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Abstract
MORPHOLOGY DYNAMICS OF PRECIOUS METAL CATALYSTS FOR
OXYGENATED HYDROCARBON STEAM REFORMING
by
Stephen Crowley
Advisor: Professor Marco J. Castaldi
Precious metal nanoparticles dispersed on high surface area carriers have
been demonstrated to exhibit superior capabilities in catalyzing chemical reactions.
Currently there is an emphasis on employing these precious metal catalysts in the
reforming of fuels, a process in which an organic molecule is exposed to high
temperatures in order to produce gaseous hydrogen for use in various applications.
Traditionally natural gas has been used for the production of this hydrogen,
limiting the overall sustainability of the process. Therefore, a shift to more
sustainable sources in the form of biomass derived fuels is necessary.
Ethanol steam reforming (ESR) has been widely explored as a test case in
order to identify appropriate catalyst materials for oxygenate reforming as well as
to elucidate the reaction scheme governing the process. However, in a recent review
on catalytic ESR by Hou et al., the authors highlight that there is no agreed upon
reaction pathway for the overall ethanol steam reforming process. Here we seek to
provide new insights on the reaction pathways involved in steam reforming over a
Rh-based catalyst demonstrated to have superior performance through the use of
isotope-labeled reactants. Operando characterization of the catalyst showed

oxidation state and structural changes to the catalyst surface with partiallyoxidized Rh providing optimal performance.
The low-temperature ESR reaction mechanism over a supported Rh/Pt
catalyst was investigated using strategic isotope labeling of the reactants. This
allowed for an unprecedented level of understanding with respect to the dominant
reaction pathways, the contribution of each metal to the product distribution, and
the role of the support. Both the recombination of C-species on the surface of the
catalyst as well as preservation of the C-C bond within ethanol are responsible for
C2 product formation. The onset of ethylene, a common byproduct observed after
catalyst deactivation, does not occur until incomplete ethanol conversion is
observed. In addition, we quantitatively show that 57% of observed ethylene is
formed directly through ethanol dehydration. Finally we provide clear evidence that
oxygen in the silica-zirconia support likely constitutes 10% of the CO formed during
reaction.
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Chapter 1: Introduction
1.1. Motivation
Catalytic steam reforming of hydrocarbon fuels has proven to be an effective
means of meeting the demand for hydrogen with many benefits including high
theoretical efficiencies.1 There continues to be a push to expand our knowledge of
established catalytic systems and determine their limitations with regard to specific
applications. Catalytic materials have already been shown to deliver higher
selectivity, improved conversion, and faster reaction time,2 but the extent of these
advantages can depend on a multitude of factors that are not fully determined for
many systems. In the pursuit of these limits, it has been observed that precious
metals, specifically platinum group metals (PGMs), such as rhodium, palladium,
and platinum exhibit improved performance over their lower-cost counterparts
including iron, cobalt, and nickel.3 Intrinsic reaction rates were examined for
methane steam reforming by Obradović et al. with platinum exhibiting 8 times the
activity of nickel-based catalysts,4 showing that while it can be argued that the
initial cost of PGMs is prohibitively expensive, their overall performance more than
makes up for the staggering upfront investment over the life of the catalyst.
In optimizing catalytic behavior, extensive work has been performed
investigating how particular catalyst materials behave in the presence of various
reactants, including but not limited to alkanes, ketones, esters, and alcohols. Initial
studies focused on the use of a single metal dispersed over a high surface area
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metal-oxide support. This was done in an attempt to understand the activities of
individual metals as well as the influence of the support on catalytic activity.
Recent work by Tang et al. reexamined the “volcano curve” generated by plotting
the turnover frequency (TOF) as a function of the change in enthalpy of formation
for activated species across a wide range of base and precious metal catalysts.5 Not
surprisingly, platinum group metals (PGMs) exhibited the highest TOFs at
moderate binding energies.
Along these lines, several modes of activation have been identified
throughout the literature on catalysis. Activation through the on-stream formation
of active sites by reactant molecules has been shown for supported silver catalysts
used in the hydrocarbon selective catalytic reduction (SCR) of NOx.6 This type of
activation is largely attributed to the carbon species present in the reactants, able
to form numerous complexes that enhance activity.7 Activation by restructuring in
which a chemical stimulus induces reconfiguration of the metal atom lattice
structure to an activated state has been shown for transition metals.8 Support
material has been shown to play a role in catalyst metal particle reconfiguration,9
however this restructuring is more consequential when induced by catalyst poisons
such as sulfur or the adsorption of alkali metals from the reactants. The modes by
which restructuring occurs and the well-established structure-activity relationships
for heterogeneous catalysts provide motivation for the investigation of highly
engineered bimetallic catalysts due to the presence of a promoter material.
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The role of individual metals as they combine synergistically in bimetallic
catalysts and the resulting impact on overall performance behavior is not yet well
understood for many catalytic systems. Structure-activity relationships have been
under investigation for over four decades10 with recent advances highlighting the
importance of various structures through the destabilization modes of reactants on
unique surface lattices.11,12 Bimetallic catalysts have been identified to have
excellent activity in processes ranging from selective or preferential oxidation13–15 to
hydrogenation16–18 and reforming reactions.19–21 While catalysts designed for
methane reforming have been well characterized, the presence of carbon-carbon
bonds as well as reactive functional groups expose the shortcomings of these
catalysts. Ergo, the dynamics of reforming catalysts depend greatly on the
reformate itself.
Fuels used as the reformate have largely originated from nonrenewable
sources such as petroleum22 and natural gas,23 therefore it is desirable to find a
more renewable feedstock to derive this hydrogen. Ethanol has been identified as a
potential starting material for reasons of current cost and availability.24,25
Furthermore, we are using ethanol as a model compound for typical oxygenated
hydrocarbons formed from the processing of renewables.
The presence of oxygen within the chemical makeup of more renewable fuels
is detrimental to the fuel’s energy density.26 Table 1 lists common liquid fuels of
varying oxygen content and their energy densities for a direct comparison.27
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Table 1: Energy densities of liquid fuels. [Trivalent 2010]

Fuel
Liquefied Natural Gas
Conventional Gasoline
US Conventional Diesel28
Biodiesel (Methyl Ester)29
n-Butanol
Ethanol
Methanol

Chemical Formula
CH4 (majority)
C8H18 to C12H26
C10H20 to C15H28
C17H34O2 to C19H32O2
C4H10O
C2H6O
CH4O

Energy Density
(MJ/kg)
48.63
43.45
42.79
37.53
34.37
26.95
20.10

Comparing methanol with liquefied natural gas, the addition of an oxygen atom into
the chemical structure results in a 59% decrease in energy density. As a way to
combat this, a process known as the hydrodeoxygenation (HDO) of biofuels has been
identified to upgrade biologically derived oxygenated hydrocarbons into oxygen-free
fuels with higher energy densities.

1.2. Hydrodeoxygenation (HDO) of biomass
In the HDO process, biomass is first broken down into its constituent
carbohydrates, primarily cellulose and hemicellulose. These carbohydrates undergo
acid digestion into simple sugars which are then treated with hydrogen to remove
oxygen functional groups, thereby converting sugars and alcohols into linear
alkanes with higher energy densities.30 Within this process, an external source of
hydrogen is needed to carry out the final steps of the synthesis to give rise to the
final product.
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In the ideal process, the removal of every oxygen atom from the feedstock
should require one H2 molecule for the formation of water. Therefore, for the many
sugars and polyols containing more than one oxygen atom, the amount of H2
consumed increases dramatically to ensure full conversion. It was determined that
for every mole of triglyceride, a common oxygenate produced during biomass
processing, fifteen moles of hydrogen are required to fully convert the feedstock into
oxygen-free hydrocarbons and water.31 As previously mentioned, the primary supply
of hydrogen comes from petroleum feedstocks, so in effect the desired products (nalkanes) are still being derived from petroleum. In fact, it was found that 100 to 400
Nm3 of hydrogen per ton of feedstock was needed to achieve desired levels of
hydrodeoxygenation.32 Consequently, it is desirable to obtain the hydrogen used
from renewable sources, thereby making the entire process renewables-driven.
The work of Chattanathan et al. explored the benefit and feasibility of using
biologically derived fuels as the reformate.33 Our research seeks to expand on this
idea by using the sugars and alcohols produced in the HDO intermediate steps
themselves as the reformate for hydrogen production as depicted in Figure 1
(adapted from Choudhary et al. 2011). This would make the overall process more
self-contained and inherently more sustainable.
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Figure 1: Overall hydrodeoxygenation (HDO) process of fuels from biomass involving (1) processing
of raw biomass into its constituent components, (2) acid digestion of biopolymers, and (3)
removal of oxygen from the chemical makeup of the fuel through hydrogen treatment. Figure
adapted from Choudhary et al. 2011. Dashed box: steam reforming of oxygenated
hydrocarbons.

The steam reforming of natural gas is the primary production method for
hydrogen, so in effect the desired products are still ultimately being derived from
non-renewable sources. Consequently, it is desirable to generate the hydrogen used
in this process from more sustainable sources, thereby making the entire process
renewables-driven.

1.3. Renewable reformate selection
In the initial stages of HDO, the compounds isolated from the biomass
feedstock to be used as the reformate could fall into several categories of chemical
composition, each with distinct behavior in the reforming process. Carbohydrates
such as sugars have markedly different performance in hydrogen yield from polyols
such as methanol, ethylene glycol, and sorbitol with glucose providing only 50% of
the hydrogen selectivity provided by methanol.34 While methanol inherently
provides higher selectivity toward hydrogen, higher order oxygenated hydrocarbons
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are much more abundant in the first stages of the HDO process. Ethanol, glucose,
glycerol, and 3-hydroxybutyrolactone have been identified as representative
derivatives of lignocellulosic biomass polymers.35 Due to their increasingly complex
chemical structures, they become more difficult to use as platform chemicals in the
reforming process. Ethanol, with the presence of a single C-C bond and an
oxygenated functional group, could provide a basis for understanding how the
functional groups and carbon backbones are affected in the reforming process.

1.4. Catalyst selection and development
There are, however, no efficient catalysts for steam reforming of bio-derived
feedstocks such as ethanol. Current catalysts rely on formulations developed for
reforming of natural gas (methane) and petroleum-derived fractions with minimum
concentrations of oxygen-containing hydrocarbons (oxygenates). These catalysts do
not offer sufficient activity and stability for bio-derived feedstocks with large
concentrations of oxygenates.36 For example, bio-oils produced by pyrolysis typically
contain about 40-45 wt% oxygen from oxygenates and those obtained by liquefaction
– about 15 wt%.37–40
Historically base-metal catalysts such as Ni, Fe, and Cu have been used in
fuel reforming.3,41,42 These catalytic materials have demonstrated activities for the
water-gas shift reaction (Equation 4) as well as capabilities in the reforming of
natural gas, however they have not been effective for oxygenated fuels. Specifically,
Cu was shown to be ineffective at breaking the C-C bond in ethanol while Ni
catalysts deactivated readily due to coke formation. These findings have led to the
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investigation of precious metals as catalysts for steam reforming oxygenated fuels.
Pt has previously been demonstrated to promote the water-gas shift reaction while
Rh can efficiently break the C-C bond in ethanol and is resistant to coke
formation43. It is anticipated that the higher activity and more stable long-term
performance may provide justification for the increased up-front cost of using
precious metals compared to base metal catalysts.

1.5. Thesis aim and organization
One of the most pressing challenges in reforming oxygenated hydrocarbons is
their tendency to cause rapid deactivation of highly engineered catalysts used in
conventional processes such as methane steam reforming. The varying functional
groups as well as the combination of sugars, ethers, ketones, and alcohols found in
biomass convolute the inner workings of the catalyst system, making it extremely
difficult to attribute particular deactivation behavior to the chemical structure of a
molecule. The goal of this work is to understand the catalytic underpinnings
dictating overall performance in the steam reforming of oxygenated hydrocarbons,
specifically to increase selectivity toward desired products and reduce the severity
of observed deactivation.
Chapter 2 consists of a literature review on the current understanding of
catalyst deactivation mechanisms and their possible causes. Well understood
mechanisms such as precious metal and carrier sintering, coking, and pore
structure collapse are discussed. Changes to the structure of heterogeneous
catalysts used in reforming applications are also reviewed.
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The third chapter recaps the experimental methodology that was used
throughout the studies in the chapters to follow. Catalyst synthesis,
characterization, and reactor test parameters are detailed.
Chapter 4 details the formulation and initial characterization work of the
catalysts used in the steam reforming of ethanol. The dispersion of precious metals
on the support, crystal structure, and micrographs are presented within. Increasing
calcination temperature was found to decrease the accessibility of catalytically
active sites and increase the crystallinity of the sample across all catalyst
formulations.
In the fifth chapter, each synthesized catalyst is compared to determine the
optimal ratio of the precious metals by examining their performance in the ethanol
steam reforming process. A Rh:Pt ratio of 3:1 was found to provide the greatest
selectivity toward hydrogen with the least amount of deactivation over the course of
90 hours. Energy input to the system and catalyst pretreatment were investigated
to observe differences in the stability, selectivity, and regenerability of the highest
performing catalyst formulation.
Chapter 6 details in situ and operando X-ray absorption spectroscopy
techniques used to monitor the oxidation state of the precious metal nanoparticles
on the surface of the catalyst as a function of time on stream. A partially oxidized
Rh species was found to be the most active whereas the oxidation state of Pt showed
little to no change. The current hypothesis is that the presence of Pt stabilizes the
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precious metal nanoparticle structure, allowing for an extension of the time period
in which catalytic sites remain active.
The seventh chapter presents catalytic ethanol steam reforming mechanistic
insights expounded through the use of isotope-labeled reactants. It was shown that
species recombination on the surface of the catalyst is the primary pathway for Ccontaining products. Chapter 8 describes regeneration behavior in reducing and
oxygenating environments as well as determining if there is a preference for coke
formation by the oxygen-bound carbon or methyl group in ethanol. Only a slight
preference for the carbon bound to oxygen was observed with a roughly 50/50
distribution.
Chapter 9 shows the results of modeling and simulation work at various test
parameters for our system describing the conversion and temperature profiles along
the length of the reactor. A full development of the governing equations is presented
in Appendix D. Lastly, in chapter 10, conclusions and possible future work are
discussed.

Chapter 2: Literature review
2.1. Dynamics of reforming catalysts
2.1.1. Deactivation mechanisms
Catalyst deactivation is one of the major challenges faced in fuel reforming
and there exists a need to determine the underlying causes, enabling model
refinement and preventative measures to be developed. Well-known deactivation
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mechanisms include coke formation, carrier deactivation in the form of sintering
and pore structure collapse, poisoning, and metal sintering. Coke, or carbon
deposited on the catalyst surface, renders active sites inaccessible to reactants and
is ultimately detrimental to the performance of the catalyst. Ethylene,
acetaldehyde, and other C2-species are widely known coke precursors.44 Thus,
reforming oxygenated hydrocarbons with more than one atom of carbon per
molecule presents a challenge to preventing C2 formation. In their work comparing
the reforming of methane, methanol, and ethanol, Laosiripojana et al. found that no
C2 species were detected during methane and methanol reforming. However,
ethanol reforming resulted in 13.5% combined ethylene and ethane detection.45
Therefore, in the development of suitable catalysts, C2 formation will likely pose a
challenge.
The availability of catalytically active metal sites can also be reduced through
precious metal sintering, a widely reported feature of dispersed metal catalysts
used at elevated temperatures.41,46–48 An agglomeration of metal nanoparticles
decreases the surface area to volume ratio, enveloping catalytically active sites on
the inside of the nanoparticle and reducing apparent catalytic activity. A similar
phenomenon can be observed with the support, wherein exposure to elevated
temperatures can cause pore-structure collapse, effectively trapping metal
nanoparticles within the support matrix.49 Exposure of the catalyst material to high
temperatures inherently causes structural instability,50 and in the case of
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oxygenated fuel reforming, the presence of oxygen is likely to cause oxidation of the
material as well.
Recently, initial results showed for the first time that the oxidation state of
catalytic Rh nanoparticles changes dynamically under reaction conditions with
ethanol and that the extent of Rh oxidation appears to control catalyst activity and
the rate of deactivation.51 The oxidation state of metal catalysts has received an
enormous amount of attention as a way to more fully understand their associated
activities.52–60 Initial work in this area was performed on catalytic material before
or after it was used in a chemical process.52–57 This integral approach has provided
information regarding oxidation state changes, but provides no real information on
how those changes occur. To determine the dynamics associated with a global
oxidation state change, a notable shift toward operando catalyst characterization
has taken place in the last several years.61–63
2.1.2. Conformation and oxidation state changes
The extent to which catalyst oxidation state controls overall performance has
been under discussion and investigation for decades.64–67 Lucrédio et al. employed

operando methodology to fully understand the effect on active metal oxidation state
and the structural ramifications of adding La to Ni and Rh-Ni catalysts for the
reforming of biogas.61 X-ray absorption near edge structure (XANES) spectra at the
Ni K-edge were collected throughout each stage of the experimental protocol,
ranging from catalyst activation with hydrogen to the actual reforming of biogas at
temperatures between 25-750°C.61 They found that the presence of the platinum
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group metal (PGM) Rh allowed for the reduction of the Ni2+ species to Ni0 at lower
temperatures whereas the addition of La inhibited reduction of the nickel.61 They
have shown that the presence of dopants and the addition of other catalytically
active metals can drastically impact the effects of a pretreatment step and
ultimately influence catalytic behavior.61
It has been shown that PGMs can fundamentally change the behavior of a
base-metal catalyst. Divins and Llorca seek to expand on the functionality of these
noble metals in the steam reforming of ethanol by looking at catalytic systems
composed solely of PGMs and the impact of the support.63,68 Bimetallic Rh-Pd
nanoparticles on a CeO2 support were analyzed under in situ conditions, involving
the transfer of material from the reactor to the X-ray photoelectron spectrometer,63
as well as operando conditions where near-ambient pressure XPS was performed
under true reaction conditions.68 The in situ XPS experiments employed the Rh 3d,
Pd 3d, and Ce 3d photoelectrons for characterization. It was found that the presence
of the support inhibited the reduction of the metals during the hydrogen activation
step common to the studies mentioned above, suggesting a large amount of electron
withdrawal from the metals to the support.63 However, the authors note that under

operando conditions the bimetallic nanoparticles are much more enriched in Pd as
well as more oxidized.
The conformation and oxidation state dynamics and the ability to actively
measure them allows for informative diagnostics on the behavior of catalytic
systems. These changes will ultimately lead to shifts in selectivity, possibly

14
producing intermediate compounds that either promote or are detrimental to
desired product formation. Therefore, investigation is needed on the full impact of
these changes on the reaction pathways present during the reforming process,
allowing for improved catalyst design parameters in the future to achieve optimal
performance.

2.2. Ethanol steam reforming mechanism development
There are a myriad of competing reactions contributing to the overall
mechanistic understanding of ethanol steam reforming48 as shown in Equations (112) and Figure 2.
Steam Reforming: C2H5OH + H2O ⇌ 2CO + 4H2

ΔH°298 = +698 kJ mol-1

(1)

Dehydrogenation: C2H5OH ⇌ C2H4O + H2

ΔH°298 = +69 kJ mol-1

(2)

Decomposition:

C2H5OH ⇌ CH4 + CO + H2

ΔH°298 = +50 kJ mol-1

(3)

Dehydration:

C2H5OH ⇌ C2H4 + H2O

ΔH°298 = +46 kJ mol-1

(4)

Methane Cracking:

CH4 ⇌ C + 2H2

ΔH°298 = +74 kJ mol-1

(5)

Ethylene Cracking:

C2H4 ⇌ 2C + 2H2

ΔH°298 = -53 kJ mol-1

(6)

Acetaldehyde Decomposition: C2H4O ⇌ CH4 + CO ΔH°298 = -19 kJ mol-1

(7)

Boudouard Reaction:

(8)

2CO ⇌ CO2 + C

ΔH°298 = -173 kJ mol-1

Water Gas Shift Reaction: CO + H2O ⇌ CO2 + H2 ΔH°298 = -41 kJ mol-1

(9)

Reverse Carbon Gasification: CO + H2 ⇌ C + H2O ΔH°298 = -131 kJ mol-1

(10)
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Methanation:

CO + 3H2 ⇌ CH4 + H2O

Ethylene Hydrogenation: C2H4 + H2 ⇌ C2H6

ΔH°298 = -206 kJ mol-1

(11)

ΔH°298 = +136 kJ mol-1 (12)

Figure 2: Schematic of possible reaction pathways during ethanol steam reforming. Circled numbers
correlate to numbered Equations (1-12). Arrows represent forward reactions for simplicity.
[Crowley et al. 2016]

Classic reaction model development focuses on measuring products over a
range of test conditions combined with a proposed set of equilibrium reactions to
match observed experimental data.48,69–71 In a recent review on catalytic ESR by
Hou et al., the authors highlight that there is no agreed upon reaction pathway for
the overall ESR process.48 Many researchers have contributed extensive
experimental and modeling efforts to elucidate the precise reaction sequence.
Vesselli et al. utilize X-ray photoelectron spectroscopy (XPS) of adsorbed ethanol on
a Rh (111) surface and UHV desorption experiments while Resta et al. use density
functional theory (DFT) to determine major species formed during ethanol
decomposition, showing experimentally and computationally that C-C bond
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cleavage is preferential to C-O bond scission.72–75 In addition, the dehydrogenation
reaction [Equation (2)] on Rh/CeO2 was studied by the Chen group, showing that an
oxametallacycle is formed followed by C-C bond cleavage and desorption to yield
CH4, H2, and CO.76 However, there is currently no consensus on the origin of the
atoms constituting the final observed products for the steam reforming of higherorder hydrocarbons.
Isotope labeling is a longstanding technique used to gain insight into the
likelihood of particular reaction pathways.77–79 Song et al. used deuterated ethanol
and water to determine the adsorption/desorption behavior of reactants80 as well as
to investigate the reaction pathway of ethanol and water over CeO2- and ZrO2supported Co.81 These studies have provided a platform for further investigation in
specific behavior of ethanol steam reforming systems.

Chapter 3: Experimental methodology
3.1. Catalyst synthesis
3.1.1. Powder
All catalyst preparation materials were obtained from BASF (RM-75ST) and
incorporated into our laboratory synthesis procedures. Rh and Pt were impregnated
on a SiO2-ZrO2 support (CAS number: 14808-60-7, 1314-23-4), chosen for its
improved structural stability82 and demonstrated resistance to contaminants
typically found in real systems,83 via incipient wetness of aqueous metal salt
solutions. Prior to impregnation, the carrier was pre-calcined at 950°C in air for 2
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hours. The total metal loading was held constant at 4 weight percent. The ratio of
Rh to Pt was varied stepwise by 1 weight percent starting with catalysts composed
of pure Rh and finishing with pure Pt as shown in Table 2.
Table 2: Catalyst composition on SiO2-ZrO2 support.

Formulation
A
B
C
D
E

wt% Rh
4
3
2
1
0

wt% Pt
0
1
2
3
4

The impregnated support powders were dried and calcined in air for 2 hours at
120°C and 550°C respectively. Calcination at higher temperatures was performed in
helium where indicated.
3.1.2. Pellet
Catalyst pellets were prepared for X-ray analysis. 100 mg of the catalyst
powder stock as prepared in section 3.1.1 were pressed in a 13 mm die to a pressure
of 10,000 psi. Pellets exhibited a thickness of approximately 1 mm, resulting in a
density of 0.75 g/cm3.

3.2. Catalyst characterization
3.2.1. CO chemisorption
CO chemisorption was performed on a Quantachrome ChemBET PULSARTM
TPR/TPD Automated Chemisorption Flow Analyzer. All catalytic material was
dried at 120°C for 2 hours under N2, pre-reduced in 5% H2 in N2 at 400°C for 2
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hours, and purged with N2 for 1 hour prior to CO chemisorption being performed.
Adsorption measurements were performed at room temperature assuming a
chemical adsorption stoichiometry of CO to precious metal of 1 in order to calculate
total CO uptake.
3.2.2. Scanning electron microscopy (SEM)
Scanning electron micrographs were obtained using a Zeiss Supra 55 field
emission SEM. All samples were deposited on carbon conductive adhesive tape on
aluminum pin stub SEM mounts and dried at 110°C for at least 2 hours prior to
analysis. A potential of 5.0 kV was used with a working distance of 5 mm and an
aperture of 30 µm.
3.2.3. Transmission electron microscopy (TEM)
Transmission electron micrographs were obtained using a JEOL JEM-2100
LaB6 transmission electron microscope. Images were collected using a Gatan Orius
bottom-mount 11 megapixel camera. An operating potential of 200 kV was used for
the collection of all images. Energy-dispersive silicon-drift X-ray (EDX) was used to
confirm the presence and relative concentrations of precious metals on the catalyst
materials. All samples were ground using an agate mortar and pestle and mounted
on carbon TEM grids and introduced into the instrument via a standard JEOL
double-tilt specimen holder.
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3.2.4. X-ray diffraction (XRD)
XRD measurements were taken using a PANalytical X’Pert Powder
Diffraction System. A Philips high intensity ceramic sealed tube with a power
rating of 3 kW was used as the X-ray source utilizing Cu Kα (1.5405 Å) radiation
The operation voltage was 40 kV over a 2θ range of 35-45°. All measurements were
performed at room temperature under ambient atmospheric conditions.
3.2.5. X-ray absorption fine structure (XAFS)

X-ray scans were taken using Beamline X18B of the National Synchrotron
Light Source I at Brookhaven National Laboratory. A Si(111) crystal was used as
the monochromator. Spectra were collected using both transmission and passivated
implanted planar silicon (PIPS) fluorescence detection. The strongest signal from
either detector was then used to perform extended x-ray absorption fine structure
(EXAFS) analysis to gain insight on conformation.

3.3. Reactor tests
All catalysts, both powder and pelletized forms, were pre-reduced in 5% H2 at
400°C for 2 hours with a flow rate of 44 mL/min prior to ethanol reforming
experiments unless noted otherwise. Reaction products were monitored using an
Agilent 3000 Micro GC equipped with Molecular Sieve (carrier gas: Ar) and Plot U
(carrier gas: He) analytical columns and thermal conductivity detectors (TCDs). The
ethanol and water reactants were introduced by bubbling ultra-high purity nitrogen
(99.999%, T. W. Smith) through a liquid mixture of ethanol and water in
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appropriate ratios to obtain a volumetric steam-to-carbon ratio (S/C) of 1.5
(stoichiometric). A large reservoir of the reactant mixture of 500 mL was used to
ensure minimal changes to liquid and vapor phase concentrations. Prior to mixing
with ethanol, water was purified through a Direct-Q UV Millipore system and had a
measured resistance of 18.2 mΩ∙cm. Ethyl alcohol (Pure, 200 proof, cat#4455-4L)
was obtained from EMD Omnipur®. Isotope-labeled reactants, ethanol-1-13C and
water-18O, were introduced by bubbling research grade nitrogen (99.9999%, T. W.
Smith) through separate reservoirs of ethanol-1-13C and water-18O, combined on
stream to produce an identical reaction mixture to all other tests (S/C = 1.5).
3.3.1. Packed bed reactor
A fixed-bed quartz micro reactor was employed to obtain activity data. For
tests involving a single reaction mixture reservoir as detailed in section 3.3, a
quartz tube with inner diameter of 4 mm was placed inside the electric furnace of
the ChemBET with a thermocouple positioned at the inlet of the catalyst bed to
monitor temperature. A separate reactor was constructed for the isotope-labeled
reactant experiments where all parameters used during reaction tests on the
ChemBET were mimicked. Flow was verified by rotameter. A gas hourly space
velocity (GHSV) of 44,000 hr-1 was used during all reforming experiments.
3.3.2. Nashner-Adler reactor
A Nashner-Adler cell was used as a reactor to allow for operando X-ray
measurements (see Appendix B.1). 100 mg of the catalyst was pressed into a 13 mm
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pellet under 10,000 psi of pressure. In this configuration, the catalyst pellet was
suspended in a relatively large volume of the reactant mixture under constant flow
in and out of the chamber. Each reforming experiment consisted of pre-reducing the
catalyst in 5% H2 in He followed by ethanol reforming. Reductive regeneration was
performed in 5% H2 in He for 1 hour at the operating temperature of 350°C,
followed by an Ar purge and a second ethanol reforming regime. The following
conditions were used during each fuel reforming experiment: S/C = 1.5, 350°C, and
1 atm. X-ray scans were taken using Beamline X18B of the National Synchrotron
Light Source I at Brookhaven National Laboratory.

Chapter 4: Catalyst formulation and characterization
4.1. CO chemisorption
To understand how the Rh:Pt ratio influenced the number of available
catalytically active sites, dispersion of the precious metals on the support as a
function of calcination temperature in an inert environment was quantified through
CO chemisorption via the ChemBET. Equation (13) was used to calculate dispersion
(D).
𝐷=

𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑙𝑒 𝑀𝑒𝑡𝑎𝑙 (𝑔)
𝑛𝐶𝑂
𝑀𝑃𝑀
=
∙
𝑇𝑜𝑡𝑎𝑙 𝑀𝑒𝑡𝑎𝑙 (𝑔)
𝑆
%𝑃𝑀 ∙ 𝑔𝑐𝑎𝑡

(13)

Where nCO is the moles of chemisorbed CO, MPM is the weighted average molecular
weight of the precious metal, %PM is the total metal loading (this work: 4 weight
percent), gcat is the mass of catalyst (metal and support), and S is the stoichiometric
ratio of adsorption. In this work, S was assumed to be a one-to-one stoichiometry for
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uptake of CO to precious metal atom in dispersion calculations. While CO is known
to dissociate on supported Rh catalysts,84 this S value is generally accepted for
supported Rh catalyst characterization85–87 as stoichiometry greater than one-to-one
are observed primarily on isolated Rh sites at much lower metal loadings.88
4.1.1. Dispersion dependence on formulation
The obtained dispersion values and a graphical representation of the data are
shown in Table 3 and Figure 3 respectively.
Table 3: Dispersion of precious metals on silica-zirconia support as a function of calcination
temperature (under inert conditions) determined through CO chemisorption.

Calcination Temperature

Catalyst
Formulation

Rh
(wt%)

Pt
(wt%)

550°C

650°C

750°C

850°C

950°C

A

4

0

30.98%

26.63%

18.19%

3.01%

1.21%

B

3

1

26.69%

22.37%

12.14%

2.15%

0.70%

C

2

2

15.66%

16.30%

7.96%

2.13%

0.97%

D

1

3

16.92%

7.73%

1.42%

1.00%

0.02%

E

0

4

16.38%

14.58%

14.15%

9.86%

6.99%
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Figure 3: Graphical representation of data shown in Table 3; Dispersion of precious metals on silicazirconia support as a function of calcination temperature determined through CO
chemisorption.

Here it can be observed that for all formulations the measured dispersion decreases
as a function of calcination temperature (in He). When solely looking at the lowest
calcination temperature of 550°C the formulations fall into two distinct groups
demonstrating a pronounced change between two and three wt%; high Rh-content
(3 and 4 weight percent) and low Rh-content (2 weight percent and below).
Interestingly the pure Pt formulation maintains a higher dispersion at increasing
calcination temperatures while the Rh-containing formulations follow a clear trend
of decreasing dispersion as Rh-content decreases. Furthermore dispersion
measurements provide insight into the expected activity of the catalyst, indicating
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that catalyst formulations with higher Rh-content should exhibit superior reforming
capabilities.89
4.1.2. Inert vs. oxidative environment calcination
The distinct behavior of the pure Pt system required further investigation
since this formulation did not adhere to the expected trend of decreasing dispersion
with increasing calcination temperature. Calcination in an oxidative environment
(air) was performed for all five catalyst formulations followed by dispersion
measurements through CO chemisorption. A comparison of the dispersion profiles
for catalysts calcined in an inert and the oxidative environment is shown in
Figure 4.

Figure 4: Dispersion of precious metals on silica-zirconia support as a function of calcination
temperature in an inert (solid symbols) and oxidative (open symbols) environment for A) 3
wt% Rh/1 wt% Pt and B) 0 wt% Rh/4 wt% Pt. Inert environment calcination profiles
reproduced from data presented in Table 3 and Figure 3.

When calcined in an oxidative environment, the measured dispersion values for Rhcontaining catalysts are comparable to the values obtained when calcined in an
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inert environment. Comparative profiles for 3 wt% Rh/1 wt% Pt catalyst are shown
in Figure 4A and are representative for all Rh-containing formulations. However,
those for the pure platinum catalyst (Figure 4B) are greatly reduced. This is likely
due to the higher volatility and mobility of platinum oxide versus platinum metal
species in the reduced state.90,91 Therefore, it is expected that the platinum oxide
species formed during reforming of oxygenated species will result in decreased
catalytic activity for catalyst formulations with higher Pt content.

4.2. SEM and TEM
Scanning electron microscopy (SEM) images were taken of the 3 wt% Rh/1
wt% Pt catalyst (same as in Figure 4) exposed to various calcination temperatures
for a visual representation of any macroscopic morphological changes. These images
are shown in Figure 5.
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Figure 5: SEM images of 3 wt% Rh/1 wt% Pt on silica-zirconia calcined at (A) 550°C, (B) 650°C, (C)
750°C, and (D) 850°C) with sub-micron crystallites highlighted in red circles.

Calcination temperature and measured dispersion values are reproduced across the
top of each image. As calcination temperature is increased we observe the
emergence of sub-micron particles on the surface of the material which correlates
well to the observed dispersion measurements.
Higher resolution transmission electron microscopy (TEM) images were
taken to confirm the agglomeration of the precious metals as shown in Figure 6.
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Figure 6: TEM images of 3 wt% Rh/1 wt% Pt on silica-zirconia calcined at 850°C. Dark black spots
indicate the presence of precious metal nanoparticles as confirmed with EDS.

The dark spots in the TEM image indicate the precious metal nanoparticles. A large
central deposit has been induced by the elevated calcination temperature indicated
by the red circle. When we expand the image in the red square, a defined lattice can
be observed for the precious metal nanoparticles depicted by the dark spots on the
bulk of the material. Therefore, the sub-micron crystallites observed in SEM images
(Figure 5) were confirmed to exhibit agglomeration of the precious metal
nanoparticles. Furthermore, TEM imaging indicates that the nanoparticles
themselves have a size on the order of 10 nm, thereby accounting for the decrease in
dispersion measured by CO chemisorption. As a means of more fully understanding
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the nature of the precious metal nanoparticles, the inherent lattice structure
provides an impetus for a characterization of crystal structure.

4.3. X-ray diffraction
XRD measurements were also done on the 3 wt% Rh/1 wt% Pt formulation
calcined at temperatures ranging from 550°C to 950°C to observe any changes in
crystal structure. A distinctive peak at 2θ = 41° emerged as the calcination
temperature was increased as shown in Figure 7.

Figure 7: XRD profiles for 3 wt% Rh/1 wt% Pt on silica-zirconia support calcined at various
temperatures.

This peak, correlating to the (111) reflection of the Rh-Pt where the d-spacing was
calculated to be 2.25 Å according to Bragg’s Law, suggests an agglomeration of the
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precious metal nanoparticles as a function of increasing calcination temperature92
consistent with the dispersion measurements performed by CO chemisorption. The
peak at 2θ = 41° is not apparent for the lower calcination temperatures (550°C and
650°C) since the precious metal nanoparticles are smaller, whereby the amorphous
nature of the carrier obscures the crystal structure. Furthermore this peak was
shown to drift slightly (change in 2θ = 0.5°) toward a higher 2θ as a function of
increasing calcination temperature. This phenomenon suggests that the oxidation
state of the metals is changing during this process93,94 with a shift toward a more
oxidized metal species.

4.4. Conclusions
The features of the catalytic systems detailed above successfully demonstrate
that the surface of the catalysts is not stagnant, but changeable in response to
various stimuli. Factors such as dispersion and crystallinity of the precious metals
can be measurably altered through synthesis parameters. Higher calcination
temperatures resulted in increased size and crystallinity of the precious metal
nanoparticles, giving rise to a more ordered system. The accessibility of catalytically
active sites as well as the precious metal lattice of the nanoparticles should have
profound impacts on catalyst activity. These characterizations allow for a better
understanding of the performance observed for each catalyst.
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Chapter 5: Catalyst performance during ethanol steam reforming
Ethanol reforming experiments were performed in a packed bed continuousflow reactor. The following conditions were used during each fuel reforming
experiment: S/C = 1.5, GHSV = 44,000 hr-1, calcination temperature: 650°C,
reforming temperature: 650°C, and 1 atm. The catalysts were pre-reduced in a 5%
H2 in N2 mixture at 400°C for 2 hours and purged of residual H2 with pure N2 for 1
hour prior to exposure to reaction conditions to ensure the state of the catalyst was
consistent. Reaction products were quantified using the micro GC.

5.1. Hydrogen activity of various catalyst formulations
The hydrogen activity of all catalyst formulations was determined by plotting
the measured mole percent hydrogen as a function of time on stream as shown in
Figure 8.
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Figure 8: Hydrogen production of various single metal and bimetallic Rh-Pt catalyst formulations.
All catalysts were calcined at 650°C under He and pre-reduced in 5% H2 in N2. Reaction
conditions: S/C = 1.5, volumetric GHSV = 44,000 hr-1, calcination temperature: 650°C,
reforming temperature: 650°C, and 1 atm.

The rhodium-containing catalysts exhibited higher activity toward hydrogen than
the pure platinum catalyst. Interestingly, the 3 wt% Rh/1 wt% Pt catalyst achieves
a higher value for the production of hydrogen at t = 1 hour than the pure Rh
catalyst yet both exhibit nearly identical behavior after 12 hours. This indicates
that the selectivity toward hydrogen changes dynamically as a function of time on
stream, suggesting that changes in the conformation or oxidation state of the
precious metal nanoparticles occur as the metal participates in the reaction. The
initial increase in measured percent hydrogen further suggests that there is an
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induction period during which there is a change to the catalyst. Below we will
demonstrate that the reduced surface of the precious metals becomes partially
oxidized. As the reaction is allowed to continue, the oxidation state and
conformation of the bimetallic and the pure rhodium system become more similar as
indicated by their similar performance.95
As a means to directly compare the performance of the prepared catalyst
formulations, their activity normalized to the available metal active sites was
calculated in the form of a turnover frequency (TOF). Table 4 shows the calculated
turnover frequency (TOF) at 45 minutes on stream for each of the catalyst systems
described above under the previously established reforming conditions. These
values were calculated using Equation (14) shown below:
𝑚𝑜𝑙
𝑀𝑜𝑙𝑎𝑟 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 𝑜𝑓 𝐻2 ( 𝑠 )
𝑁̇𝑇 ∙ 𝑛𝐻2,𝑝𝑟𝑜𝑑
𝑇𝑂𝐹 =
=
𝑔𝑐𝑎𝑡 ∙ %𝑃𝑀 ∙ 𝐷
𝐴𝑐𝑡𝑖𝑣𝑒 𝑀𝑒𝑡𝑎𝑙 𝑆𝑖𝑡𝑒𝑠 (𝑚𝑜𝑙)
𝑀𝑃𝑀

(14)

where 𝑁̇T is the total molar flow rate and nH2, prod is the mole% of hydrogen produced.
All other variables are identical to those described in Equation (13).
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Table 4: Turnover frequencies (TOFs) for all catalyst formulations. Reaction conditions: S/C = 1.5,
GHSV = 44,000 hr-1, calcination temperature: 650°C, reforming temperature: 650°C, and 1
atm.

Catalyst
Formulation
A
B
C
D
E

Rh
(wt%)
4
3
2
1
0

Pt
(wt%)
0
1
2
3
4

TOF
(mol/mol·s)
4.4 x 103
5.3 x 103
5.0 x 103
11.9 x 103
11.6 x 103

While it is apparent that the 1 wt% Rh/3 wt% Pt catalyst formulation has the
highest TOF, there are several factors to consider. The high TOF for formulations D
and E indicates that they are most active, i. e. Pt increases activity, however the
dispersion is much lower. This is shown in Figure 8 with the diminished hydrogen
production, thus overall activity is lower. If dispersion could be not only increased,
but maintained, these formulations should exhibit superior reforming capabilities.

5.2. Stability of highest performing formulation
The dynamic nature of the catalyst has been shown through various
characterization techniques and initial performance screening via H2 production.
Pretreatment as well as the reaction environment in which the catalyst experiences
have drastic effects on the dispersion, crystal structure, and oxidation state of the
precious metals.51 While these factors provide a basis for understanding how the
precious metals interact with their reaction environment, it is difficult to accurately
predict how these elements will combine to determine catalytic activity.
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Therefore, ethanol reforming experiments were performed under the same
reforming conditions previously described. A typical product distribution profile for
ethanol reforming performed over the catalyst formulation with the highest
hydrogen activity, 3 wt% Rh/1 wt% Pt, is shown in Figure 9.
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Figure 9: Product distribution for the steam reforming of ethanol at 650°C over pre-reduced 3 wt%
Rh/1 wt% Pt on silica-zirconia as a function of time on stream. Reaction conditions: S/C = 1.5,
GHSV = 44,000 hr-1, calcination temperature: 650°C, reforming temperature: 650°C, and 1
atm.

After an initial induction period of roughly one hour the system exhibits nearequilibrium hydrogen production of 4.05 mole% with a slow decrease to 3.75 mole%
over the course of 60 hours on stream. A trade-off in the production of CO2 and CH4
as a function of time on stream can also be observed, yet the measured amount of
CO remains constant throughout the entire test. This is likely due to the
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predominantly Rh(111) surface present in the catalyst, as shown through XRD,
where methyl hydrogen abstraction is thought to occur followed by rapid
dehydrogenation to CO and surface carbon.96

5.3. Reforming temperature and pretreatment
Keeping all other conditions the same, activity data was generated at a
reforming temperature of 350°C. A calcination temperature of 550°C was used for
these experiments to ensure the surface was thermally stable during the test. This
provides insight into the surface reconfiguration by separating the combined
thermal and chemical effects (i.e. tests done at 650°C with a catalyst calcined at
650°C) versus just chemical (i.e. reaction species). To further explore these
phenomena, ethanol reforming was performed at the previously mentioned
conditions (calcination temperature: 550°C, reforming temperature: 350°C) with the
exception of the pretreatment in 5% H2 in N2. The product distributions for these
tests are shown in Figure 10.
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Figure 10: Product distribution for the low-temperature steam reforming of ethanol over (A) prereduced 3 wt% Rh/1 wt% Pt on silica-zirconia and (B) non-pre-reduced 3 wt% Rh/1 wt% Pt on
silica-zirconia as a function of time on stream. Reaction conditions: S/C = 1.5, GHSV = 44,000
hr-1, calcination temperature: 550°C, reforming temperature: 350°C, and 1 atm.

In Figure 10A, the product distribution changes drastically within the first 4
hours with a new byproduct (ethylene, C2H4) detected after t = 1.25 hours. At t = 0
similar trends are observed for the product distribution as those observed when
reforming at the higher temperature. These include the highest CO2 production
which immediately decreases, no ethylene (C2H4) detected, and a steady increase in
the production of H2, CO, and CH4. Interestingly the initial amount of CO2 produced
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is identical to that produced at the higher reforming temperature at 0.40 mole%. If
one considers the heat produced by the water-gas shift reaction as a product in the
equilibrium scheme, it would be expected that a lower reforming temperature would
allow for more generation of heat, thereby shifting the reaction equilibrium toward
the products. The fact that the reforming temperature has no effect on the initial
amount of carbon dioxide produced indicates that something else is limiting the
reaction.
Differences in the product distributions due to reforming at different
temperatures first become apparent at t = 0.50 hr in Figure 10A when the methane
production reaches a maximum and starts to decrease. This is followed by the
maxima of H2 and CO and the first detectable production of C2H4 all occurring at t=
1.25 hr. This data suggests that the catalytically active material changes
dynamically during the reaction perhaps due to the exposure of reaction species,
resulting in a change in the product distribution and the formation of intermediates
and byproducts not previously observed.
To further explore these findings ethanol reforming was performed at the
previously mentioned conditions (calcination temperature: 550°C, reforming
temperature: 350°C) except that the pretreatment in 5% H2 in N2 was eliminated.
The product distribution for this initially oxidized system is shown in Figure 10B.
Ethanol reforming over catalysts both with and without pretreatment in 5% H2 in
N2 have several distinct features, the most notable is a shift in the time to achieve
maximum hydrogen production and the first detectable levels of ethylene.
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The delay of 30 minutes between the pre-reduced and non-pre-reduced
profiles for hydrogen and ethylene production likely indicates a morphology change,
an oxidation state change, or both.

5.4. Conclusions
At the relatively elevated temperature of 650°C, the catalysts with higher Rh
content (formulations A and B) achieved turnover frequencies on the order of 103
while formulation B exhibited near-equilibrium (4.034 mole%) production of
hydrogen. In light of these results, the product distribution and amount of hydrogen
produced are improved by the addition of Rh for primarily Pt-containing catalysts
and is optimized with a Rh:Pt ratio of 3:1 in primarily Rh-containing catalysts.
Subsequent tests confirm that the 3 wt% Rh/1 wt% Pt catalyst is capable of
producing hydrogen at near-equilibrium concentrations (4.034 mole%) for 90+
hours.
For low-temperature ethanol steam reforming, the pre-reduced catalyst is in
the zero oxidation state at t = 0 undergoing subsequent activation in the first 1.25
hours on stream at which point we observe the maximum in hydrogen production.
The non-pre-reduced catalyst exhibits similar activation, but initial hydrogen
production is the same as that of the pre-reduced catalyst after 30 minutes on
stream. This suggests that partially oxidized metal particles on the catalyst exhibit
a higher level of activity in this reaction, but after a certain amount of conformation
or oxidation state change, activity decreases as evidenced by the decrease in
hydrogen production and the emergence of ethylene. Furthermore the system must
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achieve a certain amount of hydrogen production before any byproducts are
detected. This likely indicates a competition between oxidation of metal surface
sites and reduction due to hydrogen that becomes available to the system.

Chapter 6: Conformational changes through operando X-ray analysis
To investigate the apparent oxidation state and conformational changes
presented in Chapter 5, operando X-ray measurements were performed during
ethanol steam reforming over the most active catalyst formulation, 3 wt% Rh/1 wt%
Pt on SiO2-ZrO2, as well as the single-metal Rh and Pt formulations using a
Nashner-Adler reactor (see Appendix B.1).
In X-ray absorption fine structure (XAFS), the sample is exposed to a range of
X-rays of known energies. For X-rays of a single energy, a portion of these X-rays
are absorbed by the sample causing the emission of a core electron. The intensity of
the incident X-ray beam can be compared to the intensity of the that transmitted
through the sample to quantify the amount of absorption that occurs. By scanning
through a range of X-rays a spectrum is created and within this spectrum there
exists a sharp rise in absorption energy above a threshold incident energy. This
sharp rise is known as the absorption edge and can provide information on the
oxidation state of the material being characterized. Furthermore, a series of smaller
peaks or oscillations exist at energies above the edge that are indicative of the
atomic spacing in the sample.97,98
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6.1. Product Distribution
While the product distribution differed slightly from that obtained using a
packed bed reactor, overall trends were observed to be the same with dynamic
behavior occurring as a function of time on stream as shown in Figure 11.

Figure 11: Product distribution for the steam reforming of ethanol at 350°C over 3 wt% Rh/1 wt% Pt
on silica-zirconia as a function of time on stream in a Nashner-Adler reaction cell with
operando X-ray analysis.

Similar features of the product distribution, including the brief activation and
subsequent deactivation of the catalyst indicated by the H2 profile, indicate that the
same changes to the catalyst are occurring during reaction as those observed for a
packed bed reactor. This setup is therefore appropriate for operando XANES and
EXAFS analysis of the catalyst during ethanol steam reforming.
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6.2. XANES
The relative oxidation state of the precious metal nanoparticles can be
observed through XANES analysis. In XANES, the shielding effect of oxygen bound
to the metal surface results in a shift of the edge step to higher energies. The more
oxidized the sample, the more energy is necessary to observe the edge step.98 In our
studies, the oxidation state of the precious metal nanoparticles was observed by
obtaining fluorescence XANES spectra. The Rh K-edge spectra are shown in Figure
12 for the bimetallic catalyst at each stage of the ethanol reforming experiment.

Figure 12: Rh K-edge XANES spectra under operando ethanol reforming conditions. Arrows within
the legend indicate direction of edge shift for each stage of ethanol reforming. Idealized
graphics of the catalyst surface are shown for clarity.

The shift of absorption edge indicates the change of the chemical state of the
material. Fresh catalyst, having been calcined in air, is shown to be the most
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oxidized with the highest energy edge step observed. A marked shift in edge step
energy toward lower levels by roughly 5 eV is observed after the pre-reduction step,
consistent with a Rh foil standard indicating that the catalyst surface is completely
reduced after pretreatment. During ethanol reforming, the edge shifts towards
higher energy indicating a more oxidized state of Rh without reaching the fully
oxidized state of the fresh catalyst.

6.3. EXAFS
To investigate the observed deactivation of the catalyst and the contribution
of conformational changes within the precious metal nanoparticles, EXAFS spectra
were obtained. In EXAFS, the small oscillations discussed previously are isolated by
subtracting the smooth background absorption coefficient (µ0(E) ) from the
measured absorption coefficient (µ(E) ) and normalized to the step in absorption
coefficient at the threshold energy (Δµ0(E) ) as shown in Equation (15).

𝜒(𝐸) =

𝜇(𝐸) − 𝜇0 (𝐸)
∆𝜇0 (𝐸)

(15)

Here χ(E) represents the EXAFS function. The oscillations are best described by a
wave function, k, defined according to Equation (16).

𝑘=√

2𝑚(𝐸 − 𝐸0 )
ħ2

(16)

Here m is the mass of an electron and ħ is Planck’s constant. Ultimately, the
EXAFS equation can be written as shown in Equation (17).
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𝜒(𝑘) = ∑
𝑗

𝑁𝑗 𝑆0 2 𝑓𝑗 (𝑘)𝑒 −2𝑘
𝑘𝑅𝑗 2

2𝜎 2
𝑗

sin[2𝑘𝑅𝑗 + 𝛿𝑗 (𝑘)]

(17)

Here N is the number atoms neighboring the excited atom, S02 is the passive
electron reduction factor, f(k) is the scattering amplitude, δ(k) is the phase shift, R
is the distance to the neighboring atom, and σ2 is the disorder.99 The Fourier
transform of χ(k) gives rise to the R-space spectrum, which is an efficient way to
represent the atomic radial distribution function. These parameters ultimately
provide information on the distance between atoms, the number of nearest
neighboring atoms, structural disorder, and the type of neighboring atoms, making
this technique appropriate for the characterization of bimetallic catalysts.100
EXAFS spectra of the 3 wt% Rh/1 wt% Pt catalyst were collected at both the
Rh K-edge and Pt L3-edge were obtained for several stages of the reforming
experiment: after pre-reduction at 350°C, post ethanol reforming at 350°C, and post
ethanol reforming at room temperature (RT). In each figure, the reference spectra
(denoted “foil”) are shown for comparison. The Rh spectra are shown in Figure 13.
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Figure 13: Rh K-edge EXAFS spectra under operando ethanol reforming conditions in A) k-space
and B) R-space for the 3 wt% Rh/1 wt% Pt catalyst.

The k-space spectral features (Figure 13A) in all conditions are very similar, though
less pronounced, to those of Rh foil. This suggests the Rh atoms have a similar local
structure to that of Rh foil, consistent with the fact that the precious metal
nanoparticles are composed primarily of Rh.
In R-space (Figure 13B), the spectral shape of the sample is quite similar
with that of Rh foil (blue). All spectra show a pronounced peak in the range of 1.8 –
3.0 Å, which can be mainly attributed to the prevalence of Rh-Rh bonds. The peak
intensity of the spectra taken at the reaction temperature of 350°C and room
temperature could not be directly compared because at high temperature both the
disorder factor and coordination number of metal-metal bonds would affect the
height of the peak. For the spectra taken at the higher temperature after ethanol
reforming (green), the peak intensity decreases slightly compared to the spectrum
before reaction (red). Similar spectra of the sample were taken at the Pt L3-edge as
shown in Figure 14.
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Figure 14: Pt L3-edge EXAFS spectra under operando ethanol reforming conditions in A) k-space
and B) R-space for the 3 wt% Rh/1 wt% Pt catalyst.

In both k-space and R-space, the spectral features for the sample under all
conditions were different from that of Pt foil. This suggests Pt atoms have different
local structure from Pt foil, providing evidence for the prevalence of Pt-Rh bonds.
The spectral difference between the sample and Pt foil can also be seen in the
R-space spectra (Figure 14B). Compared to Pt foil, the shoulder peak at roughly 2 Å
in the sample spectra is relatively high, which suggests that there are Rh atoms in
the local structure of Pt.101 The Rh- and Pt-edge EXAFS data provide support for
conformational changes occurring within the catalyst, thereby necessitating XAFS
modeling for more detail on the dynamic nature of precious metal nanoparticle
structure.

6.4. XAFS fitting
As discussed in section 6.3, structural changes to the catalyst require
examination of both the Pt-Rh path and Rh-Pt path for XAFS fitting. For Rh-edge
data, the model includes two paths: Rh-Rh and Rh-Pt. Similarly, the model for Pt-
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edge data also includes two paths: Pt-Pt and Pt-Rh. To provide proper constraints to
the bond distance and disorder factor, multi-data fitting was performed for the Rhedge data and Pt-edge data under the same conditions. Thus, the bond distance and
disorder factor of Rh-Pt were constrained to be the same with Pt-Rh allowing for
direct comparison. The fit spectra are in agreement with the experimental spectra
and are available in the supplemental information (Figure A.2). Results are shown in
Table 5.
Table 5: Summary of XAFS fitting results for the 3 wt% Rh/1 wt% Pt catalyst during several stages
of ethanol reforming.

Rh-edge
Condition
Pre-reduced
(350°C)
Post EtOH
reforming (350°C)
Post EtOH
reforming (RT)

Bond
Rh-Rh
Rh-Pt
Rh-Rh
Rh-Pt
Rh-Rh
Rh-Pt

N
R (Å)
7.0±0.7 2.66±0.01
2.1±1.0 2.679±0.005
5.5±0.7 2.66±0.01
2.4±1.0 2.684±0.009
6.9±0.5 2.69±0.01
1.3±0.7 2.696±0.006

σ2(Å2)
0.008±0.003
0.005±0.001
0.006±0.003
0.003±0.001
0.005±0.001
0.003±0.001

ΔE (eV)
-1.8±1.2
-1.8±1.2
-3.6±1.4
-3.6±1.4
-2.1±1.0
-2.1±1.0

σ2(Å2)
0.000±0.002
0.005±0.001
0.000±0.003
0.003±0.001
0.001±0.002
0.003±0.001

ΔE (eV)
8.2±0.6
8.2±0.6
7.9±1.0
7.9±1.0
8.9±0.8
8.9±0.8

Pt-edge
Condition
Pre-reduced
(350°C)
Post EtOH
reforming (350°C)
Post EtOH
reforming (RT)

Bond
Pt-Pt
Pt-Rh
Pt-Pt
Pt-Rh
Pt-Pt
Pt-Rh

N
1.1±0.4
4.7±0.4
1.8±0.8
4.0±0.7
1.4±0.7
5.2±0.7

R (Å)
2.68±0.01
2.679±0.005
2.70±0.02
2.684±0.009
2.69±0.02
2.696±0.006

Both Rh and Pt naturally exhibit a face-centered cubic crystal lattice, implying a
coordination number of 12. The fact that the precious metal nanoparticles in the
catalyst are under coordinated with a highest total coordination number of 9.1 ± 1.2
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(Rh-edge, pre-reduced at 350°C condition) provide support that a strained
conformation is contributing to catalytic activity.
When the scattering atom is Rh, the Rh-Rh coordination number decreases
from 7.0±0.7 after pre-reduction to 5.5 ± 0.7 during ethanol reforming and the Pt-Rh
coordination number decreases from 4.7 ± 0.4 to 4.0 ± 0.7. However, when the
scattering atom is Pt, the Rh-Pt coordination number increases from 2.1 ± 1.0 after
pre-reduction to 2.4 ± 1.0 during ethanol reforming and the Pt-Pt coordination
number increases from 1.1 ± 0.4 to 1.8 ± 0.8. This provides clear evidence that the
precious metal nanoparticles restructure as a function of time on stream, suggesting
that this conformational change might explain the previously unaccounted for
deactivation of the catalyst.
Several possible configurations of the nanoparticles could result from the
restructuring observed. The Ferrando group identified four main possibilities for
the structure of a bimetallic particle: core shell, metal-segregated, alloy or mixed
metal, and three-shell. An idealized depiction of the various structures is
reproduced from Ferrando et al. in Figure 15.102
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Figure 15: Idealized representation of a A) core-shell, B) metal segregated, C) alloy or mixed metal,
and D) three-shell nanoparticle atomic configuration. [Ferrando et al. 2008]

The presence of an alloy for a bimetallic species with metals “A” and “B” can be
determined by comparing the ratio (R) of their coordination numbers with the ratio
of the molar concentrations. A true alloy is formed if the ratio of the coordination
numbers of metal A to metal A and metal A to metal B equals the ratio of the molar
concentration of metal A to that of metal B as defined in Equation (18).
𝑅𝐴−𝐵 =

𝑁𝐴𝐴 𝑥𝐴
=
𝑁𝐴𝐵 𝑥𝐵

(18)

Here NAA and NAB are the coordination numbers of metal A to metal A and metal A
to metal B respectively and xA and xB are the molar concentrations of A-type and Btype atoms in the sample. For the 3:1 ratio of Rh:Pt by weight, the molar ratio can
be calculated as follows in Equation (19):
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𝑔
𝑥𝑅ℎ
3 𝑤𝑡% 𝑅ℎ 195.1 𝑚𝑜𝑙 𝑃𝑡
=(
)(
) = 5.7
𝑥𝑃𝑡
1 𝑤𝑡% 𝑃𝑡 102.9 𝑔 𝑅ℎ
𝑚𝑜𝑙

(19)

Indicating that the molar ratio between Rh and Pt is 5.7. If the calculated ratio of
the coordination numbers (NRh-Rh:NRh-Pt and NPt-Rh:NPt-Pt) matches the molar ratio
(xRh/xPt = 5.7), this indicates the presence of an alloy of the two metals. A summary
of the ratios of coordination numbers is shown in Table 6.
Table 6: Calculated coordination number ratios for 3 wt% Rh/1 wt% Pt under reforming conditions.

NRh-Rh/NRh-Pt

3.3 ± 1.6

Post EtOH
Reforming
(350°C)
2.3 ± 1.0

NPt-Rh/NPt-Pt

4.3 ± 1.6

2.2 ± 1.1

Pre-reduced
(350°C)

Post EtOH
Reforming
(RT)
5.3 ± 2.8
3.7 ± 1.9

For the pre-reduced catalyst, the coordination number ratios are smaller than the
molar ratio between Rh and Pt (xRh/xPt = 5.7), suggesting that the bimetallic
nanoparticle is not a random alloy. After reforming ethanol, the coordination
number ratios decrease when measured at the operating temperature of 350°C. This
observed change can most likely be attributed to the further segregation of Pt and
Rh into single-metal clusters. Interestingly, when the sample is cooled to room
temperature in an inert environment and analyzed under in-situ conditions, the
coordination number ratios increase, almost to the original values calculated for the
pre-reduced catalyst. This shows that a conformational change is occurring during
reaction and is having an effect on catalyst performance. Furthermore, this change
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would have been completely overlooked if in situ characterization had been
performed versus operando.

6.5 Conclusions
The findings presented in this chapter suggest that the most active phase of
the Rh is a partially oxidized species as indicated in Figure 12. Furthermore, the
structure of the precious metal nanoparticles is changing as a function of time on
stream, potentially offering an explanation for irreversible catalyst deactivation
observed previously.51

Chapter 7: Mechanistic insights through using isotope-labeled reactants
Isotope labeling is a longstanding technique used to gain insight into the
likelihood of a particular reaction pathway.77–79 In this way, information has been
gleaned on the various roles of water in the steam reforming process. In the field of
fuel reforming, Song et al. have performed work using this method to determine the
adsorption and desorption behavior of reactants using deuterated (2H or D) ethanol
and water.80 Their results indicated that dissociated OD groups from D2O were
combining with H atoms present due to the dissociation of ethanol. Furthermore,
deuterated water and water-18O were used to investigate the reaction pathway of
ethanol and water over ceria- and zirconia-supported cobalt.81 They found that the
oxidation of ethanol occurs at the catalyst surface due to the presence of C18O16O
since surface oxygen must participate in the reaction. While this work expounded
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the role of water, the contribution of each C atom within ethanol to the overall
reforming behavior remained unclear. The authors highlight that it is unclear how
the C-containing species are formed during reaction.80 Here we seek to provide new
insights on the Rh-based catalyst that we have recently shown dynamically changes
oxidation states during reforming103 by using strategically labeled reactants of both
ethanol and water.

7.1. Reactant selection and operating conditions
Through employing both isotope-labeled ethanol and isotope-labeled water, it
is now possible to track the atomic partitioning of the reactants into the products.
This allows for a more complete understanding of ethanol and water as reactants
and how they combine to give rise to the products. Chemical formulas of the
reactants, ethanol-1-13C and water-18O are shown in Figure 16.

Figure 16: Isotope-labeled reactants, ethanol-1-13C and water-18O.[Crowley et al. 2016]

In this study, isotope enrichment was 99 atom% 13C for ethanol-1-13C and 97.40
atom% 18O for water-18O as confirmed by GC-MS. All non-H-atoms can be
distinguished from one another, allowing for atom origin differentiation.
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7.2. Kinetic isotope effect
By substituting one of the atoms within the reactants for a heavier isotope, a
change has been made to the vibrational energies within ethanol and water.
Ultimately this suggests that the reaction rate will change. A quantification of the
change in rate of the reaction when an atom in a reactant is replaced with one of its
isotopes, known as the kinetic isotope effect (KIE), was determined to be minimal
for ethanol-1-13C and water-18O. KIEs were determined using the method described
by Singleton et al.104 as shown in Equation (19).

𝐾𝐼𝐸𝑖 =

𝑘𝑚𝑖1
𝑚𝑖2
=√
𝑘𝑚𝑖2
𝑚𝑖1

(19)

where i is the species, k is the reaction rate constant, mi1 is the molecular weight of
the non-isotope-labeled species, and mi2 is the molecular weight of the isotopelabeled species. The KIE for ethanol-1-13C and water-18O were calculated to be 1.01
and 1.05 respectively, showing that the behavior of the isotope-labeled system is
nearly the same as when using non-labeled reactants.

7.3. Product distribution vs time on stream

Isotope-labeled ethanol steam reforming was performed over 4 wt% Rh, 4
wt% Pt, and 3 wt% Rh/1 wt% Pt on SiO2-ZrO2 catalysts to observe the partitioning
of each non-hydrogen atom within the makeup of the reactants into the products as
well as determine the contribution of each metal to the overall product distribution.
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Bare SiO2-ZrO2 was found to be inactive in the process. All isotope-labeled ethanol
steam reforming experiments were performed in a packed bed reactor at reaction
conditions identical to those in section 5.3: S/C = 1.5, GHSV = 44,000 hr-1,
calcination temperature: 550°C, reforming temperature: 350°C, and 1 atm.
The overall product distribution profiles for ethanol reforming over each of
the three aforementioned catalyst formulations is shown in Figure 17. Conversion of
ethanol, XEtOH, was calculated according to Equation (20).
𝑋𝐸𝑡𝑂𝐻 =

𝑛𝐸𝑡𝑂𝐻,𝑖𝑛 − 𝑛𝐸𝑡𝑂𝐻,𝑜𝑢𝑡
𝑛𝐸𝑡𝑂𝐻,𝑜𝑢𝑡

(20)

The product distribution changed dynamically within the first 4 hours on
stream across all three catalyst formulations and was consistent with earlier work
presented in Section 5.3. Evidenced in Figure 17A, initially there was a steady
increase in the amount of H2 and CO produced for the bimetallic catalyst
formulation. CH4 also increased initially, but reached a maximum after roughly 10
minutes then steadily decreased. The highest CO2 production was observed at t = 0,
which immediately decreased. Ethane (C2H6) was produced at a near-constant rate
during the first 1.25 h on stream while no ethylene (C2H4) was detected. The most
notable feature occurred at roughly 1.25 h; maxima were observed in H2 and CO
production followed by a steady decrease, indicating catalyst deactivation. This is
supported by the conversion of ethanol falling below 100% at the same time.
Furthermore a selectivity change from ethane to ethylene was simultaneously
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observed, stabilizing in production after 2.25 h on stream with ethylene
concentrations of 0.007 mole% with no ethane detected.

Figure 17: Product distribution profile for the reforming of ethanol-1- C with water- O over (A) 3 wt%
Rh/1 wt% Pt, (B) 4 wt% Rh, and (C) 4 wt% Pt on SiO2-ZrO2 support. Reaction conditions: S/C =
1.5, GHSV = 44,000 hr-1, calcination temperature: 550°C, reforming temperature: 350°C, and
1 atm. [Crowley et al. 2016]
13

18

55
Interestingly, the single metal catalyst formulations (Figure 17B and C)
showed signs of deactivation after 0.5 h on stream as opposed to 1.25 h for the
bimetallic. Overall, similar reforming behavior was observed between the 3 wt%
Rh/1 wt% Pt (Figure 17A) and 4 wt% Rh (Figure 17B) formulations, not surprisingly
given that they are both primarily Rh-containing catalysts, with the bimetallic
formulation providing the highest level of H2 production at its maximum. However,
the 4 wt% Pt catalyst (Figure 17C) exhibited a much lower selectivity to H2 and
increased selectivity to the C2 species, suggesting Pt is less capable of breaking the
C-C bond within ethanol.
Thus far we have shown what is commonly reported in the literature: the
amount of each product detected as a function of time on stream. However, the
origins of the atoms within each product are still unknown. Through examining the
isotopic breakdown of individual species, we can now determine how the reactants
partition into the products giving us quantitative mechanistic insight.

7.4. Isotopic composition of products
The atomic distribution of reactants into products is shown for the most
active catalyst formulation, 3 wt% Rh/1 wt% Pt, in Figure 18.
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Figure 18: Atomic partitioning of 12C,13C, 16O, and 18O shown as part of the total amount detected
(left) and as percent composition (right) into (A) methane, (B) ethane, (C) ethylene, (D)
carbon monoxide, and (E) carbon dioxide over 3 wt% Rh/1 wt% Pt on SiO2-ZrO2. Bold colored
text indicates isotope labeling. [Crowley et al. 2016]
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In Figure 18, the total mole percent as a function of time on stream
(reproduced from Figure 17A) is shown on the left with shaded areas representing
each type of compound detected with respect to isotope-labeled species. Percent
composition of each isotope species is presented on the right. The simplest isotopelabeled product differentiation occurs in methane (CH4). Two forms of methane are
possible, 12CH4 and 13CH4, and both were detected as shown in Figure 18A. For the
bimetallic catalyst, a maximum amount of 13CH4 was detected initially at levels of
0.18 mole% (33% of total methane) which decreased to 0.01 mole% (1.6% of total
methane) after 2.25 h on stream. This is surprising since 13CH4 formation requires
both the 12C-13C and the 13C-16O bonds in the ethanol to break, not to mention the
dynamics of the various H-bonds.
Similar behavior was observed for the 4% Rh catalyst formulation, though
13CH4

was detected at a maximum of 10% total methane rather than 33% as shown

in Figure 19A. Under identical reforming conditions, the 4 wt% Pt catalyst
formulation provided lower, near constant 13CH4 levels of 2% total methane shown
in Figure 20.

58

Figure 19: Atomic partitioning of C, C, O, and O shown as part of the total amount detected (left)
12

13

16

18

and as percent composition (right) into (A) methane, (B) ethane, (C) ethylene, (D) carbon
monoxide, and (E) carbon dioxide over 4 wt% Rh on SiO2-ZrO2. Bold colored text indicates
isotope labeling. [Crowley et al. 2016]
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Figure 20: Atomic partitioning of C, C, O, and O shown as part of the total amount detected (left)
12

13

16

18

and as percent composition (right) into (A) methane, (B) ethane, (C) ethylene, (D) carbon
monoxide, and (E) carbon dioxide over 4 wt% Pt on SiO2-ZrO2. Bold colored text indicates
isotope labeling. [Crowley et al. 2016]
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A summary of the carbon isotope partitioning for methane across the three
catalyst formulations studied is shown in Table 7.
Table 7: Isotope product distribution for CH4 during ethanol reforming across three catalyst
formulations.

CH4 Isotope
12CH4

13CH4

Time

Catalyst Formulation
3% Rh/1% Pt
4% Rh

Initial

66.4%

75.7%

Final

98.4%

96.9%

Initial

33.6%

24.3%

Final

1.6%

3.1%

4% Pt
97.8%
2.2%

It should be noted that the initial and final percentages of 12CH4 and 13CH4
were identical for the single-metal Pt catalyst formulation. From these data sets, Rh
appears to be more capable of breaking the C-C bond in ethanol than Pt with either
the 12C-13C bond breakage rate decreasing with time on stream, or the breakage
rate remaining constant while selectivity toward other 13C-containing products
increases. This would account for the decrease in observed 13CH4 across all
formulations. However the monotonic decline in the methane for all catalyst
formulations suggests the 12C-13C bond scission becomes less favored since the
concentration profiles change more abruptly for other 13C product species. This will
be discussed further with respect to the C2-species.
Similar tracking was performed for the C2Hx and COy products shown parts
B through E in Figure 18-Figure 20. For the 3 wt% Rh/1 wt% Pt formulation, the
ethane formed (Figure 18B) is initially observed to have a composition of 60.8%
H312C12CH3 which decreases to 33.3% of the total amount of ethane produced over
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the first 2 h of ethanol reforming. Since the two 12C atoms must come from two
separate ethanol-1-13C molecules, this shows that the ethane formation pathway
occurs primarily via breaking the 12C-13C bond within ethanol-1-13C and
recombination with another 12C species, consistent with the formation of the heavy
methane. Similar behavior is observed for the Rh-only catalyst formulation as
shown in Figure 19B.
As discussed by Vesselli et al., it is likely that the 12C-13C bond within
ethanol-1-13C is cleaved prior to recombination with a separate 12C species.72
Following this logic, it seems that the abundance of H313C12CH3 at levels of 35-45%
can be attributed to first a breaking of the 12C-13C bond within ethanol-1-13C
followed by breaking of the 13C-16O bond, thereby allowing the 12C and the 13C
moieties to recombine into ethane. This theory is further supported by the presence
of H313C13CH3. Even though this form of ethane is detected at very low levels (~1
ppm), the only way for this molecule to form is through breaking the
12C-13C

13C-16O

and the

bonds in ethanol, allowing two 13C species to recombine into ethane. On the

contrary, the Pt-only catalyst formulation yields ethane with H313C12CH3 making up
nearly 95% of total ethane (Figure 20B), further demonstrating that Pt is ineffective
at breaking the C-C bond within ethanol. A summary of the carbon isotope
partitioning for ethane across the three catalyst formulations studied is shown in
Table 8.
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Table 8: Isotope product distribution for C2H6 during ethanol reforming across three catalyst
formulations.

Catalyst Formulation
C2H6 Isotope
Time
3% Rh/1% Pt
4% Rh
Initial
60.8%
74.1%
H312C12CH3
Final*
33.3%
15.2%
Initial
36.2%
20.7%
H313C12CH3
Final*
66.7%
ND
Initial
3.1%
5.2%
H313C13CH3
Final*
ND
84.8%
*Final time denotes the last time at which C2H6 was observed.

4% Pt
19.9%
38.2%
79.7%
ND
0.4%
61.8%

ND: Not detected
For all catalyst formulations, however, much of the 13C goes to the COx species,
thus maintaining a low H313C13CH3.
A similar explanation can be applied to ethylene (part C of Figure 18-Figure
20) with similar trends observed across the three catalyst formulations. It is clear
that ethylene and ethane formation have a strong correlation since there is nearly
an exact time match when the formation of ethane (all isotopes) declines and
ethylene concentration increases. Due to this selectivity change, it would appear
that a portion of the ethylene is formed directly from the ethane via the gas-phase
dehydrogenation pathway.105,106 However, this reaction is extremely slow in the gas
phase at the operating temperature of 350°C.107 Therefore, the ethane that is
observed must be formed through ethylene hydrogenation [Equation (12)] on the
catalyst surface, a commonly reported feature of supported platinum group metal
catalysts.108–110 We hypothesize that the tradeoff between ethane and ethylene
production observed at t = 1.25 h implies that the ethylene hydrogenation reaction
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is suppressed as the catalyst deactivates, consistent with the emergence of ethylene
as a stable product and the simultaneous decreases in H2 and ethanol conversion.
However, the amount of ethylene observed cannot be solely attributed to the
prevention of the ethylene hydrogenation reaction. Stable ethylene production was
observed at levels of 0.007 mole% during ethanol steam reforming over the 3 wt%
Rh/1 wt% Pt catalyst formulation. Since stable ethane production was observed at
roughly 0.003 mole%, this leaves 0.004 mole% (57%) of ethylene unaccounted for. By
examining the corresponding isotope labeled components of ethane and ethylene,
insight can be gained into the most likely ethylene production pathway. For both
12C-12C

and 13C-13C ethane and ethylene, the amount observed before and after the

tradeoff in selectivity at t = 1.25 h indicates that the ethylene hydrogenation
reaction is completely shut down for ethylene formed from identical C atoms from
ethanol. The ethane and ethylene containing both 12C and 13C, however, are a
different matter. H313C12CH3 is observed at 0.001 mole% during stable ethane
production whereas H213C12CH2 is observed at 0.005 mole% during stable ethylene
production. Thus, the 0.004 mole% of unaccounted-for ethylene observed is entirely
present as H213C12CH2. Therefore, the decrease in 13CH4 observed as well as the
minimal H213C13CH2 detected provide support for the ethanol dehydration pathway
[Equation (4)] being the most likely source of ethylene production. A summary of
the carbon isotope partitioning for ethane across the three catalyst formulations
studied is shown in Table 9.
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Table 9: Isotope product distribution for C2H4 during ethanol reforming across three catalyst
formulations.

C2H4 Isotope
H212C12CH2
H213C12CH2
H213C13CH2

Time

Catalyst Formulation
3% Rh/1% Pt
4% Rh
4% Pt

Initial*

58.3%

50.5%

ND

Final

19.5%

23.7%

ND

Initial*

40.3%

45.3%

99.2%

Final

78.9%

58.4%

98.7%

Initial*

1.4%

4.2%

0.8%

Final
1.6%
17.9%
*Initial time denotes time at which C2H4 was first detected.

1.3%

ND: Not detected
The products become increasingly more complex for the COy species in that
there are two options for the carbon atom (12C and 13C) and two options for the
oxygen atom(s) (16O and 18O). For the bimetallic and single metal Rh catalyst
formulations, all four possible forms of carbon monoxide (part D of Figure 18 and
Figure 19) are detected, proving that CO is not formed solely from the oxygen-bound
carbon within ethanol. Interestingly, for the Rh-containing catalyst formulations,
13C18O

accounts for nearly 50% of the total CO detected throughout the test,

increasing to 65% during the last 15 minutes of reforming. This is clear evidence
that the primary pathway for CO formation is through direct reaction between the
ethanol and the water at the C-O bond within ethanol. Roughly 25% 13C16O was
detected throughout the test, indicating that half as many 13C-16O bonds within
ethanol-1-13C are preserved in CO formation. It can be seen that the 12C entity
recombines with 18O from the water to form 12C18O, though only at 15% of the total
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CO makeup. A summary of the carbon isotope partitioning for carbon monoxide
across the three catalyst formulations studied is shown in Table 10.
Table 10: Isotope product distribution for CO during ethanol reforming across all catalyst
formulations.

CO Isotope
12C16O

13C16O

12C18O

13C18O

Time

Catalyst Formulation
3% Rh/1% Pt
4% Rh

4% Pt

Initial

11.5%

11.7%

ND

Final

ND

ND

ND

Initial

27.1%

22.6%

29.9%

Final

21.6%

20.1%

32.2%

Initial

16.0%

19.4%

5.2%

Final

22.1%

24.7%

17.7%

Initial

45.4%

46.3%

64.9%

Final

56.3%

55.2%

50.1%

However, no 12C16O is detected at any point during reforming for the Pt-only
catalyst formulation (Figure 20D). This is expected since, upon first inspection, it
would seem that the only source of 16O is the carbon-bound oxygen in ethanol-1-13C.
It would therefore be unlikely for the 13C-16O bond to break simply for the 16O
moiety to combine with a 12C species on the catalyst. It is therefore surprising to
find that 12C16O is present throughout the reforming experiment for the Rhcontaining formulations. Thus, we propose that the CO formation pathway on Rhcontaining catalysts occurs not only through recombination of the ethanol and water
reactants themselves, but also with the oxygen within the catalyst support as the
only other source for 16O.
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Oxygen exchange between water and silica and zirconia as well as oxygen
mobility in catalyst supports has been well documented.111–115 Furthermore,
tracking the composition of water in the effluent as a function of time on stream
yielded a nearly constant isotopic concentration of H218O and H216O for all three
catalyst formulations as shown in Table 11.
Table 11: Isotope product distribution for H2O during ethanol reforming across all catalyst
formulations.

Catalyst Formulation
H2O Isotope

3% Rh/1% Pt

4% Rh

4% Pt

H216O

42.8%

46.6%

44.5%

H218O

56.7%

53.4%

55.5%

This proves that H216O is formed consistently throughout the test, either through
oxygen exchange with the support or through the water-forming reactions of
dehydration, reverse carbon gasification, and methanation [Equations (4),(10), and
(11) respectively].
In addition, the CO2 concentration profile for the bimetallic catalyst
formulation (Figure 18E) reveals that initially the water gas shift reaction
[Equation (9)] is occurring and gradually declines. Simultaneously, the CO
concentration increases from 0.45 mole% at t = 0 to 0.65 mole% at t = 1.25 h—more
than the amount that can be provided by the decomposition of CO2 (0.15 mole%) to
CO. Consequently, the likely COy species that initially forms on the catalyst is CO
which undergoes further oxidation to CO2, supplied with oxygen either from the Rh
surface, the support itself, or water.
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As evidenced, 12C16O is formed when the 12C-13C bond within ethanol-1-13C is
broken, freeing a 12C species that remains on the surface of the catalyst, allowing
for a reaction with 16O in the support. This is supported quantitatively by a feature
of the CO isotope product distribution for Rh-containing catalysts occurring after
3.75 h on stream for the bimetallic catalyst (Figure 18D) and 2.65 h on stream for
the single-metal Rh catalyst (Figure 19D). At this point, 12C16O is no longer
observed in the products, suggesting that the 16O in the support near the metalsupport interface has been completely depleted and replaced by 18O from the labeled
water.
In the case of the bimetallic catalyst, there is a possibility that after several
hours on stream the metal nanoparticles are no longer a true alloy of Rh and Pt
with Pt segregating to the surface, preventing recombination of the 12C and 16O
species correlating with the observed behavior for the pure Pt catalyst formulation
(Figure 20D). However, since this phenomenon is observed for the pure Rh catalyst,
the oxygen exchange between the support and water at the catalyst-support
interface is the most probable explanation for the observed behavior. A summary of
the carbon isotope partitioning for carbon dioxide across the three catalyst
formulations studied is shown in Table 12.
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Table 12: Isotope product distribution for CO2 during ethanol reforming across all catalyst
formulations.

CO2 Isotope
16O12C16O
16O13C16O
18O12C16O
18O13C16O
18O12C18O
18O13C18O

Time
Initial
Final
Initial
Final
Initial
Final
Initial
Final
Initial
Final
Initial
Final

Catalyst Formulation
3% Rh/1% Pt
4% Rh
4% Pt
33.8%
4.3%
4.5%
26.8%
6.0%
10.3%
8.9%
16.1%
39.8%
14.3%
15.9%
28.8%
6.5%
32.5%
29.7%
16.5%
12.1%
12.3%
14.8%
7.9%
1.8%
26.3%
26.2%
3.9%

Interestingly, all six possible species of CO2 are detected throughout the
reforming experiments for all three catalyst formulations. Similar behavior was
observed in the total amount of CO2 observed, decreasing after an initial maximum.
For the Rh-containing formulations, CO2 exhibited the lowest variability in isotope
product breakdown with nearly constant percent composition shown in part E of
Figure 18 and Figure 19 as well as detailed in Table 12. Not surprisingly, the most
abundant CO2 isotope is 18O13C16O, in which the 13C-16O bond within ethanol-1-13C
is maintained and combines with the 18O from H218O. However, the second most
abundant species is 18O13C18O where the 13C-16O bond is broken and the 13C is
bound to two 18O. This suggests that the second most likely process for CO2
formation occurs via either the Boudouard reaction [Equation (8)] where two 13C18O
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molecules react or the water gas shift reaction [Equation (9)] where a 13C18O
intermediate is formed and reacts with water-18O.

7.5. Conclusions
From our analysis, it is clear that the primary reaction pathways are
changing as a function of time on stream. Figure 21 attempts to highlight the most
likely dominant pathways at various stages of ethanol reforming as adapted from
Figure 2.

Figure 21: Schematic of possible dominant reaction pathways during ethanol steam reforming at (A) t = 0, (B) t =
1.25 h, (C) t = 2.25 h, and (D) t = 4 h. Black shading highlights dominant reaction pathways at each time.
Red X indicates that the reaction most likely does not occur. Circled numbers correlate to numbered
Equations (1-12). Arrows represent forward reaction for simplicity. [Crowley et al. 2016]
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By examining the isotopic breakdown of the various compounds produced
during ethanol steam reforming, we have been able to gain insight on the
contribution of each metal, Rh and Pt, to the reforming process. The methodology
presented here has enabled a more complete understanding of the reaction sequence
for determining the underpinnings of catalyst performance.
By using carefully selected isotope-labeled reactants, individual reaction
pathways have been examined with an unprecedented level of clarity and
trackability, thereby allowing for the unification of theory and experimentally
observed results. The selectivity toward ethanol dehydration increased as the
catalyst deactivated. The presence of Pt within the catalyst makeup stabilizes Rh
performance, allowing for 100% conversion of ethanol for a time period nearly
threefold that of the single metal formulations. Rh has been shown to be more
effective at breaking the C-C bond within ethanol and allowing for more diverse
species recombination than Pt. It was shown that oxygen from the support plays a
crucial role in the formation of reforming products, though Pt does not favor
reaction between support oxygen and C-species on its surface.
The presence of all C- and O-isotopes within the products proves that bond
preservation is not the only pathway for product formation. A recombination of
species on the surface of the catalyst is occurring throughout the process for all
catalyst formulations, indicating that a classic depiction of possible reactions
[Equations (1-12)] is incapable of completely describing species formation. These
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findings suggest that the catalyst material, including both the metal and support,
has a profound impact on product formation.

Chapter 8: Regeneration behavior
Catalyst deactivation is a problem that plagues the reforming of oxygenated
hydrocarbons, limiting the amount of time the reforming process can be run
continuously and necessitating regeneration procedures that are costly in terms of
both time and materials. Here we investigate oxidative and reductive regeneration
techniques and their impact on catalyst performance.

8.1. Oxidative regeneration

As part of the isotope-labeled reactant study, regeneration was performed in
5% O2 in N2 after 4 hours on stream. Oxidative regeneration has shown to be
beneficial in removing coke buildup on the surface of the catalyst.51 The product
distribution profiles for the bimetallic 3 wt% Rh/1 wt% Pt, single metal Rh and
single metal Pt and catalyst formulations are shown in Figure 22.
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Figure 22: Product distribution profile for the reforming of ethanol-1-13C with water-18O with 1 hour
regeneration in 5% O2 in N2 over (A) 3 wt% Rh/1 wt% Pt, (B) 4 wt% Rh, and (C) 4 wt% Pt on
SiO2-ZrO2 support. Reaction conditions: S/C = 1.5, GHSV = 44,000 hr-1, calcination
temperature: 550°C, reforming temperature: 350°C, and 1 atm. [Crowley et al. 2016]
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Across all catalyst formulations, the product distribution profile is nearly
identical both pre- and post-regeneration, suggesting that the catalysts are fully
able to be regenerated in an oxidative environment. However, the ability to fully
regenerate the catalyst may be due to the relatively mild operating conditions and
short time on stream before regeneration consistent with the work of Simson et al.51

8.2. Reductive regeneration

As part of the operando XAFS analysis study, regeneration was performed in
5% H2 in He after 2.5 hours on stream. Reductive generation can remove carbon
buildup on the surface while simultaneously stripping the metal nanoparticles of
any oxide layer that may have formed during reaction. The product distribution
profiles for the bimetallic 3 wt% Rh/1 wt% Pt, single metal Rh, and single metal Pt
catalyst formulations are shown in Figure 23.
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Figure 23: Product distribution profile for the steam reforming of ethanol with 1 hour regeneration
in 5% H2 in He over (A) 3 wt% Rh/1 wt% Pt, (B) 4 wt% Rh, and (C) 4 wt% Pt on SiO 2-ZrO2
support. Reaction conditions: Nashner-Adler reactor, S/C = 1.5, flow rate = 44 mL/min,
calcination temperature: 550°C, reforming temperature: 350°C, and 1 atm.
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It is clear that reductive regeneration does not achieve full regeneration
across all catalyst formulations. The bimetallic and pure Rh formulations (Figure
23A and B) recover roughly 70% of their selectivity to hydrogen whereas the pure Pt
formulation (Figure 23C) resumes ethanol reforming at identical selectivity toward
all species. This suggests that hydrogen is incapable of cleaving the Pt-C bond in
the absence of Rh and carbon species bound to Rh are only partially removed.

Chapter 9: Modeling and simulations
To better understand the ethanol reforming process, simulation work was
performed to provide a means of validating the experimentally observed behavior
against thermodynamic and kinetic theory. All experimental parameters for
catalytic ethanol reforming in a packed bed reactor as previously described were
simulated in the model. A full derivation of the governing equations is presented in
Appendix D.

9.1. Temperature profile along the reactor bed
Reactor temperature was examined as a function of length along the reactor
bed in the plug flow reactor setup to quantify the expected thermal profile during
reaction, allowing for verification that localized endotherms and exotherms had no
discernible impact on the temperature within the reactor. The simulation yielded
consistent temperatures within the reactor at the two main reaction temperatures.
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The temperature profile was shown to be constant along the reactor bed at both
350°C and 650°C as shown in Figure 24.

Figure 24: Nondimensionalized temperature profile along the reactor bed for catalytic ethanol steam
reforming performed at (A) 350°C and (B) 650°C.
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The observed behavior in Figure 24 is not surprising due to the dilute nature of the
reactant mixture, primarily composed of nitrogen at roughly 96%, allowing for
thermal stability independent of the ethanol steam reforming reaction.
Interestingly, upon closer inspection, the temperature seems to vary by
roughly 0.1% at each temperature. From an experimental point of view, one
explanation could be that this behavior is due to the localized
endotherms/exotherms occurring as part of the real reaction system. However, due
to the confines of the simulation, the reaction itself is entirely endothermic.
Therefore, this observed fluctuation is due entirely to the noise of the ordinary
differential equation solver employed. In this case, the “ode45” solver was used as
part of the Matlab suite.116 This solver is based on the explicit Runge-Kutta
method,117 an initial-value method allowing for the greatest level of accuracy with
an iterative approach.

9.2. Conversion profile along the reactor bed
Complete conversion of ethanol is expected almost immediately after entering
the catalyst bed at both 350°C and 650°C as shown in Figure 25.
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Figure 25: Nondimensionalized conversion profile along the reactor bed for catalytic ethanol steam
reforming performed at (A) 350°C and (B) 650°C.

The 100% conversion observed experimentally at each temperature is
consistent with thermodynamic and kinetic calculations. Furthermore, a test was
performed to validate the developed model at less than 100% conversion of ethanol.
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During one reforming test performed at 350°C, the catalyst bed shifted
outside of the reactor region heated by the furnace, resulting in a lower reforming
temperature and initial conversion of only 82.25%. The model predicts that this
level of conversion should be observed at a reactor temperature of roughly 250°C as
shown in Figure 26.

Figure 26: Fractional conversion as a function of position along the packed bed reactor for ethanol
steam reforming performed at various temperatures.

The 250°C reforming temperature intuitively makes sense given the close proximity
to the heated region of the furnace and the residual heat of the reactant stream. An
attempt was made to correlate the measured concentration of the gaseous products
at this temperature to those predicted by a Gibbs free energy equilibrium
calculation. Unfortunately, this correlation cannot be made since the equilibrium
calculation solely revolves around the gas-phase reactants and products, failing to
take into account carbon deposition on the surface of the catalyst.
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Chapter 10: Conclusions and future work

10.1. Conclusions
This work was meant to identify and characterize a possible catalyst
formulation allowing for the use of oxygenated hydrocarbons commonly found in
biomass to produce syngas through the steam reforming process and to determine
the factors dictating overall behavior. Ethanol was used as a model compound due
to its relative simplicity while maintaining the key attributes of at least one C-C
bond and an oxygen-containing functional group.
The first investigation involved determination of a catalyst formulation
capable of providing near-equilibrium hydrogen production. Rh-containing catalyst
formulations exhibited higher dispersion of metal on the surface of the support.
Precious metal sintering was minimized by calcining the catalyst material at the
operating temperature. The catalyst exhibiting the desired performance was the 3
wt% Rh/1 wt% Pt on SiO2-ZrO2 support, achieving near-equilibrium hydrogen
production for approximately 90 hours on stream at industrially relevant operating
conditions including temperature, S/C ratio, and space velocity.
The contribution of each metal to overall catalyst performance was
determined with respect to oxidation state and conformation of the precious metal
nanoparticles. The oxidation state of Rh was found to change dynamically as a
function of time on stream. Operando X-ray absorption spectroscopy showed that a
partially oxidized Rh surface was the most active in ethanol reforming capability.
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The presence of Pt, however, was found to stabilize the Rh and allow for prolonged
operation at desired hydrogen yields. XAFS analysis showed that the coordination
number between Rh and Pt atoms were dynamic during ethanol reforming as well
with the coordination number of Rh-Pt changing drastically between ex-situ, in-situ,
and operando conditions. This suggests that an accurate measurement of catalyst
configuration can only be performed during reaction.
A final investigation involved determining the contribution of each metal to
the overall reforming behavior during low-temperature ethanol steam reforming.
Isotope-labeled reactant studies illuminated the role of single-metal Rh, singlemetal Pt, and the most active of the bimetallic formulations in the reforming
process. All combinations of isotope- and non-isotope-labeled atoms were detected in
the products for the bimetallic formulation, proving there are multiple pathways
involved in H2, CO, CO2, CH4, C2H4, and C2H6 product formation. Pt was almost
completely incapable of breaking the C-C bond within ethanol, suggesting that Ptbased formulations will not enable the efficient processing of biomass-derived
feedstocks. Both the recombination of C-species on the surface of the catalyst and
preservation of the C-C bond within ethanol are responsible for C2 product
formation for all catalyst formulations. The role of oxygen from the support was
found to be an important factor in product distribution with clear evidence
presented that oxygen from the SiO2-ZrO2 support constitutes 10% of the oxygen in
CO formed during reaction.

82

10.2. Future work
The work presented in this thesis has demonstrated the influence of catalyst
morphology on the selectivity and regeneration behavior of precious metal catalysts
while expounding specific reaction pathways during ethanol reforming.
Determination of activation and deactivation modes and optimization of design
parameters during catalyst synthesis are important areas future development.
Specifically, the phases of precious metal nanoparticles with regard to lattice
structure should be examined and correlated to catalyst activity. Reaction pathways
at temperatures allowing for peak thermodynamic efficiencies between 600°C and
700°C require further investigation. Furthermore, deactivation through coke
formation has been shown throughout this work, highlighting a vital area for future
work: whether a selectivity change of the catalyst gives rise to coke formation and
subsequently the detection of intermediate species or if coke formation causes a
shift in catalytic activity resulting in intermediate speciation.
10.2.1. Nanoparticle lattice structure
Chapter 6 showed that the coordination number between atoms in the
supported precious metal nanoparticles of the catalyst changed dynamically during
reaction. The bimetallic catalyst formulation was shown to be a true alloy after the
pre-reduction step, but segregation of the metals was occurring during reaction
indicated by the ratio of Rh coordination numbers at the reaction temperature of
350°C (see Table 6). Interestingly, the form of the precious metal nanoparticles as
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either alloy or segregated was indecipherable when the catalyst was cooled to room
temperature.
In section 4.2, TEM images exposed that the precious metal nanoparticles
exhibit a specific lattice structure. Both Rh and Pt exhibit face-centered cubic
crystal structures as single metals, but the packing of atoms in bimetallic
nanoparticles remains unclear. A more in depth analysis on the crystal structure,
coordination number, and corresponding activity of precious metal nanoparticles
should elicit the most active phase. Studies could then be performed on synthesis
parameters that preferentially give rise to this active phase with characterizations
by high-resolution transmission electron microscopy (HRTEM), x-ray photoelectron
spectroscopy (XPS) and in situ scanning tunneling microscopy (STM).118
10.2.2. Reaction network at elevated temperatures
The evolution of preferred reaction pathways was determined for the steam
reforming of ethanol at 350°C through the use of isotope-labeled reactants in
Chapter 7. It was shown that the water-gas shift reaction [Equation (9)] and
ethylene hydrogenation [Equation (12)] were suppressed as a function of time on
stream at this temperature. Oxygen exchange with the support was theorized to
allow for the formation of COy species at the interface with 10% of all CO formed
containing oxygen from the support. By performing a similar study at temperatures
allowing for peak thermodynamic efficiencies (600°C to 700°C), information could be
gained on whether product species formation occurs primarily via bond preservation
or species recombination at industrially relevant conditions.
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10.2.3. Carbon deposition
In Chapter 8, the regeneration behavior of several precious metal catalyst
formulations was examined to determine the role of individual metals in a
bimetallic catalyst. Reductive regeneration was shown to be only partially effective
on Rh-containing catalysts and completely inactive in the regeneration of a singlemetal Pt formulation. However, regenerations performed in an oxidative
environment allowed for identical performance to that of fresh catalyst, suggesting
that the observed catalyst deactivation was completely reversible.
During oxidative regeneration, the only observed species in the effluent was
CO2, indicating that carbon deposition on the surface of the catalyst was largely
responsible for deactivation. A full characterization of this carbon could provide
information on the carbon species most likely to deposit on the surface (either the
O-bound carbon or the methyl group carbon within ethanol) as well as the type of
coke formed on the surface (amorphous versus graphitic). Temperature
programmed oxidation (TPO) studies with simultaneous analysis by GC-MS on
catalysts exposed to isotope-labeled reactants would be capable of providing this
information.
In terms of species formation, it remains unclear as to what comes first:
selectivity change resulting in coke formation or coke formation resulting in
selectivity change, both leading to catalyst deactivation. Certain surface groups
including carbonyls, hydroxyls, esters, and ketones have been shown to greatly
influence the activity of catalysts.119,120 Solid-state nuclear magnetic resonance
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(SSNMR) could be employed with respect to 13C as a powerful technique that would
not only characterize the type of coke deposited, but the functional groups present
on the carbon surface. Understanding the inception of coke formation versus
changes in selectivity will provide invaluable information on the reaction pathways
of fuel reforming, allowing for the targeted design and implementation of supported
metal catalysts.

Appendices
Appendix A: Gaseous product analysis
A.1. Micro gas chromatography (µGC)
The detection and quantification of gaseous products was performed with a 3channel Inficon 3000 Micro GC. A full description of the instrument, including
columns and target compounds, is provided in Table A.1.
Table A.1: Inficon 3000 Micro GC channel specifications and applications.
Channel
Column Type

A

B

C

Molecular Sieve

Plot U

OV-1

Column
Applications121

Permanent and noble
gases. Argon and oxygen
separation at 35°C

Common
Compounds122

H2, O2, N2, CH4, CO

Column
Temperature
Column
Pressure
Carrier Gas

C1 to C7 hydrocarbons,
CO2, methane, air/CO,
water, oxygenates,
amines, solvents,
alcohols, ketones,
aldehydes
CO2, Ethylene, Ethane,
Acetylene, 1,2Propadiene, Methyl
Acetylene

Amines, hydrocarbons,
pesticides, PCBs,
phenols, sulfur
compounds, flavors, and
fragrances
Water, Methanol,
Ethanol, n-Butane,
n-Hexane, n-Heptane

90°C

75°C

60°C

23 psi

23 psi

23 psi

Argon

Helium

Helium
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A.2. Gas chromatography – mass spectroscopy (GC-MS)
The detection and quantification of isotope-labeled gaseous products was
performed with an Agilent 7890B Gas Chromatograph equipped with a 5977A mass
selective detector (MSD). A full description of the method parameters is provided in
Table A.2.
Table A.2: Method parameters for gaseous product analysis by GC-MS.

Column
Column Mode
Carrier Gas
Carrier Gas Flow Rate
Inlet Temperature
Inlet Mode
Split Ratio
Initial Temperature/Initial Time
Heating Rate
Final Temperature/Final Time
Total Run Time
Detector Temperature
(quad/source)
Injection Volume (valve)

Supelco Carboxen-1010 PLOT
30 m x 320 µm ID x 15 µm film thickness
Constant Flow
Helium (Research Grade, 6.0)
3 mL/min
125°C
Split
10:1
35°C/1 min
100°C/min
240°C/3.5 min
6.55 min
180°C/230°C
1.000 mL

Appendix B: XAFS
B.1. Nashner-Adler cell
The Nashner-Adler reactor cell used for operando X-ray analysis is shown in
Figure A.1.
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Figure A.1: Nashner-Adler cell used for X-ray characterization of the catalyst during ethanol steam
reforming.

In this reactor cell, the pelletized form of the catalyst (catalyst wafer) is suspended
in a larger volume (roughly 250 mL) of the reactant mixture. Catalyst bed
temperature is controlled through the heating element and monitored by the
thermocouple. The reactant mixture is introduced through the inlet and products
are analyzed at the outlet.
B.2. XAFS fitting
R-space fitting was performed to determine N, R, and σ2 (see section 6.4). This was
done by comparing the measured spectra in R-space to calculated scattering factors
for Rh-Rh, Rh-Pt, and Pt-Pt and adjusting the contribution of these paths to the
observed spectra.98 A summary of the XAFS fitting results for the 3 wt% Rh/1 wt%
Pt catalyst during several stages of ethanol reforming is shown in
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Figure A.2. Good agreement between the fit spectra and the experimental spectra
support the claims in section 6.4.

Figure A.2: XAFS fitting of the Rh-edge and Pt-edge spectra for the 3 wt% Rh/1 wt% Pt catalyst
during several stages of ethanol reforming.
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Appendix C: Isotopic enrichment confirmation

Compound identity and isotope labeling was confirmed through GC-MS
analysis. Both isotope-labeled and non-isotope-labeled liquid samples of ethanol and
water were directly injected onto the analytical column. Non-isotope-labeled ethanol
and water were identified by comparing their mass spectra to the NIST database
with each having agreement to the reference spectra greater than 95%. The
retention time of the unlabeled ethanol and water were used to confirm the identity
of the isotope-labeled chemicals. For both ethanol and water, labeled and unlabeled
chemicals exhibited nearly identical retention times, thus confirming their identity
as shown in Figure A.3.

90

Figure A.3: Total ion chromatograms for (A) water and water-18O and (B) ethanol and ethanol-1-13C.

Isotope labeling of ethanol and water was confirmed by examining the mass spectra
of both labeled and unlabeled chemical species as shown in Figure A.4 and Figure A.5. In
each case, the fragmentation patterns confirm the presence of
ethanol.

18O

in water and 13C in
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Figure A.4: Mass spectral fragmentation pattern of (A) water and (B) water-18O.

Figure A.5: Mass spectral fragmentation pattern of (A) ethanol and (B) ethanol-1-13C.
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Appendix D: Additional calculations and simulation – plug flow reactor
D.1. Rate expression
A rate expression was developed in order to simulate reaction conditions for
the plug flow reactor.
Assume: Arrhenius rate constant k as defined in Equation (A.1).
𝐸𝑎

𝑘 = 𝑘0 ∙ 𝑒 −𝑅𝑇

(A.1)

Where 𝑘0 is the pre-exponential factor, 𝐸𝑎 is the activation energy, R is the
universal gas constant, and T is the temperature in Kelvin. Kinetic parameters,
including values for 𝑘0 , 𝐸𝑎 , and reaction order were taken from the doctoral thesis of
Dr. Amanda Simson.123
𝑘0 = 2.21 × 10−5 𝑚𝑜𝑙 −0.2 𝑚0.6 𝑠 −1
𝐸𝑎 = 85.24 𝑘𝐽 ∙ 𝑚𝑜𝑙 −1 = 85240 𝐽 ∙ 𝑚𝑜𝑙 −1
𝑟𝐸𝑡𝑂𝐻 = 𝑟𝐴 = 𝑘[𝑃𝐸𝑡𝑂𝐻 ]1.2

(A.2)

Reaction with N2 balance:
𝑘
C2H5OH + 3 H2O + N2 →
6 H2 + 2 CO2 + N2

Species:

(A)

(B)

(I)

(C)

(D)

(A.3)

(I)

Species balance:
Let Fi denote the flow rate of species i where subscript “0” indicates initial value.
Let FT denote the total flow rate where subscript “0” indicates initial value.
Let T denote reactor bed temperature where subscript “0” indicates initial value.
Let t denote the nondimensionalized reactor bed temperature where
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𝑡=

𝑇
𝑇0

(A.4)

Let X denote conversion of ethanol as defined in Equation (A.5).
𝑋=

𝑛𝐸𝑡𝑂𝐻,𝑖𝑛 − 𝑛𝐸𝑡𝑂𝐻,𝑜𝑢𝑡
𝑛𝐸𝑡𝑂𝐻,𝑖𝑛

(A.5)

Table A.3: Species balance during ethanol steam reforming based on stoichiometry in Equation (A.3).

Species

In

Out

A

𝐹𝐴0

B

𝐹𝐵0

𝐹𝐴0 (1 − 𝑋)
𝐹𝐴0
𝐹𝐵0 (1 − 3
𝑋)
𝐹𝐵0

C

0

6𝐹𝐴0 𝑋

D

0

2𝐹𝐴0 𝑋

I

𝐹𝐼0

𝐹𝐼0

Assume:
(A.6)

𝐹𝐴0 = 𝑦𝐴 𝐹𝑇0
where 𝑦𝐴 is the mole fraction of ethanol.
Therefore:

(A.7)

𝐹𝑇0 = 𝐹𝐴0 + 𝐹𝐵0 + 𝐹𝐼0
and
𝐹𝑇 = 𝐹𝐴0 (1 − 𝑋) + 𝐹𝐵0 (1 − 3

𝐹𝐴0
𝑋) + 8𝐹𝐴0 𝑋 + 𝐹𝐼0
𝐹𝐵0

𝐹𝑇 = 𝐹𝐴0 − 𝐹𝐴0 𝑋 + 𝐹𝐵0 − 3𝐹𝐴0 𝑋 + 8𝐹𝐴0 𝑋 + 𝐹𝐼0
𝐹𝑇 = 𝐹𝐴0 + 𝐹𝐵0 + 𝐹𝐼0 + 4𝐹𝐴0 𝑋

(A.8)
(A.9)
(A.10)
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𝐹𝑇 = 𝐹𝑇0 + 4𝑦𝐴 𝐹𝑇0 𝑋

(A.11)

𝐹𝑇 = 𝐹𝑇0 (1 + 4𝑦𝐴 𝑋)

(A.12)

𝑃𝐴 = 𝑦𝐴 𝑃𝑇 =

𝐹𝐴0
𝑦𝐴 𝑃𝑇0 𝐹𝑇0 (1 − 𝑋) 𝑃𝐴0 (1 − 𝑋)
(1 − 𝑋)𝑃𝑇0 =
=
𝐹𝑇
𝐹𝑇0 (1 + 4𝑦𝐴 𝑋)
(1 + 4𝑦𝐴 𝑋)

(A.13)

Therefore,
𝑟𝐴 = [(2.21 ×

−85240 𝐽∙𝑚𝑜𝑙−1
5 )𝑒 (8.314 𝐽∙𝑚𝑜𝑙−1 𝐾−1 )(𝑇)
10
] [𝑃𝐴0

(1 − 𝑋) 1.2
]
(1 + 4𝑦𝐴 𝑋)

(A.14)

Ultimately giving
𝑟𝐴 = [(2.21 × 105 )𝑒

−10252.586 𝐾
(𝑇0 𝑡)

(1−𝑋)

] [𝑃𝐴0 (1+4𝑦

𝐴

1.2

]
𝑋)

(A.15)

D.2. Mass balance
Assuming a pseudo steady-state reactor, a mass balance for the system can
be developed from the simple equation:
𝐼𝑁 − 𝑂𝑈𝑇 =

𝑑𝑁𝐴
=0
𝑑𝑡

(A.16)

where NA is the amount of ethanol and t is time.
𝐹𝐴0 |𝑊 − (𝐹𝐴0 |𝑊+∆𝑊 + 𝑟𝐴 ∆𝑊) = 0

(A.17)

𝐹𝐴0 |𝑊 − 𝐹𝐴0 |𝑊+∆𝑊 − 𝑟𝐴 ∆𝑊 = 0

(A.18)

−𝑟𝐴 ∆𝑊 = 𝐹𝐴0 |𝑊+∆𝑊 − 𝐹𝐴0 |𝑊

(A.19)
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Therefore, for the packed bed reactor, the reaction rate is governed by Equation
(A.20).
−𝑟𝐴 = lim (
∆𝑊→0

𝐹𝐴0 |𝑊+∆𝑊 − 𝐹𝐴0 |𝑊
𝑑𝐹𝐴
)=
∆𝑊
𝑑𝑊

(A.20)

where W is the mass of the catalyst.
𝐹𝐴 = 𝐹𝐴0 (1 − 𝑋)

(A.21)

which implies
𝑑𝐹𝐴 = −𝐹𝐴0 𝑑𝑋

(A.22)

A cylindrical catalyst bed approximation was used in order to directly correlate the
catalyst particle bed to reactor length (L)
𝐷 2
𝐷2
𝑊 = 𝜌𝑐 ∙ 𝑉 = 𝜌𝑐 ∙ 𝜋 ( ) ∙ 𝑥 = 𝜌𝑐 ∙ 𝜋
∙𝑥
2
4

(A.23)

So,
𝑑𝑊 = 𝜌𝑐 ∙ 𝜋

𝐷2
∙ 𝑑𝑥
4

(A.24)

where x is position along the reactor tube. Here, we will nondimensionalize position:
Let:
𝑧=

𝑥
𝐿

(A.25)

which implies
𝑑𝑥 = 𝐿𝑑𝑧

(A.26)
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Therefore,
−𝐹𝐴0 𝑑𝑋
𝐷2
𝜌𝑐 ∙ 𝜋 4 ∙ 𝐿𝑑𝑧

(A.27)

𝑑𝑋
𝑟𝐴
𝐷2
=
𝜌𝑐 ∙ 𝜋
∙𝐿
𝑑𝑧 𝐹𝐴0
4

(A.28)

−𝑟𝐴 =

This implies

𝐹𝐴0 =

𝑉̇ 𝑃
𝑅𝑇

(A.29)

𝐹𝐴0 =

(44 𝑚𝐿 ∙ 𝑚𝑖𝑛−1 )𝑃
1𝐿
1 𝑚𝑖𝑛
(
)(
) (𝑚𝑜𝑙𝑒% 𝐸𝑡𝑂𝐻)
𝑅𝑇
1000 𝑚𝐿
60 𝑠

(A.30)

Therefore, 𝐹𝐴0 = 2.7 × 10−7 𝑚𝑜𝑙 ∙ 𝑠 −1.
𝑑𝑋
𝑟𝐴 𝜌𝑐 ∙ 𝜋𝐷2 𝐿
=
𝑑𝑧 (2.7 × 10−7 𝑚𝑜𝑙 ∙ 𝑠 −1 )(4)

(A.31)

Ultimately giving:
−10252.586 𝐾
𝑑𝑋
𝜌𝑐 ∙ 𝜋𝐷2 𝐿
(1 − 𝑋) 1.2
5 )𝑒
(𝑇0 𝑡)
=
[(2.21
×
10
]
[𝑃
]
𝐴0
𝑑𝑧 (2.7 × 10−7 𝑚𝑜𝑙 ∙ 𝑠 −1 )(4)
(1 + 4𝑦𝐴 𝑋)

(A.32)

D.3. Energy balance
Assuming a pseudo steady-state reactor, an energy balance for the system
can be developed from the simple equation:
𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 + 𝐻𝑒𝑎𝑡𝑟𝑥𝑛 =

𝑑𝐸
=0
𝑑𝑡

̂ | − 𝑚̇𝐻
̂|
∆𝑄̇ + 𝑚̇𝐻
− 𝑟𝐴 ∆𝑊∆𝐻𝑟 (𝑇) = 0
𝑊
𝑊+∆𝑊

(A.33)
(A.34)

97
̂|
̂ | ) − 𝑟𝐴 ∆𝑊∆𝐻𝑟 (𝑇) = 0
𝑈∆𝐴(𝑇𝑎 − 𝑇) − 𝑚̇(𝐻
−𝐻
𝑊+∆𝑊
𝑊

(A.35)

Where U is the overall heat transfer coefficient, A is the heat-exchange area per
volume of reactor, Ta is the temperature at the reactor wall, and 𝑚̇ is the mass flow
rate.
∆𝐴 =

𝐴
𝜋𝐷𝐿
4
4
∆𝑉 =
∆𝑉 = ∆𝑉 =
∆𝑊
2
𝜋𝐷 𝐿
𝑉
𝐷
𝐷𝜌𝑐
( 4 )

(A.36)

4𝑈
̂|
̂ | ) − 𝑟𝐴 ∆𝑊∆𝐻𝑟 (𝑇) = 0
∆𝑊(𝑇𝑎 − 𝑇) − 𝑚̇(𝐻
−𝐻
𝑊+∆𝑊
𝑊
𝐷𝜌𝑐

(A.37)

̂|
̂| )
(𝐻
−𝐻
4𝑈
𝑊+∆𝑊
𝑊
(𝑇𝑎 − 𝑇) − 𝑚̇
− 𝑟𝐴 ∆𝐻𝑟 (𝑇) = 0
𝐷𝜌𝑐
∆𝑊

(A.38)

Taking the limit as ∆𝑊 → 0 gives
̂
4𝑈
𝑑𝐻
(𝑇𝑎 − 𝑇) − 𝑚̇
− 𝑟𝐴 ∆𝐻𝑟 (𝑇) = 0
𝐷𝜌𝑐
𝑑𝑊

(A.39)

̂
𝑑𝐻
̂ = 𝐶̂𝑝 𝑑𝑇
= 𝐶̂𝑝 implies 𝑑𝐻
𝑑𝑇

(A.40)

Therefore,
4𝑈
𝑑𝑇
(𝑇𝑎 − 𝑇) − 𝑚̇𝐶̂𝑝
− 𝑟𝐴 ∆𝐻𝑟 (𝑇) = 0
𝐷𝜌𝑐
𝑑𝑊

(A.41)

4𝑈
𝑑𝑇
𝐷𝜌𝑐 (𝑇𝑎 − 𝑇) − 𝑟𝐴 ∆𝐻𝑟 (𝑇)
=
𝑑𝑊
𝑚̇𝐶̂𝑝

(A.42)
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After nondimensionalization using definitions from sections A.D.1. and A.D.2.
Equation (A.42) becomes:
𝑑𝑡
𝜋𝐷𝐿𝑈(𝑡𝑎 − 𝑡) 𝜌𝑐 𝜋 ∙ 𝐷2 ∙ 𝐿 ∙ 𝑟𝐴 ∆𝐻𝑟 (𝑇)
=
−
𝑑𝑧
𝑚̇𝐶̂𝑝 𝑚𝑤
4𝑇𝑖 𝑚̇𝐶̂𝑝 𝑚𝑤

(A.43)

U was calculated according to Equation (A.44) from Bagajewicz et al.124
𝑑
𝑑𝑜 ∙ ln ( 𝑜 ) 𝑑 1 𝑑
1
1
𝑑𝑖
𝑜
𝑜
=
+ 𝑅𝑜𝑑 +
+
+ 𝑅𝑖𝑑
𝑈 ℎ𝑜
2𝑘𝑤
𝑑𝑖 ℎ𝑖 𝑑𝑖

(A.44)

Where ho is the outside film heat transfer coefficient, hi is the inside film heat
transfer coefficient, do is the outside reactor tube diameter, di is the inside reactor
tube diameter, kw is the wall thermal conductivity, Rod is the outside fouling heat
transfer coefficient, and Rid is the inside fouling heat transfer coefficient. Values for
air were used as a first approximation as shown in
Table A.4: Parameters for calculation of overall heat transfer coefficient in the packed bed catalytic
reactor. [The Engineering ToolBox 2016]

Variable

ho
hi
do
di
kw
Rod
Rid

Value
10.45
12.81
6 x 10-3
4 x 10-3
3
4 x 10-4
9 x 10-5

Units
W m-2 K-1
W m-2 K-1
m
m
-1
W m K-1
m2 K W-1
m2 K W-1

Reference
125
125

N/A
N/A
126
127
127

For simplicity, a constant value of 4.68 W m-2 K-1 was used for all simulations.
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The change in enthalpy for the ethanol steam reforming reaction as a
function of changing temperature can be determined by using Kirchhoff’s Law128 as
shown in Equation (A.45).
𝑇

∆𝐻𝑟 (𝑇) = ∆𝐻𝑟 (25°𝐶) + ∫

25°𝐶

∆𝐶𝑝 (𝑇 ′ )𝑑𝑇′

(A.45)

Functions for the heat capacities as a function of temperature for each reaction
species were generated through sixth-order polynomial fits using data provided by
the National Institute of Standards and Technology129 and The Engineering
ToolBox.130–132 Resulting equations were of the form:
𝐶𝑝 (𝑇) = 𝑎 ∙ 𝑇 6 + 𝑏 ∙ 𝑇 5 + 𝑐 ∙ 𝑇 4 + 𝑑 ∙ 𝑇 3 + 𝑒 ∙ 𝑇 2 + 𝑓 ∙ 𝑇 + 𝑔

(A.46)

where T is in Celsius. Table A.5 shows the coefficients as outlined in Equation
(A.46).
Table A.5: Sixth-order polynomial fit coefficients describing the change in heat capacity as a function
of temperature for each reaction component as described in Equation (A.46).

Component:

C2H5OH

H2O

H2

CO2

a

6.1008 x 10-18

7.1883 x 10-21

-1.1543 x 10-16

-4.5108 x 10-21

b

-4.9886 x 10-14

-8.5075 x 10-17

2.8659 x 10-13

4.9649 x 10-17

c

1.4956 x 10-10

3.7765 x 10-13

-2.8492 x 10-10

-2.3268 x 10-13

d

-1.8708 x 10-07

-9.1080 x 10-10

1.4537 x 10-07

6.1352 x 10-10

e

3.8918 x 10-05

9.9477 x 10-07

-3.8872 x 10-05

-1.0072 x 10-06

f

1.3725 x 10-01

2.2532 x 10-04

5.3663 x 10-03

1.0557 x 10-03

g

6.2700 x 10+01

1.8597 x 10+00

1.4193 x 10+01

8.1875 x 10-01

Therefore, the ∆𝐻𝑟 (𝑇) were calculated to be 163.897 kJ mol-1 K-1 at 350°C and
138.280 kJ mol-1 K-1 at 650°C.
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D.4. Matlab code
An example of the code used to run the Matlab simulation is shown below for
the 650°C ethanol steam reforming:
function ydot = EthanolReform650C(z,y)
%variables
t=y(1);
x=y(2);
%fixed parameters
U=46800; % overall heat transfer coefficient in J/s.cm2.K
m=0.00000027; % mol flow rate, mol/s
Cp=1.151; % specific heat of nitrogen @ 650C, J/gK
ta=1; % nondimensional temperature of reactants at the inlet
pc=3.7; % density of silica zirconia, g/cm3
Ti=923.15; % 650C+273.15-> K
H=138279.6; % enthalpy of reaction at 650C, J/mol
ma=46.06844; % molecular weight of ethanol, g/mol
Pao=0.00901398; % partial pressure of ethanol, atm
pi=3.14159265359;
ya=0.00901398; % mole% EtOH
%input parameters
D=0.4; %diameter in cm
L=0.475; % length in cm
%differential equations
dtdz=(((pi*D*L*U*(ta-t))/(m*Cp*ma))-((pc*pi*(D^2)*L*(((2.21*(10^5))*exp(10252.586/(Ti*t)))*((Pao*((1-x)/(1+4*ya*x)))^1.2))*H)/(4*Ti*m*Cp*ma)));
dxdz=(((((2.21*(10^5))*exp(-10252.586/(Ti*t)))*((Pao*((1x)/(1+4*ya*x)))^1.2))*(pc*pi*(D^2)*L)/(4*m)));
%column vector derivatives
ydot=[dtdz;dxdz];
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