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Thermal and Electrochemical Light Alkane Upgrading

Abstract

The dramatic increase in supply of natural gas in the U.S. presents a unique opportunity to

develop new catalytic processes that utilize light hydrocarbons for chemical manufacturing and

fuel synthesis. Conventional catalytic processes utilize extreme conditions requiring high energy

input for the initial C-H bond activation and multiple-step processes for the conversion of acti-

vated compounds into higher-value products. Direct conversion routes, on the other hand, have

been investigated and have shown promising results toward more-efficient utilization of natural gas

resources. In this dissertation, direct conversion routes are classified into three different categories:

liquid-phase thermal catalysis, electrocatalysis, and gas-phase thermal catalysis. Investigations in-

volving each of these conversion routes are presented, adding new fundamental information on light

alkane upgrading to contribute to the existing literature.

First, liquid-phase thermal catalysis was studied by utilizing unsupported AuPd nanoparticles

and H2O2 as an oxidant in water. Numerous C2 oxygenates, including ethyl hydroperoxide/ethanol,

acetaldehyde, and acetic acid were generated with maximum-observed oxygenate yield of 7707 µmol

g−1
AuPdh

−1 from ethane at 1 bar and 21 °C. In addition, continuous supply of low H2O2 concentrations

to a semi-batch reactor over 50 h showed that on-site generated H2O2 can serve as an oxygenate-

selective oxidant of ethane. Given that, electrochemical approaches could serve as the basis to

continuously and sustainably generate the H2O2 fed into the chemical reactor to partially oxidize

light hydrocarbons. In fact, utilizing air and water under electochemical potential can simply

produce H2O2. Chapter 3.2 introduces an electrocatalyst that is engineered from electrochemical

deposition of Pd ions during O2 reduction. This catalyst showed an extreme activity towards

selective production of H2O2 which is determined as the second-highest partial kinetic current

density for H2O2 production in acidic media reported in the known literature.

The second direct conversion system, electrocatalysis, was also investigated to provide fun-

damental knowledge about how to effectively activate and functionalize the C-H bond. For this

purpose, a prototypical electrocatalyst surface, polycrystalline Pt, was employed to assess the in-

teraction of it with methane and water. Experiments performed by anodic stripping voltammetry
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techniques coupled with operando surface-enhanced infrared absorption spectroscopy (SEIRAS)

indicated that the sites with lower Pt coordination number (defects or step-edges) are potentially

responsible for initial C-H bond activation and its decomposition to surface-bond C-H-O or C-O

fragments.

For the last direct conversion route, oxidative coupling of methane (OCM) was considered as

the model system and proposed to be investigated by near-surface optical and mass spectrometry

techniques. These diagnostic techniques were initially gauged for the partial oxidation of methanol

over a silver catalyst to demonstrate the value of the near-surface gas-phase measurements. The

success in mapping out the coupling between the gas-phase and surface in heterogeneous catalysis

encouraged us to work on the identical system with different metal surfaces. Chapter 4 mainly ex-

hibits the studies on conversion of methanol near atmospheric pressure using molecular beam mass

spectrometry on Pd film surfaces. Methoxymethanol,a rarely observed intermediate, was detected

and provided as a supporting evidence to previously proposed reaction networks. Later, in order

to shift the direction to OCM reaction, the near surface techniques were modified and optimized

with the knowledge gathered during methanol oxidation experiments. Preliminary experiments

were conducted on OCM and initial results were included in the Appendix of Chapter 4.3.5. More

promising results including the radical detection are expected to be obtained in order to elucidate

the complex reaction network taking place on the surface and near-surface.

Overall this thesis extensively covers the direct conversion methods for the utilization of light

hydrocarbons and provides the detailed experimental procedures in the context of the comprehen-

sive literature.
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CHAPTER 1

Introduction

1.1. Motivation of the research

The production of natural gas has increased considerably with the development of drilling

techniques for the extraction of shale gas, a form of natural gas, and shale oil. It is projected that

this trend will continue and the natural gas and oil in the U.S. will be a reliable energy source for

the near future. [2,3] In addition, when extracting oil from geographically remote oil fields, often

the distance between the source and existing refineries and pipelines prevents efficient utilization

of the natural gas obtained during oil extraction. In these situations, natural gas is considered a

byproduct and of less value than the oil produced from the same source. Consequently, natural

gas obtained during oil extraction is vented or more often flared to CO2 before release into the

environment.

This is because natural gas has greater global warming potential than CO2. In 2020 the amount

of natural gas vented and flared was nearly 420 Bcf (billion cubic feet), which was almost 10% of

residential natural gas consumption in that year across U.S. [1] These observations highlight the

Figure 1.1. Shale gas and oil production across United States. [3]
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Scheme 1.1. Comparison of (a) conventional conversion routes with respect to (b)
direct conversion methods for methane utilization

urgent need to engineer new direct conversion technologies that utilize wasted natural gas that are

economically efficient and have minimum environmental impact. Upgrading the light alkanes, which

comprise more than 90% of the components of natural gas, to value-added commodity products

would provide an efficient solution for the utilization of natural gas resources. For these conversions,

it is beneficial for operating conditions to be mild - near ambient temperature and pressure - to

increase the feasibility of distributed facilities.

Light alkane upgrading has been a subject of great interest for years. [7, 13, 93] Specifically,

many studies have been performed to explore alternative ways for the conversion of methane, most

abundant chemical component of natural gas. [13, 83] However, methane is an extremely stable

chemical compound due to the non-polar chemical bonds of methane associated with the largest

C-H bond strength of any alkane. Therefore, extreme conditions are required to activate C-H bond

of methane. The conventional methods for the conversion of methane utilizes multi-step processes,

including steam reforming and subsequent catalytic reactions as demonstrated in Scheme 1.1a. The

direct route to produce chemicals (Scheme 1.1b) from methane is rather challenging but usually

thermodynamically favorable in the presence of biological catalysts such as methane monooxyge-

nase. [11] This enzyme can convert methane to methanol under ambient condition by utilizing O2

species as an oxidant. Motivated by the nature, Hutchings et al. showed that copper-promoted

Fe-ZSM-5 catalyzes the oxidation of methane to methanol using hydrogen peroxide in water. [58]

This has proven that homogeneous liquid-phase systems in near ambient conditions are especially
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promising for selective oxidation of methane to methanol. Later, the same group conducted a similar

approach and was able to improve the selectivity towards methanol by utilizing AuPd catalyst. [4]

However, it is also noted that hydrogen peroxide is not industrially viable oxidant, because it is

itself a commodity chemical. Alternatively, heterogeneous liquid-phase electrochemical processes

provide a unique opportunity to overcome the need of oxidizing agent by utilizing the water as an

oxidant source. For instance, Mustain et al. first established that electrochemical processes enable

the direct partial oxidation of methane to methanol and other oxygenates at room temperature on

the surfaces of metal oxide and (oxy)hydroxide catalysts. [129] Later, follow-up studies have also

shown that the partial anodic oxidation of methane is promising in terms producing C1−3 products

at ambient conditions. [71, 98, 110] However, the overall selective conversion of methane is still

under the need of industrial and commercial applications. As shown in Scheme 1.1b, oxidative

coupling of methane (OCM) is another promising direct method for converting methane to higher

hydrocarbons especially ethylene. [78] OCM is more of a complex process consisting of both homo-

geneous (gas-phase coupling) and heterogeneous (interactions of surface adsorbents) catalysis. It

requires elevated temperatures to convert methane into higher hydrocarbons. [78,108] Neverthe-

less, a recent study, that has proposed OCM activity below 400 °C, indicates the potential of OCM

as an alternative direct conversion route. [92]
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1.2. Overview of dissertation

This thesis aims to provide the experimental approaches conducted to upgrade light alkanes

to higher-value commodity chemicals. All three different direct conversion systems as mentioned

in the motivation section 1.1 such as liquid-phase thermal catalysis (Chapter 2), electrocatalysis

(Chapter 3) and gas-phase thermal catalysis (Chapter 4) were investigated individually.

We initially explored the partial oxidation of ethane,is the second most abundant component

of natural gas. This is because it is slightly more soluble in water and reactive than methane.

Therefore, utilizing ethane as the reactant is experimentally more convenient to start exploring the

essentials of selective light alkane oxidation. Chapter 2 presents the results obtained from conver-

sion of ethane to oxygenates on unsupported AuPd catalyst under mild conditions. H2O2 was used

as an oxidizing agent consistent with the context of the specific work in literature. Dramatic effect

of oxidant concentration over the products’ distribution has revealed the importance of utilizing

H2O2 efficiently, which is denoted as the gain factor throughout the study. Since it is known that

H2O2 is not a commercially viable oxidant, an alternative approach was suggested by consider-

ing the on-site electrochemical production of H2O2. A hand-made semi-batch reactor (see Figure

1.2) was employed to simulate the consumption of H2O2 which would be generated electrochem-

ically and supplied to reactor continuously. Our results showed that H2O2 can be utilized much

more efficiently with the continuous supply of the low concentrated oxidant as it would be in the

case of electrochemical production. Therefore, in Chapter 3.2, our initial focus was developing an

electrocatalyst for the selective production of H2O2 from water. Simultaneously, electrochemical

oxidation of methane on Pt surface was investigated to benchmark our abilities for the electrochem-

ical C-H bond activation. A well-studied Pt electrode was selected for this purpose and operando

FTIR measurements were performed to understand the fundamentals of methane activation over

polycrystalline metal surfaces. We were not able to perform a detailed study on simultaneous elec-

trochemical production of H2O2 and the utilization of it for the selective light alkane oxidation.

Nevertheless, we were able to engineer and test all of the systems and reactors that are essential

for conducting experiments on this complex operation. The developed hand-made reactors, which

were utilized in Chapter 2 and 3, are listed in the reactor design section 1.3 of this chapter.
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In Chapter 4, the direction was shifted to the gas-phase conversion methods which was mainly

about oxidative coupling of methane. To investigate this sophisticated system that involves both

surface interactions and gas phase collisions, we collaborated with Sandia National Laboratories,

Livermore. Through use of the unique near-surface gas-phase characterization techniques, it was

aimed to fill the knowledge gap that exists in the near-surface gas-phase and its properties and

contribution to catalytic mechanisms. However, the complex nature of OCM and the necessity of

elevated temperature led us to benchmark our system over a relatively simple reaction. Partial

oxidation of methanol was chosen as the test reaction because it is not only relatively convenient

to work on but also has the identical initial dehydrogenation of C-H bond step with OCM. [123]

Therefore, Chapter 4.2 initially presents the results of bench-marking of near-surface measurement

techniques for methanol oxidation above silver catalyst. Motivated by the promising results ob-

tained on Ag surface, we also extensively investigated methanol oxidation on Pd film catalyst. We

were able to detect methoxymethanol, previously proposed as an obscure intermediate, with the

help of unique instrument provided by Sandia National Laboratories. Further studies were also

performed on supported catalyst but the current results were not included in this dissertation.

The overall system was prepared to perform controlled experiment for OCM and initial results are

included in the Appendix 4.4 of Chapter 4.
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1.3. Fabrication and optimization of the reactors for light alkane upgrading

1.3.1. Reactor Design. Low solubility of light hydrocarbons in water limits the flux of reac-

tants reaching to the catalyst surface. Therefore, an optimized reactor was needed to be fabricated

to enhance the efficiency of light alkane utilization. During first couple of years of my PhD, I

designed and fabricated different reactors for various catalysis systems to perform the planned ex-

periments. For instance, liquid-phase thermal catalysis experiments in Chapter (2) were conducted

by employing a hand-made semi-batch reactor presented in Figure 1.2.

Figure 1.2. a) real photo, b) cartoon diagram of the liquid-phase thermal catalysis
reactor.a,b,c

[a] 1-10 bar operating pressure range (alkane and O2 mixtures).

[b] 10-80 °C operating temperature range.

[c] Fully compatible with operando surface-enhanced infrared spectroscopy (bottom mounted elec-

trode).

Thermal reactor (Fig. 1.2) is made from PEEK (polyether ether ketone) material which is

resistant to corrosive liquids mostly preferred in electrochemistry measurements. The reactor con-

sists two different threaded parts (head and bottom plate) that are designed to be tighten into

each other by hand. This also facilitates the coupling of head part into a different bottom plate

that is designed to be compatible with FTIR optic box. The reactor was also optimized to be

run with a low electrolyte volume (5 ml) for enhancing the concentration of products generated

during the reaction. A thermocouple attached into a threaded port which was later used for the
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continuous flow of H2O2 during semi-batch reactor experiments in Chapter 2. The three-way valves

in the inlet and outlet was used for bypassing and gas-sampling, respectively. The gas sampling

for the GC measurement was performed by using a syringe that collects the sample from a septum

attached to the tube fitting at the outlet. Heating and stirring was done with a hot plate from the

bottom of the reactor. This design was sufficient for performing liquid-phase thermal reactions but

does not contain any electrode ports. Therefore, an updated prototype was needed for conducting

electrochemical measurements.

An identical design with the thermal reactor (Fig.1.2) including three electrode ports was

assembled (Figure 1.3). The working electrode is mounted from the bottom with an extra electrode

holder piece in order to not only making it compatible with FTIR spectrometer but also increasing

the geometric surface area of the electrode facing the electrolyte. A rare earth magnet was coupled

from the side for stirring.

Figure 1.3. a) real photo, b) cartoon diagram of the electrocatalytical reactor.a,b,c,d

[a] 1-3 bar operating pressure range (alkane and O2 mixtures).

[b] 10-80 °C operating temperature range.

[c] Electrochemical polarization; three-or two- electrode configuration with 5 ml electrolyte volume.
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[d] Fully compatible with operando surface-enhanced infrared spectroscopy (bottom mounted elec-

trode).

Although our second prototype works adequately for anodic oxidation reactions, it was still

required to be upgraded in order to achieve our main goal, which is the partial oxidation of light

alkanes with the supply of electrochemically produced H2O2. Electrochemical H2O2 production

requires the reduction of O2 in water at relatively more negative (cathodic) potentials resulting

the generation of negative currents at the working electrode.(see Chapter 3.2) This means that

the counter electrode will be at more positive (anodic) potentials to supply the current needed for

the completion of circuit. This usually causes the oxidation of the products at the cathode that

are originally generated at the working electrode surface. Therefore, an ion exchange membrane

separating working and counter electrode compartments is essential for this type of a reaction. The

electrochemical reactor in Figure 1.4, which was carefully designed for product isolation with an

ion-exchange membrane, provides all the required specifications to employ the proposed reactions.
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Figure 1.4. a) real photo, b) cartoon diagram, c) CAD drawings of hybrid thermal-
electrocatalytic reactor.a,b,c,d,e

[a] 1-10 bar operating pressure range (alkane and O2 mixtures).

[b] 10-80 °C operating temperature range.

[c] Electrochemical polarization; three-or two- electrode configuration with 2 ml electrolyte volume.

[d] Ion exchange membrane for the product isolation (analyte-catalyte seperation).

[e] Fully compatible with operando surface-enhanced infrared spectroscopy (bottom mounted elec-

trode).
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1.3.2. Optimization of reactor design to be able to perform operando surface en-

hanced infrared radiation adsorption spectroscopy (SEIRAS) measurements. Internal

reflection of an IR light in a high refractive index IR crystal is used to create an evanescent wave on

the metal (or catalyst) surface deposited on the crystal. The created evanescent wave interacts with

the near-surface and surface-bound species, and provides information on composition of species on

the surface during reaction. The deposition of reflective layer comprised of metal nanoparticles,

rather than a continuous metal layer, localizes the electromagnetic field associated with the IR light

interaction,(see Scheme 1.2) ultimately making the measurements even more surface sensitive. This

signal enhancement is called as SEIRAS effect and this technique started to be commonly used for

detecting surface bound species generated during an electrochemical reaction. Details on SEIRAS

method and the deposition of SEIRAS active film can be found in the experimental section 3.3.3

of Chapter 3.3. Motivated from the promising results of this technique in literature, [130] we have

decided to engineer all of our reactors in a way of being compatible with operando FTIR measure-

ments. Scheme 1.2 provides the overall diagram of the fabricated hybrid reactor positioned on top

of the FTIR box. The scheme also illustrates the real image of an silicon oxide IR crystal with a

film of Au nanospheres deposited on.

Scheme 1.2. Hybrid thermal-electrocatalytic reactor coupled to Surface Enhanced
Infrared Radiation Adsorption Spectroscopy

10



CHAPTER 2

Aqueous phase thermal catalysis for light alkane upgrading*

Chapter 2 is adapted from a published work:

Y.L. Wang,‡ S. Gurses,‡ N. Felvey, C.X. Kronawitter; Room temperature and atmospheric pressure

aqueous partial oxidation of ethane to oxygenates over AuPd catalysts. Catal. Sci. Technol., 2020,

10, 6679-6686. ( ‡Equal contributors)

Reproduced from Catal. Sci. Technol., 2020, 10, 6679-6686 with permission from the Royal

Society of Chemistry.

2.1. Overview of chapter 2

The exceptional activity of biological catalysts, methane monooxygenase, towards selective

methanol production from methane serves as the basis of the motivation for the researches on

homogeneous liquid-phase systems in near ambient conditions. Existing literature as discussed in

the Chapter 1 indicates the unique opportunity of utilization of this system for understanding the

selective C-H bond activation. After a comprehensive literature review, we designed our first exper-

imental approach over a liquid-phase thermal catalysis to be able to understand the fundamentals

of C-H bond functionalization in light alkanes. Partial oxidation of methane has been broadly

explored in liquid-phase thermal catalysis. [141] Whereas studies on ethane oxidation is limited,

although it is the second most abundant component of natural gas. Moreover, utilizing ethane

as the reactant presents some experimental advantages due to its relatively higher solubility and

reactivity in water with respect to methane. Therefore, we started our investigations on partial ox-

idation of ethane. To enhance the solubility of ethane in water, which is one of the major obstacles

*The content of this chapter has previously been published in Ref. [179].
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for efficient liquid-phase light alkane upgrading, a hand-made reactor working at elevated pressures

was fabricated.(Figure 1.2) Most of the experimental work throughout this study was performed in

this reactor. This chapter introduces the studies we have performed under this content.

2.2. Room temperature and atmospheric pressure aqueous partial oxidation of

ethane to oxygenates over AuPd catalysts

2.2.1. Abstract. New modes of chemical manufacturing based on small-scale, distributed fa-

cilities have been proposed to supplement many existing production operations in the chemical

industry, including the synthesis of value-added products from light alkanes. Motivated by this

prospect, herein the aqueous partial oxidation of ethane over unsupported AuPd nanoparticle cata-

lysts is investigated, with emphasis on outcomes for reactions occurring at 21 °C and 1 bar ethane.

When H2O2 is used as an oxidant, the system generates numerous C2 oxygenates, including ethyl

hydroperoxide/ethanol, acetaldehyde, and acetic acid. Ethyl hydroperoxide is found to be the pri-

mary product resulting from the direct oxidation of ethane: it is produced with 100% selectivity in

batch reactions with short durations and with low initial H2O2 concentrations. At longer times or in

more oxidizing conditions, deeper product oxidations expectedly occur. Product distributions differ

when H2O2 is replaced by H2 and O2 in the headspace. Additionally, to simulate a scenario wherein

H2O2 is produced on-site and to study ethane oxidation in steady, low H2O2 concentrations over

50 h, a semi-batch configuration facilitating continuous injection of dilute H2O2 was implemented.

These efforts showed that H2O2 can serve as an oxygenate-selective oxidant of ethane when its

concentration is kept low during reaction. These and other experimental results, as well as ini-

tial computational results using density functional theory, suggest that paths forward for aqueous

ethane conversion exist, and systems should be engineered to emphasize product stabilization.

2.2.2. Introduction. The rapid discovery of geographically dispersed sources of unconven-

tional feedstocks has provided considerable motivation for the chemical industry to pursue dis-

tributed chemical manufacturing as a supplemental mode of production. [16, 181] Advances in

renewable energy technologies and the associated reduction in energy costs at remote locations

provide further impetus for development of a distributed network of chemical production facilities.

Given the reduced scale and the nature of geographically distributed resources, new technologies

12



that facilitate the catalytic direct functionalization of small molecules in mild conditions (low tem-

perature and pressure and with minimal environmental impact) are expected to be paramount for

any significant adoption of distributed chemical manufacturing schemes.

The widespread use of small molecule feedstocks would have parallel disruptive effects on

the global chemical industry, which currently relies heavily on conventional petroleum resources.

Molecules of interest in this context include the light alkanes - the primary constituents of natural

gas - whose global abundance and utility have been made apparent by the recent shale gas revo-

lution, [124,156] as well as CO2, H2O, O2, and N2, the utilization of which is considered critical

for future sustainability in the energy sector as well as other high-energy-use sectors, including

chemical synthesis. [43,138,164,193]

In order to develop these technologies, it is essential to explore the behaviors of catalytic

systems in relevant mild conditions – especially near room temperature and atmospheric pressure.

Although the optimal operating conditions for catalysis will vary greatly among relevant reactions

and processes, even for systems that are required to operate at elevated temperatures, knowledge

of the reactivity and stability of products in the reaction medium at room temperature is of critical

value. Oxidative functionalization of light alkanes is particularly relevant in this context. The local

generation of products that exist in the liquid phase at standard temperature and pressure would

alleviate distribution and utilization constraints that result from the transportation of large volumes

of flammable gases from remote sources. [7] Although the aliphatic C–H bonds of light alkanes are

strong, e.g. CH4 (439 kj/mol) [137] and C2H6 (421 kj/mol) [197] with respect to longer chain

alkanes as C4H10 (400 kj/mol) [197] or alkly aromatics as toluene(C7H8) (324 kj/mole) [165], a

number of catalysts have been studied for the low-temperature oxidative functionalization of alkanes

to produce oxygenates including alcohols, aldehydes, and acids. [4,6,58] Ethane is typically the

second-most abundant constituent of natural gas, and although its direct low-temperature partial

oxidation has not received the same level of attention as that of methane, [141] it is a promising

feedstock for the distributed production of oxygenates in mild conditions. [7] Here, the direct

partial oxidation of ethane at unsupported colloidal AuPd nanoparticle catalysts suspended in

water is examined.

13



2.2.3. Results and discussion. Stabilizer-free AuPd (1: 1 molar ratio) nanoparticles were

prepared via adaptation of standard colloidal synthesis procedures involving reduction of metal

precursors (PdCl2 and HAuCl4), followed by heat treatment (100 °C). Complete synthesis details

are provided in the experimental methods.2.2.5 An X-ray diffractogram (XRD) of the AuPd catalyst

particles (Fig. 2.1 a) indicates a diffraction pattern with peaks centered at intermediate values

between those of metallic Au (PDF#04-0784) and metallic Pd (PDF#46-1043), confirming the

formation of an alloy. [173] High-angle annular dark-field scanning transmission electron microscopy

(HAADF-STEM) images reveal that the AuPd crystals possess multiply twinned lattice fringes, but

nanoparticle agglomeration resulting from dispersion onto the TEM grid prevents distinguishing the

prevalence of icosahedral versus cuboctahedral structure, which has been true for other studies (Fig.

2.1 b and c). [72] The AuPd nanoparticles have a mean diameter of 4.93 nm with a narrow particle-

size distribution (Fig. 2.1 d). Au 4f and Pd 3d X-ray photoelectron spectroscopy (XPS) results show

that heat treatment of AuPd results in the formation of oxidized species Pd2+ and Au3+ (Fig. 2.1 e

and f), as has been observed previously in AuPd-based catalysts. [183] However, no distinct surface

phases were detected by XRD or energy dispersive X-ray spectroscopy (EDX) mapping (Fig. 2.5),

a typical phenomenon reported in literature. [196] Three independent measurements were taken

to determine the compositions of the catalysts: XPS, inductively coupled plasma atomic emission

spectroscopy (ICP-AES) and EDX analysis Table 2.1. The Au: Pd molar ratio was determined by

all techniques to be nearly 1: 1.

Catalytic activity was tested in a purpose-built reactor with all wetted components manufac-

tured from chemically resistant PEEK plastic. In a typical batch experiment, 5 mL aqueous AuPd

colloid (6.6 µmol of metals) was combined with hydrogen peroxide (H2O2) at room temperature

(21 °C) with 1 bar (1 atm) of ethane (C2H6). To our best knowledge, this work represents the first

example for aqueous partial oxidation of ethane to oxygenates occurring at room temperature and

atmospheric pressure (Table 2.2). Liquid-phase products were quantified using 1H NMR through

independent calibration curves generated from chemical standards (Figure 2.6), and gas-phase

products were analyzed by gas chromatography (GC).

Figure 2.2 provides results of several aqueous batch reactor studies. The data indicate that

AuPd catalyzes the partial oxidation of ethane to various oxygenates at room temperature and
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Figure 2.1. (a) XRD pattern of the nanoparticulate AuPd catalysts. Inset: A
photograph of the aqueous AuPd colloidal suspension. (b) STEM image of AuPd
catalysts. (c) Magnification of individual AuPd nanoparticles. (d) Size distribution
of AuPd nanoparticles. (e and f) XPS spectra of AuPd in Au 4f and Pd 3d regions.

atmospheric pressure in the presence of (H2O2). To confirm this result, several control experiments

were performed. It was determined that no liquid oxygenates were observed in the absence of

either C2H6 or (H2O2), indicating that H2O2 was necessary to initiate the C2H6 oxidation reaction,

similar to observations made in other reports. [4] Additionally, the potential influence of dissolved

metal ions (with equivalent 6.6 µmole dissolved metal) was investigated; no products were observed

in the presence of Au and Pd ions but in the absence of AuPd (Table 2.3, entry 1). In all C2H6

oxidation experiments, analysis of the headspace by GC revealed no CO2 was present; however the

relatively high solubility of CO2 in water [5] prevents a definitive claim that no complete oxidation

occurs (see discussion later in this report for evidence of acetic acid oxidation to CO2 in alternate

conditions used for mechanistic studies).

Figure 2.2 a provides the quantities of oxygenates produced and of H2O2 consumed at seven

different initial H2O2 concentrations ([H2O2]initial). It is shown that [H2O2]initial influences the
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Figure 2.2. Catalytic activity of unsupported AuPd nanoparticles for C2H6 oxida-
tion. (a) Quantities of oxygenates produced and of H2O2 consumed for seven initial
quantities of H2O2, corresponding to 0, 1, 10, 30, 100, 200, and 500 mM [H2O2]initial,
respectively. The right-hand side shows results generated in the absence of H2O2 but
in the presence of a H2/O2 mixture. Reaction conditions: 5 mL; 1 mg AuPd; 21 °C;
1 h; 1000 rpm; 1 bar C2H6 or 2.4 bar gas mixture (4.17% H2, 16.7% O2, 37.5% N2

and 41.6% C2H6). (b) Selectivities of EtOOH and CH3COOH for reactions in (a).
(c) Quantities of oxygenates produced and of H2O2 consumed for multiple reaction
times. Reaction conditions: 5 mL; 1 mg AuPd; 10 mM [H2O2]initial (50 µmol); 1
bar C2H6; 21 °C; 1–8 h; 1000 rpm. (d) Selectivities to EtOOH and CH3COOH for
reactions in (c).

product yields and selectivities, as well as the efficiency of H2O2 utilization in the oxidative C-

H functionalization process. The selectivity to ethyl hydroperoxide (CH3CH2OOH, EtOOH) was

100% when the [H2O2]initial was lower than 30 mM. Given this remarkable result, the batch reaction

with 10 mM [H2O2]initial was repeated seven times to verify that EtOOH was the sole product in

these conditions. At higher [H2O2]initial, acetaldehyde (CH3CHO) and acetic acid (CH3COOH)

were observed (Figure 2.2a). Additionally, it was observed that the maximum amount of liquid

oxygenates (7707 µmol gAuPd−1 h−1) was obtained for 200 mM [H2O2]initial (Figure 2.2a and

2.7). The efficiency of H2O2 utilization was also quantified. The gain factor (defined as mol

oxygenates/mol H2O2 consumed) [4] was highest for low-[H2O2]initial reactions (Table 2.4, entries

1–7). This phenomenon has been previously observed [4] and can be attributed to the fact that

H2O2 adsorption and decomposition competes with C2H6 adsorption for surface sites. [5,118] When

the reaction whose results are reported in Figure 2.2 c was studied with 10 bar C2H6 and the same
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[H2O2]initial, a much greater quantity of EtOOH was formed (Figure 2.8), which is consistent with

the existence of a competition for reactant adsorption.

In the reactions above, the decomposition products (*OH and/or *OOH) of H2O2 [136] are

the active oxidants of the dissolved alkanes (a more detailed discussion is later provided under

Figure 2.4); the results above suggest the existence of competition and cooperativity between C2H6

oxidation and H2O2 decomposition. H2O2 is itself a valuable commodity chemical – it is desirable

to generate this compound or its reactive fragments in situ from O2 and H2. To explore the efficacy

of this approach to the partial oxidation of ethane at unsupported AuPd nanoparticles, ethane was

co-fed with O2 and H2 to the reactor in the absence of H2O2. The righthand sides of Figure 2.2

a and b show the results of these experiments. It was observed that the distribution of products

differs considerably from that obtained through external H2O2. Specifically, a much higher ratio of

CH3COOH to EtOOH was obtained through co-fed H2 and O2. It was also observed that ethanol

(CH3CH2OH, EtOH) comprised a significant fraction of products, which was not observed through

direct oxidation by H2O2.

Direct comparison of C2H6 oxidation rate resulting from in situ reaction of H2 and O2 and from

a finite [H2O2]initial is difficult because the instantaneous concentration of H2O2 and its reactive

fragments cannot be known. However, a reasonable approximation is possible by recognizing that

in the catalytic synthesis of H2O2 at AuPd (H2 + O2 → H2O2) in these conditions H2 is the

limiting reactant, which has been established in prior literature. [39,40] If all H2 were consumed

and converted transiently to H2O2, the initial partial pressure of H2 in the experiment corresponds

to 87 µmol H2O2 (17.4 mM) generated over the course of the batch reaction. The total quantity of

oxygenates generated through reaction of co-fed H2 and O2 (ca. 4320 µmol h−1 gcat−1) was 5–10

times greater than that was observed from reaction with H2O2 (425 and 934 µmol h−1 gcat−1 for

10 and 30 mM [H2O2]initial). It was considered that the presence of additional O2 in the in situ

experiments could influence product yields, but it was determined that this could be neglected:

O2 was also present in all experiments involving finite [H2O2]initial because it is a primary H2O2

decomposition product, and was quantified (Table 2.4).

Based on these observations, the most reasonable initial interpretation is that the positive effects

on oxygenate yield and the change in product distributions resulting from co-fed H2 and O2 originate
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from the presence of molecular H2. Park et al. reported that molecular H2 can be easily dissociated

into atomic hydrogen (H*) over Pd atoms. [76] The H* could combine with molecular O2 to produce

H2O2. Most likely, intermediates generated during this process activate C2H6 and promote C2H6

oxidation. The observed EtOH could originate from direct C2H6 oxidation but also from EtOOH

reduction by H*; this initial report of this catalysis does not facilitate direct determination of the

mechanistic origin of EtOH in reactions with co-fed H2 and O2. Further dedicated mechanistic

studies are underway to understand the distinguishing characteristics of catalysis driven by co-fed

H2 and O2.

The 100% selectivity toward EtOOH observed at low [H2O2]initial (Fig. 2.2 a and b) motivated

further time-online experiments of the reaction with fixed [H2O2]initial (10 mM) (Fig. 2.2 c and

d). Both the total amount of liquid oxygenates and gain factor correlated positively with reaction

time (2.4, entries 3, 8–10). With increasing reaction time, CH3CHO and CH3COOH were observed

(Fig. 2.2 c), consistent with sequential oxidation of EtOOH to CH3CHO and then CH3COOH as

proposed by Hutchings and coworkers. [42] Notably, EtOH was present at detected level at t = 8 h.

Further C2H6 oxidation studies were performed at elevated temperature (50 °C) with multiple initial

H2O2 concentrations. It was found that yields of EtOOH, CH3CHO, and CH3COOH increased

with increasing [H2O2]initial from 100 mM to 200 mM, while the yield of EtOH decreased slightly

(Table 2.5), indicating that increased initial quantities of H2O2 does not facilitate direct EtOH

production. This is consistent with the results of the 21 °C reactions above (Fig. 2.2 a), which

indicated that no EtOH was observed by increasing the initial amount of H2O2. To further explore

the origin of EtOH observed in reactions occurring at 50 °C, product solution from a representative

50 °C reaction (with quantified amounts of EtOOH and EtOH) was stored in an NMR tube, in

the absence of AuPd catalysts and of H2O2, and the products were analyzed after 6 days and

after 12 days. As shown in Figure 2.9 EtOOH was found to spontaneously decompose to EtOH

in time. These 50 °C reaction studies lead to the tentative conclusion that EtOH is first derived

via EtOOH decomposition rather than C2H6 oxidation, and that increased temperature promotes

EtOOH decomposition to EtOH. It is also possible that EtOOH can be reduced to EtOH by H*

generated by H2O2 decomposition. [76] These studies indicate that in these conditions a competition
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exists between EtOOH decomposition and EtOOH oxidation, with preference for EtOOH oxidation

to CH3CHO and CH3COOH at relatively high H2O2 concentrations.

To generate a first approximation of operable reaction pathways, a series of direct oxida-

tion studies were performed on the observed stable oxygenate products: EtOH, CH3CHO, and

CH3COOH . An initial reactant concentration of 2 mM was selected because it is roughly the

equivalent concentration of C2H6 in the conditions of the reactor studies above, as calculated based

on known C2H6 solubility data. As shown in Figure 2.3 a, in the presence of 10 mM [H2O2]initial,

EtOH was oxidized primarily to CH3CHO and CH3COOH ; CH3CHO was primarily converted to

CH3COOH . There is evidence for C–C bond breaking in these conditions: small amounts of the

C1 oxygenates CH3OH (MeOH) and HCOOH were observed. C1 products have been previously

observed in aqueous C2H6 oxidation studies, where they were proposed to originate from methyl

radicals resulting from C–C scission of C2H6 or C2 reaction products. [42] No liquid- or gas-phase

products were observed from oxidation of CH3COOH with a 2 mM initial concentration (higher

initial concentrations are considered below). Based on these observations, a high-level reaction

pathway for aqueous C2H6 oxidation at colloidal AuPd was generated and is shown in Figure 2.3

b.

This study of ethane oxidation in mild conditions is motivated by the prospect that new modes

of distributed chemical manufacturing can supplement or in some cases displace specific production

operations in the chemical industry. In this context, H2O2 is also a notable commodity chemical

whose production is a candidate for a transition to small-scale, distributed operations. H2O2

can be produced safely and with minimal environmental impact through electrochemical devices

[189, 193], (with air and water as reactants) and thermal catalytic microreactors [111] (with

air and H2 as reactants). Additionally, the expense of H2O2 production through the traditional

anthraquinone process [193] and its subsequent transportation is expected to place additional cost

burdens on any small-scale alkane conversion facility. Although source-dependent, the cost of H2O2

is approximately $0.345 per lb (50% solution), and the cost of freight is estimated to be $3.50 per

mi, regardless of the volume required for the application.28 On-site production eliminates freight

costs, and the H2O2 itself could be highly cost-competitive when produced in small-scale distributed

facilities. For example, in a recent breakthrough in the area of distributed electrochemical H2O2
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Figure 2.3. (a) Quantities of products and of H2O2 consumed for oxidation of
C2H6, EtOH, CH3CHO, and CH3COOH over AuPd. Reaction conditions: 1 mg
AuPd; 21 °C; 2 h; 50 µmol H2O2 (10 mM [H2O2]initial); 1000 rpm. For C2H6

oxidation 1 bar C2H6 was used and for oxygenate oxidation 1 bar N2 was used, with
initial 10 µmol each of EtOH, CH3CHO, or CH3COOH (equivalent to 2 mM initial
each). (b) Schematic of pathways deduced from results of reaction studies.

production, it was reported [189] that continuous streams of electrolyte-free H2O2 solutions, up to

20 wt%, could be produced. In that study, the cost of H2O2 was estimated to be $0.07–0.15 per

lb, depending on the anodic reaction employed in the system. [189]

Toward the goal of examining ethane oxidation in a distributed chemical manufacturing sce-

nario where aqueous H2O2 is produced on-site at a continuous rate, additional experiments were

conducted in a semi-batch configuration, wherein aqueous H2O2 is fed continuously during reaction.

Results from the batch reactor studies shown above indicate that H2O2 is utilized most efficiently

(highest gain factor) at low [H2O2]initial. In the conditions of those experiments, 100% selectivity
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to EtOOH was observed at initial H2O2 concentrations up to 10 mM. In the continuous-feed ex-

periments, H2O2 was injected into the reactor through a gas-tight syringe pump at a concentration

and rate that would maintain approximately 10 mM H2O2 throughout the experiment (based on

the calculated average consumption rate of H2O2 from titration experiments and by adjusting the

initial solvent volume). It is stressed that the real-time concentration of H2O2 in the reactor cannot

be measured, and that no claim is made here that the steady-state concentration is exactly 10 mM.

The experiment is intended to simulate generally the relevant scenario where a valuable oxidant is

fed continuously and at low concentration.

In a typical continuous-feed semi-batch reactor experiment, dilute aqueous H2O2 solution was

injected at a constant rate into the reactor for 50 h (details of these experiments are provided in the

2.2.5). Through this methodology, the oxidation of C2H6 at 1 bar headspace pressure was examined

over Au, Pd, and AuPd catalysts (Fig. 2.4 a–c and Table 2.6). Under identical reaction conditions,

reactor experiments with Au and Pd yielded 3.82 and 4.63 µmol of liquid oxygenates, respectively,

whereas experiments with AuPd yielded 6.51 µmol oxygenates and therefore the highest H2O2 gain

factor. It was observed that the distribution of products differed among the reactions with the three

catalysts. Product distributions from C2H6 oxidation over Au were weighted toward less oxidized

species (i.e. EtOOH/EtOH) whereas those from oxidation over Pd were weighted toward more

oxidized species (i.e. CH3COOH). In contrast, C2H6 oxidation over AuPd with 50 h continuous-

H2O2-feed yielded a product distribution centered around a species resulting from an intermediate

degree of oxidation (i.e. CH3CHO). These observations are consistent with expectations – it is

known that Pd is associated with strong binding of O-containing intermediates and Au is associated

with comparably weak interaction with these species. The binding energy of O-containing species

on AuPd surfaces is closer to optimum for reaction activity. That is, the binding energy exists

at a peak of the volcano curve associated with the reactivity of these species according to the

Sabatier principle. [135,140] It is logical therefore that Pd catalysts were observed to favor rapid

decomposition of H2O2 and facilitate a greater degree of product oxidation. Use of Au catalysts is

not expected to favor the formation and stable adsorption of *OH and/or *OOH, preventing high

rates of C2H6 and oxygenate activation (here, * refers to adsorbed species). The higher total yield
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Figure 2.4. (a) (a–c) Products formed by C2H6 oxidation over AuPd, Au, and
Pd catalysts for 50 h using the continuous-H2O2-feed configuration described in the
main text. 1 bar C2H6 (d–f) CH3COOH oxidation in the same system as (a–c). 500
µmol [CH3COOH]initial, 1 bar N2. Reaction conditions: colloidal AuPd, Au, or Pd
present with 6.6 µmol of metal; 21 °C; 50 h reaction time; 1000 rpm, 500 µmol H2O2

total injected over 50 h period.

of oxygenates over 50 h is consistent with the fact that AuPd is associated with an optimal *OH

and/or *OOH binding energy for this reaction.

In the conditions of the batch reactor studies above, low [H2O2]initial resulted in 100% EtOOH-

selective C2H6 oxidation over AuPd at reaction times on the order of 1 h. However, the H2O2-

continuous-feed semi-batch studies indicate that even at low average steady-state H2O2 concen-

tration, deeper oxygenate oxidations occur (Fig. 2.4 a). In these experiments, however, CO2 was
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only observed in the headspace in extremely small quantities (Fig. 2.10). This result suggested an

attractive scenario could exist, wherein the most oxidized oxygenate product observed, CH3COOH,

could be stable in these catalytic conditions (room temperature and atmospheric pressure). Acetic

acid, CH3COOH, is an important compound for a number of industrial applications.

Given this interest, the oxidation of aqueous CH3COOH in the presence of Au, Pd, and AuPd

was directly investigated at higher initial concentration and in the milder oxidizing conditions

associated with the continuous-H2O2-feed configuration. Figure 2.4 d–f and Table 2.6 provide

quantified product distributions associated with this reaction with 100 mM initial CH3COOH

concentration (that is, the identical experiment whose results were reported in Figure 2.4 a–c for

C2H6 oxidation, but with dissolved CH3COOH as the reactant).

In these reaction conditions and in the presence of Au, Pd, or AuPd catalysts, CO2 was found

to be a prominent CH3COOH oxidation product in the headspace. This indicates that when

present in sufficient concentrations, CH3COOH readily undergoes both C–H activation and C–C

bond cleavage. CH3COOH oxidation over AuPd yielded a greater overall quantity of products

compared to Au and Pd, as was the case for C2H6 oxidation. It is clear from these results that in

this reactor configuration (1 mg AuPd per 5 mL water), the combination of low temperature, low

H2O2 concentration, and the stabilizing effect of water are insufficient to prevent overoxidation of

oxygenates present in sufficiently high concentration. Specifically, at room temperature and with

100 mM initial concentration, reaction over AuPd yielded a CH3COOH conversion of 3.25%.

The product quantities reported in Figure 2.4 for C2H6 oxidation and CH3COOH oxidation are

not directly comparable because the concentration of the reactants differed considerably. Given

the general interest in a reaction system that produces C2 oxygenates from C2H6, preliminary

calculations using density functional theory (DFT) were performed to determine C-H activation

of C2H6 and CH3COOH. Previous studies have reported that ˙OH or ˙OOH obtained from the

decomposition of H2O2 are the active species for the initial activation of these molecules. [4,14,

42,58] Given these precedents, barriers were calculated for H abstraction from the molecules by

*OH and by *OOH on the surface of AuPd (Fig. 2.11 and 2.12). The results, which represent a

highly simplified first approximation of this reaction step, indicate H abstraction by *OH results in

a lower barrier for both C2H6 and CH3COOH. Recognizing that similar activation energies exist

23



for both molecules, it is necessary to design reaction systems capable of stabilizing the oxygenates

and preventing overoxidation. [141]

More generally, these results show that at low concentrations, acetic acid is relatively unreactive

even in this simple aqueous system (Fig. 2.3 a), and experiments are ongoing to determine the

role of water in influencing reaction outcomes. The presence of water in similar catalytic systems –

where both oxygenates and water bind to active sites through the oxygen atom – is known to effect

the removal of adsorbed products, resulting in the accumulation of stable products in the solution.

Encouraging results exist on this front – it has been reported that up to 0.5 M CH3COOH produced

by C2H6 oxidation can be stabilized in an aqueous system if H2O2 is produced concurrently (in

tandem) at a slow and steady rate. [102]

2.2.4. Conclusions. This report has examined the aqueous partial oxidation of ethane over

the surfaces of AuPd nanoparticle catalysts in mild conditions, with emphasis on outcomes for

reactions occurring at 21 °C and 1 bar ethane (room temperature and atmospheric pressure). In

these conditions, when H2O2 is used as an oxidant in a batch reactor, the maximum observed

yield of oxygenates was 7707 µmol gAuPd−1 h−1. It was observed that ethyl hydroperoxide,

ethanol, acetaldehyde, acetic acid, and small quantities of C1 products are generated from ethane

oxidation over AuPd. Supplementary experiments were performed to elucidate the most probable

reaction pathways operable for C2 oxygenate generation and subsequent oxidation in this system.

It was determined that ethyl hydroperoxide is the primary product resulting from the oxidative

functionalization of ethane when H2O2 is used as the oxidant: it is produced with 100% selectivity

at short reactions times and with low initial H2O2 concentrations. At longer times or in more

oxidizing conditions (greater H2O2 concentration), ethyl hydroperoxide is subsequently oxidized

to acetaldehyde, which can be further oxidized to acetic acid. Ethanol is observed as a product

when H2O2 is used as oxidant, but results indicate it originates from the decomposition of ethyl

hydroperoxide rather than from the direct product of ethane oxidation. Given these observations,

and motivated by the prospect of distributed manufacturing of value-added chemicals from alkane

feedstocks in mild conditions, this study also reported results simulating the utilization of H2O2

produced on-site at continuous rates. Through use of a pressure-tight semi-batch configuration with

continuous dilute H2O2 feed, it was determined that H2O2 could be utilized much more efficiently
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as an oxygenate-selective oxidant of ethane when low H2O2 concentrations are maintained for the

duration of the reaction. The presented results indicate that aqueous catalytic ethane oxidation over

unsupported AuPd produces a range of value-added C2 products, but additional efforts are needed

to stabilize these products from further oxidation. Given this need, a continuous process optimized

for product stabilization could serve as the basis for effective distributed oxygenate synthesis in

mild conditions from ethane.

2.2.5. Appendix. Catalyst Synthesis

AuPd nanoparticles were prepared through a modification of a method reported in the literature

[4] 0.8775 mL PdCl2 acidic solution (2 mg(Pd)/mL) and 1.625 mL HAuCl4 solution (2 mg(Au)/mL)

were added to a glass conical flask containing 207.2 mL deionized water. 1.65 mL of freshly prepared

NaBH4 aqueous solution (0.1 M) was injected into the solution under stirring (1000 rpm) as two

0.825 mL aliquots. The stirring speed of the produced dark brown colloidal suspension was kept

at 1000 rpm for 30 minutes, and then the suspension was boiled vigorously (100 °C) under stirring

(1000 rpm) until the suspension volume was between 20 and 25 mL. Of note, continuous stirring is

critical to synthesize uniform colloids. After cooling down, the colloidal suspension was made up to

25 mL by adding deionized water. Finally, the as-prepared AuPd colloidal suspension (pH around

2.3) was stored in glass bottle. The suspension was sonicated uniformly prior to use. Au and Pd

nanoparticles were prepared using similar processes as for AuPd. To maintain consistency across

experiments, Pd nanoparticles were separated by centrifuge and dispersed in HCl aqueous solution

(pH around 2.3) prior to use.

Catalyst Testing

A purpose-made PEEK reactor (see Figure 1.2), constructed from Swagelok fittings, was used

for all experiments. The reactor has a total volume of 24.5 mL. A Teflon-coated K-type thermo-

couple was inserted into the reaction liquid to directly measure the reaction temperature. No metal

components were in contact with the reaction liquid. For experiments with H2O2 oxidant, 5 mL

of colloidal catalyst (1 mg AuPd) and a specific amount of H2O2 were added to the reactor. Prior

to testing, PEEK reactor was sealed and purged with ethane (99.999%, Matheson) to remove air,

and then the headspace of the reactor as represented in Figure 1.2 was pressurized with ethane

to achieve the desired pressure, typically 1 bar. The total volume of the reactor is approximately
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15 ml containing both liquid (∼5 ml) and gas (∼10 ml) volume in it. The reaction liquid was

continuously stirred (1000 rpm) at room temperature (21 °C) using a magnetic stirrer for a specific

period of time (usually 1 hour). For experiments at elevated temperatures, the reactor was heated

and maintained at the desired reaction temperature. After the reaction, the reactor was cooled to

a temperature below 15 °C in ice. The headspace gas was extracted using a gas-tight syringe for

analysis. In a typical continuous-feed semi-batch reactor experiment, described in the main text to

maintain a low and steady H2O2 concentration, catalysts and initial 30 µmol H2O2 (10 mM, 3 mL)

were added to the reactor (initial 500 µmol acetic acid was added for the corresponding acetic acid

oxidation reaction). Then the reactor was connected to a gas-tight syringe pump. Prior to testing,

the reactor was purged with ethane (for the ethane oxidation reaction) or nitrogen (for the acetic

acid oxidation reaction) for 15 mins. The reactor was then sealed and the pressure was steady at 1

bar. After 1 h of reaction, 470 µmol H2O2 in 2 mL of water was continuously added to the reactor

by syringe pump during the following 49 h of reaction time.

Product Analysis

The gas phase products were analyzed by GC (Agilent GC7980) equipped with TCD and FID

detectors (Helium as carrier gas). Residual H2O2 concentration was determined by titration with

acidified Ce(SO4)2 solution using 8 µL ferroin indicator. [37,183] The liquid phase products were

analyzed by 1H-NMR (Bruker 400 MHz NMR) using water suppression technique to decrease the

dominant water signal. DMSO (1 mM) and phenol (8 mM) were used as internal standards. [89]

Typically, 500 µL liquid product was mixed with 40 µL standards (DMSO and phenol) aqueous solu-

tion and 60 µL D2O for the measurement. The measurements for ethanol, methanol, acetaldehyde,

acetic acid, formic acid, and glycolic acid were calibrated from purchased standards following pro-

cedures reported in the literature (Fig. 2.6). [89] To quantify ethyl hydroperoxide, liquid solutions

containing only ethyl hydroperoxide were reduced using prepared fresh 0.05 M NaBH4 solution.

After this, the reduced liquid products were analyzed by 1H-NMR. Considering that ethanol was

the only reduction product, the amount of ethyl hydroperoxide was related directly to the total

amount of ethanol. This procedure was robust and formed the basis of an ethyl hydroperoxide

calibration curve (Fig. 2.6 b). Notably, considering both ethyl hydroperoxide and ethanol have

three peaks located at around 1.07 ppm due to the signal of protons from CH3CH2- in 1H NMR
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spectrum, the areas of the peaks located at 3.96 ppm (CH3CH2- of ethyl hydroperoxide) and 3.56

ppm (CH3CH2- of ethanol) were calculated to quantify the amount of ethyl hydroperoxide and

ethanol, respectively. Methyl hydroperoxide was quantified using analogous methods (Fig. 2.6 c).

Catalyst Characterization

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advanced Diffractometer with

Cu Kα radiation. X-ray photoelectron spectroscopy (XPS) data were collected on a Thermo ES-

CALAB 250Xi instrument equipped with a monochromatic Al Kα (1486.6 eV) source, and all XPS

spectra were calibrated using C 1s peak at 284.8 eV as the reference. ICP-atomic emission spec-

troscopy (Agilent 725ES) was used for analysis Au/Pd molar ratio. Scanning electron microscopy

(SEM) images and electron dispersive X-ray spectroscopy (EDXS) results were obtained on a JSM-

5600 LV instrument. Scanning transmission electron microscopy (STEM) images were collected on

a JEOL 2100-F-AC operated at 200 kV, and samples were prepared on copper grids coated with

ultra-thin holey carbon films.

Computational Methods

Density Funcitonal Theory calculations (as implemented in the Vienna Ab-initio Simulation

Package) [55] are used to study the C-H bond activation reaction. The AuPd(111) surface is

modelled as a four-layer metal slab, consisting of a (4 x 4) fcc unit cells with 19 Å vacuum spacing

between the periodic images. All calculations are performed using the RPBE functional [57] with

Grimme’s D3(BJ) [51] method to account for the dispersion interactions. The transition states are

determined using the climbing-image nudged elastic band approach. [63] All calculations use a 400

eV plane-wave cutoff and (3 x 3 x 1) k-point grid. A force threshold of 0.03 eV/Å is used for the

geometry optimizations.
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Figure 2.5. SEM-EDX elemental mapping of AuPd.
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Figure 2.6. Standard calibration curves for products. (a) Ethanol, methanol,
acetaldehyde, acetic acid, formic acid, glycolic acid; (b) ethyl hydroperoxide; (c)
methyl hydroperoxide.
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Figure 2.7. Typical 1H-NMR spectrum for liquid products. This spectrum corre-
sponds to products of the oxidation of C2H6 using AuPd with [H2O2]initial = 200
mM. Reaction conditions: 5 mL; 1 mg AuPd; 1 bar C2H6; 21 °C; 1 h; 1000 rpm.
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Figure 2.8. Comparison of catalytic activity of AuPd for C2H6 oxidation per-
formed at 1 bar C2H6 (Gain factor = 0.0318) and 10 bar C2H6 (Gain factor =
0.0899). Gain factor is defined as mol oxygenates/mol H2O2 consumed. Reac-
tion conditions: 5 mL; 1 mg AuPd; 1 bar or 10 bar C2H6; 21 °C; 1 h; 1000 rpm;
[H2O2]initial = 10 mM.

Figure 2.9. . (a) Typical 1H-NMR spectra for low concentrations of liquid prod-
ucts. Solution 1 results from C2H6 oxidation over AuPd at 50 °C with 100 mM
[H2O2]initial for 1 h. (b) Normalized peak areas of EtOOH and EtOH associated
with solution 1 after reaction and after storage of the solution for 6 and 12 days.
The peak areas of products are normalized to peak area of the internal standard
DMSO.
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Figure 2.10. GC curve analyzing CO2 in the gas phase after reaction over AuPd.
CO2 was nearly undetectable in the gas phase when compared with the calibration
results for minute quantities of CO2.
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Figure 2.11. DFT calculations of activation barriers of C2H6 and CH3COOH over
AuPd surfaces.

Figure 2.12. Front and top view for the structures of reaction intermediates and
transition states (TS) involved in C2H6 and CHH3COOH activation by *OH and
*OOH, respectively, over AuPd surfaces. Yellow: Au; dark green: Pd; gray: C;
white: H; red: O.
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Table 2.1. Results of elemental analysis of AuPd.

EDX[a]

Elements Unn.(ωt.%) Norm.(ωt.%) Atom (at.%) Error (ωt.%) ICP-AES (mg/L)[b]

O 1.60 2.25 18.07 0.4 n.d.
Pd 23.16 32.48 39.27 0.8 11
Au 46.56 65.28 42.65 1.8 21

XPS[c]

Elements Au Pd C O

Atom(at. %) 26.26 24.74 20.14 28.86

[a] The Au-Pd molar ratio is determined to be 1.086 by EDX analysis.

[b] The Au-Pd molar ratio is determined to be 1.027 by ICP-AES characterization. n.d. = not

determined.

[c] The Au-Pd molar ratio is determined to be 1.061 by XPS analysis.

Table 2.2. Comparison of catalytic activity of Pd, Au and AuPd catalysts for
ethane oxidation and acetic acid oxidation in semi-batch continuous-H2O2-feed
reactions.[a]

Catalyst Reaction conditions[a] Initial H2O2 Concentration Reference

AuPd 21 °C and 1 bar 0.001-0.5 M; In situ production[b] This work
Fe and Cu containing ZSM-5 50 °C and 5-30 bar 0.1-1 M J. Am. Chem. Soc., 2013, 135, 11087-11099

Fe/ZSM-5 30-60 °C and 20 bar; 50 °C and 1-30 bar 0.06-0.3 M J. Catal., 2015, 330, 84–92
Fe/ZSM-5 30 °C and 5 bar 0.5 M or 1 M Chem. Sci., 2014, 5, 3603–3616
H/ZSM-5 77-120 °C and 30-35.5 bar 0.1-0.4 M Appl. Catal. A: General, 2013,456, 82–87

Rh1O5/ZSM-5 50-80 °C and 15 bar;50 °C and 1.5-15 bar 0.5-2.5 M ACS Sustainable Chem. Eng., 2019, 7, 4707-4715
TS-1 60 °C and 30 bar 0.116 M Tetrahedron Lett., 2006, 47, 3071–3075
Pd/C 70-110 °C and 34.5 bar In situ production J. Am. Chem. Soc., 1992, 114, 7308–7310

(FePc)2N/SiO2; (FePctBu)2N/SiO2 60 °C and 32 bar 0.339 M J. Organomet. Chem., 2015, 793, 139–144

[a] Reaction temperature and initial ethane pressure.

[b] H2O2 generated In situ.
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Table 2.3. Additional experiments for comparison with AuPd nanoparticle
catalysts.[a]

Entry Catalyst H2O2 amount (µmol) EtOOH CH3CHO CH3COOH O2 produced (µmol) Total liquid products (µmol) H2O2 consumed (%)

1 PdCl2/HAuCl4 50 0 0 0 0 0 0
2 AuPd 50 0.43 0 0 2.54 0.43 22.2

[a] Reaction conditions: 1 bar C2H6; 21 °C; 1 h; 1000 rpm.

[b] Entry 1: Homogeneous metal chloride precursor solutions (3.3 µmol of PdCl2 and 3.3 µmol of

HAuCl4 in 5 mL of water).

[c] Entry 2: 5 mL; 1 mg AuPd (6.6 µmol of metals).

Table 2.4. Comparison of catalytic activity of AuPd catalyst for C2H6 oxidation.
[a]

Entry Oxidant H2O2 concentration (mM) Reaction time O2 produced (µmol)[c] Total liquid products (µmol) H2O2 consumed Gain factor (%)[d]

1 H2O2 0 1 0 0 0 0
2 H2O2 1 1 n.d. 0.15 2.9 0.0525
3 H2O2 10 1 2.54 0.43 11.1 0.0383
4 H2O2 30 1 13.27 0.94 95.1 0.0098
5 H2O2 100 1 68.55 2.87 318.2 0.0090
6 H2O2 200 1 172.19 7.71 663.6 0.0116
7 H2O2 500 1 319.45 1.22 1609 0.0008
8 H2O2 10 2 5.65 1.26 22.2 0.0569
9 H2O2 10 4 5.99 2.06 33.3 0.0619
10 H2O2 10 8 10.51 2.83 43.3 0.0654

11[b] H2/O2 n.d. 1 n.d. 4.32 n.d.[e] n.d.

[a] Typical reaction conditions: 5 mL; 1 mg AuPd; 1 bar C2H6 for entries 1 to 10; 21 °C; 1000 rpm.

For all entries, CO2 in the gas phase is in trace amounts (¡1 µmol) and could not be quantified by

GC-TCD.

[b] PH2 = 0.1 bar, PN2 = 0.9 bar, PC2H6 = 1 bar, PO2 = 0.4 bar.

[c] The amount of O2 was determined by GC.

[d] Gain factor is defined as mol of total amount of oxygenates/mol of H2O2 consumed.

[e] After reaction, 3.4 µmol H2O2 left. n.d.=not determined.
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Table 2.5. Product quantification for C2H6 oxidation over AuPd at 50 °C.[a]

Catalyst H2O2 concentration (mM) EtOOH EtOH CH3CHO CH3COOH O2 produced (µmol) Total liquid products (µmol) H2O2 consumed (µmol)

AuPd 100 2.29 1.13 1.31 0.16 178 4.89 440
AuPd 200 3.00 0.91 2.09 0.29 274 6.29 800
AuPd 500 0.64 0.20 0.57 0.15 792 1.56 2140

[a] Reaction conditions: 5 mL; 1 mg AuPd; 2 bar C2H6; 50 °C; 1 h reaction time; 1000 rpm.

Table 2.6. Comparison of catalytic activity of Pd, Au and AuPd catalysts for
ethane oxidation and acetic acid oxidation in semi-batch continuous-H2O2-feed
reactions.[a]

Entry Catalyst Reactant[b] Coversion (%) CO2 produced (µmol) Total liquid products (µmol) H2O2 consumed (µmol) Gain Factor[c]

1 Pd CH3COOH 1.00 3.47 1.54 460 n.d.
2 Au CH3COOH 1.22 5.37 0.71 180 n.d.
3 AuPd CH3COOH 3.25 12.32 3.91 450 n.d.

4 Pd C2H6 0.58 n.d.[f ] 4.63 468 0.0099
5 Au C2H6 0.48 n.d. 3.82 400 0.0096
6 AuPd C2H6 0.82 n.d. 6.51 420 0.0155

[a] Reaction conditions: Pd, Au, or AuPd colloid (6.6 µmol of metals); 1 bar N2 for entries 1 to 3,

and 1 bar C2H6 for entries 4 to 6; 21 °C; 50 h; 1000 rpm; 500 µmol H2O2.

[b] 500 µmol CH3COOH (100 mM) or 1 bar C2H6 (795 µmol) as reactant.

[c] Conversion = (mol of total amount of oxygenates + mol of CO2 produced)/mol of reactant in

the reactor.

[d] The amount of CO2 produced was determined by GC.

[e] Gain factor is defined as mol of total amount of oxygenates/mol of H2O2 consumed.

[f] For entries 4 to 6, CO2 in the gas phase is in trace amounts (¡1 µmol) and can not be quantified

by GC-FID. n.d. = not determined.
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CHAPTER 3

Electrocatalysis for light alkane upgrading*

Chapter 3.2 is partially adapted from a published work:

Y.L. Wang, S.M. Gurses, N. Felvey, A. Boubnov, S.S. Mao, C.X. Kronawitter*; In situ deposi-

tion of Pd during oxygen reduction yields highly selective and active electrocatalysts for direct

H2O2 production, ACS Catal., 2019, 9, 8453-8463.

Reproduced with permission from ACS Catal., 2019, 9, 8453-8463.

&

Chapter 3.3 is fully adapted from a published work:

S. M. Gurses, C.X. Kronawitter; Electrochemistry of the Interaction of Methane with Platinum at

Room Temperature Investigated through Operando FTIR Spectroscopy and Voltammetry J. Phys.

Chem. C, 2021, 125, 2944-2955.

Reproduced with permission from J. Phys. Chem. C, 2021, 125, 2944-2955.

This work was funded by American Chemical Society Petroleum Research Fund (ACS PRF).

*The content of this chapter has previously been published in Ref. [52,178].
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3.1. Overview of the chapter 3

As it is mentioned in the Chapter 1, this chapter investigates the electrochemical methods for

the oxidation of light hydrocarbons. Chapter 2 portrayed the liquid-phase thermal methods by

testing unsupported catalyst in a slurry with H2O2 as an oxidant. Although encouraging results

were obtained from such system, an alternative way was needed for an effective conversion due to

the high-cost of the oxidant (H2O2). Chapter 2 also simulated a semi-batch process by devising the

delivery of H2O2 from an on-site production facility and suggested that the continuous flow of low

concentrated H2O2 would facilitate the selective conversion for a long period of time. Therefore,

Chapter 3.2 initially describes a newly-designed electrocatalyst might serve as a way to produce

H2O2 continuously and sustainably which would later be fed into the semi-batch reactor as de-

scribed above. At the same time, we aimed to understand the fundamentals of the interaction of

light hydrocarbons, methane in this case, with a catalyst surface in an electrochemical cell. For

this purpose, polycrystalline Pt was selected as the test catalyst and operando FTIR measurement

coupled with cyclic voltammetry experiments was performed to gain mechanistic information into

activation of C-H bond. Owing to these efforts, we managed to obtain promising results, which we

believe contributed to the related research community, and tune our system for the ultimate goal

of coupling light alkane utilization with H2O2 generated electrochemically. Accordingly, we have

designed different reactors as briefly described in the Appendix 1.3 of Chapter 1. Further experi-

ments were performed to replace the thermal energy input with electricity by utilizing the reactor

illustrated in Figure 1.3. Our preliminary results were included in the Appendix 3.4 of this chapter.

It should be noted that we also performed experiments on partial oxidation of methane with in-situ

produced H2O2 over the same catalyst surface in a hybrid reactor (Figure 1.4). However, we were

not yet able to observe any significant conversion of methane under mild conditions.
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3.2. In situ deposition of Pd during oxygen reduction yields highly selective and

active electrocatalysts for direct H2O2 production

3.2.1. Abstract. Hydrogen peroxide (H2O2) is a commodity chemical that serves as an ox-

idant and disinfectant for a number of historically important chemical end-use applications. Its

synthesis can be made more sustainable, clean, and geographically distributed through technology

enabled by the aqueous electrocatalytic two-electron reduction of O2, which produces H2O2 using

only air, water, and electricity as inputs. Herein results are presented establishing that Pd, which

is widely known to catalyze the four-electron reduction of O2 to H2O, can be made highly selective

toward H2O2 production when it is deposited in situ—that is, through electrochemical deposition

from Pd ions during O2 reduction. The resultant cathodes are found to be comprised of sub-5

nm amorphous Pd nanoparticles and are measured to facilitate H2O2 selectivities above 95% in

the relevant potential range. In addition, the cathodes are highly active—they are associated with

the second-highest partial kinetic current density for H2O2 production in acidic media reported

in the known literature. It is observed that in situ synthesis of Pd catalysts enables dramatic

gains in H2O2 yield for all inert, conductive supports studied (including glassy carbon, commercial

activated carbon, graphene, and antimony-doped tin oxide). Further efforts to generalize these

results to other systems establish that even Pt, the prototypical four-electron O2 reduction cata-

lyst, can be engineered to be highly selective to H2O2 when it is synthesized in situ under relevant

conditions. These results and the comprehensive electrochemical and physical characterization pre-

sented, including synchrotron-based X-ray absorption spectroscopy, suggest that in situ synthesis

is a promising approach to engineer O2 reduction electrocatalysts with tunable product selectivity

and activity.

3.2.2. Highlighted results. In this study, Pd was deposited by reduction of aqueous dis-

solved PdCl2 at various concentrations during simultaneous reduction of O2 onto a number of

electrically conductive and electrochemically inert supports/substrates. For all results reported,

prior to deposition, the ORR activities and selectivities of all bare supports/substrates were mea-

sured in O2-saturated 0.1 M HClO4 solution to ensure that the substrate (blank) electrode yielded

no ORR activity. H2O2 generation was quantified during in situ deposition through rotating ring
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disk electrochemistry (RRDE). In the RRDE configuration, the Pt ring potential was held poten-

tiostatically at 1.28 V vs RHE, a potential where H2O2 is fully oxidized and the process is mass

transport limited. [135] After deposition, the samples were removed from the PdCl2-containing 0.1

M HClO4 electrolyte and placed directly into pure 0.1 M HClO4 for evaluation of ORR activity

using RRDE.

Figure 3.1. RRDE ORR results in pure 0.1 M HClO4. (a) Linear sweep voltam-
mograms of a representative in situ-deposited Pd sample (Pd 1.0 µM), PdO, and
commercial crystalline Pd/C. (b) H2O2 selectivity calculated from the Pt ring cur-
rent in (a). Conditions: 0.1 M HClO4; 10 mV s−1; 1600 rpm; Pt ring held at 1.28
V vs RHE for H2O2 detection.

Figure 3.1 shows, through linear sweep voltammograms in the RRDE configuration, the per-

formance of a representative in situ-deposited Pd electrocatalyst for O2 reduction. As has been

observed previously in the literature, [134,135] the results show that Pd/C (crystalline Pd) pri-

marily facilitates the four-electron reduction of O2 to H2O. It is associated with low activity for

H2O2 production; the potential-averaged selectivity was 17.8%, and the highest selectivity recorded

over the potential range of interest was 24%. PdO shows activity similar to that of Pd/C, yielding

a potential-averaged selectivity of 22.6% and at high overpotential a maximum H2O2 selectivity

of 32%. In contrast, the in situ-deposited Pd electrocatalyst yielded ORR activity with extremely

high H2O2 selectivity—greater than 90% for the entire potential range of interest, with a potential-

averaged selectivity of 95.1%. Nearly 100% selectivity was observed at low overpotential (at 0.55
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V vs RHE, or 0.13 V overpotential with respect to EO2/H2O2
0 = 0.68 V). In addition, the in situ-

deposited Pd electrocatalyst is highly active-it yields the second-highest reported kinetic current

density for H2O2 production under acidic conditions.

3.3. Electrochemistry of the interaction of methane with platinum at room

temperature investigated through operando FTIR spectroscopy and

voltammetry

3.3.1. Abstract. Electrochemical processes show potential to enable new catalytic technolo-

gies that facilitate the conversion of light alkanes in more mild conditions than those traditionally

employed in thermochemical reactions. Motivated by the prospect of these emerging technolo-

gies, this study investigates the aqueous electrochemistry of methane with Pt electrodes at room

temperature and atmospheric pressure. The experimental approach is designed to elucidate the

composition of surface-adsorbed C–H–O– containing molecular fragments resulting from the (elec-

tro)chemical interaction of methane and water with polycrystalline Pt surfaces. A combination

of operando FTIR spectroscopy (surface-enhanced infrared absorption spectroscopy) and anodic

stripping voltammetry techniques is employed. The influences of Pt polarization and the system

bulk pH are assessed. In addition, the surface chemistry of the interaction of methane with Pt

electrodes is contrasted with that of carbon monoxide and carbon dioxide interactions that pro-

duce similar surface-bound species but are associated with differing spectroscopic and voltammetric

characteristics. Through analysis of experimental outcomes in the context of the comprehensive

literature that exists on these related electrocatalytic systems, several insights into the aqueous

surface chemistry of the methane–Pt interaction are generated. It is found that sites on the surface

associated with reduced local Pt coordination, especially those at step edges, comprise the most

likely rection centers for methane activation and decomposition to surface-bound C–H fragments.

These fragments interact with surface-bound oxygen-containing species also likely generated at sur-

face defect sites whose presence results from the interaction of water with the Pt surface and the

composition of which is dependent on electrochemical potential and pH. These findings indicate

that future studies on this system should emphasize developing a deeper understanding of the exact
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nature of reaction centers on electrode surfaces, which will help guide electrochemical engineering

efforts intended to enable the controlled oxidation of methane.

3.3.2. Introduction. Mechanistic details of processes involving C-H bond activation and

functionalization are among the most persistent core interests of the catalysis research commu-

nity. [8, 13, 83, 93] The recent increase in availability of hydrocarbon feedstocks from shale gas

resources has led to resurgent interest in new avenues for functionalization of the aliphatic C-H

bonds of light alkanes. [115] In addition to the clear economic interest in increased natural gas

utilization for chemical synthesis, environmental arguments have also been made to support the

need for new conversion technologies: the hydrocarbon constituents of natural gas are more ef-

fective greenhouse gases than CO2. [29] Consequently, natural gas obtained during oil extraction

from remote reservoirs is flared to convert hydrocarbons to CO2 before release. [115] A unique

opportunity therefore exists for development of new techniques that enable the direct conversion of

light alkanes in mild conditions. The ability to operate in mild conditions is expected to be a valued

characteristic of any new catalytic technology that is designed to operate at reduced scale and at

geographically distributed sites. Methane (CH4) is the most abundant component of natural gas

and while it is a valued resource for electricity generation in gas-fired power plants, it is particularly

under-utilized as a chemical feedstock. Selective CH4 partial oxidation to value-added chemicals is

difficult to achieve at high conversions due to the inertness and uniformity of its C-H single bonds.

In traditional thermal catalytic reactions, the high temperatures required to activate CH4 result

in deep oxidations to COx – products whose formation are thermodynamically favored over oxy-

genates. Electrochemical processes show potential to overcome this challenge because they facilitate

greater precision in establishing operating conditions that optimize activity and selectivity in milder

conditions. Aqueous electrocatalysis is widely used for chemical synthesis, especially in the context

of renewal energy storage in the form of chemical bonds. [49] Recent studies have demonstrated

that the generation of a diverse variety of oxygenates is possible through anodic electrocatalytic

CH4 conversion in aqueous electrolytes. [81,110,129] In order to engineer systems that enable the

controlled electrocatalytic oxidation of CH4, a more comprehensive understanding of the chemistry

of CH4 on simple, prototypical electrocatalyst surfaces is needed. Methane oxidation at mild tem-

perature and pressure has been intensely studied for applications involving polymer electrolyte fuel
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cells (PEFC). [70,127] To obtain information regarding electrocatalyst surface chemistry (often the

chemistry of hydrocarbons on dispersed Pt particles), it is common for this application to analyze

adsorbates through anodic stripping voltammetry. In a typical voltammetry sequence designed to

probe adsorbates, the anode is held at a constant potential for a period of time, which results in

an adlayer of reaction fragments. The presence of adsorbed species and often their interaction with

the surface can be probed with a subsequent anodic scan that strips the adsorbates in an oxida-

tive electrochemical reaction. These studies have shown that light hydrocarbons can be readily

dehydrogenated and partially oxygenated while the electrode potential is held and the resulting

fragments can be partially or fully oxidized in the anodic stripping event. [70, 133] In aqueous

conditions, other characterization techniques have been used to evaluate the chemistry of CH4 on

electrocatalyst surfaces, including operando FTIR [56] and computational approaches. [8] A wealth

of information exists in the literature on the thermochemical steps of alkane dehydrogenation over

Pt catalysts, [82,149] which also occur in electrochemical reactions, providing critical fundamental

information toward understanding the surface chemistry of this system. Recently Jaramillo and

coworkers [22] examined the interaction of CH4 with Pt surfaces in aqueous electrolytes through

a combination of anodic stripping voltammetry, calculations using Density Functional Theory, and

kinetic modeling. In that study it was found that thermochemical CH4 activation is the rate-

determining step on Pt electrodes at room temperature and that *CHx (throughout this study, *

denotes a surface-bound species) interact with adsorbed or near-surface water to generate *CO. [22]

In this study, we provide new contributions toward understanding the (electro)chemistry of CH4 at

Pt electrode surfaces at room temperature. We report results from time- and potential-dependent

attenuated total reflection surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS) mea-

surements in operando conditions to directly probe the chemical nature of surface-bound species

resulting from the interaction of CH4 with Pt. Findings from this approach are supplemented

by systematic voltammetry experiments that examine the influence of electrode potential and pH

on the generation of C-H-O-containing surface fragments from CH4 and H2O. Results from these

approaches are interpreted through a comprehensive examination of available literature on this

subject.
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3.3.3. Experimental procedures. Platinized Pt electrode preparation. Electrochemical mea-

surements were conducted in a standard three-electrode cell (Figure 3.16) with a platinized Pt coil

working electrode, a silver-silver chloride (Ag/AgCl) reference electrode, and a graphite rod counter

electrode that was separated from the main solution in a vial with a fine glass frit. The Pt coil was

platinized via pulse electrodeposition [22] in a solution containing 10 mM potassium hexachloro-

platinate (IV) (≥ 99.9%, K2PtCl6, Sigma-Aldrich) in 0.1 M HClO4 (70%, HClO4, Sigma-Aldrich).

The working electrode was held galvanostatically at -10 mA cm−2, then at open circuit potential

(OCP) (1 s reduction followed by 6 s at OCP). This process was repeated 100 times to generate

a high-surface-area electrode. Platinized Pt was generated by cycling 100 times from 0 V to 1.6

V vs the RHE with scan rate 200 mV s−1 in 0.1 M HClO4. After cycling, the electrochemically

active surface area was determined from the hydrogen adsorption charge of 210 µC cm−2 assumed

for monolayer adsorption of hydrogen. Scanning electron microscopy (SEM, The Thermo Fisher

Quattro S) and cyclic voltammetry were used to characterize the surface of the electrode after

platinization.

SEIRAS-active Pt electrode preparation. The SEIRAS-active Pt electrode was obtained by layer

by layer deposition on hemi-cylindrical Si prism via electroless Au deposition followed by electrode-

position of Pt. The Si prism was polished with alumina slurries to obtain a mirror-like finish (the

final alumina polish slurry contained 1 µm particles). The prism was then sonicated sequentially in

acetone and water for 10 min each. Au nanoparticle films were deposited at 60 °C by introducing

to the surface a gold plating solution using a micropipette. The plating solution was prepared as

described elsewhere. [9] The resulting Au film was cleaned and activated by cycling 3 times from 0

V to 1.4 V RHE at 50 mV s−1 in 0.1 M HClO4 before Pt was deposited. Galvanostatic deposition

of Pt was performed at 400 µA for 600 s with a plating solution consisting of 4 mM K2PtCl6 and

0.7 M Na2HPO4. The Pt film obtained from this procedure was then cycled between 0 and 1 V vs

RHE at 50 mV s−1 in a fresh electrolyte until stable steady-state cyclic voltammograms with the

well-defined hydrogen adsorption and desorption features characteristic of Pt were obtained.

FTIR spectroscopy. FTIR spectroscopy measurements were performed with a Bruker VERTEX

70 FTIR spectrometer equipped with a liquid nitrogen cooled MCT detector. The instrument was

operated at a resolution of 4 cm−1 with different acquisition times (depending on the measurement).
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Spectra associated with the ATR-SEIRAS configuration were acquired with a VeeMax III ATR

accessory (Pike Technologies) set to an incidence angle of 60°. All the spectra in this study are

shown in absorbance units defined as -log (I/I0), where I and I0 represent the intensities of the

reflected radiation at the sample and reference potentials, respectively. The roughness factor of Pt

was approximately 5, obtained by assuming 210 µC cm−2 for monolayer adsorption of hydrogen.

[119,147]

Methane, carbon monoxide, and carbon dioxide voltammetry

Voltammetry experiments were performed with platinized Pt as prepared above. The elec-

trochemical cell sparged with N2 for 1 h before saturating the solution with the reactant gases.

Anodic stripping voltammetry was performed through a programmed sequence involving potentio-

static hold as indicated in the main text followed, without pause, by an anodic scan to 1.4 V vs

RHE at 50 mV s−1 and a subsequent cyclic voltammogram to ensure all adsorbed species were

absent. To quantify the charge accumulated in the oxidative stripping events, the integrated peak

areas were divided by scan rate and were corrected by subtracting the charge obtained by an iden-

tical experiment in a N2-saturated electrolyte, following convention. [22] The adsorbate coverages

associated with the interaction of CH4 with Pt are found to be small and assumed to not shift Pt

oxidation features associated with the reaction with H2O. When KOH electrolytes were utilized,

they were first treated with a chelating agent (Chelex).

3.3.4. Results and discussion. Platinized platinum was used as the working electrode for

all voltammetry investigations in this study. Its surface morphology was characterized by SEM

(Figure 3.2a); the high degree of surface roughness evident in the SEM image is consistent with

that expected for platinized Pt. Figure 3.81 provides a typical cyclic voltammogram (CV) recorded

in N2-purged 0.1 M HClO4, which indicates the characteristic features of Pt CVs expected in these

conditions. In anodic stripping voltammetry experiments, CH4 was first allowed to interact with

Pt under potentiostatic control, and adsorbed species originating from this interaction were then

oxidized during an anodic sweep (Figure 3.2b). In the representative experiment whose results

are shown in Figure 3.2b, the Pt electrode was held at 0.3 V vs RHE for 1 h, and the potential

was then immediately swept anodically at a rate of 50 mV s–1. In this case, the electro-oxidation

of adsorbed species results in a positive current at ca. 0.7 V vs RHE. In this study, the charge
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Figure 3.2. (a) SEM image of the platinized Pt electrode surface used for voltam-
metry investigations. (b) Representative results from application of the anodic strip-
ping voltammetry procedure, corresponding to a 1 h hold at 0.3 V vs RHE followed
by a 50 mV s–1 CV beginning with the anodic scan direction.

calculated from stripping peaks results from oxidation of adsorbed species that originate from the

(electro)chemical interaction of CH4 with the Pt surface. When charge associated with this reaction

is reported, the background charge (obtained from identical potential-hold experiments in N2-

saturated electrolytes) is subtracted, following convention. [22] The background current associated

with execution of this procedure in the inert-saturated electrolyte, which is absent from steady-

state CVs, has been observed previously; its origins have been investigated in the context of possible

carbon contamination. [22] The process of subtracting charge resulting from identical voltammetry

procedures in inert-saturated electrolytes, in contrast to subtraction of data from a steady-state

CV, is the most conservative approach available to isolate and assess charge associated with the

reaction of CH4.

Using this methodology, we investigated the chemical interaction of CH4 with Pt and the

subsequent anodic oxidation of the resulting adsorbed species at a fixed potential (0.3 V vs RHE)

as a function of holding time (Figure 3.3). Figure 3.3a shows a magnified view of the irreversible

oxidative stripping feature in a series of independent experiments wherein the Pt potential was

held for durations between 1 and 60 min. The total charge associated with these stripping peaks

as a function of holding time is provided in Figure 3.3b. These results show that the increase
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in amount of charge decreases with longer holding times (i.e., the rate of increase decreases with

time). However, the charge determined by anodic stripping voltammetry (Figure 3.3a,b) provides

no information about the chemical nature of adsorbed species whose oxidation generates this charge

in the external circuit.

To assess the nature of the chemical species, a spectroscopic technique must be applied. To

this end, SEIRAS measurements, which provide the vibrational spectra associated with adsorbed

species, [119, 163] were recorded with Pt electrodes (Figure 3.3c). To match the conditions of

the stripping experiments, the potential was held at 0.3 V vs RHE while simultaneously recording

FTIR spectra. Spectra recorded at 10 min intervals during a 60 min hold are shown in the bottom

of Figure 3.3c. The most distinct feature is the band at 2013 cm–1, which is readily assigned to the

stretching mode of surface-bound CO (ν(CO)) and is found to result directly from the chemical

interaction of CH4 with the Pt surface in the presence of water. Because of the low reactivity of

CH4, the signal intensities are weak relative to those commonly obtained in direct CO adsorption

studies; despite this, the peaks are sufficiently resolved to facilitate analysis. Figure 3.3d provides

the integrated intensities of the ν(CO) peak as a function of time held at 0.3 V vs RHE. These

results show that when Pt is held at 0.3 V vs RHE in CH4-saturated solution, *CO accumulates

quickly on the surface in the first several minutes of applied potential and then coverage increases

more gradually at longer times, consistent with the system approaching a saturation coverage.

Simultaneous consideration of Figures 3.3b and 3.3d indicates that the line shapes of the time

dependences of the two independent measures of adsorption (charge from anodic stripping and FTIR

integrated peak area) are consistent. This is true despite the fact that the two Pt working electrodes

were required to be prepared differently. (This is obligatory given the special requirements for

generation of SEIRAS-active Pt films [163] for operando FTIR; see the Experimental Procedures

3.3.3.)

Figure 3.4 provides outcomes from additional analyses of the SEIRAS results. Figure 3.4a

shows a magnification of the time-dependent *CO peaks and Gaussian fits to their line shapes.

By use of these fits, the center energies and FWHM of the peaks were determined and plotted

as a function of time (Figure 3.4b). Although clearly attributable to the C–O stretching mode of

Pt–CO, the observed frequency differs slightly from that of Pt–CO species obtained through other
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Figure 3.3. (a) Magnification of the oxidative stripping feature present in the
anodic scans following potential holds between 1 and 60 min in CH4-saturated elec-
trolytes. (b) Time dependence of the charge density associated with the oxidative
stripping feature in (a). (c) ATR-SEIRAS spectra of the Pt surface during CH4

purging with potential held at 0.3 V vs RHE for 1 h followed by anodic scan to 1.3
V vs RHE (50 mV s–1). (d) Integrated intensity of the ν(CO) peak centered near
2013 cm–1 as a function of holding time at 0.3 V vs RHE (0.1 M HClO4, 1 atm of
CH4).
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reactions. Specifically, linearly bonded *CO (*COL) on Pt surfaces is typically observed in the

range 2050–2085 cm–1. [19,119,147,152,158] To confirm that the shifted energy of this peak is

not an artifact of our experimental setup, we performed SEIRAS studies at the Pt electrodes during

the electroreduction of CO2 (Figure 3.9). The electroreduction of CO2 at the surfaces of Pt has

been comprehensively examined; [65,67,69,77,158] the spectral signatures of the adsorbed species

resulting from CO2 reduction therefore provide a valuable benchmark for the experimental system.

Pt–COL modes resulting from CO2 reduction are observed at 2042 cm–1, which is consistent with

results in the literature for this species. [67,158]

Energy shifts among CO bands have been extensively discussed in the literature. [32,60,79,

80,90,148,180,191] Early surface science investigations of Pt single crystals in ultrahigh vacuum

(UHV) have attributed the observed differences in peak position to *CO adsorbed on different sur-

face sites. [60,61,191] For instance, Hayden et al. investigated the adsorption of CO on Pt(553)

by infrared reflection–adsorption spectroscopy (IRAS) and found that *CO at step sites is associ-

ated with a significantly lower wavenumber than *CO adsorbed on terrace sites. [60] Later studies

on single crystal surfaces in electrochemical environments supported the results obtained by UHV

studies. [79,80,180] Recently, in a study of methanol and ethanol electro-oxidation, Farias et al.

observed a significant red-shift in the *COL band associated CO adsorbed on steps compared with

that adsorbed on both terraces and steps. [41] CO band shifts and splitting were also observed dur-

ing electro-oxidation of methanol on polycrystalline Pt surfaces. [32] Specifically, multiple distinct

*COL bands centered at energies much greater than those associated with *COB were observed.

The *COL peak centered at the lower wavenumber was assigned to linear *CO adsorbed on kinks

or edge sites. [32] Lebedeva et al. investigated mechanisms of CO adlayer oxidation on Pt(553),

Pt(554), and Pt(111) surfaces, and the results indicated that CO initially preferentially adsorbs at

sites located on steps. [96] The recent findings over Pt(110) have also revealed that the potential

required to strip off the CO adlayer is lower specifically for the CO bonded on the steps. [41] Sato

et al. performed CO adsorption and oxidation experiments on highly dispersed Pt catalysts and

concluded that the lower energies associated with ν(CO) that were observed at low *CO coverages

resulted from the preferential adsorption of *CO at sites with reduced local Pt coordination. [148]

Given these precedents and the observed low energy of the *COL band in Figure 3.4 (2013 cm–1),
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Figure 3.4. Time-dependent operando SEIRAS results with potential held at 0.3
V vs RHE for 1 h in CH4-saturated 0.1 M HClO4 (magnification of data in Figure
3.3c). (a) Gaussian fits to line shapes of CO peaks. (b) CO peak position and
FWHM plotted with respect to time.
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the results lead to the conclusion that the adsorbed species resulting from interaction with aqueous

methane at 0.3 V vs RHE is *CO bound to Pt at step-edges or defects (*COL(edge)), which are

expected to be abundant on the polycrystalline Pt surface. Similarly, the weak band at 1805 cm–1,

which is evident through magnification in Figure 3.10, has been attributed to bridge-bonded *CO

(*COB(edge)) on the step-edge or defect sites. [90,148] This conclusion is consistent with the com-

monly observed intrinsically high catalytic activity of steps on Pt surfaces [95,96,194] as well as a

number of studies that highlight the importance of steps, corners, and other sites with reduced local

Pt coordination on the adsorption behavior of CH4. [46,54,131,142,175,198] In a notable recent

study specifically assessing the interaction of CH4 with stepped Pt surfaces, Gutiérrez-González et

al. showed that *CH3 generation is much faster when dissociation occurs at step sites than when it

occurs at terrace sites. [54] Both experimental and theoretical approaches were used to determine

that dissociation barriers were lowest at step sites. [54] It is noteworthy that this study also consid-

ered that CH4 could be initially activated at steps; we hypothesize later in this article that *CHx

species resulting from CH4 activation at step sites subsequently interact with oxygen-containing

species also present at these sites, generating *CO. Although the high CH4 activation barrier on

terraces suggests step sites with reduced Pt coordination are the primary active sites, [22,25] we

note that previous studies have shown that Pt terrace sites also activate CH4. [54,109,131] The

distinction among these activation pathways may be difficult to assess in steady-state experimental

studies: the diffusion of *CH3 from terraces to steps has been observed at low coverages. [131]

The characteristics of the *COL peak provided in Figure 3.4 can also be interpreted in the

context of prior operando FTIR spectroscopy studies of CO electro-oxidation at Pt electrodes.

Blue-shifts in *CO absorption bands are typically explained by increased dipole–dipole coupling

between adjacent *CO. [64,174,192] As the *CO adlayer is oxidized at anodic potentials, red-shifts

are commonly observed, which can be attributed to the loss of these dipole moments. [64,147,148,

174,192] The data in Figure 3.4 indicate that while holding at 0.3 V vs RHE, as time increases

the ν(CO) band energy is stable while the peak FWHM increases. Prior literature has indicated

that dipole–dipole coupling between adjacent *CO additionally results in decreased FWHM. [192]

This indicates that although the coverage of *CO increases with time toward saturation in the

CH4/Pt system (Figure 3.3d), no significant dipole–dipole interactions are observed, as would be
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expected for *CO saturation on Pt terraces. [64, 174, 192] Taken together, the SEIRAS results,

interpreted through the prior literature of this and related systems, suggest that step-edge or defect

sites, which are abundant on rough, polycrystalline Pt surfaces, are the dominant active sites for

the (electro)chemical decomposition/oxidation of CH4 observed in this study.

In addition to those associated with C-O stretching modes, weak absorption bands centered at

1695 cm–1 were detected (Figure 3.10a). The development of this band (which is distinct from the

δ(HOH) band that is often present in the same spectral region in aqueous systems and which will be

discussed further below) has previously been assigned to the stretching mode of the carbonyl group

(C=O) of *CHO or *COOH. [56,100,132,163] It has been reported that *COOH is also associated

with bands at 1300 and 1500 cm–1, which are due to OH deformation in *COOH. [69,154,201]

Results from infrared reflection–absorption spectroscopy (IRAS), which through dipole selection

rules selectively detects modes oriented perpendicular to surfaces, indicate that the adsorption of

carboxylic acid species on Pt yields a peak near 1750 cm–1 that is associated with the stretching

mode of C=O in the carboxyl group. [162,163] A prior study of ethanol oxidation over Pt provides

complementary information: the stretching mode of the carbonyl group in aldehyde components

is present at lower vibrational frequencies than the carbonyl stretching modes of carboxylic acids.

[132] Similarly, it has been reported that the stretching mode of carbonyl groups in formyl-like

species exists near 1700 cm–1. [17,18] Therefore, in the context of this prior literature, the absence

of a vibrational feature associated with OH deformation and the relatively lower frequency of the

detected band (1695 cm–1) most likely indicate the additional presence of *CHO. [15,17,18,75,105]

This observation also agrees well with previous studies that demonstrate that *CH is the most

abundant and relatively stable *CHx species resulting from CH4 activation over step sites of Pt

surfaces and that low-energy barriers exist for formation of *CHO and *CO. [109,175,198]

The SEIRAS absorbance results reported above were obtained with background scans collected

at 0.3 V vs RHE, which is near the cathodic side of the double-layer regime. In acidic media, the

surface state of Pt is traditionally understood to be metallic in this region. Additional experiments

were performed with a background signal obtained at 1.1 V vs RHE, which is more anodic than the

potential required for surface oxidation of Pt. Spectra were recorded at various potentials during

a sweep in the cathodic direction. The resultant spectra (Figure 3.10b) indicate the clear presence
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of a negative band at 1729 cm–1 that emerges at ∼0.5 V vs RHE. The vibrational frequency of

this observed feature is close to that reported for the carbonyl stretching mode within a surface

carboxylic group (*COOH), as discussed above, [100,132,162] which differs from the *CHO-like

feature obtained from the spectra recorded during anodic scans. Observation of *COOH could be

rationalized by the contrasting initial state of Pt in this case: at 1.1 V vs RHE, a high coverage of

*O/*OH exists. Methane’s interaction with the Pt surface in this state could generate the more

oxidized *COOH species, which is unstable at more cathodic potentials where it is observed to dis-

appear. These SEIRAS measurements provide valuable information about the nature of adsorbed

species associated with electrochemical CH4 activation. However, more definitive conclusions re-

garding the surface chemistry of the CH4/Pt system could potentially be made with additional

data from supplementary techniques. In the following section, results from complementary voltam-

metry experiments are provided to further elucidate the nature of the interaction of *CHx with

oxygen-containing species on the surface.

Prior investigations have shown that rates of CH4 decomposition and oxidation at Pt surfaces

are strongly dependent on applied potential [22,70,126,127,170] as well as the associated coverages

of *H, *OH, and *O, which originate from the aqueous electrolyte. [22,139,170] To provide a new

perspective on this observation, CO and CO2, whose interactions with Pt are also well-known to be

potential-dependent, were examined as reactants in addition to CH4. Figure 3.5 provides anodic

stripping features associated with the interaction of these molecules with the Pt surface at three

different initial holding potentials.

Previous studies have shown the necessity of adsorbed hydrogen for electrocatalytic CO2 reduc-

tion over Pt. [23,65,157,158] This prior result is confirmed in this study; the greatest amount of

charge is obtained by oxidation of surface-bound species after holding the Pt electrode at 0.1 V vs

RHE (Figure 3.11). This potential lies within the range associated with underpotential hydrogen

adsorption (below ca. 0.35 V vs RHE). The magnitude of charge resulting from anodic stripping

decreases at more anodic holding potentials, consistent with the role of adsorbed H in activating

CO2 over Pt.

The potential dependences of anodic stripping charge resulting from the CO/Pt and CH4/Pt

systems differ considerably from that of CO2/Pt. Results in Figure 3.5 indicate that after a potential
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Figure 3.5. Oxidative stripping features associated with the interactions of CH4,
CO, and CO2 with Pt after holding for 1 h at (a) 0.1 V vs RHE, (b) 0.3 V vs RHE,
and (c) 0.4 V vs RHE (50 mV s–1; 0.1 M HClO4; 1 atm of CH4, CO, or CO2).

hold in a CO-saturated electrolyte the anodic sweep yields two oxidative stripping peaks, which

are most pronounced after holds at 0.1 and 0.3 V vs RHE. These peaks are commonly termed the

prepeak and main peak in the electrochemical CO oxidation literature and their origins have been
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discussed extensively. [50,96,106,147,192] Figure 3.5 and Figure 3.15 show that the CO oxidation

main peak is split into two peaks in these conditions. The splitting of the main peak has previously

been attributed to the removal of *CO adsorbed on different facets of polycrystalline Pt, and the

peak at less anodic potential was specifically assigned to *CO adsorbed on Pt(100) surfaces. [35]

The data in Figure 3.5 indicate that the anodic stripping peak associated with the CH4/Pt system

begins near 0.7 V vs RHE, which is close to that of *CO oxidation over Pt(100). The similarity

between these oxidation potentials suggests that perhaps the local chemical environment around

*CO is similar for the two systems. This agrees well with previous observations indicating the high

intrinsic activity of Pt(100) for electrochemical CH4 oxidation. [109] The nature of the CO electro-

oxidation prepeak (in the literature and Figure 3.5) could be helpful to further understand the

electrochemical behavior of the CH4/Pt system—especially results associated with the interaction

of CH4 with Pt at low holding potentials. Therefore, it is useful to briefly review the origins of the

observed features in CO oxidation voltammograms.

Lebedeva et al. demonstrated that the potential for *CO adlayer oxidation is lower when greater

step densities are present due to the lower *CO packing density possible on stepped surfaces.

[96] Later, similar results were observed over Pt(111) that was air-cooled and found to possess

larger amounts of crystalline defects. [97] Subsequently, Housmans et al. developed a model for

mechanistic investigations of CO oxidation, results from which showed that the prepeak could be

attributed to interaction of *OH on the step sites with adjacent *CO. [66] As was the case for

the above interpretation of the CH4–Pt interaction in the context of available FTIR literature, the

CO electro-oxidation literature highlights the importance of step sites for anodic oxidation of *CO.

Because the CO electro-oxidation prepeak has been interpreted to involve the coincident presence

of *OH and *CO at steps, and its mechanism is potentially similar to that for oxidation of CH4-

derived *CO, this first notable aspect of the electro-oxidation results is consistent with the claim

that step sites play a critical role in the activation of CH4.

The potential dependence of the magnitude of the anodic stripping event (the charge passed)

differs between the CO/Pt and CH4/Pt systems. While the charge passed in the lower potential

feature of the stripping main peak in the CO/Pt system is larger at the lower holding potentials

examined (especially within the hydrogen underpotential deposition region (H(upd))), for CH4/Pt
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the largest stripping charge was obtained after holding at 0.3 V vs RHE. This can be explained by

the fact that in a CO-saturated electrolyte CO adsorption is favored over hydrogen adsorption [106]

(that is, the discharge of protons at the surface to form Pt–H). In contrast, within the H(upd) region,

hydrogen adsorption is favored over CH4 decomposition/oxidation. [22]

For all gases examined, the results in Figure 3.5 indicate a clear distinction in outcomes exists

between stripping after potential holds within the H(upd) regime and holds within the double-layer

region. To probe this observation further, the potential and holding-time dependence of the CH4/Pt

system were examined in greater depth. Figure 3.6 reports the time dependence of the oxidative

stripping charge after holding times from 1 to 120 min. Interestingly, these results show the highest

rates of reaction with CH4 occur at 0.3 V vs RHE, with 0.4 and 0.5 V vs RHE yielding similar

outcomes. To understand the possible origin of the higher reaction rate at 0.3 V vs RHE, we

considered an aspect of the H2O/Pt system that has not been previously discussed in the context

of the electrochemistry of CH4/Pt: the potential dependence of the structure of adsorbed H2O.

Our interest in this aspect of the system was motivated by a recent report on CO electro-oxidation,

where the nature of anodic stripping prepeak was contrasted after potential holds in the H(upd) and

double-layer regions. [192] It was determined in that study that the presence of Pt–H results in

relaxation of the structure of the coadsorbed CO and H2O layer and contributes to the origin of

the prepeak.

Given that the disordered water structure has been evoked for explanations of the *CO strip-

ping prepeak, it is logical that this near-surface H2O layer originating from interactions with Pt–H

(sometimes termed adsorbed H2O) in some way uniquely influences the nature of the interaction of

CH4 with Pt and its subsequent chemical oxidation to *CO. In the framework of this hypothesis,

the hydrophobic nature of an initial H2O layer is interrupted by adsorbed hydrogen, which yields

a hydrogen-bonding network with H2O. Our SEIRAS results indicate a weak feature at 1595 cm–1

after holding the potential at 0.3 V vs RHE, which can be attributed to the δ(HOH) mode of

adsorbed H2O. This 1595 cm–1 δ(HOH) mode has previously been assigned in the H2O/Pt sys-

tem specifically to adsorbed H2O whose oxygen lone pair interacts with the surface. [130] It is

therefore possible that the presence of the disordered water structure contributes to the poten-

tial dependence of the charge generation rate in the CH4/Pt system, as it does for CO/Pt. We
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Figure 3.6. Time dependence of the total integrated charge (background-
corrected) of the oxidative stripping feature after the interaction of CH4 with Pt
at 0.3, 0.4, and 0.5 V vs RHE for 1 h (0.1 M HClO4; 1 atm of CH4).

note that the stripping charge in the CH4/Pt system was lower after holding at a potential deeper

within the H(upd) region (Figure 3.5). This can be readily explained by the competition for Pt

sites that exists between H+ discharge and CH4 decomposition/oxidation, since it is well-known

that the density of underpotential-deposited hydrogen increases as the potential approaches 0 V vs

RHE. [91,125] Therefore, taken together and interpreted in the context of the available literature,

the results reported here imply that an optimum surface density of adsorbed H exists for CH4

decomposition/oxidation at Pt electrodes.

The data in Figure 3.6 show that the total oxidative stripping charge resulting from the CH4–Pt

interaction is lower after holding Pt at potentials above 0.3 V RHE, which is consistent with results

in early reports on CH4 oxidation to CO2 over Pt surfaces. [126,127,170] However, the fact that

CH4 decomposition/oxidation does occur above 0.3 V vs RHE indicates that a differing structure

of the H2O layer, which forms in the absence of Pt–H, cannot alone explain these observations on

activity. In an early study of the electrochemistry of CH4/Pt, Niedrach et al. briefly explained the

decrease in oxidative stripping charge after holds at higher potentials through the existence of a

competition between the rate of adsorption of CH4 and the increasing rate of oxidation of adsorbates

over the surface at potentials above 0.3 V. [127] This given interpretation is quite reasonable, but

elaboration is required in this context. The argument, which proposes that hydrogen is not the
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only adsorbate on the Pt surface in the H(upd) region, provides an explanation for the change in

activity in the lowest potential region studied here. Van der Niet et al. found that as potential is

increased within the H(upd) region, *H is replaced by *OH at step sites on the Pt surface. [172] In

other words, *H and *OH species coexist at Pt steps in the H(upd) region. Therefore, considering

the slight stabilizing effect of low *H coverage on CHx chemisorption, [54] we suggest that the

balance between the *H and *OH is highly influential to *CHx conversion to *CO over Pt step

sites. Single crystal electrode studies have demonstrated that hydrogen adsorption/desorption

peaks are observed at different potentials depending on the exposed Pt facets. [33,45,48] Distinct

voltammetry features observed in the H(upd) region of polycrystalline Pt were assigned to hydrogen

adsorption/desorption on Pt(110) and Pt(100) steps. [114,155,199] The lower potential H(upd) peak

was attributed to adsorption and desorption on Pt(110) due to the weak interaction of this surface

with *H/*OH. [172] In contrast, Pt(100) is characterized by stronger interaction with *H/*OH,

which facilitates the generation of *O at steps and was therefore correlated to the presence of the

H(upd) peak at the higher potential. [155,172] These prior single crystal studies therefore raise the

possibility that the lower activity observed here for the CH4/Pt system at lower reaction potentials

could be influenced by the identities of the exposed facets of the polycrystalline Pt examined, which

are unknown. If this were true, results from these studies imply the less active Pt(110) surface

would be exposed, since it is associated with a weaker interaction with *H/*OH. In a notable

recent work, Ma et al. reported that Pt(100) is associated with high electrocatalytic activity for

CH4 oxidation. [109] The interaction strength of surface oxidants (*O/*OH) with the Pt surface

was provided as a possible explanation for the intrinsic activity of Pt(100). These studies provide

convincing additional evidence that the composition of adsorbates and their binding energies with

Pt are influential aspects of electrocatalytic CH4 oxidation to *CO, as would be expected.

The composition of the surface adsorbates layer is pH-dependent [31,113,114,151,155,172,

199] (especially surface concentrations of *H, *OH2, *OH, and *O); therefore, additional voltam-

metry experiments on the CH4/Pt system were performed in electrolytes with differing bulk pH.

Figure 3.13 provides steady-state CVs of platinized Pt in N2-purged electrolytes at pH values of 0,

1, 3, and 13. We note that the pH range 3–12 was omitted from this study due to the associated

required use of buffer solutions containing ions such as PO4
3− and SO4

2− which interact strongly
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with the surface. [47,130,163] Small variations among the characteristic CV features of Pt were ob-

served from pH 0 to 3. The reversible features associated with the H(upd) region shifted significantly

in the anodic direction for pH 13, consistent with observations made in prior reports. [31,113,155]

There are perhaps multiple phenomena that simultaneously contribute to the shift in H adsorp-

tion/desorption potentials when plotted on the RHE scale. [31,114,151,155,172,199] Sheng et al.

have proposed that anodic shifts of these features result from an increase in hydrogen binding ener-

gies, [155] and Koper and co-workers have suggested additionally that OH adsorption contributes

significantly to the features’ shifts with increasing pH. [31,172]

Figure 6 provides outcomes of voltammetry experiments on the CH4/Pt system in the acidic

and alkaline electrolytes. Here, the holding-time dependences of the charge density associated with

the oxidative stripping features are compared. The data indicate that the highest CH4 decompo-

sition/oxidation reaction rate is obtained at pH 3, with pH 0 and 1 yielding similar activities and

pH 13 yielding high initial rates that decrease dramatically at longer holding times. The increased

activity observed at pH 3 over that at pH 0 and 1 is not readily correlated to any adsorption-

related feature of the steady-state CVs in N2-purged electrolytes, so understanding the origin of

this difference is difficult with the available data. We speculate that since the slight increase in pH

is expected to increase the H binding energy, [155] this change could cause a subtle alteration of

the local structure of the near-surface H2O layer, induced by its interaction with Pt–H (discussed

above in the context of the observed potential dependence of activity). In other words, just as the

absence of *H was shown to affect CO adsorption/oxidation behavior through the nature of the

adsorbed H2O structure, [192] more strongly bound *H could influence outcomes in the CH4/Pt

system through a similar mechanism (although this claim has not been examined systematically

to our knowledge). It is also known that ClO4
− can weakly adsorb on the Pt surface, where it

interacts with *OH. [68] This fact increases the complexity of the possible influence of pH on this

system, since the lower concentrations of the ClO4
− anion at lower pH values may alter *OH binding

strength. Although these results and literature observations do not convey a clear explanation for

the pH dependence of activity in acidic electrolytes, it is logical that the composition of adsorbates

and their interactions on the surface influence activity in the CH4/Pt system.
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Figure 3.7. Time dependence of the charge density associated with the oxidative
stripping feature in 0.001–1 M HClO4 (for pH ¡ 3) (0.1 M KOH (for pH 13); 50 mV
s–1 anodic scan; 1 atm of CH4).

Voltammetry results at pH 13 show that the CH4 decomposition/oxidation reaction rate in-

creases over the first few minutes at 0.3 V vs RHE, after which there is a sudden decrease. Although

we do not have a clear understanding of this behavior, it is likely related to both the increased

amount of *OH [172] as well as the coadsorption of K+ in this condition. [38, 113, 114] It is

unknown why the reaction rate should increase at early times. The result may imply that K+

adsorption is also time-dependent in these conditions; the time dependence of CO adsorption on

Pt electrodes has been shown to be influenced by the identity of the dissolved cations. [38] Al-

though not fully understood, the pH dependence of activity generally is consistent with the claim

made throughout this study-that *OH/*O adsorbed at sites with reduced Pt coordination is the

most likely oxygen source for *CHx conversion to *CO. These initial results suggest that a fu-

ture detailed investigation that considers the coupled effects of pH and ion adsorption could yield

interesting insights into the mechanism of CH4 activation over Pt.
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3.3.5. Conclusions. The electrochemistry of the interaction of CH4 with Pt electrodes at

room temperature and atmospheric pressure in aqueous electrolytes has been investigated through

a combination of surface-sensitive operando FTIR spectroscopy and voltammetry techniques. The

results indicate that CH4 readily decomposes at the Pt electrode surface and forms *CO, with

some additional minor indication of *CHO and *COOH, the presence of which is dependent on the

potential history of the electrode. Anodic stripping voltammetry was used to further characterize

the CH4–Pt interaction with varying applied potentials and electrolyte bulk pH. These experiments

were supplemented by voltammetry probing the adsorption and electro-oxidation of CO as well as

CO2 reduction and electro-oxidation of *CO resulting from this reaction. These reactions, which

are known to produce similar surface-bound C–H–O–containing species, provided important con-

trast and facilitated interpretation of results on the CH4/Pt system through comprehensive analysis

of the larger literature that exists on the electrochemistry of these related systems. This analysis

determined that the most likely reaction centers for CH4 activation and decomposition to *CHx are

sites with reduced local Pt coordination, especially those at step edges. These fragments readily

interact with nearby surface-bound O-containing species, the composition of which is dependent on

electrochemical potential and pH. Voltammetry characteristics interpreted through the comprehen-

sive literature available on the aqueous electrochemistry of Pt suggest that the oxidizing species are

most likely *OH and *O, which originate from the chemical decomposition of water at highly active

defect sites. These findings indicate that even for simple, prototypical electrocatalysts such as Pt,

the surface electrochemistry of CH4 in the presence of H2O is complex and therefore that future

studies on aqueous electrochemical CH4 conversion would benefit from emphasis on developing an

understanding of the nature of reaction centers present on the electrode surface.

61



3.3.6. Appendix - supporting information for electrochemistry of the interaction

of methane with platinum. This appendix covers the supporting data driven from the electro-

chemical methane oxidation.

Figure 3.8. Representative cyclic voltammetry result for platinized Pt. The
dashed area represents the integrated region for determination of electrochemically
active surface area (ECSA). 50 mV s−1. N2-saturated 0.1 M HClO4. 1 atm N2.
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Figure 3.9. Operando ATR-SEIRAS spectra associated with electrocatalytic CO2

reduction at Pt electrodes during CO2 purging for 10 min with potential held at 0.1
V vs RHE followed by anodic scan to 1.2 V vs RHE. 50 mV s−1. CO2-saturated 0.1
M HClO4; 1 atm CO2.
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Figure 3.10. Additional operando ATR-SEIRAS results associated with the inter-
action CH4 with the Pt surface. (a) Magnification of the 1400-2200 cm−1 spectral
range indicating the growth of additional features with increasing time at 0.3 V vs
RHE. Reference spectrum corresponds to the initial scan recorded at 0.3 V vs RHE
at t = 0. (b) Spectra associated with a cathodic scan from 1.1 to 0.3 V vs RHE,
with the reference spectrum corresponding to the initial scan recorded at 1.1 V vs
RHE. 50 mV s−1. CH4-saturated 0.1 M HClO4; 1 atm CH4.
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Figure 3.11. Anodic stripping of (a) CO2 and (b) CO at different holding poten-
tials. Magnification of the oxidative stripping feature present in the anodic scans
following potential holds at 0.1, 0.3, and 0.4 V vs RHE in (a) CO2-saturated 0.1 M
HClO4 and (b) CO-saturated 0.1 M HClO4. 50 mV s−1; 1 atm CO2 or CO.
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Figure 3.12. Magnification of the oxidative stripping feature present in the anodic
scans following potential holds at 0.1, 0.3, and 0.4 V vs RHE in CH4-saturated 0.1
M HClO4 (a) 50 mV s−1; 1 atm CH4.

Figure 3.13. Cyclic voltammetry result for platinized Pt in N2-saturated elec-
trolytes with varying pH. 50 mV s−1. 0.01 to 1 M HClO4 (for pH ¡ 3); 0.1 M KOH
(for pH 13); 1 atm N2.
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Figure 3.14. Magnification of the oxidative stripping feature present in anodic
scans following potential holds at 0.3 V vs RHE in CH4-saturated electrolytes with
varying pH. 50 mV s−1. 0.01 to 1 M HClO4 (for pH ¡ 3); 0.1 M KOH (for pH 13);
1 atm CH4.

Figure 3.15. The oxidative stripping features associated with the interaction of
CO with Pt after holding for 1 h at 0.1, 0.3, and 0.4 V vs RHE. 50 mV s−1; 0.1 M
HClO4; 1 atm CO.
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Figure 3.16. a standard three-electrode cell with a platinized Pt coil working
electrode, a silver-silver chloride (Ag/AgCl) reference electrode, and a graphite rod
counter electrode.
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3.4. Appendix

3.4.1. Utilization of electricity instead of temperature for the light alkane oxida-

tion over AuPd catalyst in the presence of H2O2. Electrochemical processes are a significant

alternative for thermal catalysis because they facilitate direct modulation of catalyst surface in es-

tablishing optimized operating conditions. Therefore, we investigated the influence of potentiostatic

control on a liquid-phase thermal catalytic system very close to that examined in Chapter 2. Fig-

ure 3.17 shows the effect of applied potential over the products’ distribution obtained from the

partial oxidation of methane with the presence of H2O2 as the oxidant. Different potentials (Figure

3.17b) were applied and a significant improvement was observed only at 1.3 V vs RHE (Figure

3.17a). Figure 3.17a compares the integrated NMR signals for different products under various

reaction conditions. The measurement conducted at 25 °C with an open circuit potential generated

only methylhydroperoxide with a small quantity with respect to other conditions as expected. A

slight temperature change enhanced the activity in terms of products’ distribution and quantity

significantly. Electrochemical potential applied at 1.3 V vs RHE, on the other hand, also increased

the amount of product generated and indicated that it could be an alternative solution for using

less amount of H2O2. In fact, the NMR signals obtained at relatively higher pressure (3 bar) and

H2O2 concentration are very similar to those under the electrochemical potential. This also shows

that electrochemical potential could replace the effect of the pressure by promoting the optimized

operating conditions as mentioned before.
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Figure 3.17. a) Integrated NMR signals obtained from partial oxidation of
methane under various reaction conditions on AuPd catalyst. b) The currents gener-
ated at different potentials from methane oxidation in the presence of H2O2 oxidant.

Figure 3.18. NMR spectrum of the oxygenates generated from partial oxidation
of methane under various reaction conditions on AuPd catalyst. 0.1 M HClO4; 1
bar CH4; 100 mM H2O2.
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CHAPTER 4

Investigating the near-surface gas phase during thermal catalysis*

Chapter 4.2 is partially adapted from a published work:

B. Zhou, E. Huang, R. Almeida, S.M. Gurses, A. Ungar, J. Zetterberg, A.R. Kulkarni, C.X. Kro-

nawitter, D.L. Osborn, N. Hansen, J.H. Frank*; Near-surface imaging of the multi-component gas

phase above a silver catalyst during partial oxidation of methanol, ACS Catal., 2021, 11, 155-168.

Reproduced with permission from ACS Catal., 2021, 11, 155-168.

&

Chapter 4.3 is fully adapted from a published work:

S.M. Gurses, T. Price, A. Zhang, J.H. Frank, N. Hansen, D.L. Osborn*, A.R. Kulkarni*, C.X.

Kronawitter*; Near-Surface Gas-Phase Methoxymethanol Is Generated by Methanol Oxidation

over Pd-Based Catalysts, J. Phys. Chem. Lett., 2021, 12, 11252-11258.

Reproduced with permission from J. Phys. Chem. Lett., 2021, 12, 11252-11258.

These works were supported by the U.S. Department of Energy (DOE), Office of Basic Energy

Sciences (BES), Division of Chemical Sciences, Geosciences and Biosciences (CSGB) under Grant

DE-SC0020320. Most of the experimental work was performed at Sandia National Laboratories,

Livermore.

*The content of this chapter has previously been published in Ref. [53,200].

71



4.1. Overview of the chapter 4

Chapter 2 and 3 described the aqueous-phase thermal and electrochemical systems extensively.

In Chapter 4, we shifted our direction to the gas-phase conversion routes mainly focusing on

oxidative coupling of methane (OCM) reaction. Near-surface gas-phase diagnostic techniques were

proposed to examine this complex reaction to elucidate the interaction of surface of the catalyst with

the gas-phase collisions and their impact on overall activity. However, the complicated nature of

OCM involving multiple phases led us to benchmark our system over a relatively simple reaction. An

industrially viable and comprehensively studied reaction, methanol oxidation, was selected due to

resembling reaction pathway with OCM for the formaldehyde production. Both OCM and methanol

partial oxidation to formaldehyde involve as a primary step the dehydrogenation of a C–H bond,

resulting in the formation of organic substrates with a single carbon atom. [123] Therefore, Chapter

4.2 initially introduces the near surface measurement techniques for methanol oxidation above silver

catalyst. The diverse product distribution detected above the silver surface by molecular beam

mass spectrometry (MBMS) encouraged us to work on other catalyst surfaces including Pd, AuPd,

AuPd2, Au2Pd. Chapter 4.3 demonstrates our studies on methanol oxidation mainly over Pd film

catalyst. Methoxymethanol, an obscure intermediate, is observed above Pd, AuxPdy alloys, Ag and

oxide-supported Pd. We utilized a heatable sample holder for thin film metal catalysts in our initial

studies over Ag and Pd thin films. Later, we modified our sample holder for powder catalysts, e.q.

oxide-supported Pd measurements, with the integration of a ceramic heater. Further experiments

coupled with diffuse reflectance infrared Fourier transform spectroscopy (FTIR-DRIFTS) were also

performed on oxide-supported Pd but the current results were not included in this dissertation.

Modified sample holder and heater in near-surface gas-phase detection techniques for mounting the

powder catalyst and reaching the elevated temperatures, respectively enabled us to conduct initial

experiments for OCM. Preliminary results on OCM diagnosed by MBMS are briefly covered in the

Appendix 4.4 of this chapter.
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4.2. Near-surface imaging of the multicomponent gas phase above a silver catalyst

during partial oxidation of methanol

4.2.1. Abstract. Fundamental chemistry in heterogeneous catalysis is increasingly explored

using operando techniques in order to address the pressure gap between ultrahigh vacuum studies

and practical operating pressures. Because most operando experiments focus on the surface and

surface-bound species, there is a knowledge gap of the near-surface gas phase and the fundamental

information the properties of this region convey about catalytic mechanisms. We demonstrate in

situ visualization and measurement of gas-phase species and temperature distributions in operando

catalysis experiments using complementary near-surface optical and mass spectrometry techniques.

The partial oxidation of methanol over a silver catalyst demonstrates the value of these diagnostic

techniques at 600 Torr (800 mbar) pressure and temperatures from 150 to 410 °C. Planar laser-

induced fluorescence provides two-dimensional images of the formaldehyde product distribution

that show the development of the boundary layer above the catalyst under different flow condi-

tions. Raman scattering imaging provides measurements of a wide range of major species, such as

methanol, oxygen, nitrogen, formaldehyde, and water vapor. Near-surface molecular beam mass

spectrometry enables simultaneous detection of all species using a gas sampling probe. Detection

of gas-phase free radicals, such as CH3 and CH3O, and of minor products, such as acetaldehyde,

dimethyl ether, and methyl formate, provides insights into catalytic mechanisms of the partial oxi-

dation of methanol. The combination of these techniques provides a detailed picture of the coupling

between the gas phase and surface in heterogeneous catalysis and enables parametric studies under

different operating conditions, which will enhance our ability to constrain microkinetic models of

heterogeneous catalysis.

4.2.2. Introduction of Near-Surface Gas-Phase Diagnostic Techniques.

Optical Diagnostic

Understanding the interaction of near gas-phase chemistry with surface chemistry is essential for

elucidating the fundamentals of heterogeneous catalysis. However, probing these interactions under

reaction conditions is challenging both experimentally and theoretically. Therefore, we created
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an optical spectroscopy apparatus to characterize gas-surface interactions. Specifically, 2-D laser-

induced fluorescence (LIF) was optimized for imaging formaldehyde produced from methanol above

the Ag surface. We were able to observe the effect of different flow conditions on the developed

boundary layer above the catalyst surface. The obtained LIF images are beyond the scope of this

thesis and therefore not included. To complement this optical approach, we also performed MBMS

measurements to map out the local view of the species. We were able to provide multiple views of

the reaction taking place on the Ag surface with the help of these two complementary techniques.

Near-Surface Mass Spectrometry

MBMS measurements were performed in a separate chamber from the optical diagnostics, and

a schematic of the experimental setup is shown in Figure 4.1. The apparatus consists of a reactor

chamber that is connected via a quartz sampling probe to a high-resolution reflectron time-of-flight

mass spectrometer (RTOF-MS). The quartz nozzle has an opening cone angle of 40° and a ∼ 50 µm

orifice diameter. The chamber consists of a two-stage, differentially pumped vacuum system, which

ensures a rapid pressure drop from 600 Torr (800 mbar) in the reactor chamber to 10−6 Torr in

the ionization region of the mass spectrometer. This pressure reduction leads to the formation of a

molecular beam in which further interactions between the molecules are prevented. This “freezing”

of the chemistry in the molecular beam ensures that the mass spectra report on the gas composition

immediately upstream of the orifice and enables the detection of highly reactive species, such as free

radicals, which cannot be detected in traditional mass spectrometry monitoring of reactor effluent

gases.

4.2.3. Highlighted results from MBMS measurement motivating further studies

on different metal surfaces. Catalytic processes consist gas-phase interactions and the dynamic

exchange of species between the gas phase and surface. Therefore, observing the spatially resolved

gas-phase species could promote the knowledge in catalysis research. To detect near-surface gas-

phase species generated during methanol oxidation, we implemented MBMS measurements 500 µm

above the Ag surface. This technique provides unique advantages in different ways with respect

to conventional mass spectrometry available in our laboratory at UC Davis. One of the most

significant advantages is managing to probe right above the catalyst surface (500 µ). This is not

possible by utilizing a conventional mass spectrometry whose effluent gas detection probe is located
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Figure 4.1. Schematic experimental setup for the near-surface MBMS experi-
ments. The distance between the catalytic surface and the sampling probe is varied
between 0 and 5 mm.

far away from the catalyst surface. MBMS approach also enables us to observe changes in gas-

phase neutral molecule profiles as a function of surface temperature, which results in species-specific

light-off curves. Here we obtained light of curves of various species detected with MBMS under

a flow of CH3OH , O2, and N2. Methanol vapor was introduced by flowing nitrogen through a

bubbler filled with liquid methanol. The reactant flows (CH3OH/O2, 2.5/1) were regulated using

calibrated mass flow controllers and a laminar boundary layer flow across the catalyst was created.

Light-off curves for additional species detected with MBMS are shown in Figure 4.2 for surface

temperatures from 180 to 282 °C. These plots show integrated signals for the reactants CH3OH

and O2 (Figure 4.2a) and the products and intermediates H2O, CO2, CH2O, C2H4O (Figure 4.2b),

C2H6O2, C2H6O, C2H4O2, and CH2O2 (Figure 4.2c). The light off is clearly visible near 235 °C,

with the appearance of multiple products discussed above. All product signals light off at the same

temperature near 235 °C. Species-resolved temperature dependences such as these will provide

important inputs to the construction and constraint of microkinetic models. We anticipate that

such combined experimental and theoretical approaches will convey mechanistic information about

the creation and consumption of species both on the surface and in the gas phase.
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Figure 4.2. Integrated mass spectral signal as a function of the surface tempera-
ture for (a) reactants CH3OH and O2 and the products and intermediates (b) H2O,
CO2, CH2O, C2H4O, and (c) C2H6O2, C2H6O, C2H4O2, and CH2O2.

4.3. Near-surface gas-phase methoxymethanol is generated by methanol oxidation

over Pd-based catalysts

4.3.1. Abstract. Catalytic conversion of alcohols underlies many commodity and fine chem-

ical syntheses, but a complete mechanistic understanding is lacking. We examined catalytic ox-

idative conversion of methanol near atmospheric pressure using operando small-aperture molecular

beam time-of-flight mass spectrometry, interrogating the gas phase 500 µm above Pd-based cat-

alyst surfaces. In addition to a variety of stable C1−3 species, we detected methoxymethanol

(CH3OCH2OH)–a rarely observed and reactive C2 oxygenate that has been proposed to be a crit-

ical intermediate in methyl formate production. Methoxymethanol is observed above Pd, AuxPdy

alloys, and oxide-supported Pd (common methanol oxidation catalysts). Experiments establish
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temperature and reactant feed ratio dependences of methoxymethanol generation, and calculations

using density functional theory are used to examine the energetics of its likely formation pathway.

These results suggest that future development of catalysts and microkinetic models for methanol

oxidation should be augmented and constrained to accommodate the formation, desorption, ad-

sorption, and surface reactions involving methoxymethanol.

4.3.2. Introduction. Catalytic transformations of alcohols enable the production of a variety

of commodity chemicals, [12,28,121] and methanol specifically serves as an important C1 platform

molecule for the synthesis of C2
+ organics, which can occur through oxidation in mild conditions.

[27,59,159,190] One notable target product is methyl formate (MF; C2H4O2; CH3OCHO), which

can be produced in high yields from methanol oxidation and has been determined [99] to possess

many favorable physicochemical characteristics that make it an effective C2 building block for

chemical synthesis (e.g., dimethylformamide, acetic acid, and ethylene glycol). [107] Similarly,

dimethoxymethane (DMM; C3H8O2; CH3OCH2OCH3) can be produced from methanol through a

number of pathways and is valuable both as a chemical precursor and as an oxygenated synthetic

fuel. [161]

The existing literature establishes that the nature of the catalyst surface strongly influences

the molecular-level mechanisms operable for oxidative coupling of methanol-derived oxygenates.

[12,168] Heterogeneous catalytic formation of C2
+ esters (e.g., MF) and ethers (e.g., DMM) re-

quires surface C–O–C coupling events that involve the primary C1 products of methanol partial

oxidation–formaldehyde or formic acid. [161] For the case of MF generation, three oxidative path-

ways are primarily discussed: (1) surface coupling of adsorbed methoxy (CH3O*) and formaldehyde

(HCHO*); [166,190] (2) surface HCHO* dimerization [120] (Tishchenko reaction); and (3) CH3OH

reactions with adsorbed formate (HCOO−*). [145] While the mechanism of MF formation for a

given catalytic system has occasionally been deduced from product distributions, kinetic analyses,

or outcomes of probe reactions, generally the intermediate species resulting from the initial C–O–C

coupling event itself is not experimentally observed.

In this Letter, we use molecular beammass spectrometry (MBMS) to invesigate, during methanol

oxidation catalysis, the near-surface gas phase (within ca. 500 µm) using Pd-based catalysts,

which are among the most commonly examined materials for selective methanol conversions.
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[21, 26, 28, 30, 34, 74, 101, 150, 171, 177, 182, 184, 185, 186, 187, 188] Our most important ob-

servation is that methoxymethanol (CH3OCH2OH), a rarely observed C2 ether-alcohol that is

highly reactive in conditions of heterogeneous catalysis, [103] is a primary product present in the

near-surface gas phase for all systems and conditions examined. This observation provides strong

evidence that surface coupling of methoxy and formaldehyde (pathway (1) above) occurs for these

examined systems (Pd, AuxPdy alloys, and MgO-supported Pd).

Speciation in the Near-Surface Gas Phase during Oxidative Methanol Conversion. The details

of the near-surface MBMS system employed here have been described in a recent publication. [200]

Briefly, through use of a small-aperture differentially pumped sampling nozzle, MBMS effectively

“freezes” the local composition in the gas phase by rapid gas expansion, which transports near-

surface species to the mass analyzer (a high-resolution reflectron time-of-flight mass spectrometer

(RTOF-MS)). The rapid transition to a collision-less molecular beam isolates all species from further

interactions, preserving free radicals and reactive intermediates. Additional details are provided

in the Appendix 4.3.5. Through use of this technique and its ability to characterize even highly

reactive species from the gas phase, we investigate the near-surface product species during methanol

oxidation catalysis.

4.3.3. Results and Discussion. Figure 4.3 shows representative near-surface MBMS results

of methanol oxidation over polycrystalline Pd (see Appendix 4.3.5 for synthesis details). Figure

4.3a provides a typical mass spectrum recorded during a steady-state reaction at 160 °C, which

shows a variety of oxygenates and CO2 in the near-surface region. Chemical species were assigned

by consideration of both parent ions and fragments from dissociative ionization of products. Figure

4.3b provides a magnification of the spectrum at nominal m/z of 44 and 45. The high resolution

of MBMS measurements (m/∆m = 3500) facilitates identification of secondary products, their

isotopologues, as well as fragment ions that provide additional “fingerprints” of neutral species.

Here, the use of “soft” ionization [24] at electron kinetic energy of 17 eV, instead of traditional

70 eV ionization, minimizes fragmentation and resulting ambiguities in assignments. For example,

C2H5O
+ (m/z = 45) and C3H7O2

+ (m/z = 75) are known fragments of DMM (C3H8O2), [167,200]

and the magnitudes of their associated signals can be measured for specific electron energies (Figure

4.7). Throughout this study, reported DMM signals correspond to those of C3H7O2
+. Similarly,
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Figure 4.3. Near-surface molecular beam mass spectrometry results associated
with methanol oxidation over polycrystalline Pd. P = 600 Torr; reactant feed ratio
CH3OH/O2 = 0.07; sampling nozzle located 500 µm above the surface; 17 eV elec-
tron energy. (a) Representative mass spectrum (m/z = 40–77.5) and corresponding
neutral species recorded during catalysis at 160 °C. (b) Magnification of the spec-
trum from (a) at nominal m/z = 44, 45. Peaks are deconvolved to resolve CO2

+,
C2H4O

+, 13CO2
+ (natural abundance), and C2H5O

+. (c) Temperature dependence
of the integrated signals of characteristic peaks associated with C1 products and
H2O. (d) Temperature dependence of C2 product signals.

C2H4O
+ (m/z 44) is a known fragment ion of MF when it is ionized at 70 eV, but the signal at

m/z 44 is negligible in our experiments when pure MF is measured with an electron energy of 17

eV (not shown).

A variety of closed-shell, stable species were detected during reaction over unsupported Pd

film catalysts, with signal intensities dependent on reaction conditions: carbon dioxide (CO2),

formaldehyde (HCHO), formic acid (HCOOH), dimethyl ether (DME, CH3OCH3), acetaldehyde
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(CH3CHO), MF (CH3OCHO), and DMM (CH3OCH2OCH3). Although most of these products–

especially CO2, HCHO, and MF–are commonly reported products of methanol oxidation over

Pd-based catalysts, to our knowledge, DMM and acetaldehyde have not been reported previously.

The detection of this large variety of products results from both the extremely high sensitivity of

this MBMS tool (∼1 ppm for neutral species detected as mass-analyzed cations [143]) and the

near-surface sampling position, which enables detection of products before they are able to further

react elsewhere in the reactor or at the catalyst surface.

In Figure 4.3a, a small signal at m/z = 62 corresponds to the molecular formula of methoxymethanol

(CH3OCH2OH). However, the conspicuously large signal at m/z = 61 corresponds to C2H5O2
+,

a known fragment ion from dissociative ionization of methoxymethanol. [73, 112] The observed

high ratio of m/z 61 to 62 (methoxymethanol parent ion) serves as an additional fingerprint for

this species. [73, 112] The only species observed in this study whose associated parent ion m/z

value exceeds 62 (DMM) produces no fragment ions at 61 or 62 when ionized with an electron

energy of 17 eV (Figure 4.7). Methoxymethanol has been described as “elusive” [73] and has been

identified by infrared spectroscopy and mass spectrometry following 10.6 µm infrared irradiation

of gas-phase CH3OH [73] or electron radiolysis of solid CH3OH. [112] It has been identified and

studied perhaps most rigorously in the context of chemical formation in interstellar ices. [116]

To our knowledge, methoxymethanol has previously been experimentally observed as a product

of continuous methanol oxidation in only a few reports. These studies, [144, 146, 169] wherein

methoxymethanol was referred to as hemimethylal, exclusively involved V2O5. In this study, we

observe this species in the near-surface gas phase during methanol oxidation over all Pd-based

catalysts examined, for multiple CH3OH/O2 feed ratios, and over wide ranges of temperature.

Figure 4.3c,d provides the temperature dependences of the integrated signals of H2O and C1

and C2 products of methanol oxidation over polycrystalline Pd. Here, the species’ integrated signal

intensities were corrected by the temperature-dependent sampling function, SF, (factor SF(Tg) in

eq 4.1), which eliminates the effect of temperature on the density of the gas detected by the

spectrometry system. [200] The reported intensities are proportional to species mole fraction.

However, the relative intensities between species in Figure 4.3c,d do not reflect mole fraction ratios;
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Figure 4.4. Temperature dependences of signals for methoxymethanol, CO2, MF,
and DMM during oxidative conversion of methanol over Pd. P = 600 Torr; sampling
nozzle located 500 µm above the surface. Results for three reactant feed ratios
(CH3OH/O2) are provided: (a) 0.07, (b) 0.43, and (c) 1.48. See main text for
descriptions of axes labels.

this quantification is possible with further calibration and correction for key species (to be discussed

below; Figure 4.4).

The measurements reported in Figure 1 were performed in highly O2-rich conditions (CH3OH/O2

= 0.07). It is known that feed composition has a strong impact on methanol oxidation reaction

outcomes; [171] we extended our investigation to include two additional feed ratios (CH3OH/O2 =

0.43, 1.48). Figure 4.4 compares the temperature dependences of integrated ion signals associated

with methoxymethanol, CO2, MF, and DMM formation over Pd at these three CH3OH/O2 feed

ratios. A more quantitative analysis of products is possible with this presentation of the data; here,

we have calibrated the system’s detection sensitivity for each species for which one can obtain a

pure reference sample (CO2, MF, and DMM). These calibrated species are in quantitative ratio to

one another–i.e., ratios represent product mole fraction ratios. Unfortunately, no reference sample

of methoxymethanol is available, and therefore methoxymethanol signals cannot be calibrated in

this way. However, relative changes of methoxymethanol signals with temperature and feed ratio
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are meaningful. See Appendix 4.3.5 and Figure 4.8 for details on the calibration procedure. In

the future, we intend to measure and quantify methoxymethanol in this system using synchrotron

photoionization mass spectrometry, where established methods may be used for estimating pho-

toionization cross sections of species. [20]

As expected, the greatest relative amount of CO2 is generated in the system when the highest

O2 concentration is used (Figure 4.4a). When the concentration of methanol in the feed is increased

(CH3OH/O2 = 0.43; Figure 4.4b), the relative amount of CO2 decreases and that of MF increases.

Further increasing the feed ratio (CH3OH/O2 = 1.48; Figure 4.4c) results in a decrease in yields

of both CO2 and MF. Interestingly, for both cases associated with increased methanol in the

feed (Figure 4.4b,c), a measurable temperature-dependent DMM signal is present (reflected by

C3H7O2
+), which is not the case for the O2-rich case (CH3OH/O2 = 0.07). For both of these cases,

the amount of methoxymethanol produced in the near-surface region is very similar.

These general observations regarding the impact of the CH3OH/O2 feed ratio appear to be

consistent with the known fact that the outcomes of methanol oxidation reactions over Pd are

sensitive to the relative concentrations of chemisorbed oxygen versus vacant Pd sites. For example,

it has been determined that with Pd clusters, sites with chemisorbed oxygen adjacent to bare Pd

activate CH3OH with lower barriers than sites comprised of pairs of chemisorbed oxygens. [171]

On the Role of Methoxymethanol as a Reactive Intermediate during Oxidative Conversion of

Methanol. Scheme 4.1 provides an overview of the chemical species observed in the near-surface

region (Figures 4.3 and 4.4, placed in the context of the primary chemical steps likely applicable

to this catalytic system. At steady state, the near-surface gas-phase composition measured by

MBMS reflects the local adsorption/desorption equilibrium of species to/from the surface. That

is, for surface-generated species, a higher near-surface gas-phase concentration implies its higher

surface concentration at the measured temperature. Scheme 4.1 is useful to highlight the fact that

methoxymethanol can serve as a key intermediate in the formation of C2
+ chemicals.

,a Methoxymethanol is emphasized at the center. H2O generated by oxidative dehydrogenation

and condensation reactions is omitted for simplicity. The highlighted steps are the subject of the

computational analysis in Figure 4.5.
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Scheme 4.1. Overview of Species Observed in the near-Surface Gas Phase over Pd
Catalysts, Shown in the Context of a Feasible Reaction Network Motivated by Prior
Studies [168],a.

As mentioned above, the reactivity of methoxymethanol has precluded its direct measurement

in almost all prior methanol oxidation studies. However, both methoxymethanol and its dehydro-

genated form as an alkoxy-hemiacetal adsorbate (CH3OCH2O*) have been inferred to be critical

intermediate species involved in formation of C2
+ products over a variety of catalysts with very dis-

similar surface chemical properties. For example, a report on methanol oxidation on Ag(110) [176]

described a reaction path that invoked the hemiacetal adsorbate as an intermediate toward the

generation of MF. Later studies utilizing oxide-supported polyoxometalate catalysts suggested a

similar role, where CH3OCH2O* or methoxymethanol serve as a precursor for both MF and DMM

formation (with reaction paths dictated in part by the acid–base properties of the catalyst sur-

faces). [104] Methoxymethanol has also been inferred to be a critical surface-bound intermediate

during methanol oxidation over Al2O3-supported Pd catalysts, a system that was associated with

near-100% selectivity toward MF. [101] Although these studies interpreted MF production as evi-

dence of methoxymethanol or CH3OCH2O* formation, neither species was observed experimentally.

Our observations add evidence for the generation of CH3OCH2O* and for the competition between
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its oxidation to MF and its hydrogenation to methoxymethanol, where the latter pathway gains

flux at the expense of the former with increasing methanol concentration.

Motivated by our operando observations of the near-surface gas-phase composition, along with

previous work suggesting that methoxymethanol and hemiacetal are central to the selective gener-

ation of methyl formate, [101,160] we performed calculations using density functional theory to

examine the energetic feasibility of these steps on Pd(111) surfaces. Details of the computational

methods used are provided in the Appendix 4.3.5. X-ray diffractograms indicate that the polycrys-

talline Pd films used here were highly (111)-oriented (Figure 4.9), and (111) is the lowest-energy

facet of Pd.

In prior accounts that infer its role in methanol oxidation reaction pathways, methoxymethanol

formation first requires the generation of surface-bound formaldehyde (HCHO*). Pd-rich sur-

faces are known to have low energy barriers to O2 dissociation. [28,128,195] On metal surfaces,

chemisorbed oxygen (O*) is commonly suggested to facilitate both methanol activation to CH3O*

and the generation of HCHO* through H elimination of CH3O*. [190] Figure 4.5 depicts the change

in Gibbs free energy over the reaction coordinate for the steps described above from the initial state

of a Pd(111) surface with adsorbed HCHO* and CH3O*. Surface coupling occurs through inter-

action of the electron-dense oxygen in CH3O* and the electron-deficient carbon in HCHO*, which

results in CH3OCH2O*. Dehydrogenation of both CH3OCH2O* [160] and methoxymethanol [101]

has been invoked for the production of MF. Dehydrogenation of CH3OCH2O* to MF is presumed

to occur here oxidatively through abstraction by O* because it has been shown that chemisorbed

oxygen plays a crucial role in MF generation over supported [185] and unsupported [74] Pd. We

presume the formation of methoxymethanol from CH3OCH2O* originates from hydrogenation by

nearby H* species; other hydrogenation pathways may be possible but were not considered in this

study. Overall, these results imply that desorption of methoxymethanol is feasible in the exper-

imental conditions. The known sensitivity of these reactions to coverage of chemisorbed species

suggests that further insights could be generated by a detailed microkinetic model, which is beyond

the scope of this Letter.

Extension to Additional Catalytic Systems and Conclusions. As discussed above, Pd-based cat-

alysts, including oxide-supported Pd nanoparticles, [21, 30, 34, 101, 150, 171, 184, 186, 187] are

84



Figure 4.5. DFT-calculated Gibbs free energy change over the reaction coordinate
for formation of methoxymethanol and methyl formate through coupling of adsorbed
methoxy and formaldehyde. See Appendix 4.3.5 for details.

among the most commonly investigated materials for selective methanol oxidation. AuxPdy alloys

are also frequently employed as active components in catalysts for this reaction [28,36,177,182,

188] because the high miscibility of Au and Pd yields a wide composition space that can be used

to control the binding strengths/interactions of adsorbates–through both ligand and ensemble ef-

fects [44]–which can be leveraged to optimize yields of desired products. Motivated by these prior

reports, and to ensure that our observation of methoxymethanol extends to systems consistent

with those used in the literature, we performed a series of isothermal catalysis experiments on ad-

ditional Pd-containing catalysts: AuPd, AuPd2, Au2Pd, and MgO-supported Pd. Using MBMS to

probe the near-surface region during reaction, these experiments confirmed that methoxymethanol

is formed when each of these catalysts is used (Figure 4.10). Figure 4.10 also includes a rep-

resentative spectrum recorded with use of Ag, a catalytic system we recently investigated using

near-surface MBMS, [200] which shows clearly the formation of near-surface methoxymethanol.

These observations reinforce the finding that methoxymethanol is a universal product of methanol
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oxidation when Pd-based catalysts are used, and suggest that this species is produced with use of

other material systems as well.

To highlight the important relationship between catalyst composition and the generation of

methoxymethanol and other C2
+ products, we performed temperature-dependent MBMS studies on

AuPd and AuPd2. Figure 4.6 provides the resulting signals associated with methoxymethanol and

MF, represented as a bar chart, for Pd, AuPd2, and AuPd catalysts. In this chart, the integrated

product peaks were SF(T)-corrected and divided by the integrated signal for CO2 to normalize for

selectivity with respect to the competing side reaction of complete methanol oxidation, in both

a low local methanol conversion regime (1–3%) and moderate local conversion regime (10–12%).

Here, local conversion (ηlocal) is adapted from a definition used previously [117] to represent the

percent decrease in methanol concentration resulting from its consumption by reaction at the

position of the sampling nozzle (see Appendix 4.3.5 for definition). Within each panel (i.e., for the

indicated species–methoxymethanol or MF), ratios of product signals among catalysts and between

local conversion regimes can be quantitatively analyzed. Temperature dependences of ion signals

associated with use of AuPd and AuPd2 are provided in Figure 4.11.

Analysis of product speciation in the low-temperature (low conversion) regime shows a tendency

toward greater selectivities toward oxygenates (reflected by greater oxygenate/CO2 ratio) than at

higher temperatures, which facilitate deeper oxidation toward CO2, as expected. Interestingly, the

amounts of methoxymethanol and MF produced with respect to CO2 follow the same trend across

the catalysts examined (AuPd2 > AuPd > Pd). This greater selectivity toward oxygenates versus

CO2 associated with AuPd2 catalysts is notable, and we will explore the mechanism behind this

observation in the future. Overall, these similar trends over different catalyst surfaces provide some

additional evidence that methoxymethanol and MF production are related through the mechanistic

steps described throughout this Letter.
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Figure 4.6. Ion signals associated with near-surface gas-phase methoxymethanol
(top) and methyl formate (bottom) during methanol oxidation over Pd, AuPd2,
and AuPd, represented by respective integrated SF-corrected species signals di-
vided by that of CO2. Results from analyses of both the low-temperature regime
(120–140 °C), associated with a local methanol conversion range of 1–3%, and from
a higher temperature regime (180–200 °C), associated with a local conversion range
of 10–12%, are included. P = 600 Torr; reactant feed ratio CH3OH/O2 = 0.07;
sampling nozzle located 500 µm above the surface; 17 eV electron energy.

4.3.4. Conclusions. The findings in this Letter motivate future studies to investigate the

role of catalyst composition and structure on methoxymethanol yields, as well as more in-depth

analyses of the role of this intermediate within the methanol oxidation reaction network. More

generally, the presented results imply that the primary products of oxygenate coupling events

during methanol oxidation catalysis may not be reflected in the compositions of reactor effluents

analyzed through conventional methods. Efforts to design new methanol oxidation catalysts and

to develop microkinetic models describing the reaction network should account for the formation,
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desorption, adsorption, and surface reactions of methoxymethanol. These insights will contribute

to ongoing efforts to optimize catalytic systems for conversion of methanol to targeted chemicals

with improved selectivity and yield.

4.3.5. Appendix.

4.3.5.1. Experimental Methods. Molecular-beam time-of-flight mass spectrometry

A schematic representation and details of the MBMS system used for near-surface species

detection have been provided in previous publications. [122,200]

Briefly, the instrument consists of a reactor chamber that is connected to a high-resolution

reflectron time-of-flight mass spectrometer (RTOF-MS) via a quartz sampling probe. A molecular

beam is obtained by a two-stage pumped vacuum system providing a sudden pressure drop from

near-atmospheric pressure in the reactor to high vacuum conditions (10−6 Torr) in the ionization

chamber. This molecular beam, which prevents any further interactions among molecules, improves

the detection capabilities of the local measurement to such a level that even highly reactive species,

such as free radicals, can be detected.

The temperature-corrected integrated ion signal is a function of the partial pressure of the feed

gases at a certain position, d, and can be formulated as:

(4.1) Si[E, d, T s, T g(d, T s)] = const×SF (T g)×xi(d, T
s, T g)×SW×Di×ϕ×

∫
σ ×f(E − E

′
)dE

′

where xi(d, T
s, T g) is the mole fraction of species i, SW is the number of sweeps, Di is the mass

discrimination factor, ϕ is the number of ionizing electrons per unit time, E is the most probable

energy of the ionizing electrons, d is the distance of the probe from the surface, Ts is the surface

temperature, Tg (d,Ts) the gas-phase temperature, const and SF(Tg) are an instrument and a

gas-phase temperature-dependent sampling function, respectively. σi (E) is the ionization cross

section, and f(E-E
′
) is the energy distribution function of the ionizing electrons.

Reactor conditions

Conditions were described in a recent publication. [200] Catalysts were secured to boron nitride

electric heaters in the reactor chamber. A thermocouple was attached to the surface of the film

to record temperature. The pressure of the reactor chamber was kept at 600 Torr and methanol

vapor was flowed through the reactor by bubbling N2 through liquid methanol maintained at room
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Figure 4.7. Representative mass spectrometry results during flow of
dimethoxymethane. (a) Spectrum recorded with 17 eV electron energy; (b)
Electron energy dependence of signals of m/z 45 and 75.

temperature. The value of ηlocal was calculated by of ηlocal=((XM,RT −XM,T ))/XM,RT , where XM

is the integrated temperature-corrected ion signal of methanol, and RT and T refer to measurements

made with the sample at room temperature (at which no reaction occurs) and the sample at reaction

temperatures, respectively.

Representative energy-dependent ion signals: dimethoxymethane

Figure 4.7 provides representative mass spectrometry results during flow of dimethoxymethane

showing fragment ions from dissociative ionization at electron kinetic energy 17 eV (Fig. 4.7a) and

the electron kinetic energy dependences of the signals for these primary fragment ions (Fig. 4.7b).

Correction of ion signals

Gas calibration facilitates determination of the quantity const×SF (T g)×xi(d, T
s, T g)×SW ×

Di × ϕ ×
∫
σ ×f(E − E

′
)dE

′
with a pre-set number of sweeps. Equation 4.1 can be simplified to

Equation 4.2 below by comparing the signals to those of a reference species j:

(4.2)
Si

Sj
=

xi
xj

× Di

Dj
×

∫
σi ×f(E − E

′
)dE

′∫
σj ×f(E − E′)dE′ =

xi
xj

× k i
j
(E) =

ni

nj
× k i

j
(E)

Where i
j
(E) in 4.2 is an energy-dependent calibration factor that can be used to compare

the signal to that of a reference species quantitively. Figure 4.8 provides representative results

from experiments with known species compositions that have been referenced to an inert gas (N2)
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Figure 4.8. Cold gas calibrations. Integrated ion signals as a function of electron
energy for different gases referenced to an inert gas (N2).

to calculate the calibration factors for each of the indicated species. Independent measurements

were performed for electron energies between 8-20 eV. The energy-dependent calibration factor was

obtained by dividing each of the product signals to that of the reference species N2.

Catalyst synthesis and reaction conditions

The metal and metal alloy films were sputtered using a commercial magnetron sputtering sys-

tem (AJA International) onto single-crystal Si (001) (University Wafer) held at 200 °C. Prior to

deposition, a 500-micron thick silicon disk was cut into 7×30 mm pieces. The pieces were sequen-

tially rinsed with Milli-Q water and acetone and air-dried. Pd and Au targets (AJA International,

Inc.; 99.99%) were used for the deposition of polycrystalline metal layers. Films with a thickness of

150 nm were deposited by DC magnetron co-sputtering. The deposition rate was measured through

control experiments by placing a quartz crystal microbalance in the exact position of the sample

holder, with deposition occurring in identical conditions. The compositions of the metal films were

controlled by varying the DC power and the deposition time. To enhance the adhesion of the metal

layer, the Si substrate was lightly sputtered with Ar+ to remove the native Si oxide and a 5 nm

Ti underlayer was deposited prior to catalyst deposition. The deposition was performed in an Ar

atmosphere with pressure controlled at 5 × 10-3 torr. Pd/MgO (1 wt%) was prepared by wet

impregnation, adapting a procedure described in a previous report. [10] Briefly, acidified PdCl2

solution (with dilute HCl) was injected and stirred into a solution of containing MgO nanoparticles
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Figure 4.9. X-ray diffractograms associated with Pd films deposited on Si(001)
used in this study, compared to a reference PdO film deposited with reactive O2 in
the background.

(100 nm) at 50 °C for 5 h. The resulting catalyst paste was dried in an oven overnight. The catalyst

later was calcined at 700 °C for 6 h under O2/N2 (1/4) flow.

4.3.6. Additional Results.

4.3.6.1. X-ray diffraction. Figure 4.9 provides X-Ray diffractograms for Pd films utilized in this

study.

4.3.6.2. Mass spectrometry. Figure 4.10 provides representative mass spectra associated with

methanol oxidation in experiments using the other catalysts considered in this report. The presence

of methoxymethanol is evident.

Figure 4.11 provides the temperature dependences of the integrated ion signals associated with

the reaction over AuPd and AuPd2 catalysts.

4.3.6.3. Calculations Using Density Functional Theory. Periodic DFT calculations were per-

formed using the Vienna Ab-initio Simulation Package (VASP) using a plane-wave cut-off of 400

eV, a 4 × 4 × 1 Monkhorst-Pack k-point mesh, and the revised Perdew-Burke-Ernzerhof (RPBE)
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Figure 4.10. Representative mass spectra between m/z = 55-65 recorded in the
near-surface region above other catalysts considered in this report, in conditions
similar to those presented in the main text. Ag is included for reference and is
associated our previously published results. [200]

functional. [84,85,86,87,153] The Atomic Simulation Environment [94] code was used in combina-

tion with VASP. Electronic cores were represented with PAW PBE pseudopotentials. [88] Geometry

optimizations were performed until the force on each atom was < 0.05 eV Å−1 and the energy con-

vergence criterion of 1×10−6 eV was reached. A Pd(111) surface was modeled using a 3 × 3 × 4

slab; the bottom two layers of the slab were constrained while the top two layers were allowed to

relax. A vacuum of 12 Å was utilized to prevent spurious interaction between periodic images of the

structures. Transition states were determined using a combination of the climbing nudged elastic
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Figure 4.11. Temperature dependences of integrated ion signals of CO2
+, H2O

+,
C2H4O2

+, C2H5O2
+ associated with oxidative methanol conversion over (a) AuPd

and (b) AuPd2. P = 600 torr; reactant feed ratio CH3OH/O2 = 0.07; inlet nozzle
located 500 µm above the surface.

band [63] and dimer methods. [62] Vibrational modes and frequencies were determined using the

finite difference method to calculate the Hessian matrix. Vibrational calculations were performed

until the force on each atom was < 0.05 eV Å−1 and the energy convergence criterion of 1×10−7 eV

was reached. Free energies were calculated using the harmonic approximation. Key DFT-optimized

geometries of atomistic models are shown in Figure 4.5 in the main text. Reaction barriers and the

free energy differences are displayed in Table 4.1.
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Table 4.1. Reaction barriers and the free energy differences associated with Figure
3 in the main text.

Mechanism ∆E‡
DFT ∆Etot

DFT ∆G‡
120◦C ∆Gtot

120◦C
CH3O* + CH2O* ↔ CH3OCH2O* 0.23 -0.42 0.49 0.00

Methoxymethanol formation CH3OCH2O* + H* ↔ CH3OCH2OH* 0.67 -0.52 0.70 -0.34
CH3OCH2OH* ↔ CH3OCH2OH + * - 0.03 - -0.05

CH3OCH2O* + * ↔ CH3OCHO* + H* 0.15 -1.17 0.06 -1.64
CH3OCH2O* + O* ↔ CH3OCHO* + OH* 0.59 -1.31 0.47 -1.55

Methyl formate (MF) formation CH3OCH2O* + OH* ↔ CH3OCHO* + H2O* 0.37 -1.63 0.30 -2.08
CH3OCHO* ↔ CH3OCHO + * - 0.05 - -0.02

* Indicates a surface-bound species or a bare Pd site ∆E‡
DFT = transition state – initial state

(calculated at 0 K with no ZPE correction) ∆Etot
DFT = final state – initial state (calculated at 0 K

with no ZPE correction) ∆G‡
120◦C = transition state – initial state (calculated using the harmonic

approximation) ∆Gtot
120◦C = final state – initial state (calculated using harmonic approximation)
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4.4. Appendix

4.4.1. Oxidative coupling of methane. After adapting the near surface gas-phase diagnos-

tic techniques to oxidative coupling of methane reaction, we tested our system with a well-studied

OCM catalyst, Li/MgO, to contrast MBMS data (at Sandia) with the data collected in a tubular

reactor coupled to a gas chromatography (at UC Davis). Reaction conditions involving feed ratio,

temperature and space velocity was aimed to be consistent for a reasonable comparison. Figure

4.12 shows the MBMS spectrums at different total flow rates of methane-oxygen mixtures.

Figure 4.12. Representative mass spectra between m/z = 27-30 recorded at dif-
ferent flow rates in the near-surface region above Li/MgO. P = 600 torr; T = 700
°C; Reactant feed = Ar (85%), CH4 (10%), O2 (5%); inlet nozzle located 500 µm
above the surface.

An optimum total flow rate (0.3 L/min) was determined and the further experiments were

performed at this flow rate. Figure 4.13 demonstrates the temperature dependence of OCM reaction

for methane coupling and oxidation products. Preliminary data collected here well agreed with

the data obtained with in a tubular reactor which indicates the competence of modified MBMS
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technique for the OCM reaction. Yet, future studies are needed for gaining more mechanistic

information regarding the OCM reaction including detecting the radicals and more exotic species.

The experiments are still in progress and promising results are expected to be produced soon.

Figure 4.13. The surface temperature dependence of the integrated mass spectral
signal for methane oxidation products CO and CO2 and methane coupling products
C2H4 and C2H6.
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CHAPTER 5

Conclusion

The need for developing technologies to utilize the natural gas sources more efficiently has

accelerated the researches on the direct conversion methods of light alkanes. Three different cataly-

sis systems that consist liquid-phase thermal (homogeneous), electrochemical (heterogeneous) and

gas-phase thermal (homogeneous and heterogeneous) catalysis have been proposed as the direct

conversion routes for upgrading light alkanes presence in natural gas. Here in this dissertation,

we have explored various light alkane activation systems by engineering the required experimental

set-ups which contributed to the content of this thesis and will potentially contribute to the future

success of upcoming studies in our laboratory. We first started with a relatively simple system,

which requires a catalyst slurry (AuPd) and a strong oxidant (H2O2), is well covered in Chapter 2.

Derived from the main results, we proposed that the continuous supply of low concentrated H2O2

to the reactor system might be able to make the overall process of direct light alkane upgrading

industrially viable. As a follow up study, at the beginning of Chapter 3, a highly H2O2 selective

electrocatalyst was designed to serve the purpose of efficient H2O2 production. The requirement

of a well designed reactor for coupling H2O2 production and light alkane oxidation inspired us to

benchmark our abilities for the fundamental analysis of electrochemical methane oxidation which

later helped the design of hybrid (thermal and electrochemical) reactor (1.4) as mentioned above.

Chapter 3.3 presents the results obtained from the investigation of Pt suface with methane under

an electrochemical potential. Our Operando SEIRAS and cyclic voltammetry experiments revealed

that the defects or step-edges over the polycrystalline Pt surface are the active sites for the initial

C-H bond activation. This hypothesis was supported by investigating the effect of various poten-

tials and pHs on the oxidation of methane. The studies performed in Chapter 2 and 3 could serve

as the basis for experimental approaches to develop optimized the conditions for the liquid-phase

light alkane upgrading and accordingly might benefit the future studies.
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In Chapter 4, we proposed to investigate a rather complex system named as oxidative coupling

of methane. To fill the fundamental knowledge gap in the field of OCM, we have collaborated

Sandia National Laboratories. 2-D laser-induced fluorescence (LIF) and molecular beam mass

spectrometry (MBMS) were employed for the near-surface gas-phase analysis over a catalyst surface.

First, these two techniques were optimized and tested for partial methanol oxidation on Ag surface.

The output of this study motivated us to investigate the same reaction on different metal surfaces.

Accordingly, a magnetron sputtered Pd was prepared and investigated for methanol oxidation. A

significant intermediate, methoxymethanol, was probed by the MBMS measurement. The effects

of different temperatures and feed ratio were also investigated to further understand the role of

methoxymethanol in the overall reaction network. We believe that these insights will contribute

to ongoing efforts to optimize catalytic systems for partial oxidation of methanol. Further studies

on partial oxidation of methanol were also performed on supported catalyst but the current results

were not included in this dissertation. As stated before, the overall system was tested and prepared

to perform experiments for oxidative coupling of methane. Our initial results on OCM showed

the applicability of these near-surface diagnostic techniques on a complex reaction as OCM. We

are currently tuning our system for the detection of radicals and more interesting intermediates

presence in the near-surface gas region during OCM. These insights would significantly improve the

understanding of the fundamentals of OCM reaction and serve a great value for engineering new

catalysts.
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