Mishima S. Conversion of
ethanol to acetone over zinc oxide-calcium oxide catalyst optimization of catalyst
preparation and reaction conditions and deduction of reaction mechanism. Appl. Catal.
1989;52(3):237-248.
32. Halawy SA, Mohamed MA. The effect of different ZnO precursors on the catalytic
decomposition of ethanol. J. Mol. Catal. A: Chem. 1995;98(2):L63-L68.
33. Nishiguchi T, Matsumoto T, Kanai H, Utani K, Matsumura Y, Shen W-J, Imamura S.
Catalytic steam reforming of ethanol to produce hydrogen and acetone. Appl. Catal. AGEN. 2005;279(1-2):273-277.

127

34. Rodrigues CP, Zonetti PC, Silva CG, Gaspar AB, Appel LG. Chemicals from
ethanol-The acetone one-pot synthesis. Appl. Catal. A-GEN. 2013;458(0):111-118.
35. Sun J, Zhu K, Gao F, Wang C, Liu J, Peden CHF, Wang Y. Direct Conversion of
Bio-ethanol to Isobutene on Nanosized ZnxZryOz Mixed Oxides with Balanced AcidBase Sites. J. Am. Chem. Soc. 2011;133(29):11096-11099.
36. García EY, Laborde MA. Hydrogen production by the steam reforming of ethanol:
Thermodynamic analysis. Int. J. Hydrogen Energy. 1991;16(5):307-312.
37. Xu B, Madix RJ, Friend CM. Predicting Gold-Mediated Catalytic OxidativeCoupling Reactions from Single Crystal Studies. Acc. Chem. Res. 2014;47(3):761-772.
38. Kosuda KM, Wittstock A, Friend CM, Bäumer M. Oxygen-Mediated Coupling of
Alcohols over Nanoporous Gold Catalysts at Ambient Pressures. Angew. Chem. Int. Ed.
2012;51(7):1698-1701.
39. Xu B, Haubrich J, Baker TA, Kaxiras E, Friend CM. Theoretical Study of O-Assisted
Selective Coupling of Methanol on Au(111). J. Phys. Chem. C. 2011;115(9):3703-3708.
40. Boucher MB, Goergen S, Yi N, Flytzani-Stephanopoulos M. 'Shape effects' in metal
oxide supported nanoscale gold catalysts. PCCP. 2011;13(7):2517-2527.
41. Fatsikostas AN, Kondarides DI, Verykios XE. Steam reforming of biomass-derived
ethanol for the production of hydrogen for fuel cell applications. Chem. Commun.
2001;9(9):851-852.
42. Fatsikostas AN, Verykios XE. Reaction network of steam reforming of ethanol over
Ni-based catalysts. J. Catal. 2004;225(2):439-452.
43. Boucher MB, Marcinkowski MD, Liriano ML, Murphy CJ, Lewis EA, Jewell AD,
Mattera MFG, Kyriakou G, Flytzani-Stephanopoulos M, Sykes ECH. Molecular-Scale

128

Perspective of Water-Catalyzed Methanol Dehydrogenation to Formaldehyde. ACS Nano.
2013;7(7):6181-6187.
44. Yang M, Li S, Wang Y, Herron JA, Xu Y, Allard LF, Lee S, Huang J, Mavrikakis M,
Flytzani-Stephanopoulos M. Catalytically active Au-O(OH)x- species stabilized by alkali
ions on zeolites and mesoporous oxides. Science. 2014;346(6216):1498-1501.
45. Yang M, Allard LF, Flytzani-Stephanopoulos M. Atomically Dispersed Au-(OH)x
Species Bound on Titania Catalyze the Low-Temperature Water-Gas Shift Reaction. J.
Am. Chem. Soc. 2013;135(10):3768-3771.
46. Fu Q, Saltsburg H, Flytzani-Stephanopoulos M. Active Nonmetallic Au and Pt
Species on Ceria-Based Water-Gas Shift Catalysts. Science. 2003;301(5635):935-938.
47. Fu Q, Deng W, Saltsburg H, Flytzani-Stephanopoulos M. Activity and stability of
low-content gold-cerium oxide catalysts for the water-gas shift reaction. Appl. Catal. BENVIRON. 2005;56(1-2):57-68.
48. Liu BS, Au CT. Carbon deposition and catalyst stability over La2NiO4/γ-Al2O3
during CO2 reforming of methane to syngas. Appl. Catal. A-GEN. 2003;244(1):181-195.
49. Guan Y, Hensen EJM. Selective oxidation of ethanol to acetaldehyde by Au−Ir
catalysts. J. Catal. 2013;305(0):135-145.
50. Chang F-W, Kuo W-Y, Lee K-C. Dehydrogenation of ethanol over copper catalysts
on rice husk ash prepared by incipient wetness impregnation. Appl. Catal. A-GEN.
2003;246(2):253-264.
51. Chang F-W, Yang H-C, Roselin LS, Kuo W-Y. Ethanol dehydrogenation over copper
catalysts on rice husk ash prepared by ion exchange. Appl. Catal. A-GEN. 2006;304:3039.

129

52. Tu Y-J, Chen Y-W. Effects of Alkali Metal Oxide Additives on Cu/SiO2 Catalyst in
the Dehydrogenation of Ethanol. Ind & Eng Chem Res. 2001;40(25):5889-5893.

130

Table 4.1 IPA-TPD results on CB-ZnZrOx bare supports and Au/ZrO2
Preparation
Method
Anion Adsorption

Sample Name

Au/ZrO2
CB-ZrO2
CB-Zn1Zr10Ox
Carbon black hard
CB-Zn1Zr5Ox
template
CB-Zn1Zr1Ox
CB-ZnO

BET
m2/g
141
146
136
116
105
31

Peak center
˚Ca
193
161, 181
168, 183
174, 196
193
NA

Propeneb
mmol/gcat
0
145, 8
95, 97
27, 92
58
0

Acetonec
mmol/gcat
5.8
0
0
0
0
0

a

IPA temperature-programmed desorption peak center. TPD temperature ramps linearly from 30˚C to
400˚C in 4h.
b

Propene and cacetone amount produced per gram of catalyst by integrating the deconvoluted TPD peak
areas up to 400˚C.
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Table 4.2 Reaction rates and carbon deposition amount on parent and leached samples
Preparation
Method

Sample Name

Au/Zn1Zr10Ox
Anion adsorption L-Au/Zn1Zr10Ox
on CB-supports
Au/Zn1Zr1Ox
L-Au/Zn1Zr1Ox
a

Au
wt.%
1.0
0.58
1.0
0.54

EtOH
cons. ratea
6.52
6.04
5.53
3.04

CH3CHO
prod. rateb
5.79
5.28
5.19
2.28

CHx amt.c
2.49
3.60
1.52
1.53

Ethanol consumption rate at 350 °C in units of μmol/s/gcat

b

Acetaldehyde production rate at 350 °C in units of μmol/s/gcat

c

CHx deposition amount on a carbon basis of samples post steady state ethanol conversion up to 400 °C
in units of mmol/gcat
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Table 4.3 Quantitative analysis of pyridine adsorption amount on Brønsted and Lewis
acid sites
Catalysts
ZrO2
Zn1Zr10Ox
Zn1Zr5Ox
Au/ZrO2

Py on B sites Py on L sites
(mmolPy/gcat) (mmolPy/gcat)
0.07
0.08
0.05
0.15
0.00
0.14
0.00
0.03

B sites: Brønsted acid sites; L sites: Lewis acid sites.
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Figure 4.1. XRD patterns of ZnO, ZrO2 and ZnZrOx supports synthesized by the carbon black
hard template method. • tetragonal ZrO2; + hexagonal ZnO.
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Figure 4.2 EDS elemental mapping of a) 1wt.% Au/ZnO; b) 1wt.% Au/ZrO2; c) 1wt.%
Au/Zn1Zr1Ox and d) 1wt.% Au/Zn1Zr10Ox, Au: red •, Zn: green •, Zr: blue •.
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Figure 4.3. XP spectra of Zn 2p and Zr 3d regions of ZnO, ZrO2, and ZnZrOx nano structures
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Figure 4.4 Skeletal IR spectra of ZnO, ZrO2 and ZnZrOx samples

The IR and UV-Vis experiments25 in this thesis were conducted by our collaborators Dr.
Garbarino and Dr. Busca at University of Genoa in Italy.
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Figure 4.5 UV-Vis spectra of ZnO, ZrO2 and ZnZrOx samples25
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Figure 4.7 IR-Pyridine adsorption analysis on a) ZrO2, b) Zn1Zr10Ox, c) Zn1Zr5Ox, d) Zn1Zr1Ox f)
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The IR experiments25 in this thesis were conducted by our collaborators Dr. Garbarino
and Dr. Busca at University of Genoa in Italy
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Figure 4.8 8%EtOH/He-TPSR (2%EtOH/He for Zn1Zr1Ox), total flow rate=50mL/min, T
increases linearly 30-500˚C in 4h. 10%O2/He-TPO on samples post EtOH-TPSR, total flow rate=
50mL/min, T increases linearly 30-600˚C in 4.85h. Catalyst loading=100mg.
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Figure 4.9 2%EtOH+2%H2O-TPSR, total flow rate=50ml/min, temperature increases linearly
from 30-500˚C in 4h. 10%O2/He-TPO on samples post TPSR, total flow rate=50mL/min,
temperature increases linearly from 30-500˚C in 4h. Catalyst loading=100mg.
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Figure 4.10 2%EtOH/He-TPSR on a) Au/ZrO2, b) Au/Zn1Zr10Ox, c) Au/ Zn1Zr1Ox and d) Au/ZnO,
total flow rate=50mL/min, temperature increases linearly 30-500˚C in 4h. Catalyst
loading=100mg, WHSV=1.11 gEtOH/(gCat.•h).
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Figure 4.11 2%EtOH/He-TPSR on Au/Zn1Zr5Ox and Au/ZnO with and without H2 pretreatment
at 250˚C; total flow rate=50mL/min, temperature increases linearly 30-500˚C in 4h. Catalyst
loading=100mg, WHSV=1.11 gEtOH/(gCat.•h).
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(Continued next page)
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Figure 4.12 ac-HAADF-STEM of fresh parent samples a) Au/Zn1Zr10Ox, b) Au/Zn1Zr1Ox; fresh
leached samples c) Au/Zn1Zr10Ox, d) Au/Zn1Zr1Ox; and spent leached samples e) Au/Zn1Zr10Ox, f)
Au/Zn1Zr1Ox.
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Figure 4.13 Steady-state 2%EtOH+2%H2O/He on leached and parent Au/ZnZrOx. Total flow
rate=50mL/min, catalyst loading=100mg, WHSV=1.1 gEtOH/(gcat.•h). a) ethanol conversion, b) H2
production, c) acetaldehyde and d) acetone yield. —Au/Zn1Zr1Ox, ---Au/Zn1Zr10Ox, solid symbol:
parent, open symbol: leached.
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Figure 4.14 Color- and grey-scale STEM images of spent leached-Au/Zn1Zr10Ox post ethanol
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Figure 4.15 TPO of spent samples post steady-state ethanol conversion at the condition of Figure
4.13 20%O2/He, total flow rate=50mL/min, temperature increases linearly from 30-500˚C in 4h.
Catalyst loading=100mg.
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Figure 4.16 Stability tests (2%EtOH+2%H2O/He) on Au/Zn1Zr10Ox and Au/Zn1Zr1Ox, total flow
rate=50mL/min, T=325˚C for 11h. Catalyst loading=100mg, WHSV=1.11 gEtOH/(gCat.•h).
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Figure 4.17 Scheme of catalytic ethanol conversion on Au/ZnZrOx samples
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Chapter 5 Pd/ZnZrOx Catalysts for Methanol Steam Reforming and
Ethanol Dehydrogenation Reactions
In Chapter 3 and 4, atomically dispersed gold catalysts supported on the ZnZrOx
composite oxides were investigated for methanol steam reforming (SRM) and ethanol
dehydrogenation (EDH) reactions. The unique chemistry of gold was found for each of
these two reactions, with the support playing the role of a carrier keeping the gold
atomically dispersed through –O bonds. The reactions on the Au-Ox- centers took place at
temperatures much below where competing reactions on the support oxides would occur.
Hence, design of such catalysts can afford high selectivity. In the case of methanol,
similar TOF were measured on all atomic gold catalysts, including the Au-Ox-Na/TiO2
materials. When ZnO is the desired support, the use of the composite oxide ZnZrOx is
effective in keeping the ZnO dispersed, in close association with the ZrO2, thus allowing
higher capacity for anchoring and stabilizing gold active centers. Application of Group
VIII metals, like Pd and Pt, is another choice for SRM for less cost than gold-based yet
better thermal stability than copper-based catalysts. Due to the η2(C,O)-adsorption of
aldehyde species on metallic Pd and PdO, decomposition of methanol is involved as
undesired side reaction of SRM on Pd-based catalysts1. Pd catalysts supported on ZnO
are extensively investigated to date, since modification of Pd metal occurs after H2pretreatment. Formation of PdZn alloy2 modifies the reaction pathway of SRM to be
similar to that on copper- and gold-based catalysts with very promising selectivity to
CO23 and H2 for SRM. One key factor to the high selectivity of the bimetallic PdZn
catalyst is the homogeneity of the alloy formed. A mixture of Pd catalysts in different
chemical states (PdO, metallic Pd and PdxZny) will result in catalysis of the reactants
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(methanol, ethanol) via different reaction pathways. Therefore, the homogeneity of Pd
and ZnO species themselves is the prerequisite to uniform composition of the bimetallic
alloy under the same pretreatment conditions.
In this chapter, the ZnZrOx material synthesized by the carbon black hardtemplate method is employed as the catalyst support for palladium. Pd/ZnZrOx catalyst is
studied here for its potential better dispersion than on ZnO alone. However, unlike the
case of gold, the aim here is to pre-reduce the catalyst with H2 at high temperature (400
˚C) to create the PdZn alloy phase that has been reported extensively in the literature as
the active and selective Pd-based catalyst for the SRM reaction. The application of the
Pd/ZnZrOx catalyst to the EDH reaction is new to this thesis to the best of our knowledge.
Catalyst samples prepared and tested in this thesis work, and discussed in this chapter are
listed in Table 5.1. 1 wt.% of palladium was added to ZrO2, ZnO and Zn1Zr1Ox supports
by the one-step incipient wetness impregnation method followed by oxidizing or
reducing treatment at various temperatures. High-temperature (400˚C) reducing treatment
was found to be necessary to achieve the formation of PdZn alloy for the desired
“copper- or gold-like” performance of palladium catalysts.

5.1 Catalyst characterization results
Palladium samples studied in this chapter are Pd/Zn1Zr1Ox, Pd/ZnO and Pd/ZrO2.
Hydrogen reduction was performed on Pd catalysts supported on Zn-containing oxides at
either 200˚C or 400˚C with heating rate of 2˚C/min, and 2 h isothermal holding at the
desired reduction temperature. As discussed in Chapter 4, H2 reduction treatment of
Au/ZnO and Au/Zn1Zr5Ox did not affect the performance of gold catalysts for EDHTPSR up to 500˚C (Figure 4.11). Effects of H2 reduction on the Pd-based catalysts were
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studied in detail in this chapter, and significant difference of the catalyst morphology and
performance was observed due to H2 reduction. The composite oxide Zn1Zr1Ox (0.79
mL/g) maintains the pore volume of the pure ZrO2 (0.81 mL/g), and exceeds the pore
volume of pure ZnO (0.38 mL/g) as can be seen in Table 5.1, which makes Zn1Zr1Ox a
good candidate for palladium nitrate impregnation. XRD profiles and XP spectra at Zn 2p,
Zr 3d and Pd 3d spectral regions of all the Pd-added samples and bare supports are shown
in Figure 5.1 and Figure 5.2, respectively. As discussed in Chapter 4, XRD analysis of
bare supports synthesized by the carbon black hard-template method has indicated that
ZrO2, Zn1Zr1Ox and ZnO nanoparticles are all highly crystallized. Tetragonal ZrO2 and
hexagonal ZnO phases were both detected in Zn1Zr1Ox (Figure 4.1). Separate phases of
ZnO and ZrO2 suggest the occurrence of isolated ZnO clusters besides the highly
dispersed interstitial Zn2+ that bond intimately with ZrO2 to form the ZnZrOx composite
oxide (Chapter 4.1). For XPS analysis, Zn 2p spectrum of Zn1Zr1Ox shifted ~0.7eV
towards higher binding energies compared to the Zn 2p spectrum of pure ZnO; and
similarly, an energy shift of Zr 3d spectra towards lower values was found, both
indicative of electron transfer at the interface of Zn and Zr oxides in the composite oxide
Zn1Zr1Ox.
Addition of palladium by incipient wetness impregnation deposits all of the Pd
precursor amount on the surface. Treatment in oxidizing and reducing conditions will
result in more or less dispersed metal particles on the surface, and can also modify the
surface composition of the composite oxide, especially if a high reduction temperature is
used4,5. XRD profiles of the as prepared and reduced Pd/Zn1Zr1Ox and Pd/ZnO samples
(Figure 5.1) have demonstrated the formation of new PdxZny phases due to H2 reduction
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treatments. It is reported in the literature6 that formation of PdxZny bimetallic phase starts
with PdHx hydride. Hydrogen of the hydrides spills over to ZnO in vicinity and reduces it
to ZnO1−y (y<1), which will be further reduced to metallic Zn and alloy with Pd.
Pd/ZnO →“PdHx”/ZnO → “Pd(Hx)”/ZnO1−y/ZnO → ZnPd/ZnO
Phase diagram of the Pd-Zn system (see Appendix, Figure A.1) indicates that in the
temperature range between 200-400˚C, structure of PdZn bimetallic crystal is complex
depending on the Pd concentration. With 1 wt.% palladium loading, no metallic Pd or
PdO phases were detected on as prepared (calcined in air at 400˚C) Pd/Zn1Zr1Ox and
Pd/ZnO samples; however, the orthorhombic phase (cmmm) of PdZn2 with representative
peak at 2θ=40.9˚ (01-072-2937) emerged when Pd/Zn1Zr1Ox was reduced in pure H2 at
200˚C for 2 h. At the higher reduction temperature of 400˚C, the tetragonal phase7 of
PdZn (p4/mmm, Zn:Pd=1:1) was detected on both Pd/Zn1Zr1Ox and Pd/ZnO (Figure 5.1)
at 2θ=41.2˚ and 41.26˚ respectively2. PdZn alloy with tetragonal phase and Zn:Pd atomic
ratio of 1:1 is also denoted as PdZnβ in the literature8. Formation of the PdZnβ alloy is
crucial to high H2 selectivity6 in SRM and liquid phase ethanol steam reforming8.
XP spectra at the Pd 3d spectral region (Figure 5.2) were subtracted by the fitted
Zr 3p peaks due to the overlapping of Zr 3p and Pd 3d regions. Palladium catalysts
calcined in air (Pd/ZrO2, Pd/Zn1Zr1Ox, Pd/ZnO) have most of the Pd species in the form
of PdO with the Pd 3d5/2 peak centered at ~337eV2. Reduction in H2 reduces ZnO to Zn9
and forms PdZn alloys. The XPS results of reduced palladium samples corroborate with
the XRD findings in that H2 reduction led to the formation of PdZn alloys. Pd 3d5/2 peak
of Pd/Zn1Zr1Ox-R400 shifted to ~336 eV, which is the binding energy of Pd1Zn110 after
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full reduction of Pd at 400˚C by H2. Partial reduction was achieved on Pd/Zn1Zr1Ox
reduced at 200 ˚C, which possesses both PdZn2 alloy and metallic Pd at ~336 eV and 335
eV respectively2,10-12. Interestingly, high resolution XPS of all the Pd-containing samples
has indicated that the Pd/support interaction on the surface layers is mutual. Pd addition
to the Zn1Zr1Ox support has caused an energy shift of Zn(II) 2p3/2 peak center from
1021.9eV to 1022.7eV (Figure 5.1). Reduction of Pd/Zn1Zr1Ox in pure H2 at 200˚C has
lowered the Zn(II) 2p3/2 peak center to 1022.3eV, which is still above the Zn(II) binding
energy of bare Zn1Zr1Ox. Further reduction at 400˚C in pure H2 brought down the value
to 1021.3eV, which can be attributed to the formation of Pd1Zn1 alloy. Zn energy shift
was not as prominent on the Pd/ZnO samples as on Pd/Zn1Zr1Ox. Zn 2p3/2 peaks centers
at ~1021.5eV for both the calcined and reduced Pd/ZnO. This observation may be
explained by the presence of the composite oxide, which facilitates the electron transfer
between species in the system.
More pronounced effects occur to the ZrO2 component by Pd addition and the
reducing treatment. Pd catalysts on Zr-containing supports have led to a complex surface
chemistry of ZrO2. Splitting of Zr 3d peaks was observed on Pd/ZrO2 sample, which is
not the case for bare ZrO2. Addition of Pd followed by calcination in air introduces extra
O species to the surface and splits the Zr 3d peaks into 2 groups, one for the
stoichiometric Zr (IV)13,14 at ~183 eV and the other group of Zr(>IV) at ~185.5eV.
Occurrence of the extra component of Zr at elevated binding energy could be attributed to
the attachment of this Zr component to certain electron-withdrawing species15, in this
case, surface oxygen. Similar peak splitting effect was observed on Pd/Zn1Zr1Ox and bare
Zn1Zr1Ox. With enhanced electron transfer capacity, a larger portion of Zr has shifted to a
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higher energy level on calcined Zn1Zr1Ox. Reduction in H2 at 200˚C partially removes the
extra oxygen on the surface and eventually at 400˚C, the nonstoichiometric Zr(>IV) was
thoroughly reduced to ZrO2. This finding again indicates electron transfer on ZnZrOx
supported catalysts, which facilitates the formation of PdZn alloy.
STEM images with EDS (Energy-dispersive X-ray) elemental mapping of as
prepared 1 wt.% Pd/ZrO2, 1 wt.% Pd/Zn1Zr1Ox and 1 wt.% Pd/ZnO were collected on a
JEOL 2010 FEG analytical electron microscope and shown as Figure 5.3. The palladium
species demonstrate a clear trend of good dispersion and even distribution throughout the
surface of all three supports. Similar to the case of Au/ZnZrOx samples (Figure 4.2),
STEM-EDS images did not indicate any preferential binding of the metal to ZnO or ZrO2
phase on the ZnZrOx composite oxide. Moreover, high-resolution TEM images of 1 wt.%
Pd/ZrO2, 1 wt.% Pd/Zn1Zr1Ox calcined and reduced at 400˚C were collected (Figure 5.4)
to investigate the effects of H2 treatment on catalyst morphology. The TEM images
indicate a uniform ~5 nm oval shape of bare ZrO2 synthesized by the carbon black hardtemplate method. Same particle size and morphology was observed on the Pd/Zn1Zr1Ox
samples, calcined and reduced. Thus the high-temperature reducing atmosphere did not
alter the characteristic structure of the Zn1Zr1Ox composite oxide. No obvious Pd
particles were visible in any of the three samples.

5.2 Temperature-programmed methanol steam reforming (SRM-TPSR)
The characterization of palladium catalysts supported on ZnZrOx composite
oxides have given proof of the formation of PdZn alloy after H2 treatment, and the
profound modification of palladium due to the alloying. These palladium catalysts were
then tested under realistic conditions of methanol steam reforming (SRM) to investigate
159

the effects of PdZn alloy formation on the reaction activity and selectivity. Temperatureprogrammed surface reactions were conducted with online gas monitoring by mass
spectrometry (TPSR/MS) under dynamic conditions.
Methanol steam reforming (CH3OH+H2O)-TPSR was first conducted on all bare
supports synthesized by carbon black hard-template method with 2% CH3OH and 2.6%
H2O vapor carried in flowing He. The total flow rate of 25 mL/min over 100 mg diluted
catalyst powder corresponds to 17,000/h space velocity. Comparison between SRM on
carbon black series (-CB) and activated carbon series (-AC) of sample is shown in Figure
5.5. For the -CB samples, slightly larger surface area (Table 2.1) and stronger surface
acidity (Figure 3.3 and Figure 4.6) was observed than -AC samples. Moreover, better
dispersion and ZnO incorporation in ZrO2 was achieved in the -CB samples, as discussed
in Chapter 4. Different surface chemistry of the bare supports led to different catalytic
performance in SRM-TPSR. SRM on bare ZrO2-CB lighted off at ~280˚C (Figure 5.5).
Due to the strong surface acidity of ZrO2-CB, no CO or CO2 production was found within
the temperature range of 30-400˚C; instead, dimethyl ether (m/e=45, 46), which is the
product of methoxy group coupling on Brønsted acid sites16,17, was produced starting at
220˚C (inset of Figure 5.5). The activity of ZrO2-CB is remarkably different from ZrO2AC, since the latter is not activated until ~380˚C in the same reactant mixture. Zn1Zr1OxCB samples also demonstrated great difference in selectivity for the SRM reaction up to
400˚C. Again, we attribute this to the different mixing affected by the two template
carbon materials used. Thorough mixing of ZnO with ZrO2 in Zn1Zr1Ox-CB composite
oxide passivated the strong acidity of ZrO2, and eliminated the production of dimethyl
ether and CO, with only CO2 as the carbon product at 350˚C and above. On the other
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hand, Zn1Zr1Ox-AC possesses both the chemistry of ZnO and ZrO2 by producing both
CO and CO2 starting at ~320˚C (Figure 5.5), which can be attributed to incomplete
mixing of ZnO and ZrO2. Neither ZnO-AC nor ZnO-CB was active for SRM up to 400˚C,
due to the low surface area of ZnO nanoparticles produced by the carbon hard-template
method (Table 2.1).
As is the case of gold catalysts (Figures 3.6 and 3.7), palladium addition to the
ZnZrOx supports by incipient wetness impregnation lowers the light-off temperature of
methanol steam reforming. Results of SRM-TPSR up to 400˚C on the as prepared
(calcined in air at 400˚C) palladium samples are shown in Figure 5.6. XPS
characterization of Pd/ZrO2, Pd/Zn1Zr1Ox and Pd/ZnO shows oxidized state of palladium
on all of the as prepared palladium samples. This XPS finding explains the SRM-TPSR
results that a significant portion of carbon product is CO on all the as prepared samples. It
is well established in the literature that methanol decomposition to H2 and CO is the
typical pathway on metallic Pd and PdO2,18,19, due to the η2-adsorption mode of
formaldehyde on palladium. On 1 wt.% Pd/ZrO2, H2 and CO were produced
simultaneously starting ~190˚C. CO was the dominant carbon product throughout the
whole reaction temperature range with minor selectivity to CO2 found at temperature
above 280˚C. On 1 wt.% Pd/Zn1Zr1Ox, SRM lighted off at ~200˚C for the first cycle of
reaction up to 400˚C. Better selectivity to CO2 was observed on Pd/Zn1Zr1Ox than
Pd/ZrO2. However, on the latter, simultaneous production of CO and CO2 was observed
throughout the temperature range investigated. Similar selectivity was observed when
repeating the SRM reaction from 30˚C to 400˚C in a second cycle after cooling back to
room temperature, but with activation of SRM taking place at a higher temperature
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(~250˚C). On 1 wt.% Pd/ZnO, SRM lighted off at ~190˚C with similar CO2 selectivity as
on Pd/Zn1Zr1Ox. CO was still the dominant product up to 370˚C for the first cycle of
SRM. The second cycle of SRM reaction on the spent sample, however, experienced a
significant deactivation, the reaction not lighting off until above 300˚C. The difference in
catalyst performance of Pd/Zn1Zr1Ox and Pd/ZnO after exposure to high temperature
(400˚C) under reaction condition has demonstrated the advantage of dispersing ZnO in
ZrO2, which greatly suppresses the coarsening of the ZnO particles and retaining a large
number of Pd-ZnO binding sites even at elevated temperatures.
In section 5.1, XRD and XPS analysis of palladium samples have shown evidence
that H2 treatment at 200˚C and 400˚C leads to the formation of PdZn2 and Pd1Zn1 alloy.
In this section, results of SRM-TPSR on reduced palladium catalysts are shown in Figure
5.7. SRM on 1 wt.% Pd/Zn1Zr1Ox reduced at 200˚C in H2 kept basically the same activity
and selectivity as non-reduced Pd/Zn1Zr1Ox. A second cycle of SRM-TPSR on the spent
sample maintained comparable activity with slight SRM deactivation by ~20˚C.
Significant suppression of CO was only observed on the 1 wt.% Pd/Zn1Zr1Ox sample
reduced at 400˚C, where the SRM reaction lighted off at ~270˚C and produced CO-free
CO2 up to 370˚C. Minor amounts of CO with selectivity less than 5% were eluted at
above 370˚C. A second cycle of SRM was performed on the spent sample, and the
catalyst activity remained the same. On 1 wt.% Pd/ZnO reduced in H2 at 400˚C, the CO
production was also fully suppressed with CO2 being the only carbon product starting
from 300˚C. The same activity was maintained for the second cycle of SRM. Comparing
to the SRM results on as prepared Pd/ZnO (Figure 5.6), high temperature deactivated the
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catalyst regardless of the gas composition, which again points to the low stability of pure
ZnO as a support of Pd species for high temperature application.
Formation of the Pd1Zn1 alloy under H2 reduction is the key reason of improved
selectivity to CO2 in SRM, as has been reported in the literature20,21. A different reaction
pathway on the alloy explains this. On PdZn alloy, methanol undergoes self-coupling
(2CH3OH 4 HCOOCH3 + 2H2) to produce methyl formate instead of decomposing into
CO and H2 as on metallic palladium1,22. As a crucial intermediate of methanol selfcoupling, methyl formate detection provides the direct evidence of the proposed reaction
mechanism on Pd1Zn1 alloy. Methyl formate is easily hydrolized to formic acid in
presence of water23, which then is dehydrogenated to give as exclusive products H2 and
CO2. In this pathway, no CO is produced and the overall reaction is not limited by the
WGS reaction equilibrium. Methanol-TPSR was conducted here on representative
palladium samples in the absence of water to verify the methyl formate production.
Methanol-TPSR (5% in He carrier gas) with online mass spectrometry was performed
with linear temperature ramping from room temperature to 400˚C. As can be seen in
Figure 5.8, formation of methyl formate was observed on both Pd/ZnO and Pd/Zn1Zr1Ox
reduced in H2 at 400˚C. It is worth noticing that on as prepared Pd/ZnO, methyl formate
was also produced at ≥330˚C. This is attributed to the reduction of Pd by H2 produced
during methanol decomposition, which led to in situ PdZn alloys formation. As a result,
SRM-TPSR then proceeded via the methanol coupling reaction as on the pre-reduced
Pd/ZnO.
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5.3 Steady-state methanol steam reforming reaction
Kinetic studies of methanol steam reforming on PdZn alloys in the literature show
some difference in the value of the apparent activation energy of SRM. Wang et al.
reported the apparent activation energy of SRM on H2-reduced (400˚C) Pd/ZnO to be
94.8kJ/mol24; while higher Ea (114.4 kJ/mol)25 was observed by Schubert et al. on
Pd/ZnO reduced at 500˚C. Both studies were conducted in micro-channel reactors.
Theoretical studies of different phases of PdZn alloys indicated a difference in the
activation energy of SRM, which were reported to be 113 and 107 kJ/mol on PdZn(111)26
and PdZn(100)27 respectively. A large discrepancy was found in Farrauto et al. work28, in
which the activation energy of SRM was reported to be 54 kJ/mol on Pd-Zn-Y/CeO2. The
difference of Ea was attributed to the difference in the metal catalyst concentration. Such
a low value, however, may have been the result of intruding diffusional effects, or a
different palladium catalyst phase (not the Pd1Zn1) dominating on the ceria support. In
the above discussed experimental work, the SRM reaction rate was calculated by
measuring the disappearance rate of methanol. As a result, side reactions of methanol
potentially going on in parallel may mask the SRM kinetics. Therefore, in this thesis
work, the SRM rate was calculated by measuring the rate of CO2 production.
To measure the activation energy of SRM, steady-state SRM tests were
conducted on two of the representative palladium samples, 1 wt.% Pd/ZnO and 1 wt.%
Pd/Zn1Zr1Ox, both reduced in H2 at 400˚C prior to steady-state reactions. For the afore
mentioned reasons, the SRM reaction rate was measured by monitoring the CO2
production rate per gram of metal catalyst, while the reaction temperature was held
constant at 320, 340 and 360˚C for 2 h at each step on Pd/ZnO-R400; and 300, 310 and
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330˚C for 2 h each on Pd/Zn1Zr1Ox-R400, so that the methanol conversion was between
5%-20%. Experiments were repeated in 3 times on each sample, then the apparent Ea of
SRM reaction on these two samples was calculated by fitting the averaged raw data on
Arrhenius-type plot, as shown in Figure 5.9. Ea was calculated to be 100.1kJ/mol on 1 wt.%
Pd/Zn1Zr1Ox-R400, and 100.3kJ/mol on 1 wt.% Pd/ZnO with ±9 kJ/mol deviation. Ea
measured in this thesis work is in closer agreement with the Ea results reported in the
literature in the range of 95-110 kJ/mol. The same Ea on these two palladium samples
suggests a similarly Pd1Zn1 phase to be present on them. More detailed kinetics to
determine the reaction rate orders should be conducted in the future and compared to the
gold catalysts, for which a similar apparent activation energy was found, see Figure 3.12
in Chapter 3.

5.4 Temperature-programmed ethanol dehydrogenation (EDH-TPSR)
Application of ZnZrOx composite oxides prepared by the carbon black hard
template (CB-HT) method as the palladium catalyst support may be suitable for ethanol
activation and dehydrogenation. The “gold-like” behavior of Pd1Zn1 alloy formed on
ZnZrOx inspired us to conduct a first study of the suitability of 1 wt.% Pd/Zn1Zr1Ox as a
catalyst for the low-temperature ethanol dehydrogenation reaction (EDH). In Chapter 4,
we discussed in depth the unique property of gold to catalyze the EDH reaction with
complete selectivity to acetaldehyde, the product of C-H bond scission, without ethanol
C-C bond cracking up to ≥300˚C on Au/ZnZrOx. Hydrogen and acetaldehyde were
produced in stoichiometric amounts from the EDH reaction (Figure 4.13). In this work,
the as prepared and H2-reduced 1 wt.% Pd/Zn1Zr1Ox were tested (Figure 5.10) in EDHTPSR from 30˚C to 400˚C. On as prepared Pd/Zn1Zr1Ox, ethanol activation started at
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~250˚C. Production of acetaldehyde and H2 occurred simultaneously from 250˚C,
followed by the production of CO and CH4 at temperature 20˚C higher. Acetaldehyde
production was mostly accompanied by CO and CH4 throughout the temperature range,
and no CO2 was detected up to 400˚C. The EDH-TPSR result on as prepared
Pd/Zn1Zr1Ox corroborates what was reported in the literature on supported palladium
catalysts, i.e. that ethanol catalytic conversion takes place on supported palladium
catalysts

with

C1

products

predominantly

from

ethanol

or

acetaldehyde

decomposition29,30. However, on H2-reduced Pd/Zn1Zr1Ox, the products of EDH-TPSR
were exclusively acetaldehyde and H2 from ethanol dehydrogenation, which lighted off at
~250˚C. No C1 products were detected up to 400˚C. It is clear that H2-reduction at 400˚C
completely eliminates the active sites of Pd for C-C bond cracking and leaves only the
“gold-like” PdZn sites, which are active for C-H bond scission in a wide temperature
window. Modification of the electronegativity of Pd is fulfilled by forming PdZn alloy
via H2-reduction, which is also the essential concept in this type of catalyst design for
SRM application. Few reports on PdZn catalyzing ethanol dehydrogenation were found
in the literature. Wang et al.8 have reported the high reactivity of PdZn alloy supported by
carbon black and nanotubes in aqueous phase ethanol reforming, however, with
predominant selectivity to CO2 and H2 at 250˚C. This could be due to the presence of
water, but more work is needed to distinguish the possible pathways. The promising first
results of the ethanol dehydrogenation reported here warrant further detailed studies of
the reaction kinetics and the catalyst stability in realistic conditions. Along with gold, the
PdZn catalyst may offer the long sought alternatives to Cu/ZnO catalysts for alcohol
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reforming reactions and to Cu/SiO2, the current (low-stability) commercial catalysts for
dry ethanol dehydrogenation to acetaldehyde.

5.5 Summary
In this chapter, the ZnZrOx composite oxide was evaluated as palladium catalyst
support for the SRM and EDH reactions. Zn1Zr1Ox with finely dispersed ZnO clusters in
the ZrO2 matrix was found excellent in its ability to anchor and stabilize palladium active
sites under realistic reaction conditions. For the SRM reaction, superior activity was
observed on 1 wt.% Pd/Zn1Zr1Ox than on Pd supported on either of the pure metal oxides,
ZnO or ZrO2. H2 pretreatment at 400˚C fully reduced PdO and formed Pd1Zn1 alloy in
Pd/Zn1Zr1Ox and Pd/ZnO, both demonstrating exclusive selectivity to CO2 as the carbon
product of SRM. Detection of the intermediate of methyl formate on reduced
Pd/Zn1Zr1Ox and Pd/ZnO proved the methanol self-coupling reaction mechanism of SRM
on this type catalyst. The same apparent activation energy of SRM on reduced
Pd/Zn1Zr1Ox and Pd/ZnO further shows that similarly structured active sites are present
on both catalysts. However, the stability of the Pd/ZnZrOx is much superior to that of
Pd/ZnO and the composite oxide is thus the clear choice of support for Pd in this reaction.
The same H2-reduced Pd/Zn1Zr1Ox catalysts were found promising for application
to dry ethanol dehydrogenation to acetaldehyde and H2. The Pd1Zn1 phase has exclusive
selectivity to C2 products and a wide window of operation is possible before acetone or
other products are formed at higher temperatures. Thus, the PdZn catalysts are “gold-like”
in both the reactions of methanol and ethanol. This is a significant finding that warrants
further detailed kinetic and stability studies of this type catalyst. Overall, this work has
broadened the use of Group VIII metals as the catalyst for the SRM reaction with highest
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H2 selectivity and for EDH with selective C-H scission, and provides the elements
necessary for rational design of Pd alloy catalysts for these and potentially other reactions,
such as hydrocarbon dehydrogenation.
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Table 5.1 List of samples studied in Chapter 5
Preparation
Sample
method
Carbon black ZrO2
hard
Zn1Zr1Ox
template
ZnO
Incipient
Pd/ZrO2-P
wetness
Pd/Zn1Zr1Ox-P
impregnation
Pd/ZnO-P
on CBPd/Zn1Zr1Ox-R200
supports
Pd/ZnO-R200
1wt. % Pd
loading
Pd/Zn1Zr1Ox-R400
Pd/ZnO-R400

Pretreatment Temp.
method
(˚C)
Calcine in air 550˚C-20 h

Calcine in air 400˚C-4 h

Calcine in air 400˚C-4h
Reduce in H2 200˚C-2h
Calcine in air 400˚C-4h
Reduce in H2 400˚C-2h

BET area
(m2/g)
146
116
31
99
92
29
83
30
72
28

Pore vol.
(ml/g)

0.81
0.79

0.38
-

-

Carbon black: Cabot Black Pearl 2000; Pd precursor: Alfa Aesar Pd(NO3)2•xH2O, Pd 39%; H2 is pure
hydrogen gas.

173

•
o

•
Intensity((a.u.)(

+

+

+

+•

•
+

+

•

•

+

+
+•

•
+

•

•

+

PdZn-41.26˚

+

+

1wt.%Pd/Zn1Zr1Ox-R200

+

o
1wt.%Pd/ZnO-R400

Pd/ZnO-R400

Pd/Zn1Zr1Ox-R200

1wt.%Pd/ZnO

+

+
+•

•
+

30#

40#

50#
Theta((˚)(

+

•

60#

+

PdZn-41.2˚

Pd/Zn1Zr1Ox-R400

1wt.%Pd/Zn1Zr1Ox
+

20#

+

1wt.%Pd/Zn1Zr1Ox-R400

+

x
+

•

• t-ZrO2
+ h-ZnO
º PdZn
x PdZn2

Intensity (a.u.)

+ +
+•

Intensity((a.u.)(

•

PdZn2-40.9˚
ZnO

+ Zn1Zr1Ox
70#

80#

20#

30#

40#

50#
60#
Theta((˚)(

70#

80#

39

40

41
Theta (˚)

Figure 5.1 XRD profiles of Pd catalysts and supports: • represents tetragonal zirconia; +
represents hexagonal zinc oxide; o represents PdZn alloy; and x represents PdZn2 alloy.
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Figure 5.2 XP spectra of Pd catalysts and supports at Zn 2p, Zr 3d and Pd 3d spectral region
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333

a)

b)

c)

Figure 5.3 EDS element mapping of as prepared a) 1 wt.%Pd/ZrO2 b) 1 wt.% Pd/Zn1Zr1Ox c) 1
wt.% Pd/ZnO –R400˚C; Pd: red •, Zn: green •, Zr: blue •.

176

a)

b)

c)

Figure 5.4 High-resolution TEM images of a) 1-wt.%Pd/ZrO2 b) 1-wt.% Pd/Zn1Zr1Ox c) 1-wt.%
Pd/Zn1Zr1Ox –R400˚C
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Figure 5.5 SRM-TPSR on bare supports synthesized by activated carbon (-AC) and carbon black
(-CB) hard-template method. (100mg catalyst loading; 2%CH3OH, 2.6%H2O, balance in He;
Total flow rate= 50 mL/min on AC samples, and total flow rate=25 mL/min on CB samples;
Temperature increases linearly with 2˚C/min ramping rate)
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Figure 5.6 SRM-TPSR on as prepared palladium samples. (100mg catalyst loading; 2%CH3OH,
2.6%H2O, balance in He; Total flow rate=25 mL/min; Temperature increases linearly with
2˚C/min heating rate)
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Figure 5.7 Two cycles of SRM-TPSR on reduced Pd/Zn1Zr1Ox and Pd/ZnO samples (100mg
catalyst loading; 2%CH3OH, 2.6%H2O, balance in He; Total flow rate=25 mL/min; Temperature
increases linearly with 2˚C/min heating rate.)
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Figure 5.8 Methanol-TPSR in absence of water on Pd catalysts. Catalyst loading=100mg, MeOH:
He=5%: 95%, total flow rate=50 mL/min (GHSV = 34,000/h)
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Figure 5.9 Arrhenius-type plot of the SRM reaction on PdZn-containing samples and the
comparison of Ea on Pd samples to Au samples; Steady-state SRM conditions: 2% CH3OH/2.6%
H2O/95.4%He, catalyst load: 100mg, total gas flow rate: 50mL/min
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Figure 5.10 2% Ethanol/He-TPSR on as prepared and H2-reduced (400˚C) 1 wt.% Pd/Zn1Zr1Ox,
total flow rate=50 mL/min, temperature increases linearly 30-400˚C in 3.1 hr, catalyst loading=
100 mg, WHSV=1.11 gEtOH/(gCat.•h).
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Chapter 6 Conclusions and Recommendations
6.1 Conclusions
The research pursued in this thesis was the investigation of supported gold and
palladium as catalysts for the application of bio-derived alcohols for hydrogen generation
and value-added chemicals production. Novel nanoscale metal oxides with tuned surface
chemistry and abundant -Ox- species to stabilize the active centers of catalyst metal were
developed and studied in the thesis. Extensive characterization and mechanistic studies
were conducted to investigate the effects of catalyst structure on its activity and
selectivity for the catalytic reactions of interest.
6.1.1 Methanol steam reforming (SRM)
This thesis has demonstrated the Au/ZnZrOx and Au/TiO2 systems to be active
catalysts for CO-free SRM within a wide range of temperature (200-375˚C). ZnZrOx
synthesized by activated carbon hard template method (AC-) has shown superior
performance to either pure ZnO or ZrO2 in terms of anchoring and stabilizing gold atoms
through Ox- bonds. Loading of 1wt.% Au on AC-Zn1Zr10Ox by the anion adsorption
method maintained atomic dispersion of gold compared to the formation of gold particles
on pure ZrO2. A wide temperature window (200-375˚C) between CO and CO2 production
was achieved on Au/Zn1Zr10Ox, which is significant for the practical operation of onboard H2 production from methanol for fuel cell application. Au-Ox-Na/TiO2 synthesized
by the one-step impregnation of the Au-O(OH)x-Na precursor onto commercial TiO2 has
demonstrated a new active gold catalyst system for low-temperature SRM. As a group IB
metal, gold catalyzes SRM through the self-coupling of methanol to produce methyl
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formate followed by oxidation of methyl formate to formic acid and dehydrogenation of
the latter to produce H2 and CO2. On all the supported gold catalysts, the same reaction
mechanism was inferred by capturing methyl formate as the intermediate of methanol
coupling and by measuring the same apparent activation energy of SRM of ~110 kJ/mol.
Success of the Au/ZnZrOx system inspired the application of palladium on this
composite oxide with highly dispersed ZnO species as the sites for PdZn alloying.
Addition of 1wt.% palladium was conducted by one-step impregnation of Pd(NO3)2 onto
Zn1Zr1Ox followed by H2-heat treatment. Finely dispersed ZnO species alloy with
palladium under H2-reduction at 400˚C, and this fully tunes the chemistry of palladium to
catalyze SRM through the methanol coupling mechanism, which essentially eliminates
the formation of CO via methanol decomposition. Detection of the methyl formate on
Pd/ZnZrOx has shown this catalyst to perform similarly to Au/ZnZrOx catalysts.
6.1.2 Ethanol dehydrogenation
Application of the atomically dispersed gold on ZnZrOx was extended to ethanol
with the knowledge gained from methanol. Catalytic ethanol dehydrogenation to
acetaldehyde and H2 was studied on Au/ZnZrOx samples. Bare ZnZrOx oxides activate
ethanol conversion in the range of 280-300˚C with overlapped temperature zones for
acetaldehyde and ethylene production so that separation of the products would be an
issue. Addition of 1wt.% Au to the bare supports significantly changes the products
distribution in the range of 200˚C-400˚C. Well-dispersed Au on Zn1Zr10Ox and Zn1Zr1Ox
activate the ethanol dehydrogenation as low as ~200˚C. As gold selectively facilitates the
dehydrogenation of ethanol at low-temperature, a wide temperature window was found
separating the production of acetaldehyde and ethylene, which may be harnessed for the
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industrial application of this type catalysts. A preliminary study of Pd/ZnZrOx system for
this reaction was promising as it was found that the PdZn alloy formed afterH2-reduction
performed equally effectively as the gold on the mixed oxide ZnZrOx.

6.2 Recommendations
Due to time limitations, several questions were not addressed in this thesis work.
There are good leads from the findings of the thesis, however, to spearhead future work.
My first recommendation regards the synthesis methods of ZnZrOx composite oxides. IR
and UV-Vis characterization of the metal oxides synthesized by the carbon hard-template
method indicates occurrence of impurities such as sulfates and silicates, which are most
likely introduced by the carbon materials. No commercial carbon material is absolutely
free of impurities to my knowledge. Therefore, other customized pure material with high
surface area and ignition point higher than 400˚C might be experimented to replace
carbons. Another issue with the hard-template method is the formation of isolated ZnO
clusters when the amount of Zn exceeds the solubility limit, where ZrO2 can
accommodate Zn in its lattice to form oxide solid solutions. More fundamental studies
about the solubility of ZnO in ZrO2 should be conducted to identify the optimal Zn/Zr
ratio to design the ZnZrOx composite oxides in the most effective way.
My second recommendation is to perform detailed kinetic studies of SRM to
determine the reaction orders of the key species involved in SRM; and further prove that
the same reaction mechanism is true on all the Au-Ox-MO active sites, independent of the
type of the MO support. Another recommendation regarding the study of SRM reaction
mechanism is to conduct isotopic labeling of O of the reactants. Isotopic labeling of O
will demonstrate whether the O species of the support surrounding gold active centers are
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involved in the reaction pathway and detected in the product molecules. The answer to
this question will conclude whether oxygen species are necessary to activate gold for
SRM.
My last recommendation is to employ the Pd/ZnZrOx catalyst for ethanol steam
reforming reaction. Tunable Pd oxidation state and composition of PdZn alloy could
catalyze ethanol reforming in different reaction pathways for desired products, which
would be a novel direction for the application of palladium catalysts.
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Appendix

Figure A.1 Phase diagram of the Pd-Zn system1.

FCC_A1: face center cubic PdZnα solid solution phase;
PDZN_BETA: tetragonal PdZnβ, Pd:Zn=1:1;
PDZN_GAMMA: face center cubic PdZn solid solution;
PDZN_ETA: hexagonal close packed PdZn solid solution.

Reference
1. MTDATA – Phase Diagram Software from the National Physical Laboratory
http://resource.npl.co.uk/mtdata/phdiagrams/pdzn.htm
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