University of New Mexico

UNM Digital Repository
Nanoscience and Microsystems ETDs

Engineering ETDs

Fall 11-1-2017

Incorporation of Catalytic Modalities for Forming
of a Catalytic Cascade
Albert T. Perry III
University of New Mexico - Main Campus

Follow this and additional works at: https://digitalrepository.unm.edu/nsms_etds
Part of the Biomedical Engineering and Bioengineering Commons, Chemical Engineering
Commons, and the Nanoscience and Nanotechnology Commons
Recommended Citation
Perry, Albert T. III. "Incorporation of Catalytic Modalities for Forming of a Catalytic Cascade." (2017).
https://digitalrepository.unm.edu/nsms_etds/44

This Dissertation is brought to you for free and open access by the Engineering ETDs at UNM Digital Repository. It has been accepted for inclusion in
Nanoscience and Microsystems ETDs by an authorized administrator of UNM Digital Repository. For more information, please contact
disc@unm.edu.

Albert T. Perry III
Candidate

Nanoscience and Microsystems
Department

This dissertation is approved, and it is acceptable in quality and form for publication:
Approved by the Dissertation Committee:

Dr. Plamen Atanassov, Chairperson

Dr. Fernando Garzon

Dr. Ivana Gonzales

Dr. Sofia Babanova

Dr. Gautam Gupta

i

Incorporation of Catalytic Modalities for Forming of a Catalytic
Cascade

by
Albert Perry III
B.S. Biology,
University of New Mexico, 2010
B.A. Political Science,
University of New Mexico, 2010

DISSERTATION

Submitted in Partial Fulfillment of the
Requirements for the Degree of

Doctor of Philosophy
Engineering
The University of New Mexico
Albuquerque, New Mexico

December 2017

ii

© Copyright 2017 by Albert Perry III

iii

Dedication
For all my family and friend who have stood by me through the years and helped me to
pursue greater and greater challenges.

To my mom, Debra Perry, who worked very hard and sacrificed everything to raise me
and set me on a path that has led me to this point.

iv

Acknowledgements
First and foremost, I would like to thank my advisor, Prof. Plamen Atanassov. From the
first time I approached you about working on your team, you were encouraging and
supportive. Your guidance over these past 4 years has truly helped me develop not only as
a researcher, but as an individual. I have greatly enjoyed conducting research under your
guidance. You have consistently reminded me that there is so much more to learn. I would
also like to thank Ivana Gonzales. You helped and provided guidance about research, paper
writing, and presentations when I needed it. I appreciate all our chats and I feel I am a better
presenter, writer, and researcher from them. I would also like to thank Sofia Babanova.
You believed in me at the beginning of graduate school and helped me grow my passion
for electrochemistry. I will never forget how excited and involved you were about our
research.
I would also like to thank my dissertation committee: Drs. Plamen Atanassov, Ivana
Gonzales, Sofia Babanova, Fernando Garzon, Gautam Gupta, and Shelley Minteer for
their time and effort in providing feedback and evaluating my comprehensive and
dissertation preparing me for graduation.

v

Incorporating Inorganic Catalytic Modalities for Forming of a Catalytic
Cascade
By
Albert Perry III
B.S., Biology,
University of New Mexico, 2010
B.A. Political Science,
University of New Mexico, 2010
Ph.D. Nanoscience and Microsystems Engineering,
University of New Mexico, 2017

Abstract
As climate change progresses, the temperature on Earth is continuing to rise. According
to the International Panel on Climate Change, the average temperature on Earth will
increase by several degrees Celsius by the end of this century, which can lead to
inhospitable temperature, decline in oceanic environments as well as increasingly severe
weather. This increase is mainly anthropogenic due to our continual, exponential release
of CO2 by the utilization of traditional fuels. Thus, there is an ever-pressing need to develop
alternative energy sources.
While there is significant attention on large-scale energy production, small-scale
energy sources also need to be considered. To address this, we need to further develop
techniques that efficiently and completely extract energy through oxidation of given
substrate by harvesting electrons at each step of the process. Efficient oxidation of a
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substrate has been demonstrated by nature through metabolons, such as those found in the
TCA cycle. By observing these metabolons, it has been shown that intermediates are
guided from one catalytic site to another in what has been termed substrate channeling.
Building on this, there is an interest in replicating metabolons and substrate channeling
utilizing different catalyst types, such as inorganic, enzymatic, and molecular catalysts.
Each of these catalysts offers their own benefits, such as the ability to function in extreme
conditions, selectively targeting a substrate, or having predictable redox mechanisms. To
further research the incorporation of these modalities into a cascade reaction, this
dissertation explores several inorganic catalysts for the sequential oxidation of organic
substrates. Specifically, exploring how a biomimetic catalyst (Mn-aminoantipyrene), Pt
and Pt alloys, as well as Pd combined with a Mn-N-C catalyst oxidize intermediates in the
glycerol oxidation cascade.
The MnAAPyr catalyst,designed to mimic the reactive centers of oxalate
decarboxylase (OxDC) and oxalate oxidase (OxOx) showed high activity towards the
oxidation of oxalic acid with onset potentials of 0.714±0.002 V vs. SHE at pH = 4. OxOx
and OxDC are Mn containing enzymes, in which Mn is surrounded by nitrogen atoms in
the form of histidines. As such, MnAAPyr was synthesized utilizing the Sacrificial Support
Method developed at the University of New Mexico and is shown to be a nano-structured
material in which Mn is atomically dispersed on a nitrogendoped graphene matrix.
Pt, PtSn (1:1), PtSn (19:1), PtRu (1:4), PtRuSn (5:4:1), and PtRhSn (3:1:4), were also
synthetized using the Sacrificial Support Method and tested for oxidation of oxalic acid at
pH 4. PtSn (1:1) and PtRu (1:4) showed higher mass activity than Pt and the other alloys.
These two, along with one of the worst performing catalysts, PtSn (19:1), were further
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analyzed for oxidation of oxalic acid at different pHs and concentrations. The results of
these measurements showed the same increase in catalytic activity with decreased pH and
a decrease in onset potential at more alkaline conditions. PtSn (19:1), PtSn (1:1), and PtRu
(1:4) also showed a positive linear dependence of the generated current as a function of the
concentration of oxalic acid.
Literature has shown that Pt is very susceptible to CO poisoning when oxidizing formic
acid. As such, other more resistant, inorganic catalysts must be considered. A Pd and MnN-C hybrid catalyst (Pd/Mn-N-3D-GNS) were tested for the oxidation of glycerol
intermediates: glyoxalic acid, mesoxalic acid, oxalic acid, and formic acid. The
measurements show that when compared to Pd and Mn-N-C separately, Pd/Mn-N-3DGNS showed a decreased onset potential towards the oxidation of mesoxalic acid. The
hybrid catalyst also showed increased maximum currents from the oxidation of oxalic acid
when compared to Pd and Mn-N-C. It is also shown that Pd and Mn-N-C oxidize formic
acid differently. Pd oxidizes formic acid via dehydrogenation pathway, while Mn-N-C
oxidizes via the less desired dehydration pathway.
Developing from the knowledge we have gained through the study of inorganic
catalysts, Pd was selected to be incorporated with an enzymatic catalyst (OxDC) for a twostep cascade. Within this cascade, OxDC oxidizes oxalic acid to formic acid, which is then
oxidized to carbon dioxide by Pd. To ensure co-localization, OxDC is immobilized onto a
macro-porous graphene support by 1-pyrenebutanoic acid succinimidyl ester (PBSE). A
novel deposition technique was developed to co-localize these catalysts and tested utilizing
UV-VIS and electrochemical measurements.
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Chapter 1: Introduction
1.1 Motive and Applications
According to the International Panel on Climate Change, backed by the scientific
community, the average temperature on earth will increase by several degrees Celsius by
the end of this century, which can lead to inhospitable temperatures, decline in oceanic
environments as well as increasingly severe weather 1-2. This increase is widely accepted
among the scientific community as anthropogenic due to our continual, exponential
increase of CO2. If left unaddressed, CO2 emissions are expected to increase by a factor of
10 by 2010 3.
The need to fuel our growing energy market is greater now than ever before. As our
technology advances, more and more people are powering small devices for
communication, internet, bio-analysis, etc. These devices pull electricity off the energy
grid, which is largely comprised of coal, natural gas, and nuclear power. Alternative
sources of fuel for these devices should be considered and the utilization of organic
substrates, such as a sugar, can decrease the carbon footprint of each battery replaced in
this fashion.
While many of these biologically derived fuels, such as biodiesel, emit CO2, overall
the emission can be carbon neutral as the sources of fuel are produced from carbon sources
in the atmosphere 4. Many plant and animal fats and oils can be utilized for energy
production and there have been great developments in the production of biodiesel fuels by
plant life 5. There is an interest in utilizing bio-sources, such as glucose synthesized via
photosynthesis, to power small devices. Therefore, this dissertation will focus on the
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utilization of organic substrates as energy sources and how modern technology can mimic
nature to utilize these high-energy dense molecules.

1.2 Substrate cascades
The high-energy density, availability, and low cost of carbohydrates, such as alcohols
and sugars, make them a promising bio-fuel source. While small organic molecules, such
as formic acid, can be oxidized on inorganic catalysts such as Pd, Pt, and alloys such as
PdNi, PtRu, and PdAu 6-13, larger carbohydrates, such as glycerol, are difficult to oxidize
and often lead to inefficient utilization 14-15. To truly maximize the oxidation efficiency and
take advantage of the energy density of these large organic molecules, we must first
understand their oxidation processes occurring in nature.
Enzymes have evolved into highly selective catalysts that work in a variety of
biologically relevant environments. Over eons, these bio-catalysts have come together to
form complexes, termed metabolons, to completely metabolize complex organic
substrates, such as carbohydrates, fats and proteins. A well-known example of a metabolon
is seen in the Krebs cycle. Within this cycle, acetyl-CoA, a product of the degradation of
fats and carbohydrates, is oxidized to CO2 through a sequence of eight subsequent reactions
by 8 proteins (Figure 1)16.
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Figure 1: TCA cycle metabolon reaction cascade taken from Sokic-Lazic and Minteer 16.

Within this cascade, chemical energy is stored in the form of adenosine triphosphate
(ATP), a high-energy compound. ATP is then utilized in a variety of metabolic and
enzymatic processes, such as the replication of deoxyribonucleic acid (DNA), ribonucleic
acid (RNA), and protein synthesis.
To efficiently guide intermediates from one catalytic site to another, metabolons often
utilize substrate channeling; which is defined as the controlled diffusion of a product of
one reaction to another catalytic site. Substrate channeling is extremely important for
metabolons as it offers several benefits which can include increased concentrations of the
substrates at the catalyst, decreased migration time of intermediates to a second catalyst,
protecting labile intermediates, and prevent loss of intermediates into the bulk solution
caused by diffusion 17-19. Without a mechanism in place to prevent the loss of intermediates,
3

guiding molecules from one reaction to another would be extremely difficult as diffusion
tends to be fast compared to the kinetics of a reaction 18.
Substrate

channeling

can

be

broken

down

into

four

mechanisms:

1)

compartmentalization and intramolecular tunnels, 2) spatial organization, 3) chemical
swing arm, and 4) electrostatic forces

18, 20-24

. Compartmentalization and intramolecular

tunnels physically constrict the movement of an intermediate by placing structural
diffusional walls, such as micelles, organelles, and tunnels 20, 25-27. Spatial organization is
the localization of catalysts/active site close enough (<5nm) to limit diffusion 28. Chemical
swing arms use long polymer chains with a functional group at the end that can act as an
interceptor for certain products, such as hydrogen, to be donated in a second reaction next
to the same arm 29-30. The fourth type of substrate channel uses electrostatic forces to guide
an intermediate from one catalyst to another 22, 31-33.
Understanding these mechanisms is extremely important as it can help in the synthesis of
artificial enzymatic metabolons.
When talking about artificial enzymatic metabolons which can lead to high fidelity
biosensors, it is important to mention Joseph Wang’s work. Much of his career has been
dedicated to nanomotors, bioelectronics, and electrochemical biosensors including such
artificial cascades for the design of more complex bio-sensors

34-40

. Dr. Wang has

demonstrated that enzyme cascades can be used for complex, high fidelity bio-sensors
outputting AND, OR, NOR, etc responses 34, 41-42. In 2010, he published a communication
utilizing nitroreductase, horseradish peroxidase, acatlycholinesterase, and choline oxidase
in a biocatalytic cascade for the electrochemical detection of trinitrotoluene and paraoxon
in the form of a NOR logic gate 34. This complex cascade could differentiate between the
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explosive and nerve gas in a YES/NO fashion. Evaluating the outputs of these complex
cascades can be difficult, and while large amount of Wang’s work utilizes electrochemical
techniques, others have grown off of Dr. Wang’s work showing that changes in pH,
absorbance, electrochemisty, and optimics can be used for logic gate evaluation 41-42. From
the knowledge Dr. Wang and others have developed over the years, we can imagine that
the next step for the development of cascades is incorporation of multiple catalytic
modalities.
Introducing other catalyst types, such as molecular and inorganic, can offer unique
catalytic properties to a synthetic metabolon. For instance, inorganic catalysts have a high
catalytic turnover rate while organic catalysts can be easily incorporated with enzymes and
can be non-specific in comparison to bio-catalysts. However, incorporating these new
modalities into a synthetic metabolon is difficult to do and has yet to be widely
accomplished. In fact, the incorporation of inorganic catalysts within a substrate channeling
cascade has not been done as of this dissertation. To achieve this goal, more research is
required for the hybridization of enzymatic catalysts with other catalyst types. The hope is
to achieve more complex catalysts and decrease the diffusional distance between catalysts
by mimicking channeling in metabolons.

1.3 Importance of catalyst variety in synthetic cascades
Proteins within a metabolon work together to completely oxidize a compound;
however, if the process is not complete, the efficiency at which the substrates are oxidized
is significantly decreased. The Minteer group conducted an experiment on the Kreb’s cycle
in which they selectively added enzymes in sequence and measure the electrochemical
activity. As figure 2 shows, the addition of each new enzyme in the sequence corresponds
5

to an increase in observable power, with the addition of the final enzyme showing a three
times jump in power
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. The avoidance of substrate inhibition, where the product of an

enzymatic inhibits the enzyme, is attributed to the increase in power as all intermediates
are oxidized. Alternative catalysts, such as organic and inorganic, can be considered as
replacements for some of these enzyme complexes helping to reduce the need for a full
metabolon complex to eliminate substrate inhibition. By incorporating these with enzymes,
we can also take advantage of each catalysts unique properties.

Figure 2: Power curves representing bio-fuel cells with different number of enzymes in a cascade.
Taken from Sokic-Lazic and Minteer 16.

Enzymes have several properties that have made them valuable catalysts for academic,
analytical, and industrial applications. These catalysts are selective, with evolved reaction
mechanisms, and can operate in mild environments. Enzymes also do not require an applied
potential, compared to most electrochemical catalysts, and have a relatively low cost of
production. However, enzymes have two large drawbacks: they are highly sensitive to
changes in pH, temperature, and pressure. These limitations allow for exciting
opportunities in which other catalyst types, such as inorganic and organic, can be
incorporated with bio-catalysts.

6

Incorporating new catalytic modalities with bio-catalysts is not an easy task. There are
several challenges associated with creating a hybrid catalyst for sequential or concurrent
reactions, including pH balance, competing reactions, and successful co-localizations. pH
is a major issue as catalysts are very efficient at certain pH ranges and completely inactive
at others. Competing reactions, where both catalysts catalyze the same reaction in the same
environment leading to different products, is also a severe issue when incorporating
different catalytic modalities. While this is the desired result for parallel reactions,
competing reactions lead to difficulties when designing catalytic cascades. An extensive
research in incorporating different inorganic and organic catalysts into cascades is needed
to ensure that the catalysts activity does not overlap.
Organic catalysts offer a unique way to oxidize compounds, do not require an applied
potential to catalyze, can work in a variety of environments depending on the molecule,
and can be readily combined with other catalysts, such as enzymes. These catalysts can
oxidize a wide range of compounds and are not as selective as enzymes, however they can
be attached to a wide selection of surfaces and incorporated into polymers

43

. The

selectivity and activity of organic catalysts can also be optimized for redox reactions by
modifying their chemical structure. This has been demonstrated with 2,2,6,6tetramethypiperidine-N-oxyl (TEMPO), a stable nitroxyl radical. The oxidation of organic
substrates, such as glycerol, through the utilization of TEMPO can be enhanced by
adjusting pH and/or chemically optimize TEMPO’s structure

14, 43-44

(Figure 3). Figure 3

illustrates the change in activity from homogenous catalytic TEMPO to TEMPO-NH2 as
well as the activity of oxalate oxidase (OxOx), showing that molecular catalysts can be
tailored for specific pH ranges by modifications to the organic catalyst structure. The

7

integration of TEMPO with OxOx can create an efficient hybrid catalyst that works within
similar pH ranges and with higher activity.

Figure 3: Graph taken from Hickey et al. 14, illustrating the pH profiles for TEMPO (black diamonds),
TEMPO-NH2 (black circles), and oxalate oxidase (blue circles). The Green section illustrates that pH range
in which the activity of OxOx and TEMPO-NH2 overlap.

While organic catalysts can be beneficial, there are several drawbacks. The pH of the
system is especially important as organic catalysts will become completely inactive due to
their pKa. Optimization can also take a significant amount of time to accomplish as
changing the structure influences how the catalyst interacts with the environment, such as
pKa, optimal pH, and kinetics. Deactivation can also be an issue. TEMPO is a prime
example as while it has a high conversion rate for several glycerol intermediates, it must
be electrochemically regenerated to be capable of oxidizing glycerol intermediates any

8

further 14. It has also been shown that organic catalysts, such as TEMPO, are unable to
break oxygenated C-C bonds as they require significant amounts of energy to dissociate.
Inorganic catalysts, supported and unsupported, are the most widely used catalysts.
Majority of these utilize platinum group metals (PGM) and their alloys for the
oxidation/reduction of organic substrates, such as alcohols. The reason for inorganic
catalyst popularity is the unique catalytic properties, which allow the catalyst to operate
over a variety of pHs, pressures, and temperatures. Inorganic catalysts are also extremely
active than majority of enzymes and organic catalysts as it has many active sites.
Inorganic catalysts also have several downsides including non-selectivity, they often
need an applied potential to drive a reaction, and some can be poisoned by certain radicals
if not properly alloyed. On the other hand, the conductivity of some inorganic catalysts
also allows for efficient electron transfer to an electrode via an electrochemical redox
reaction. Currently, inorganic catalyst reactions of interest, such as oxygen reduction
reaction, require H+ or OH- and extreme pHs to maximize protons and hydroxyls. For
example, formate oxidation on Pd has been shown to have the highest activity in very
alkaline conditions as hydroxyl ions are involved in the redox reaction 7, 45. As such, there
is very little literature on inorganic catalyst operating at biologically relevant pHs,
singularly or with enzymes. I will be taking a closer look at this and hybrid enzymaticinorganic catalysts will be further explored within this dissertation.

9

Chapter 2: Problem Statement, Objectives, Specific Aims, and
Work Structure
2.1 Problem Statement
To efficiently harvest electrons from large organic molecules, such as glucose, the
substrate must be oxidized in a sequential and deliberate fashion via an artificial metabolon,
a multi-catalytic structure that facilitates substrate channeling. A key to producing such a
structure is optimization of reaction conditions necessary for catalysts of different
modalities to perform sequential and full oxidation of the substrate. Specifically,
incorporating other modalities, such as inorganic catalysts will allow for unique
functionalities to be introduced, such as high turnover rate and excellent electrochemical
catalytic activity. However, as previously discussed, incorporating two catalytic modalities
together can be difficult. The optimal environment for one catalyst may exclude the use of
another catalyst. As such, pH, ionic strength, catalytic changes associated with
incorporation, and the need for an applied potential must all be determined, for each
catalyst. Catalyst selectively or non-selectivity may also be a problem, as competing
reactions can be problematic. To achieve a catalytic cascade, inorganic catalyst
incorporated with enzymatic catalysts must be investigated extensively for competing
reactions, products, optimized pH, and applied potential for the sequential oxidation of an
organic substrate.
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2.2 Objectives
The overall goal of this research is to develop a multi-catalytic cascade with multiple
catalyst types. The proposed catalytic cascade is illustrated in scheme 1, utilizing the
glycerol oxidation cascade as a model system.

Scheme 1: Illustration of possible molecular (blue), bio-catalyst (green), and inorganic (red) catalyzing
steps for a multi-step cascade cascade. Glycerol (a), glyceraldehyde (b), hydroxyacetone (c1), glyceric acid
(c2), hydroxypyruvate (d), tartronic acid €, mesoxalic acid (f), glyoxalic acid (g), oxalic acid (h), and
formic acid (i)

Since the mechanism for oxidation of glycerol can be different depending on the catalyst,
several intermediates can be produced: glyceraldehyde, hydroxyacetone or glyceric acid,
hydroxypuruvate, tartronic acid, mesoxalic acid, glyoxalic acid, oxalic acid, and formic
11

acid. Within this, molecular catalysts can be primarily utilized at the beginning of the
cascade, followed by enzymatic and inorganic catalysts. The reason for this is to optimize
the cascade mechanism and increase the efficiency of glycerol oxidation. Molecular
catalysts tend to be better catalysts for early steps in the catalytic cascade as they have
lower selectivity than enzymatic catalysts and can operate in biologically relevant
environments. Therefore, they can oxidize a variety of substrates with predictable products,
which can then be targeted by bio-catalytic or inorganic catalysts. It is important that the
bio-catalyst is placed between the molecular and inorganic catalyst as they can then be used
for targeted intermediates within the cascade due to their high selectivity. The products of
the enzymatic catalysts can then be electro-catalytically targeted for the full and complete
oxidation of the substrate. It is important to note that inorganic electro-catalysts need to be
placed towards the end of the cascade as they tend to be highly non-selective and may
inefficiently oxidize a substrate, creating many undesired products, and leaving little to no
products that can be targeted by a molecular or bio-catalyst. By organizing the catalysts in
this manner, it will ensure predictable products are formed for further targeted reactions.
Within this scope, the primary objective of this dissertation is the exploration of inorganic
catalysts in comparison to chosen enzymatic activity to create a sequential reaction where
both catalysts catalyze a mutually exclusive reaction. As it will be described later,
enzymatic and molecular catalysts have been extensively studied previously. Therefore, I
will primarily be focusing on the follow objectives:
1. Inorganic catalyst investigation for organic substrate oxidation at biologically
relevant pHs.
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2. Optimization of the procedure for the incorporation of organic and enzymatic
catalyst using the same support.
3. Testing the ability of the hybrid inorganic-enzymatic system to oxidize two
subsequent reactions in the glycerol oxidation cascade.
As it will be reported later in this dissertation, there is very little literature on inorganic
catalyst performance at biologically relevant pHs. As such, the exploration of inorganic
catalysts will not be limited to formic acid on scheme 1 and possible substitutions for biocatalysts will be explored. By investigating the electro-catalytic activity of inorganic
electro-catalysts towards different intermediates within the glycerol cascade, we can
develop a database of catalysts active towards specific intermediates and drive catalytic
selectivity by an applied potential.

2.3 Specific Aims
2.3.1 Inorganic Catalyst Selection
2.3.1.1 Biomimetic Catalysts: Explore Bio-mimetic catalysts for cascade
Biomimetic catalyst activity towards oxidation of oxalic acid in solution, pH=4, will
be explored. The pH was selected as it is the optimal pH for oxalate oxidation 46-47. The
natural enzymatic catalyst for oxalate is oxalate oxidase and oxalate decarboxylase. The
reaction center within both enzymes comprises of Mn(II)/Mn(III) coordinated to nitrogen
from the surrounding amino acids. Mimicking this, a Mn-N-C catalyst, Mnanimoantipyrene (MnAAPyr) will be explored. MnAAPyr contains mono-dispersed Mn,
which is coordinated to N-C defects in the graphene. As such, this catalyst will be
investigated towards oxalate oxidation and is an excellent start towards to the development
of a hybrid catalyst.
13

2.3.1.2 Complex Inorganic catalysts: Exploring Alloys
More complex inorganic catalysts will be investigated for the oxidation of our model
system to determine activity. Specifically, Pt and PtSn (1:1), PtSn (19:1), PtRu (1:4),
PtRuSn (5:4:1), and PtRhSn (3:1:4) will be explored to determine activity, pH dependence
and concentration dependence of oxalic acid. As previously discussed, optimization of each
catalyst is critical. Understanding pH dependence is needed as oxalic acid will become
deprotonated at pH=1.23 and 4.19. This may drastically affect activity and as such,
ensuring an optimal pH is required. Concentration dependence will also be explored to
determine activity at a variety of concentrations and ensure the solution has an optimal
substrate concentration.

2.3.1.3 Inorganic catalyst hybrid
Hybrid Inorganic catalysts will be investigated. Specifically, Pd nanoparticles
dispersed on a Mn-N containing scaffold will be investigated to determine how these
catalyst’s work together to oxidize the glycerol cascade. This hybrid catalysts will be tested
for activity and selectivity towards oxalic acid, glyoxalic acid, mesoxalic acid, and formic
acid. Being the last four steps in the glycerol cascade, catalytic selectivity is critical. The
complete oxidation of one of these intermediates on an inorganic catalyst is undesirable.
This knowledge will enable potential driven selection for the oxidation of these substrates,
to ensure mutual oxidation on inorganic and enzymatic catalysts.
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2.3.2 Enzymatic and Inorganic catalyst incorporation and cascade investigation
2.3.2.1 Enzymatic Immobilization
Enzyme immobilization on 3D graphene nanosheets (3D-GNS) will be investigated
utilizing a tether. 3D-GNS was previously developed in the Atanassov group as a macroporous scaffold
modalities.

48-49

, which will allow for intermediate diffusion between catalyst

The tether, 1-pyrenebutanoic acid succinimidyl ester (PBSE), will be

investigated to determine if activity towards oxalic acid is still visible from OxDC postimmobilization. OxDC was selected as the most viable enzymatic catalyst for substrate
selectivity, as the product: formate, has potential driven selectivity on Pd. Activity will be
determined utilizing a formate dehydrogenase (FDH) assay in which formate, the product
of oxalic acid decarboxylation, is oxidized, simultaneously reducing NAD+ to NADH,
which can be monitored at 340nm on a UV-VIS.

2.3.2.2 Hybrid Enzymatic-Inorganic Catalyst
The optimal catalyst will be selected and incorporated with an enzymatic catalyst on
the macro-porous 3D-GNS. This will require an incorporation technique development and
optimization. This aim will grow from the knowledge learned in Aim 2.3.1, and incorporate
an inorganic catalyst with an enzyme. Specifically, Pd, which has a potential driven
selectivity towards formate, will be combined with OxDC to oxidize oxalic acid to CO2, in
a two-step reaction which can be monitored electrochemically.
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2.4 Work Structure
To accomplish aim 2.3.1, oxidation of the glycerol cascade will be investigated
utilizing several inorganic catalysts to determine the optimal catalyst. MnAAPyr, Pt and Pt
alloy, as well as Pd will all be investigated for glycerol cascade intermediate activity.
Initially, MnAAPyr will be studied for oxalic acid (100mM) oxidation at pH=4 and will be
evaluated utilizing cyclic voltammetry. Growing from there, Pt, PtSn (1:1), PtSn (19:1),
PtRu (1:4), PtRuSn (5:4:1), and PtRhSn (3:1:4) will be investigated for oxalic acid
concentration dependence as well as pH dependence utilizing cyclic voltammetry. To learn
about the activity, reaction mechanisms and products formed during the reaction, FTIRATR will also be used. Pd catalysts dispersed on Mn-N-C graphene will then be tested for
activity towards the oxidations of glyoxalic acid, mesoxalic acid, oxalic acid, and formic
acid utilizing cyclic voltammetry. These results will then be utilized to determine catalyst
selectivity and potential driven selectivity for these intermediates. Growing from aim 2.3.1
into aim 2.3.2, the optimal catalyst and substrate, within the glycerol cascade, will be
utilized and combined with OxDC on 3D-GNS. To ensure enzyme activity after
immobilizing on 3D-GNS by PBSE, an FDH Assay will be utilized with a UV-VIS. FTIRATR, and Zetasizer for electrochemical activity, reaction products and mechanism, and ink
agglomeration size, respectively. The reactivity will be compared to the activity of the
individual components to determine reactivity on each component and ensure a two-step
reaction.
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Chapter 3: Background and Previous Work
3.1 Enzymatic/Inorganic Hybridization Techniques
Synthetic hybrid catalysts, specifically enzymatic-inorganic catalysts, are of interest as
the combination offers exciting new catalytic capability, such as the combination of the
high specificity of enzymes with the high catalytic turnover of inorganic catalysts.
Combining these bio-catalysts with inorganic particles have been previously demonstrated
in two ways: 1) by co-localization on a support, such as graphene 50, or 2) by hybridization
via interactions between the enzyme and particle 51.
Adsorption of a bio-catalysts onto a support or inorganic particle can be broken down
into two categories: physical adsorption and chemical adsorption. A physically adsorbed
enzyme-support interaction is derived from weak Van der Waal’s forces and electrostatic
interactions. Chemically adsorbed enzymes have a stronger – valence interaction with the
support, such as covalent bonds, which prevents movement and leaching.
Physical adsorption has been demonstrated on hydrophilic and hydrophobic supports,
as well as using surfactants, such as Triton X-100, and through covalent functionalization
of the support

52-55

. Specifically, graphene oxide, carbon nanotubes (CNT), silica, and

aerogels have all been demonstrated as viable supports for bio-catalyst physical adsorption
56-61

. When the bio-catalysts is within proximity of the support, an attraction deriving from

hydrophobic or hydrophilic interactions occurs. The use of surfactants utilizes polar/nonpolar interactions and accomplishes hybridization by utilization of a surfactants unique
polar/non-polar structure. The surfactant molecule will orientate itself in such a way as to
have the hydrophobic portion facing a hydrophobic surface, such as a carbon nanotube 54.
Naturally, the polar portion of the surfactant molecule will be facing outward and the CNT
will become non-covalently functionalized. This allows for the bio-catalyst to adsorb onto
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the polar surface of the CNT-surfactant combination. Covalent functionalization has also
been utilized for bio-catalyst adsorption, with surfaces such as silica and graphene oxide,
typically with a hydroxyl, carboxyl, amine, alkoxy, or methyl groups

58, 62-64

.

Unfortunately, physical adsorption leads to enzyme leaching off the support and many
groups have looked at alternative methods for protein adsorption.
Bio-catalysts have also been demonstrated to physically adsorb onto inorganic
particles, such as TiO2 and Ag, for use in substrate guidance, enzyme orientation, catalysis
and analytical purposes, such as surface-enhanced Raman scattering (SERS) 51, 65-68. These
interactions rely on electrostatic forces between opposite charges of groups on the enzyme
or inorganic particle. In many cases, anionic ligands are utilized to stabilize inorganic nanoparticles(NP) 51. Majority of utilized ligands are simple organic acids, such as derivatives
of carbohydrates like citric acid and lipoic acid

69-70

. These ligands functionalize the NP

with anionic groups, creating a negatively charged surface which a positively charged
biocatalyst can interact with.
Many groups have utilized electrostatic interactions for a variety of techniques to
incorporate bio-catalysts with inorganic particles. An example of this would be a negatively
charged amino acid functionalized AuNP with a positively charged α-Chymotrypsin (ChT)
active site utilizing electrostatic interactions to demonstrate substrate selectivity in biocatalytic reactions. AuNP were functionalized with various amino acid groups such as
glutamic-acid, glycine, asparagine, and aspartic acid

66

. It was shown that ChT will co-

localize with the AuNP, creating high affinity complexes, however the ion concentration
is critical and a dilute sodium phosphate buffer solution of 5mM was required 66. They also
utilize the negatively charged AuNP to create a controlled reaction, where anionic and

18

cationic functionalized N-succinyl-L-phenylalanine showed a 95% reduction and a threetimes increase in activity, respectively, due to interactions with like and oppositely charged
functional groups.
Tailored enzyme orientation on inorganic particles have been demonstrated via change
in the environmental pH. In fact, Smith’s group demonstrated co-localization of
cytochrome c on well-defined, hexagonal Ag colloids that are coated with citrate 69. Similar
to the Rotella group described above, the negatively charged surface of the AgNP was able
to adsorb cytochrome c in a 9.9mM phosphate buffer solution. However, cytochrome c
has a non-uniform charge, and Smith’s group was able to show that by adjusting the pH,
enzyme orientation with the AgNP could be controlled 69.
Unfortunately, while physical adsorption can allow for enzyme orientation, it relies
heavily on electrostatic interactions, which is extremely dependent upon the electrolyte
concentration within the solution. Equation 1 illustrates the dependence of electrolyte
concentration on electric potential in relation to distance from the surface 71-72:
ψ = ψd e−κx
κ=�

(1)
1

2e2 NA cz2 2
εε0 kb T

�

(2)

Where ψd is the stern potential, x is the distance from the surface, and 𝜅𝜅 is the Debye-

Hückel parameter, which is used to define the Debye-Hückel length (Eqn 2). Within this
parameter, c is the concentration of the electrolyte, p is the protonic charge, z is the valance
of the electrolyte, NA is Avogadro’s number, ε is the dielectric constant, ε0 is permittivity
of free space, kb is Boltzmann’s constant, and T is temperature. It becomes clear utilizing
this equation, that the potential is dependent upon the electrolyte concentration contained
in κ and its valence number. As the electrolyte concentration is increased, a decrease in the
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electric potential is observed. Groups researching enzyme-inorganic co-localization must
keep this in mind as a balance between the buffer electrolyte concentration and electric
potential must be met in order for NP-enzyme coordination. Some groups have found that
electrolyte concentrations less than 10mM is needed for enzyme-NP co-localization within
a timely manner 66, 69.
Chemical adsorption is also often used to immobilize biocatalysts on a support or
inorganic particle as the covalent attachment prevents enzyme leaching. It has also been
shown that bio-catalysts can become more stabilized and show higher catalytic activity
when chemically attached compared to physical adsorption. In fact, Song’s group
demonstrated that porcine pancreatic lipase covalently immobilized on silica with (3aminoprpy)triethoxysilane has shown higher catalytic activity and improved stability, to
changes in its environment, when chemically adsorbed compared to physically adsorbed.
On a broader scheme, bio-catalysts have been chemically adsorbed on several supports
including silica and chitosan beads 58, 73.
Enzymes have also been chemically adsorbed directly onto inorganic particles, such as
Pt, Au, and Fe3O4, utilizing a variety of techniques

74-76

. For instance, AuNP have been

shown to react with amino and cysteine groups on proteins to form covalent bonds without
the need of surface modification 77. On the other hand, AuNP can also be functionalized
with thiol and carboxylic groups which may also react with amine groups on enzymes to
form a covalent bond

78-79

. Like chemical adsorption on supports, it has been shown that

bio-catalysts become more stable when covalently bonded rather than physically adsorbed.
In fact, it was demonstrated that immobilized glucose oxidase on an amine modified Fe3O4-
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NP showed greater thermal stability compared to physically adsorbed and retained activity
for 3 months after immobilization 80.
Combining the two previously discusses methods, another avenue to immobilize
biocatalysts on the surface of a support is tethering. It combines the physical and chemical
adsorption as the tether usually chemically bonds with the enzyme and non-covalently
interacts with the support. 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBSE) is a
very well-known and commonly used tether to immobilize biocatalysts to graphene,
graphene oxide, and bucky paper supports 50, 81-86. PBSE is a universal bio-catalyst tether
as the succinimide group reacts with enzymatic amine groups to form a covalent bond
(Figure 4). The pyrene structure will then associate with the graphene structures via π-π
interaction. This unique enzyme-tether-support interaction allows for the increased
environmental stability and activity seen by chemical adsorption, with the ease of use of
many physically adsorption techniques.

Figure 4: Representation of a biocatalyst (oxalate decarboxylase) binds with the succinimide group of
1-pyrenebutyric acid N-hydroxysuccinimide ester (PBSE).
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3.2 Hybrid Catalysts
Several works have been published demonstrating hybrid catalysts, in which biocatalysts were combined with an organic or inorganic catalyst and utilized to catalyze
cascade reactions 14, 85. As hybrid catalysts are a relatively new field, utilizing an inorganicenzymatic combination has not been widely explored. While there are several publications
on the use of inorganic-inorganic catalyst hybrids as well as coupling with organic
catalysts, to my knowledge there are extremely few instances of enzymatic-inorganic
catalyst being utilized to catalyze cascade reactions.
Atanassov group has developed a hybrid catalysts for oxygen reduction reaction in
enzymatic fuel cells, comprising of Bilirubin Oxidase (BOx) tethered to CNTs with FeAminoantipyrine (Fe-AAPyr), for the use in single-step oxygen reduction reactions

85

.

They successfully demonstrated 2.7 times increase in current density, for the hybrid FeAAPyr with BOx, compared to the current density observed with Fe-AApyr alone. They
found that this increase in current is due to BOx and Fe-AApyr working together, which
led to a decrease in the overpotential, compared to Fe-AApyr alone, and an increase in
current density compared to BOx.
Advancing from inorganic-enzymatic catalysts for the oxidation of a single reaction,
having sequential inorganic-enzymatic catalyst is very exciting field of research for hybrid
catalysis and one that this dissertation is focused on. To my best knowledge there has been
only one publication of a successful, sequential, redox reaction utilizing an enzymatic and
inorganic catalyst.
Li and colleagues used a self-assembly-disassembly approach to coordinate 50nm
copper particles with Candida antartica lipase B (CALB) and used the enzyme coppercomposite for the two-step reaction of p-nitrophenyl butyrate hydrolysis followed by the
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reduction p-nitrophenol to p-aminophenol

87

. This was accomplished through the

colocalization of Cu2+ ions with CALB, followed by the subsequent chemical reduction of
Cu2+ to Cu by sodium borohydride (Figure 5a). A surfactant, polyvinyl pyrrolidone (PVP)
was then utilized to prevent agglomeration of Cu particles. They then tested the hybrid
catalyst, with surfactant added (CALB&PVP@Cu), no surfactant added (CALB@Cu),
copper powders with and without CALB. Both the hydrolysis of p-nitrophenyl butyrate
and reduction of p-nitrophenol are catalytically specific to CALB and CuNP, respectively.
They demonstrated that CALB@PVP@Cu had much higher reduction activity for the
reduction of p-nitrophenol on the copper particles, at k=1.29 min-1, when compared to
CALB@Cu, which showed k=0.65 min-1.

Figure 5: Taken from Z. Li and colleagues 87. Synthesis schematic(a) of enzyme-copper hybrid catalyst
synthesis 3D-structure and then subsequent reduction to 50nm Cu particles with CALB. Hybrid catalyst
activity (b) shown for CALB@PVP@Cu, CALB@CU, CALB+Cu, CALB@CP, and copper powder.

It is apparent that there is very little literature on the use of hybrid enzymatic-inorganic
catalysts to catalyze sequential reactions and as such this field is in the budding stages in
what can be an exciting step towards the creation of more complex hybrid catalysts. Here-

23

in I will focus on the creation of a novel hybrid cascade utilizing inorganic/enzymatic
catalysts for the oxidation of organic substrates.

3.3 Model Cascade
Minteer group has explored the glycerol oxidation cascade extensively and has been
shown to be a viable pathway for the application of hybrid enzymatic-organic catalyst
system. Specifically, they have demonstrated a combination of TEMPO-NH2 with oxalate
oxidase (OxOx) from barely or oxalate decarboxylase (OxDC) from Bacillus subtilis, in an
electrochemical cell, for the full and sequential oxidation of glycerol (Figure 6) 14, 88.

Scheme 2: Taken from Hickey and colleagues. Cascade proposed for the electro-oxidation of glycerol 14.
Blue boxes indicates oxidation pathways of OxOx, while non-blue pathways are oxidized by TEMPO-NH2.

As scheme 2 illustrates, TEMPO-NH2 was utilized to oxidize glycerol to mesoxalic
acid, and then glyoxalic acid to oxalic acid. The steps that require cutting C-C bonds,
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OxOx, a manganese containing enzyme, was then utilized for the oxidation of mesoxalic
and oxalic acids, resulting in CO2. However, as previously described, organic catalysts are
frequently deactivated after undergoing a redox reaction, and TEMPO-NH2 is not an
exception and must be regenerated to become active again. To regenerate TEMPO-NH2,
an electrode was utilized to reduce the oxidized organic catalyst, thus reactivating it. The
process of complete glycerol oxidation has been reported as taking 22 hours, allowing room
for improvement in future work 14.
Minter group developed off this work and began to substitute OxOx with OxDC as
OxOx is relatively expensive to produce, requires a eukaryotic system, and has relatively
low catalytic activity 88. Also, to better optimize the cascade, the substitution of OxOx with
OxDC allows for better alignment with the activity range of TEMPO-NH2, seen in figure
3, as OxDC is active at higher pHs compared to OxOx. OxDC is also cheaper to produce
as it can be expressed in E.coli instead of a eukaryotic system, which can become very
expensive when scaling up. However, as OxOx oxidizes oxalic acid to CO2, OxDC
decarboxylizes oxalic acid into formic acid and CO2 requiring an additional step for the
full oxidation of glycerol. In this case TEMPO-NH2 can fill that role and oxidize formic
acid to CO2. Due to this extra step, an 8 times increase in electro-catalytic current, from
TEMPO-NH2, was observed 88.
As there is room to grow for research in catalytic cascades, a well-known and
characterized cascade is advantageous to utilize allowing to predictive patterns. Also,
OxDC was demonstrated by the Minteer group as a great alternative to OxOx as it can
oxidize two of the intermediates, is relatively cheap availability, and offers an extra step
which may be filled by an inorganic catalyst. As such, it can give several avenues for the
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complete oxidation of glycerol, and OxDC will be explored as an enzymatic catalyst within
this dissertation.

3.4 Catalyst Scaffold
Atanassov group has previously developed a novel macro-porous 3D graphene nanosheets (3D-GNS) via a modified Hummers method, followed by a templating sacrificial
support method 48-49. Along with having the excellent conductivity and thermal stability of
graphene, it was demonstrated that 3D-GNS can have surface areas in the 400-450 m2 g-1
range, four times that of 2D graphene 48. However, when Pd nanoparticles were chemically
reduced onto the 3D-GNS, higher electro-catalytic activity for the oxidation of ethanol was
observed for 3D-GNS with a lower surface area, 270-300 m2 g-1. The authors contributed
this change in activity to the pore size, which was controlled by the size of the silica
particles utilized in the sacrificial support method. It was believed that larger silica
particles, 240nm, produced larger pores, but reduced surface area, while smaller silica
pores, 140nm, produced smaller pores with increased surface area. The increase in electrocatalytic activity was attributed to the ability of the larger pores to allow for the
displacement of poisoning species. This catalyst has also been tested for oxygen reduction
reaction (ORR), with remarkable success 49.
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Figure 6: Taken from Kabir et al 89. Pore diameter reference graph over-layed on SEM images of 3DGNS with a BET surface area of 300 m-2 g-1.

Due to its properties, this support also offers exciting avenues for co-localization of
enzymatic-inorganic catalysts. As previously described, tethers can be utilized with ease to
increase the stability of enzymes, specifically PBSE with graphene. The macro-porous
structure of 3D-GNS also offers exciting opportunities as it may allow easy diffusion of
intermediates from one catalytic site to another through the pores. For the co-localization
of the enzyme with the inorganic catalyst, I will explore the use of 3D-GNS as a possible
scaffold.

27

Chapter 4: Experimental Methodology
4.1 Electrochemical Characterization
Electrochemical characterization and electrochemical techniques and methods are
important to study electrochemical reactions occurring between an analyte and an electrode
surface. Our fundamental understanding of electrochemistry, specifically the redox
potential of an electrochemical reaction can be best described by the Nernst equation:
E = E0 −

RT
nF

[Red]

ln � [Ox] �

(3)

Where E is the redox potential of a given electrochemical reaction, E0 is the standard

redox potential, R is the gas constant, T is temperature, n is number of electrons, and F is
Faraday’s constant. The redox potential is dependent on the concentration ratio of the
reducing and oxidizing agents, respectively. If protons are involved in the reaction,
proton concentration, and thus pH, will change the onset potential for the reaction. This
change is proportional to +59.1mV per pH. Nernst equation can be applied for half-cell
and whole-cell potentials.
The most common electrochemical characterization utilizes the three-electrode system.
Figure 1 illustrates a three-electrode setup, as used in this dissertation, where a counter (1),
working (2), and reference (3) electrode are utilized. The three-electrode system, also
known as a half-cell, allows for monitoring the reactivity of an analyte on the working
electrode without both a cathode and an anode. The key to this is the counter and reference
electrode. The reference electrode is a half-cell that holds a constant potential, which is
utilized as a comparison to the working electrode. The counter electrode is utilized to
balance the current observed at the working electrode and will pass the current necessary
to accomplish this. It can operate as both a cathode and an anode depending on the needs
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of the working electrode. For example, if a reductive process is occurring on the working
electrode, it is functioning as a cathode, so the counter electrode would function as the
anode.

Figure 7: Illustration of a half-cell showing a Pt counter electrode (1), Glassy carbon RDE working
electrode (2), and a Ag/AgCl reference electrode (3).

Normally, currents are reported vs. a standard hydrogen electrode (SHE), however, for
this dissertation, the Ag/AgCl reference electrode was primarily utilized due to ease of use.
Reference electrodes, being half-cells, have a balanced reaction and a stable redox potential
and can be utilized to measure the potential of a working electrode. In the case of Ag/AgCl
and reversible hydrogen electrode (RHE) the half reactions are:
AgCl(s) + e− ↔ Ag(s) + Cl− (saturate)

2H3 O+ + 2e− ⇌ H2 + 2H2 O
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(4)
(5)

Where Ag/AgCl reference potentials remain constant with varying pH, while RHE
electrode potential will change with varying pH. As such, data in this dissertation will be
shown relative to Ag/AgCl and RHE. The following Nerst equations describe the onset
potential for Ag/AgCl(6) and RHE(7) electrodes:
E = E0 −

Where

𝑅𝑅𝑅𝑅
𝐹𝐹

RT
F

ln aCl−

E = E0 + 0.0591 log �

(6)
�H+
inside �

�H+
outside �

�

(7)

is constant and is proportional to the natural log of the chloride activity for

Ag/AgCl. For RHE, the ratio of the proton concentration (pH) inside and outside the
electrode dictate the potential. However, since the pH inside the electrode is considered a
constant, equation 7 can be simplified to:
E = E0′ + 0.0591pH

(8)

As the potential will change with pH, it is important to present potentials vs RHE. As
such, data in this dissertation will be presented relative to the measured Ag/AgCl and
converted to RHE using equation 8.
Counter electrodes can also vary depending on the experiment being done. To ensure
that the solution is not chemically changed, the counter electrodes must be made of
materials that are electrochemically inert. In other words, the electrode cannot exchange
ions with the solution but can be utilized to transfer electrons. For these experiments, a
typical Pt electrode was utilized. However other counter electrodes can be utilized, such as
carbon or gold.
For the experiments listed in this dissertation, powder inks were tested for
electrochemical activity by drop-cast deposition on the glassy carbon working electrode
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followed by a dry down period. They are then immersed into a solution and a rotator may
be used to eliminate diffusional limited activity.
There are several techniques that can utilize a half cell including cyclic voltammetry,
chronoamperometry,

and

linear

voltammetry.

As

cyclic

voltammetry

and

chronoamperometry are utilized in this dissertation, I will briefly cover both.

4.1.1. Cyclic Voltammetry
Cyclic voltammetry is an electrochemical technique in which the potential on the
working electrode (WE) is varied, and the resulting current is measured for an anodic and
cathodic sweep. Figure 8 shows an example cyclic voltammetry sweep. The anodic sweep
(A), moves from left to right and usually shows anodic current, which will emerge as a
peak in the positive current direction. The cathodic sweep (B) moves from right to left and
will show cathodic current as peaks in the negative current direction. It should be noted
that oxidative and reductive peaks are not exclusive to their respective another and cathodic
sweeps. In fact, an oxidative peak may become visible on a cathodic sweep and vice versa.
Understanding these two sweeps helps to create a complete picture on what is being
oxidized and reduced on the working electrode.
Peak currents are dependent upon the concentration of the analyte in solution along
with the activity of the catalyst towards reducing or oxidizing the analyte. This can be
clearly seen in the following equation:
3

1

1

𝑖𝑖 = (2.69 ∗ 105 )𝑛𝑛2 𝐴𝐴𝐷𝐷 2 𝑣𝑣 2 𝐶𝐶

(6)

Where 𝑖𝑖 is current peak, n is the number of electrons donated in a redox reaction, A is the

electrode area, D is the analyte diffusion coefficient, v is the sweep rate of the applied
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potential, and C is the concentration of the analyte. From the equation, we see that the
current is directly proportional the concentration, number of electrons transferred, and area
of the electrode.
Equation 3 illustrates the concentration dependence and can be applied for reversible
reactions. These are the reactions that can be reversed on the opposing sweep as seen in
Figure 8. However, these are not the only reactions that can occur in cyclic voltammetry.
Irreversible reactions can also occur and recognized as there is not an opposing peak on the
reverse scan.

Figure 8: Cyclic voltammogram of 1mM K3Fe(CN)6 catalyzed by a Pt electrode in 0.1M KCl modified
from Mabbott 90. The anodic sweep (A) and cathodic sweeps (B) can be clearly seen in this reversible
reaction.

4.1.2. Chronoamperometry
Chronoamperometry is an electrochemical technique in which a constant or stepped
potential are applied and the current produced over time is monitored. A single-step
potential chronoamperometry is shown in Figure 9. The initial increase in current, at time
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0, is due to double layer charging. The plateau, when steady state is reached, is indicative
of an oxidation or reduction reaction occurring on the electrode. Chronoamperometry is
often utilized to determine mass-diffusion limitations to the electrode. However, in this
dissertation, this technique is utilized to determine changes in current with an applied
potential between a blank solution and an analyte solution.

Figure 9: Chronoamperometry measurements taken of TiO2 in 0.1M tetrabutylammonium
perchlorate/0.1M lithium perchlorate MeCN electrolyte. Single steps are illustrated for each of the
measurements. Measurements were taken from Willis et al 91.

4.2 Composition and structural characterization
4.2.1 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface characterization technique
utilizing x-rays to elucidate elemental composition. The x-rays are used to excite the
sample material, and then subsequently measure the kinetic energy and electrons that
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escape. This information is then utilized to determine the electron binding energy through
the following equation 92:
𝐸𝐸binding = 𝐸𝐸photon − (𝐸𝐸kinetic + 𝜙𝜙)

(9)

Where 𝐸𝐸binding is the electron’s binding energy, 𝐸𝐸photon is energy of the x-ray source,
𝐸𝐸kinetic is electrons kinetic energy and 𝜙𝜙 is the work function. The work function is known
from the material and spectrometer used. The kinetic energy is determined by the

instrument and the photon energy is dependent on the type of x-ray source utilized, which
is often a Al Kα. As the electron binding energy is intrinsically linked to an elemental
orbital, comparisons can be made to determine surface chemistry.

4.2.2 Fourier Transform Infrared – Attenuated Total Reflectance
Fourier transform infrared-attenuated total reflectance (FTIR-ATR) is a technique that
is used to observe functional groups. This is accomplished from the absorption transmition
of energy after exposure to an infrared source. Within molecules, bonds between atoms
can undergo stretching, bending or wagging. If the frequency of the incoming IR wave
matches the frequency of the stretching, bending, or wagging, the light will be absorbed.
The raw data is then put through a Fourier transformation to produce a useful spectrum. As
each functional group’s stretching, bending or wagging has a relatively unique frequency,
we can distinguish between them during analysis.
The ATR portion is used in conjunction with the FTIR to analyze samples in solid and
liquid states without sample preparation needed. It works through a series of mirrors, which
direct the infrared beam to a crystal that guides the beam to the sample. Zinc selenide, zinc
sulfide, silicon and germanium are all known and common crystals utilized 93. The beam,
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after interacting with the sample, then reflects back through the zinc crystal and is collected
by a detector.

4.2.3 Ultraviolet-visible Spectroscopy
Ultraviolet-visible spectroscopy (UV-VIS) is a technique, which utilizes ultraviolet to
visible light at regulated wavelengths to determine adsorption or fluorescence within a
solution. Adsorption and fluorescence originates from the source which can excite electron
electrons and when the system relaxes, a photon of different frequency may be created.
This creates a peak within the spectra which can be monitored. For instance, the formation
of a molecule can be monitored over time by exposing it to a UV-VIS source and monitor
changes at a certain wavelength. That wavelength can correspond to a fluorescence or
absorbance. As many substances have known fluorescence or absorbance patterns, this
technique can be utilized to examine a variety of systems including enzymes and chemical
reactions 94.

4.2.4 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a characterization technique, which utilizes
electrons to elucidate an image of a material down to the nanometer scale. An electron gun
emits electrons, which are then focused by electromagnetic fields onto the sample. This
collision of the electron beam with the sample produces primary and secondary electrons,
which are then collected by the detectors and subsequently processed to produce an image.
Primary electrons are those that originate from the electron gun and are deflected back
without changing the electron distribution in the sample. There is a strong correlation
between atomic number, and deflect-ability and thus can be used to determine relative
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sample composition. Secondary electrons on the other hand, are those electrons that
originate from the sample and are excited out of their electron orbitals by the electron beam.
Both primary and secondary electrons are widely utilized to produce an image of the
samples surface as electron penetration is only a few nanometers.
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Chapter 5: Graphitic Characterization
Graphene is popular support for electro-catalysis as it has high conductivity. All the
experiments within this dissertation contain graphitic structures, and as such, this chapter
will discuss how these structures can be characterized utilizing X-ray diffraction and
Raman spectroscopy.

5.1 X-ray Diffraction
X-ray diffraction (XRD) utilizes x-rays to characterize the crystalline nature of a
sample. X-rays are scattered when come into contact with a crystalline sample, undergoing
constructive or destructive interference. This interference is explained through Bragg’s
Law:
nλ = 2dsinθ

(5)

Where n is an integer, lambda is the incident beam wavelength, d is the lattice spacing, and
theta is the beam’s angle of incidence. Understanding this, diffractions will depend on the
crystal’s unit cell. To determine the crystalline structure, a sample is scanned over a range
of theta. As the scan progresses, certain thetas will show an increase in detectable light. By
comparing this angle to known databases, the crystalline structure of the sample can be
determined. The intensity and the broadness of the peaks can be attributed to how
crystalline a material is. Specifically, a monocrystalline sample will high a narrow, sharp
peak as the beam is diffracting from a single crystalline plane. This plane will only diffract
the light towards the detector at very specific angles. On the other hand, a polycrystalline
or an amorphous structure will have broader peaks as the beam is diffracted in multiple
angles as theta is increased.
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In the case of carbon, the structure can be utilized to observe the amount of graphitic
content. A sample of 3D-GNS was characterized using XRD showing two peaks which can
be attributed to graphitic carbon (figure 10). By comparing the locations of these peaks to
known carbon samples we can determine that these peaks can be assigned to the (002) and
(101) crystalline planes commonly found in graphitic carbon. The narrowness of the peaks
indicates that it is highly crystalline and thus highly graphitic.
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Figure 10: XRD of 3D-graphene nanosheets showing two peaks which correspond to graphitic carbon.

5.2 Raman Spectroscopy
Raman Spectroscopy (RS) is very similar in function to the previously discussed FTIR.
It is primarily used to observe low frequency vibrational or rotational bonds within a
system utilizing lasers in the visible, IR, or UV range. RS is made possible by Raman
scattering, in which a photon is inelastically scattered by atoms/molecules changing the
frequency of the light when the electrons relax after excitation. RS can be utilized to
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characterize a system, such as graphene. To examine graphene the D and G bands are
utilized (Figure 11).

Figure 11: Raman spectra of 3D-graphene nanosheets with D (~1350 cm-1) and G (~1580 cm-1) bands
labeled.

These bands correspond to the sp2 hybridized carbon for C-C bond stretching (G band)
and the disorder structure of graphene (D band). The ratio between the D band and G band
can be utilized to characterize how crystalline or amorphous a carbon system. As would be
expected, the higher the ratio number, the more disordered the sample in. This knowledge
can be further utilized to determine in-plane crystalline dimensions 95:
𝐿𝐿𝑎𝑎 (𝑛𝑛𝑛𝑛) =

�2.4∗10−10 �𝜆𝜆4
𝐼𝐼
� 𝐷𝐷 �

(6)

𝐼𝐼𝐺𝐺

Where lambda is the energy of the laser. As everything besides the ratio between the
intensity of the D and G bands are constant, this ratio is inversely proportional to the inplane crystalline dimensions, with 𝐼𝐼𝐺𝐺 being proportional to the crystalline dimensions.
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Chapter 6: Bio-mimetic Catalyst
5.1 Abstract
A novel non-platinum group metal (non-PGM) catalyst derived from Mn and aminoantipyrine (MnAAPyr) shows electrochemical activity towards the oxidation of oxalic acid
comparable to Pt with an onset potential for oxalate oxidation measured to be 0.714±0.002
V vs. SHE at pH = 4. The material has been synthesized using a templating Sacrificial
Support Method with manganese nitrate and 4-aminoantipyrine as precursors. This catalyst
is a nano-structured material in which Mn is atomically dispersed on a nitrogendoped
graphene matrix. XPS studies reveal high abundance of pyridinic, Mn–Nx, and pyrrolic
nitrogen pointing towards the conclusion that pyridinic nitrogen atoms coordinated to
manganese constitute the active centers. Thus, the active sites of the MnAAPyr catalyst
exhibit similarity to the active sites of naturally occurring enzymes that are capable of
efficient and selective oxidation of oxalic acid.

5.2 Introduction
To create a hybrid inorganic-enzymatic catalyst, understanding of not only the reaction
but the catalyst is necessary. In fact, a database of inorganic catalysts active towards
intermediates within the glycerol cascade is needed. In order to create this database, we
first look to design biomimetic catalysts.
The enzymes’ high redox activity is a result of years of evolutionary improvements of
their structure and function. A key characteristic is the specifically designed active center
supported by the surrounding amino acid residues and enzyme tertiary structure. Although
highly active and selective, the efficient utilization of enzymatic systems as catalysts in
various electrochemical processes is still problematic due to the enzymes’ short life and a
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limited range of environmental conditions they are able to operate in

86, 96

. However, the

development of more robust inorganic catalysts by mimicking the enzyme active center
provides a new avenue for the development of materials electrochemically active for the
oxidation of organic compounds.
Three main types of enzymes are recognized as capable of oxalate oxidation. These are
oxalate oxidase (OxOx), oxalate decarboxylase (OxDC) and oxalyl-CoA synthetase
97

46-47,

. Among them OxOx and OxDC have similar active centers although the products of

oxalate transformation are not the same. OxOx oxidizes oxalic acid to carbon dioxide and
hydrogen peroxide (eqn 5), while OxDC produces formate and CO2 (eqn 6) 46.
C2H2O4 + O2  2CO2 + H2O2

(5)

C2H2O4  HCOOH + CO2

(6)

Both enzymes are manganese-containing enzymes. Each monomer of the hexamer OxOx
has one active center with Mn(II) incorporated in it. OxDC is a hexamer and each monomer
unit has two Mn-binding sites. In both enzymes Mn(II)/Mn(III) is identified as the redox
pair associated with the enzyme activity and oxalate oxidation 46-47.
A novel heterogeneous electrocatalyst inspired by the structure of the active Mnbinding site of oxalate oxidase and oxalate decarboxylase was obtained from the Atanassov
group. The synthesized catalysts belonging to the family of M–N–C catalysts also referred
to as non-platinum group metals (non-PGMs) based catalysts

98-101

. It is commonly

accepted today that in such catalysts the transition metal (Fe or Co in most literature
examples) is coordinated by nitrogen-containing defects in a graphene-like matrix. Such a
‘‘ligand-like’’ environment is proving for a molecular nature of the heterogeneous catalyst
structure and is the critical prerequisite for the bio-inspired catalyst design. The synthesis
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approach was based on the modified Sacrificial Support Method (SSM) developed at
University of New Mexico

98, 101-109

for materials that are based on the Fe–N–C family.

These catalysts demonstrate very good activity towards oxygen reduction, but have never
been tested as catalysts for the oxidation of organic compounds, including oxalic acid.

5.3 Experimental
5.3.1 Catalyst synthesis
The non-PGM catalyst used in this study, abbreviated here as Mn–AAPyr, was
obtained from the Atanassov group and synthesized using manganese nitrate and 4aminoantipyrine (AAPyr) as precursors. The synthesis was based on the Sacrificial Support
Method where silica (Cab-O-SilTM LM150, ~200 m2 g-1) was used as a support material,
which provides porosity of the catalyst at the macro scale. Initially, a dispersion of silica
(metal loading on silica was calculated to be 25 wt%) into acetone was obtained by using
a low-energy ultrasonic bath. Separately, a solution of 4-aminoantipyrine (Sigma-Aldrich)
in acetone was prepared and added to the silica colloidal solution. The silica–AAPyr
suspension was ultrasonicated for 40 minutes. A solution of Mn(II) nitrate (Mn(NO3)2
*4H2O,

Sigma-Aldrich) in distilled water was then added to the silica–AAPyr solution and

ultrasonicated for about 8 hours. The gel formed containing silica–Mn–AAPyr was dried
for 12 hours at controlled temperature (85 °C) and then ground to a fine powder using a
mortar and pestle. The following step was a heat treatment at a temperature ramp rate of
25 °C per minute from room temperature to 950 °C, followed by pyrolysis for 30 minutes.
The heat treatment was done in Ultra High Purity (UHP) nitrogen at a flow rate of 100 ml
min-1. Finally, the silica sacrificial support was removed using hydrofluoric acid (HF 20
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wt%) and the catalyst was then washed with distilled water until neutral pH and dried for
12 hours at controlled temperature (85 °C).

5.3.2 Ink preparation
Ink composed of MnAAPyr and Nafion was prepared as follows: 2 mg MnAAPyr were
suspended in 370 μl of thewater:IPAmixture (4 : 1 ratio, reagent grade, Sigma, St. Louis,
MO) with the addition of 30 μl 0.5% Nafion and bath ultasonicated for 30 min.

5.3.3 Electrochemical studies
The activity of the designed catalyst towards the oxidation of oxalic acid was studied
using three-electrode setup. The working electrode was a glassy carbon rotating disk
electrode onto which 20 μl of the prepared ink (see the above section) was drop casted and
dried under ambient conditions. Saturated Ag/AgCl was used as a reference and a Pt-wire
as a counter electrode. The electrolyte was composed of 0.1 M potassium phosphate buffer
at pH 4. To increase the conductivity of the solution 0.1 M KCl was introduced as an
indifferent electrolyte. Cyclic voltammetry (CV) was carried out by sweeping the potential
between -0.8 and 1.4 V vs. saturated Ag/AgCl electrode, at a scan rate of 10 mV s-1 in the
absence and the presence of 0.1 M oxalic acid. The CV in the absence of oxalic acid was
used as a control sample. All potentials in the paper are reported vs. SHE and were
calculated by adding 0.197 V to the potential measured using a saturated Ag/AgCl
electrode as a reference electrode.
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5.3.4 XPS analysis
XPS spectra was acquired by the Atanassov group on a Kratos Axis DLD Ultra X-ray
photoelectron spectrometer using a monochromatic Al Kα source operating at 150 W with
no charge compensation. The base pressure was about 2 x 10-10 Torr, and operating
pressure was 2 x 10-9 Torr. Survey and high-resolution spectra were acquired at pass
energies of 80 and 20 eV respectively. Data analysis and quantification were performed
using CasaXPS software. A linear background subtraction was used for quantification of
C1s, O1s and N1s spectra, while a Shirley background was applied to Mn2p spectra.
Sensitivity

factors

provided

by

the

manufacturer

were

utilized.

A

70%

Gaussian/30%Lorentzian line shape was utilized in the curve-fit of N1s.

5.4 Results and discussion
The developed catalyst, abbreviated here as MnAAPyr, is a member of the non-PGM
M–N–C family of materials. It has been synthesized using the Sacrificial Support Method
(SSM)
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, which was developed to synthesize different materials: oxides, carbon-based

materials, ORR catalysts, etc. Along with its low cost, the main advantage of this catalyst
is its high catalytic surface area i.e. the active sites of the material are situated within its
own structure, turning it into a highly porous framework with high density of active sites.

5.4.1 Catalyst morphology
Morphological analysis of the MnAAPyr catalyst by TEM (Fig. 10 left) revealed a
highly graphitic three-dimensional graphene-like structure typical for catalysts synthesized
using the SSM. The TEM image also indicates heterogeneous morphology, as it was further
seen by SEM analysis. SEM showed a highly developed 3D open-frame, sponge-like
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structure of the catalyst (Fig. 10 right) with two types of pores: pores with diameterB60–
90 nm created after removal of the sacrificial support, and smaller pores B10–15 nm
formed during the decomposition of the precursor.

Figure 12: TEM (left) and SEM (right) images of MnAAPyr.

5.4.2 Surface chemistry
The XPS analysis of the synthesized MnAAPyr has shown the presence of 7.4% of
nitrogen and 0.2% of manganese (Table 1). The N1s spectrum (Fig. 11 left) consists of the
following major types (above 20%) of N: pyridinic (398.8 eV), Mn–Nx (399.8 eV), and
pyrrolic (401 eV). In previous studies nitrogen atoms coordinated to metal and pyridinic
nitrogen have been suggested to be active sites for ORR 98, 110. The high abundance of these
types of nitrogens points towards the same conclusion of pyridinic N and Mn–Nx
coordination being a part of active centers. Mn2p spectra (Fig. 11 right) show two major
peaks due to manganese associated with nitrogen (Mn–Nx) and oxygen, such as MnO2 and
satellite peaks due to MnOx. Table 1 summarizes the results of the XPS analysis. The
averages of three areas are shown.
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Table 1: XPS data for MnAAPyr catalysts.
Sample
MnAAPyr 1
MnAAPyr 2
MnAAPyr 3

C1s (%) O1s (%) N1s (%) Mn2p (%)
87.6
86.7
87.0
87.1

4.4
5.9
5.6
5.3

7.8
7.2
7.2
7.4

0.2
0.2
0.1
0.2

N cyano
(%)
12.3
11.6
10.7
11.5

N pyrid
(%)
24.1
24.4
24.8
24.4

N–Mn N pyrrolic N qua
N graph Mn–N MnO2
(%)
(%)
(%)
(%)
(%)
(%)
19.2
27.8
11.4
5.2
52.8
47.2
20.5
27.1
11.4
5.0
57.9
42.1
20.8
27.0
11.6
5.2
47.1
52.9
20.2
27.3
11.5
5.1
52.6
47.4

Figure 13: XPS high-resolution N1s (left) and Mn2p (right) spectra.

5.4.3 Electrochemical performance
The activity of the MnAAPyr catalyst towards oxalate oxidation was studied using
cyclic voltammetry at pH 4 (Fig. 12). The pH was selected based on the optimal pH for
oxalate oxidation through enzymatic catalysis

46-47

. At pH = 4, oxalic acid is partially

deprotonated (pKa1 = 1.23 and pKa2 = 4.19) 111. Therefore, in the electrolyte oxalic acid
along with oxalic anions will be present.
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Figure 14: Cyclic voltammetry of MnAAPyr in phosphate buffer, pH 4 at 10mV s-1.

By comparing the anodic currents in the absence and the presence of 0.1 M oxalic acid
it can be concluded that at pH = 4 MnAAPyr is electrochemically active towards the
oxidation of oxalic acid. The onset potential of the redox transformation of the oxalate was
found to be 0.714 ± 0.002 V vs. SHE. This onset potential is similar to the potential of
0.700 V vs. RHE at which oxalate oxidation on platinum was observed in highly acidic
media (pH <1) 112, which is 4 times lower pH than the one in the current study. It is also
known that the Pt activity regarding oxalate oxidation is pH dependent and decreases at
higher pHs 112-113. Thus the herein developed catalyst shows lower overpotential towards
oxalate oxidation in comparison to Pt.
On the CV of MnAAPyr in phosphate buffer before and after the addition of oxalic
acid two broad redox peaks were recorded. The oxidation peak appeared at 0.470 ± 0.010
V, followed by a reduction peak at 0.048 ± 0.003 V vs. SHE. The presence of these peaks
indicates a redox couple with a formal redox potential of 0.259 ± 0.004 V vs. SHE. Based
on possible redox states, this redox couple could be Mn3+/Mn2+ or Mn4+/Mn3+ 114-115. The
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generated currents due to the oxidation of oxalic acid on MnAAPyr are comparable with
the currents obtained using Pt, a benchmark catalyst, at pH 1 and 1000 rpm113 and even
higher than the currents recorded at platinum single crystal electrodes 116.

5.5 Conclusions
We report a novel non-PGM catalyst MnAAPyr that is inspired by the structure of the
active site of the Mn-dependent enzyme, oxalate oxidase. This new type of catalyst shows
electrochemical activity towards the oxidation of oxalic acid comparable to Pt. The oxalate
oxidation on MnAAPyr has an onset potential measured to be 0.714 ± 0.002 V vs. SHE at
pH = 4. The material has been synthesized using the Sacrificial Support Method with
manganese nitrate and 4-aminoantipyrine as precursors, and along with the low cost, its
main advantage is the high catalytic surface area. The main features of the catalyst’s active
sites are they are similar to the active centers of naturally occurring enzymes that are
capable of efficient and selective oxidation of oxalic acid. Namely, XPS studies show high
abundance of pyridinic, Mn–Nx, and pyrrolic nitrogen pointing towards the conclusion that
nitrogen atoms coordinated to metal and pyridinic nitrogen constitute the active centers.
The Atanassov group utilized DFT in plane wave formalism with PBE functional to
study the stability and activity of different one-metal active centers that could exist in the
MnAAPyr catalyst. Based on the calculated formation energies, sites in which Mn is
coordinated with four nitrogen atoms or three nitrogen atoms and one carbon atom in the
square planar coordination are the most stable Mn–Nx sites and are, thus, the most abundant
sites in our material. The onset potentials, which were calculated based on the free energy
diagrams for oxalate oxidation mechanism on the different active centers of MnAAPyr,
show that MnN3C and one of the MnN2C2 sites could be responsible for the experimentally
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observed onset potential of oxalate oxidation on MnAAPyr. Namely, lower limits of
oxalate oxidation onset potentials for MnN3C and MnN2C2 sites were calculated to be
0.640 V and 0.710 V vs. SHE, which agree well with the measured onset potential of 0.714
V vs. SHE.
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Chapter 6: Pt and Pt Alloys for Organic Acid Oxidation
6.1 Abstract
In this study, we evaluated novel platinum-based materials as electrocatalysts for oxalic
acid oxidation. Several Pt alloys, PtSn (1:1), PtSn (19:1), PtRu (1:4), PtRuSn (5:4:1), and
PtRhSn (3:1:4), were synthetized using sacrificial support method and tested for oxidation
of oxalic acid at pH 4. It was shown that PtSn (1:1) and PtRu (1:4) have higher mass activity
relative to Pt. These two materials along with Pt and one of the least active alloys, PtSn
(19:1), were further analyzed for the oxidation of oxalic acid at different pHs. The results
show that all samples tested followed an identical trend of decreased onset potential with
increased pH and increased catalytic activity with decreased pH.

6.2 Introduction
In the previous chapter it was demonstrated that biomimetic catalysts are active towards
the oxidation of oxalic acid (OA). In this chapter, we will be expanding on the knowledge
gained in chapter 5 and look at more complex catalysts, such as Pt and Pt alloys.
Specifically, I will be looking at PtSn (1:1), PtSn (19:1), PtRu (1:4), PtRuSn (5:4:1), and
PtRhSn (3:1:4) for activity towards the oxidation of OA.
Pt has been utilized before for the oxidation of oxalic acid in highly acidic conditions
116-118

. While high activity is observed at low pHs, an extensive study of Pt and Pt alloy

activity at various pHs need to be done. Evaluating activity of catalysts across the pH range
can be difficult as the surface chemistry of the catalyst can change relative to the potential.
The pH dependence of the platinum’s activity limits the metal’s ability to oxidize OA in
non-alkaline media at potentials higher than ~1.1 V vs Ag/AgCl. It is well known that at
these potentials, the surface chemistry of Pt changes to platinum oxide/hydroxide, which
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decreases the catalysts activity 119-120. Nevertheless, platinum still remains one of the best
catalysts for oxidation of OA at lower pHs.
Concentration dependence study on Pt and its alloys also needs to be evaluated to
determine if there is a linear increase in activity with increased OA concentration. This will
help to shed light on which catalysts are more sensitive to changes in OA concentration.
In this chapter, Pt and Pt alloys were tested to determine their effectiveness for oxidizing
OA. Electrochemical techniques and in-situ Fourier Transform Infrared Spectroscopy
(FTIR) were used to evaluate the oxidative ability of these alloys. Scanning Electron
Microscopy (SEM), Brunauer–Emmett–Teller (BET) surface area analysis, and X-ray
Photo Spectroscopy (XPS) were also explored for the alloys characterization in term of
surface chemistry and morphology. Synthesized alloys were tested at several pHs with the
emphasis on pH=4 in order to identify materials that are capable of efficient oxalic acid
oxidation over a wider range of pHs, which would enable their application in biologically
relevant conditions.

6.3 Experimental Section
6.3.1 Synthesis of Pt alloys
The materials studied in this report were acquired from the Atanassov group and
synthesized using modified Sacrificial Support Method (SSM) developed at University of
New Mexico

102, 105, 121-123

. Pure metallic platinum, binary platinum-tin, platinum-

ruthenium and ternary platinum-ruthenium-tin, platinum-rhodium-tin electrocatalysts were
prepared by SSM. The precursors for synthesis were: H2PtCl6•xH2O (Pt content is
~40wt%), SnCl2•2H2O (Sn content is 53wt%), RuCl3•xH2O (Ru content is ~39wt%) and
RhCl3•xH2O (Rh content is ~40wt%). All materials were purchased from Sigma Aldrich
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and used as received. Several materials were prepared: Pt, PtSn, Pt19Sn, PtRu4, PtRu3Sn
and Pt6Rh7Sn2.
Initially, a known amount of silica (Cab-O-Sil™ EH-5, surface area: ~400 m2 g-1) was
dispersed in water, in a ratio of 1:15 respectively, using an ultrasonic bath for 45 minutes.
Then, the calculated amounts of precursors were added to the silica colloidal suspension.
The amount of precursors used is based on the composition of targeted platinum-based
binary or ternary alloys with metals ratio mentioned above. The total loading of final Pt or
Pt-based electrocatalysts on silica was 25wt %. Silica and precursors mixture were allowed
to dry in an oven at T = 85°C overnight followed by grinding the powders with mortar and
pestle. The reduction of precursors and alloys formation was performed either thermally
(TR) in a tube furnace (2.5cm OD) with flowing 100 cm3 of 7 at % H2 at T = 300°C for 2
hours, with a ramp rate of 5 deg min-1 or by soft chemical reduction (SCR) with NaBH4 at
room temperature (RT). The silica support was etched by 7M KOH for 24 hours. The
catalysts were washed with DI water until neutral pH was achieved. The details for the
synthesis of the specific materials are given in Table 2.

Table 2: Synthesis data for the platinum alloys.

PtSn (1:1)

Reduction type Reducing agent Temperature Silica type
CR
RT
EH-5
NaBH4
CR
RT
EH-5
NaBH4

PtSn (19:1)

TR

7%H2

300°C

EH-5

PtRu (1:4)

CR

NaBH4

RT

EH-5

PtRuSn (5:4:1) CR

NaBH4

RT

EH-5

PtRhSn (3:1:4) CR

NaBH4

RT

EH-5

Pt
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6.3.2 X-ray photoelectron spectroscopy
The XPS spectra were acquired by the Atanassov group using a Kratos Axis DLD Ultra
X-ray photoelectron spectrometer. A monochromatic Al K-alpha source was used
operating at 150 W without charge compensation. High resolution and survey spectra were
acquired at pass energies of 20 eV and 80 eV, respectively. CasaXPS software was used
for quantification and data analysis. For C1 and O1 spectra, a linear background subtraction
was used, while a Shirley background was utilized for the Pt 4f, Sn 3d, Ru 3d, and Rh 3d
spectra. The sensitivity factors provided by the manufacturer were used. A 70%
Gaussian/30%Lorentzian line shape was utilized in the curve-fit of the high-resolution
spectra.

6.3.3 Ink Preparation
Ink composed of the materials tested was prepared by suspending 2 mg of Pt or
platinum-based alloys suspended in 370 μL of water-isopropyl alcohol mixture (IPA,
reagent grade, Sigma, St. Louis, MO) with a 4:1 ratio. To this suspension, 30 μL of 0.5%
Nafion was added after which ultrasonication was performed for 30 min.

6.3.4 Electrochemical Experiments
The catalysts were tested using a three-electrode setup. The working electrode was a
glassy carbon rotating disk electrode (RDE) onto which 10 μL of the ink were deposited
and left to air dry. Saturated Ag/AgCl and a Pt-wire were used as reference and counter
electrodes, respectively. The electrolyte composed of 0.1M potassium phosphate buffer
was used, which included indifferent 0.1M KCl to increase conductivity of the solution.
The catalysts were tested using cyclic voltammetry (CV) in the potential window between
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-0.8 and 1.4 V vs. Ag/AgCl, performed at 10 mVs-1. The CVs with each catalyst were
carried out in a buffer solution with and without OA. The experiments in absence of OA
were used as controls. In all cases, the third scan of the CV experiments, also shown as
steady state scan, was included in the figures and discussed in the text. The onset potential
of the oxalic acid oxidation was determined as the potential at which the generated current
was 10 times the standard deviation of the capacitive current for each individual alloy. The
current densities reported throughout the text were calculated by normalizing the current
to the geometrical surface area of the RDE, which is 0.2465 cm2.

6.3.5 In-situ Fourier Transform Infrared Spectroscopy (in situ FTIR)
FTIR coupled with electrochemical cell for in situ monitoring of the IR spectra of the
electrolyte was used to study the changes occurring during OA oxidation

124

. Three-

electrode setup was utilized for the electrochemical experiments. Ag/AgCl electrode was
used as the reference, a platinum wire as the counter electrode, and a glassy-carbon RDE
as the working electrode (WE). Samples were tested by infrared reflection absorption
spectroscopy (IRRAS)-Nicolet 6700 FT-IR with a MCT detector cooled with liquid
nitrogen. 10 μL of the ink (prepared as described above) was dried onto the working
electrode. An aliquot of 1mL of the electrolyte (0.1M phosphate buffer/0.1M KCl at pH 4
with 0.1M OA) was placed into the electrochemical cell on a ZnSe crystal (Fig. 13). After
placing the WE into the electrochemical cell, against the ZnSe crystal, an external force
was applied using a material with a spring constant of 20N/m. Argon gas was subsequently
bubbled into the system for 2 hours to minimize the presence of CO2. As described in
previous literature 124, unpolarized light was used and the resolution was set to 8 cm-1. To
each spectrum, 128 interferograms were added. Spectra units are given in absorbance
54

defined as A= -log(R/R0), where R is the reflected IR intensities and R0 is the reference
single beam spectrum. The catalysts were tested by cyclic voltammetry applying a potential
from -0.8 to 1.4 V vs Ag/AgCl with simultaneous FTIR readings being taken. The data was
then analyzed using EC-Lab and OMNIC software packages.

Figure 15: Diagram of the in situ-FTIR electrode setup as described in the methods section of the text.

6.4. Results and Discussion
6.4.1 Surface chemistry and morphology of the Pt alloys
XPS analyses of the Pt alloys were performed to determine the chemical composition
of the synthesized materials (Table 3). Based on the XPS results the ratio between the metal
atoms in the alloys was estimated as: bulk Pt, PtSn (1:1), PtSn (19:1), PtRu (1:4), PtRuSn
(1:3:1) and PtRhSn (6:7:2). Please note that the concentrations reported correspond to
surface concentrations and are not representative of bulk compositions.
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Table 3: XPS data for platinum alloys.
Pt
PtSn (1:1)
PtSn (19:1)
PtRu (1:4)
PtRuSn (5:4:1)
PtRhSn (3:1:4)

C 1s %
O 1s %
Pt 4f %
Sn 3d % Ru 3d % Pt/Sn
Pt/Ru
Pt/Rh
52.3
20.4
27.4
44.8
35.4
9.7
10.1
0.95
57.6
26.6
15
0.8
19.09
68.9
24.6
1.3
0
5.2
0.25
61.8
29
1.9
1.7
5.7
1.07
0.33
52
31.8
6.6
7.5
2.1
0.88
3.15

The Pt 4f spectra of PtSn (1:1) and PtSn (19:1) samples (Fig. 14) reveal a Pt/Sn
association (peak at 71.2 eV), Pt-carbon coordination (peak at 72 eV) and the formation of
platinum oxide species at 73.3 eV. The association of Pt with Sn can be also observed in
the peak at 487 eV of the Sn 3d spectra of the same alloy along with the formation of SnO
(peak at 485 eV) and SnO2 (peak at 487.8 eV).

Figure 16: XPS Pt 4f spectra of a) PtSn (1:1) and b) PtSn (19:1) and XPS Sn 3d spectra of c) PtSn (1:1)
and d) PtSn (19:1). Both Pt 4f and Sn 3d spectra have doublet due to spin-orbit splitting. Each labeled peak
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in main component (7/2 for Pt 4f and 5/2 for Sn 3d) has a doublet separated by fixed delta and having fixed
area ratio125.

BET surface area of the alloys was determined as 25 m2/g for Pt, 50 m2/g for both PtSn
(1:1) and PtSn (19:1), 30 m2/g for PtRu, and 45 m2/g for PtRuSn and PtRhSn. As it can be
seen all alloys have higher surface area than bulk platinum although no significant
morphological differences can be ascribed between bulk Pt and Pt-alloys (Fig. 15). It also
should be mentioned that such a surface area can be considered reasonably high for high
density unsupported platinum alloys and can be compared with state-of-the-art commercial
electrocatalysts.
Morphology analysis by SEM imaging revealed the materials as porous 3D matrices
obtained after removal of sacrificial support (EH-5 fumed silica). It also was confirmed
that Pt-alloys have morphological features similar to those seen in other publications by
our group 103-104, 126-131.

.
Figure 17. SEM images of a) bulk Pt and b) PtSn (1:1) as representative of Pt alloys.
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6.4.2 Electrochemical characterization of Pt alloys
6.4.2.1 Oxidation of oxalic acid
Six Pt and platinum-based alloys have been tested toward the oxidation of OA. These
alloys contained mostly Sn as the secondary metal along with combinations of Ru or Rh.
Cyclic voltammetry studies of the Pt alloys were performed where 0.1M OA was
introduced into 0.1M phosphate buffer (pH 4) and the oxidative current was recorded (Fig.
16a). It was observed that all Pt alloys underperformed the benchmark Pt and demonstrated
lower current densities. On the other hand when the mass activity of the alloys, which was
based on Pt loading, was compared, two of the newly synthetized alloys, PtRu (1:4) and
PtSn (1:1), showed higher performance than bulk Pt (Fig. 16b).

Figure 18: Cyclic voltammetry measurement of Pt and platinum-based alloys in 0.1M phosphate buffer
(pH 4) with 0.1M OA at 10 mV/s and 1600 rpm where a) current is normalized to the electrode surface area
and b) current is normalized to the Pt loading.
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We can assume that the presence of a second and a third metal in the alloy will lead to
changes in both, the kinetic and energetics of the reaction mechanism. Table 4 summarizes
the onset potential for OA oxidation and the current at 1V vs. Ag/AgCl on different alloys.
Pt, PtRuSn (1:3:1), and PtSn (1:1) alloys were characterized with the lowest onset potential
for OA oxidation, followed by PtSn (19:1), PtRu (1:4), and PtRhSn (6:7:2). As might be
expected Pt and Pt alloys with the lowest onset potential generated the highest currents as
a result of the oxidation of OA with the PtSn (1:1) sample shown to be the best performing
alloy. When normalized to Pt loading, the mass activity at 1V shows PtRu (1:4) to be the
best performing one, followed by PtRuSn (1:3:1).
Based on the electrochemical data it can be concluded that the presence of a second or
a third metal does not decrease the overpotential of the reaction as it was expected.
However, two of the newly developed alloys, PtSn (1:1) and PtRu (1:4), demonstrated
higher mass activity than bulk Pt.

Table 4: Onset potential (Eonset), as calculated using the procedure stated in section 2.2, of oxalate oxidation
and current recorded at 1V vs. Ag/AgCl on the tested Pt alloys.
-2

-1

Eonset vs. Ag/AgCl (V) Current density at 1V (mAcm ) Mass activity at 1V (Amg Pt)
Pt (control)
0.55
17
0.31
PtRuSn (1:3:1)
0.56
6.3
0.004
PtSn (19:1)
0.6
2.4
0.001
PtRu (1:4)
0.605
5.6
2.13
PtSn (1:1)
0.57
13.9
0.71
PtRhSn (6:7:2)
0.635
2.6
0.19
Sample

To demonstrate that the currents seen on the CVs of Pt and its alloys are due to the
oxidation of OA, the voltammogram in presence of 0.1M OA was compared to the
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voltammogram of Pt (Fig. 17a) or the corresponding alloy (Fig. 17b) in phosphate buffer
only.

a)

b)

Figure 19: (a) Cyclic voltammetry measurement of Pt in 0.1M phosphate buffer (pH 4) with and
without 0.1M OA at 10 mVs-1 and 1600 rpm. (b) Cyclic voltammetry measurement of Pt and platinumbased alloys in 0.1M phosphate buffer (pH 4) at 10 mV/s and 1600 rpm where current is normalized to the
electrode surface area.

It is apparent that the current recorded at potentials higher than 0.550 V vs. Ag/AgCl
is due to the oxidation of OA and not to other nonfaradaic processes. The onset potential
of OA oxidation on Pt recorded in this study is comparable to the onset potentail observed
in previous studies (0.562 V vs. Ag/AgCl at pH 1) 112.

6.4.2.2 Effect of pH on the oxidation of oxalic acid
The catalytic activity of platinum toward the oxidation of OA depends on the pH of the
solution and is shown to be higher at lower pHs 132. The pH dependence of the reaction is
likely related to the forms in which OA exists in the solution at different pHs. At pH=2,
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85% of OA will be in the form of hydrogen oxalate and 15% of OA will be in the undissociated form. At pH=4, 39% of OA will be in the hydrogen oxalate form and 61% in
the oxalate form while at pH=6 most of the OA in the solution (97%) will be in the oxalate
form. Taking into account that it was previously shown that undissociated OA and
hydrogen oxalate are reactive species toward OA oxidation and that the oxalate ion is the
least reactive species112, higher concentration of hydrogen oxalate and undissociated acid
at lower pHs can explain the increase in the catalytic activity with the decrease in pH. In
addition, the surface chemistry changes in Pt caused by the increase in pH are another
factor in dramatically decreased activity of Pt at higher pHs (Fig. 18a). Namely, according
to the Pourbaix diagram of platinum, at higher pH platinum oxide layer will form at lower
potentials, which interferes with platinum’s ability to oxidize OA120.
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Figure 20: Cyclic voltammetry studies of a) Pt b) PtSn (19:1), c) PtSn (1:1), d) PtRu (1:4) and samples
at various pHs. Scan rate of 10 mVs-1, 1600 rpm. All currents were normalized to Pt loading.

The performance of PtRu (1:4), PtSn (1:1) and PtSn (19:1) as a function of the
electrolyte pH was additionally investigated (Fig. 19). Only two alloys that outperformed
Pt along with the worst performing alloy were tested and compared to the benchmark Pt
sample. The onset potential at pH 8 and 10 could not be determined since the catalysts
tested do not demonstrate any activity toward the oxidation of OA in neutral and alkaline
media. When normalized to Pt loading, the mass activity of PtSn(1:1) and PtRu(1:4) was
higher than that of Pt at all pH tested. In addition, all samples tested followed an identical
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trend of decreased onset potential with increased pH and increased catalytic activity with
decreased pH (Fig. 17). The observed onset potential trend is related to the production of
protons during the oxidation process. This can be elucidated from the following free energy
equation:
∆ rG = ∆ rG0 (pH = 0, U = 0) − neU − k B Tln10pH

(7)

where ΔE is the change in the electronic energy, ΔZPE is the change in the zero-point
energy, n is the number of electrons exchanged in the reaction, U is the electrode potential
and ΔS is the change in the entropy.
According to Eq. 7 decreasing proton concentration will decrease the free energy of the
overpotential limiting step, which will lead to the decrease in the onset potential (Eq 7). At
this point we have to emphasize that between pH of 2.23 and 3.19 more than 90% of oxalic
acid is present as hydrogen oxalate, and above 5.19, more than 90% of oxalic acid is present
as oxalate. The equilibrium potential for oxalic acid is expected to have a different
dependence on pH due to the change in the proton concentration (two protons exchanged)
than the equilibrium potential of hydrogen oxalate (one proton exchanged). The
equilibrium potential of oxalate oxidation, on the other hand, is pH-independent (no proton
exchanged). Accordingly, if the overpotential remains constant, the dependence of onset
potential on pH is expected to follow one relation for pHs smaller than 2, a different one at
pH ~ 2 – 3, while there will be no shift of the onset potential for pHs higher than ~5. In
addition, at higher pHs surface oxidative species will be formed at lower potentials, which
indicates that these species might play a crucial role in the mechanism of OA oxidation.
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Figure 21: The dependence of the onset potential on pH of the electrolyte.

6.4.2.3 Effect of the oxalic acid concentration
The dependence of the generated current on the concentration of OA at pH 4 was also
investigated (Fig. 20). The current recorded at 1V vs. Ag/AgCl was used to evaluate the
current/oxalic acid concentration dependence. As it can be seen in Figure 21 for the PtSn
alloys an exponential dependence is observed indicating a second order of kinetics. The
second order reaction of OA oxidation fits the mechanism of OA oxidation involving the
participation of OH species as described in section 3.4. A linear correlation was observed
for Pt and an exponential decay function was fitted for the PtRu (1:4) alloy. The latter
implies a first order reaction with respect to the concentration of oxalic acid for Pt and most
likely mixed reaction kinetics for PtRu (1:4) alloy. Based on the first order kinetics for Pt
we can conclude that Pt itself follows the mechanism of OA oxidation in which electrons
are transferred directly to the electrode.
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When the current was normalized to the Pt loading, the PtRu (1:4) alloy dramatically
outperformed Pt and PtSn alloys for all OA concentrations. This is most likely due to the
mixed reaction kinetics proposed for that alloy, which allows the utilization of both
mechanisms of OA oxidation, with and without the participation of surface oxidizing
species.

Figure 22: The dependence of the generated current on the concentration of OA for Pt, PtSn (19:1),
PtSn (1:1) and PtRu (1:4) alloys. The current was normalized to a) the geometric surface area of the
cathode and b) the Pt loading.
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Figure 23: The dependence of the generated current on the concentration of OA for a) PtSn (19:1), b)
PtSn (1:1) c) PtRu alloys (1:4) and d) Pt. The current was normalized to the geometric surface area of the
cathode.

6.4.2.4 In situ FTIR
In situ FTIR was used as a simple method to confirm the generation of CO2 as a final
product of OA oxidation on Pt and the three Pt alloys discussed in the previous sections.
Figure 22 shows the IR spectra for the samples tested at different applied potentials. Several
major changes in the IR spectra were observed during the OA oxidation on the four
materials. The positive band at 2345 cm-1 is associated with the antisymmetric stretch of
CO2 produced during the oxidation of OA. There are two negative bands in the 1700-1500
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cm-1 region of the spectra and an additional negative band at ~1300 cm-1. These are related
to species consumed during the oxidation of OA at the sample potential and correspond to
hydrogen oxalate and oxalate anions in the solution. The band at ~1625 cm-1 can be
assigned to C=O stretching of hydrogen oxalate, the band at ~1560 cm-1 to asymmetric
carboxylate stretching of hydrogen oxalate and oxalate anions, while the band at ~1300
cm-1 is probably due to the symmetric OCO vibrations of hydrogen oxalate and oxalate
anions 116. The broad band at ~ 3200 cm-1 has been assigned to the –OH stretching and, as
expected in the case of carboxylic acids, it overlaps with the C-H stretching band.
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Figure 24: FTIR spectra collected for Pt, PtRu, PtSn (1:1) and PtRu (19:1) electrodes in 0.1M solution
of OA and 0.1M phosphate buffer with pH 4 at various potentials.
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In all the cases, the increase in the intensity of the CO2 stretching band correlates with
the current generated from the oxidation of OA and the onset potential of the process (Fig.
23). The latter indicates that during polarization, OA is oxidized to CO2 on Pt and its alloys.

Figure 25: Cyclic voltammetry and CO2 absorbance band at ~2340 cm-1 on a) Pt and b) PtRu (1:4), c)
PtSn (1:1) and d) PtSn (19:1) in 20 mM OA. Scan rate was 10 mVs-1.

6.5 Conclusions
Novel platinum-based materials have been proven as a promising alternative to
platinum as electrocatalysts for the oxidation of oxalic acid. Namely, PtSn (1:1) and PtRu
(1:4) were shown to have higher mass activity toward OA oxidation than Pt at all pH tested
(pH=2, 4, and 6). In situ FTIR data showed that each of these alloys, as well as Pt, produced
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CO2 as a product of oxalic acid oxidation, indicating a complete oxidation of OA.
Furthermore, the performance of PtRu (1:4), PtSn (1:1), and PtSn (19:1) as a function of
pH showed that all materials tested followed an identical trend of decreased onset potential
with increased pH and increased catalytic activity with decreased pH.
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Chapter 7: Hybrid Inorganic Catalyst
7.1 Abstract
Here we report the fabrication and electrochemical performance of a hybrid catalyst
comprising of Pd nanoparticles and atomically dispersed manganese active centers
integrated into nitrogen doped three-dimensional graphene nanosheets (Pd/Mn-N-3DGNS). Our results show that the synergistic integration of both Pd nanoparticles and
atomically dispersed Mn can be used to enhance the activity toward the electrochemical
oxidation of organic acids at biologically relevant pHs. The hybrid catalyst (Pd/Mn-N-3DGNS) showed increased maximum currents toward the oxidation of oxalic acid when
compared to its individual catalysts, namely, Pd/3D-GNS and Mn-N-3D-GNS catalysts.
The hybrid also showed a decreased onset potential for oxidation of mesoxalic acid as
compared to Mn-N-3D-GNS and decreased onset potentials for the oxidation of glyoxalic
acid when compared to both of its constituent catalysts. Oxidation of formic acid was also
tested and the hybrid catalyst was shown to catalyze both dehydration and dehydrogenation
mechanisms of formic acid electro-oxidation.

7.2 Introduction
In the previous chapters we examined MnAAPyr, Pt, and Pt alloys for the oxidation of
oxalic acid. However, as it was previously determined that OxDC will be the bio-catalyst
of choice, we must be wary of possible poisoning products that can arise during the
oxidation of formic acid. We must also explore the capabilities of the catalysts toward the
oxidation of glycerol intermediates: glyoxylic acid, mesoxalic acid, oxalic acid, and formic
acid.
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Commonly used catalysts for the oxidation of these organic acids are based on platinum
and its alloys

116, 133-134

. However, platinum has a tendency to get deactivated due to the

formation of an oxide layer, and/or poisoned in the presence of organic molecules and
byproducts generated in the oxidation process 11. It has been shown that when oxalic acid
is reduced on the surface of Pt(110), it leads to the formation of an irreversibly bonded
adsorbate such as adsorbed CO 116. It has also been shown that the oxidation of formic acid
on Pt electrodes leads to adsorbed CO 10.
To overcome these limitations, several alternatives to Pt have been explored. Much
more attention has been directed to the use of Pd and Pd-based alloys due to their superior
performance for the selective oxidation of alcohols, such as ethanol, lower costs and
reduced COads poisoning effect in comparison to Pt

135-139

. Moreover, Pd-based catalysts

such as Pd, PdMn, PdNi, and PdCo have shown promising activities for the oxidation of
organic molecules such as formic acid and oxalic acid in acidic media 9, 12, 140.
In the pursuit for high-performance catalysts and decreased costs, hybrid catalysts have
been receiving an increased interest over the past decade. These catalysts often rely on the
synergistic effects of non-precious grade metals, non-metals, and precious group metals 85.
Namely, researchers are aiming to deploy the positive aspects of different types of catalysts
such as the porosity, while minimizing the negative aspects such as high overpotentials. As
such, this chapter will be focused on the combination of an Mn-N-C catalyst with Pd and
examine their activity for the oxidation of glyoxylic, mesoxalic, oxalic, and formic acid.
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7.3 Experimental Section
7.3.1 Catalyst Synthesis
7.3.1.1 Fabrication of Manganese and Nitrogen Doped 3D-graphene
Nanosheets: Mn-N-3D-GNS
5g of graphite flakes were intercalated and oxidized to produce graphene oxide (GOx)
nanopallets using the modified Hummers Method

141

. The synthesized GOx was then

thoroughly washed with deionized water in a centrifuge operating at 3500 RPM. The GOx
suspension was then exfoliated in a deionized water solution and infused with the sacrificial
template (fumed silica, Cab-O-Sil® L90) in a 1:2 = GOx : Silica weight ratio using a high
power ultrasonic probe, according to methods described previously 48, 126, 142. Manganese
nitrate tetrahydrate (Mn(NO3)2·4H2O) was then dissolved in deionized water and mixed
into the GOx-Silica solution under stirring, and further exfoliated to ensure maximum
dispersion. The GOx-Silica-Mn mixture was then chemically reduced using hydrazine
hydrate (20wt% N2H4·xH2O) at 85°C for reducing the GOx nanopellets to graphene
nanosheets (GNS). The chemically reduced manganese-doped graphene nanosheets
infused with silica mixture was then dried to powder overnight using an oven set at 80°C.
The powder was then thermally doped with nitrogen using 10 wt% NH3 at 850°C, followed
by etching of the of sacrificial using 40 wt% HF to give 3D-Graphene nanosheets with a
porous structure. The Mn-N-3D-GNS suspension was then thoroughly washed using a
centrifuged, multiple times, until the pH was ~7.
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7.3.1.2 Deposition of Palladium nanoparticles using Soft Alcohol Reduction
Method.
Pd nanoparticles were deposited on Mn-N-3D-GNS supports using the Soft Alcohol
Reduction Method (SARM) established previously – where the Pd precursor [Pd(NO3)3*2H2O] – is reduced to metallic Pd on the supports dispersed in deionized water
using only ethanol as a reducing agent 126, 142. Following reduction, the Pd/Mn-N-3D-GNS
hybrid catalyst was washed using a centrifuge and dried to powder at 85°C overnight.
Similarly, Pd nanoparticles were also deposited on the Mn-N-free undoped 3D-GNS
supports (Pd/3D-GNS) as a reference.

7.3.2 Material Characterization
The physical properties and chemical composition such as the morphology of the
supports and deposition of the Pd/Mn-N-3D-GNS catalyst were determined by Scanning
Electron Microscopy (SEM, Hitachi S-5200) and Energy-dispersive X-ray spectroscopy
(EDS). Surface areas of the Mn-N-3D-graphene supports were measured by N2-sorption
(Brunauer–Emmett–Teller method, BET), using a Micrometrics 2360 Gemini Analyzer.
Surface composition analysis was performed using Kratos Axis DLD Ultra X-ray
photoelectron spectrometer. A monochromatic K-alpha source, operating at 150W, was
used without the charge compensation. Pass energies of 20 eV and 80 eV were used for
high resolution and survey spectra, respectively. High resolution N 1s, C 1s, O 1s and Pd
3d spectra were acquired from three areas per sample. Data analysis and quantification was
done on CasaXPS software. Provided by the manufacturer, sensitivity factors were used.
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7.3.3 Electrochemical Studies
The ink was prepared by weighing out 5 mg of catalyst into a testing vial. To that,
925uL of a 4:1 water:IPA solution was added followed by 75 uL of 0.5% Nafion. This
solution was then ultrasonicated with a Misonix sonicator 3000 for 2 minutes. To conduct
the electrochemical studies, 10uL of the ink was drop cast on a glassy carbon electrode and
let air dry. The electrode was then immersed in a 20 mM solution of oxalic acid, glyoxalic
acid, mesoxalic acid, or formic acid. Measurements were taken using a Ag/AgCl reference
electrode and a platinum counter electrode under ambient conditions. The cyclic
voltammetry was taken from -0.2V to 0.8V, at 10 mV/s. Onset potentials were determined
quantitatively by taking the potential at which current is 10 times the standard deviation of
the capacitive current. Onset potentials are given relative to a Ag/AgCl reference electrode
unless otherwise stated.

7.4 Results and Discussion
7.4.1 Surface Chemistry and Morphology of Catalyst
Fig. 24a shows the SEM images of the Mn-dispersed nitrogen doped 3D-Graphene
nanosheets (Mn-N-3D-GNS) modified using the Cab-O-Sil® L90 silica template. The 3dimensional morphology of the graphene support is clearly visible. The network of porous
channels seen in Fig. 24a was introduced within its matrix through acid etching of the
sacrificial L90 silica template. Fig. 24b shows the Pd nanoparticles deposited on the Mndispersed nitrogen doped 3D-graphene supports (Pd/Mn-N-3D-GNS) using the Soft
Alcohol Reduction Method (SARM). It was previously shown that Pd nanoparticles
synthesized using SARM exist in the form of evenly dispersed spherical agglomerates –
with an average size of 5 nm 48, 126, 142.
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Figure 26: Scanning electron micrographs of a) Mn-N-3D-graphene nanosheets and b) Pd nanoparticles
dispersed on the Mn-N-3D-GNS supports.

7.4.2 XPS analysis.
XPS analyses were performed on the Pd/Mn-N-3D-GNS hybrid catalyst to determine
the chemical composition of synthesized materials (Table 1). The XPS data also show
significant presence of nitrogen and traces of manganese. Small amounts of Mn may be due
to very limited sampling depth of Mn 2p electrons (~3 nm) in comparison with much deeper
sampling depth for N 1s (~11 nm). Small amounts of sulfur were also noticed, which is
originated from sulfuric acid and sulfates residues. Carbon consists of graphitic type and
large amount of carbon surface oxides and manifests large density of defects within
graphene matrix. The hybrid catalyst contains metallic Pd as indicated by the Pd peak at
335.2 eV, PdO as indicated by peak at 337.2 eV and satellite peak from Pd oxide which
also may have some contribution from Pd coordinated to nitrogen. Plurality of nitrogen
species are observed in Fig. 25. Imine, pyridinic, amine, pyrrolic, graphitic and oxidized
nitrogen are present in addition to nitrogen coordinated to metal. This peak was fitted based
on previously reported positions for Mn-Nx moieties calculated by DFT 143-144.
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Table 5: XPS results for Pd/Mn-N-3D-GNS hybrid catalyst.

Pd 3d % S 2p %
Mn 2p %
C 1s % O 1s %
N 1s %
82.9
12.3
2.1
2.4
0.3
0.1
C*/C-N
C gr
Cx Oy
20.6
60.3
18.4
Pd
PdO
Satellite/Pd-Nx
29.9
36.2
34
N imine N pyridinic N amine
19.1

18.1

N pyrrolic N graphitic NO
Nx-M
16
12.3
10.9
10.4
12.2

Figure 27: Graphs of the binding energies for Pd/Mn-N-3D-GNS for a) N 1s orbital and b) Pd 3d orbital.

7.5 Electrochemical Analysis
7.5.1 Glyoxalic, Oxalic, and Mesoxalic acids
CVs recorded at pH=5.2 (Fig. 26c), demonstrates the activity of Pd/Mn-N-3D-GNS
toward the oxidation of oxalic, mesoxalic, and glyoxalic acids. The onset potentials are
determined to be 0.315 V, 0.396 V, and 0.333 V for oxalic, mesoxalic and glyoxalic acid,
respectively. The maximum currents are measured as 0.291 mA, 0.222 mA, and 0.040 mA
for oxalic, mesoxalic, and glyoxalic acid. The maximum currents are determined as the
maximum currents measured during the oxidation of a substrate from which the maximum
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current of the blank was subtracted. Thus, we can conclude that our hybrid catalyst shows
the highest activity for the oxidation of oxalic acid, followed by the mesoxalic and glyoxalic
acid. Compared to other state-of the art catalysts such as Pt, our hybrid catalyst has a
significantly lower onset potential for oxalic acid oxidation compared to literature (0.562 V
vs Ag/AgCl for Pt at pH=1) and our previous work (0.550 V vs Ag/AgCl for Pt at pH=4)
112, 145

. The hybrid catalyst also oxidizes mesoxalic acid at lower potentials when compared

to polycrystalline Pt. Namely, on polycrystalline Pt electrode oxidation of mesoxalic acid
was observed at potentials larger than 0.744 V vs Ag/AgCl in comparison to 0.644 V vs
Ag/AgCl for our hybrid catalyst 133.
To understand the contribution of different active sites to the activity of the hybrid
catalysts, we compare its activity to the activity of its components, namely, Pd/3D-GNS
(Fig. 26a), Mn-N-3D-GNS (Fig. 3b), and 3D-GNS (Fig. 26d) catalysts. The recorded CVs
on Fig. 26a and 26b show that Pd/3D-GNS has the highest activity towards oxalic acid
oxidation, while Mn-N-3D-GNS has a higher maximum current from the oxidation of
mesoxalic acid. Mn-N-3D-GNS shows much higher onset potential for the oxidation
mesoxalic acid in comparison to oxalic acid oxidation: 0.454 V vs 0.365 V respectively
(Table 6). When comparing Pd/3D-GNS and Mn-N-3D-GNS, we observed much lower
onset potentials for the oxidation of oxalic acid, mesoxalic acid, and glyoxalic acid on
Pd/3D-GNS: 0.309 V, 0.305 V, 0.369 V compared to 0.365 V, 0.454 V, and 0.495 V for
Mn-N-3D-GNS, respectively. However, Mn-N-3D-GNS catalyst was observed to have
higher maximum currents for the oxidation of mesoxalic acid (0.267 mA) in comparison
to Pd/3D-GNS (0.107 mA), while Pd/3D-GNS showed slightly higher currents for
oxidation of glyoxalic acid and oxalic acid (0.092 mA and 0.245 mA as compared to 0.072
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mA and 0.216 mA for Mn-N-3D-GNS respectively). Combining these two catalytic
moeities by creating the hybrid Pd/Mn-N-3D-GNS catalyst, we observe a decrease in the
onset potential for oxalic (0.315 V), glyoxalic (0.333 V), and mesoxalic acid (0.396 V)
when compared to Mn-N-3D-GNS (0.365 V, 0.495 V, and 0.454 V respectively). We also
see a considerable increase in the maximum currents for oxidation of mesoxalic acid (0.222
mA) and oxalic acid (0.291 mA) when compared to Pd/3D-GNS (0.107 mA and 0.245 mA,
respectively). Moreover, the hybrid Pd/Mn-N-3D-GNS has shown to have slightly lower
onset potentials for the oxidation of glyoxalic acid (0.333 V) compared to Pd/3D-GNS
(0.369 V), while the onset potentials for the oxidation of oxalic acid on the hybrid (0.315
V) is comparable to that of Pd/3D-GNS (0.309 V).

Figure 28: Cyclic voltammograms of a) Pd/3D-GNS, b) Mn-N-3D-GNS, c) Pd/Mn-N-3D-GNS- and d)
3D-GNS in 0.1M phosphate buffer (black) and 20 mM oxalic acid (blue), 20 mM mesoxalic acid (red), and
20 mM glyoxalic acid (pink) at pH=5.2.

78

Table 6: Onset potentials vs Ag/AgCl and maximum currents observed for Mn-N-3D-GNS and Pd/3D-GNS.

Pd/3D-GNS
Pd/Mn-N-3D-GNS
Mn-N-3D-GNS
Onset
Maximum
Onset
Maximum
Onset
Maximum
Potential (V) Current (mA) Potential (V) Current (mA) Potential (V) Current (mA)
Oxalic Acid
0.365
0.216
0.309
0.245
0.315
0.291
Mesoxalic Acid
0.454
0.267
0.305
0.107
0.396
0.222
Glyoxalic Acid
0.495
0.072
0.369
0.092
0.333
0.040

The maximum current densities and onset potentials vs Ag/AgCl of Pd/3D-GNS, MnN-3D-GNS and Pd/Mn-N-3D-GNS catalysts are summarized in Table 6. Thus, based on
the observed activity of the hybrid Pd/Mn-N-3D-GNS catalyst as compared to the activity
of its component catalysts, we can conclude that combining Pd nanoparticles and Mn-N-C
centers on the same support combines the benefits of the both catalysts and can even lead
to enhanced catalysis as compared to the individual catalytic components. This is best
illustrated in the case of the oxalic acid, where the hybrid Pd/Mn-N-3D-GNS catalyst is
characterized with low onset potential due to the presence of Pd nanoparticles and higher
currents than the ones measured for any of the components separately. This is most likely
due to comparably high activity of both Mn-N-C sites and metallic Pd for oxalate oxidation
145-146

. In the case of the mesoxalic acid, the hybrid catalyst demonstrates only slightly

lower currents than the intrinsically most active Mn-N-3D-GNS catalyst, however, the
presence of Pd decreases the onset potential as compared to Mn-N-3D-GNS for almost 60
mV. Both Pd/3D-GNS and Mn-N-3D-GNS do not show high activity for glyoxalic acid,
which reflects as a low current for glyoxalic acid oxidation on the hybrid Pd/Mn-N-3DGNS catalyst; however, the hybrid is characterized with the lower onset potential for
glyoxalic acid oxidation than Pd/3D-GNS or Mn-N-3D-GNS catalyst.
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7.5.2 Formic acid
Formic acid oxidation has been separated from glyoxalic, mesoxalic, and oxalic acid
as the cyclic voltammogram of the formic acid is starkly different. Oxidation of the formic
acid on a heterogeneous catalyst can follow either dehydrogenation or dehydration reaction
mechanism 147-148:
dehydrogenation

(7)

dehydration

(8)

Pd − (COOH)ads �⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� Pd + CO2 + H + + e−

Pd − (COOH)ads �⎯⎯⎯⎯⎯⎯⎯� Pd(CO)ads + CO2 + H+ + e−

Dehydrogenation (Eqn. 7) is the preferred mechanisms as it produces carbon dioxide.
Dehydration (Eqn. 8) on the other hand is highly undesirable because it produces carbon
monoxide which acts as a poison by adsorbing to the surface of the noble catalyst, such as
Pt and Pd, preventing further oxidation of formic acid 10.
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Figure 29: Cyclic voltammograms of a) Pd/3D-GNS, b) Mn-N-3D-GNS, and c) Pd/ Mn-N-3D-GNS.
Solution was purged with nitrogen and CVs were recorded in the blank 0.1M phosphate buffer (black) and
in 20 mM formic acid (red) at pH=5.2.

However, on a single catalyst, both dehydration and dehydrogenation can occur during
the oxidation of the formic acid. As dehydrogenation does not poison the catalyst, ensuring
that majority of the reaction takes this direction is needed for the catalyst with a long-term
activity. When conducting cyclic voltammetry on metallic catalysts, such as Pt, three
distinctive peaks can be observed during the oxidation of formic acid. The first two peaks
are seen on the forward, anodic, scan. The first peak has been attributed to the
dehydrogenation of formic acid, while the second peak corresponds to the dehydration of
formic acid

149

. On the backward sweep, an oxidative peak is seen. This oxidative peak
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corresponds to the oxidation of formic acid once the adsorbed species such as CO or
different oxygenated species are stripped from the metal surface.
Pd/3D-GNS, Mn-N-3D-GNS, and Pd/Mn-N-3D-GNS show a different ability to
undergo each of the three processes mentioned above. Pd/3D-GNS shows an oxidative
peak at around -150 mV vs Ag/AgCl, with no secondary peak, and a large oxidative peak
on the reverse scan (Fig. 27a). These results are indicative of the formate oxidation via
desirable dehydrogenation path. Mn-N-3D-GNS on the other hand shows a small peak at
around 0.7 V vs Ag/AgCl (Fig. 27b), which has been assigned to dehydration path with the
production of CO. The Mn-N-3D-GNS catalyst shows little to no oxidation on the reverse
sweep. The blank shows currents that are larger than the oxidative currents, which we
attribute to the loss of catalyst during the testing; however, the shape of the cyclic
voltammetry is still clearly distinguishable. When combining the two types of active sites
in the same system, cyclic voltammogram (Fig. 27c) shows the activity that can be
attributed to the presence of two different catalysts i.e. Mn-N-3D-GNS and Pd/3D-GNS.
Thus, the hybrid catalyst retains the ability of formate oxidation by dehydrogenation due
to Pd nanoparticles, which is seen as an oxidative peak at 9.8 mV, and also the ability of
Mn-N-C centers to dehydrate formate, which is seen as an oxidative a peak at 411 mV.
Thus, we can conclude that the presence of Mn-N-C sites is not beneficial for the oxidation
of formic acid because the oxidation of formic acid on these centers follows the undesired
dehydration path with the production of CO. In the case of formic acid oxidation, palladium
nanoparticles seem to be the preferred catalyst, as only a dehydrogenation peak is observed
for Pd/3D-GNS, while Pd/Mn-N-3D-GNS indicates both dehydration and dehydrogenation
reactions. The activity of our Pd/3D-GNS catalyst towards formic acid oxidation resembles
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that of previously reported unsupported palladium and carbon supported palladium
catalysts 45, 150 and nanocrystalline PtX intermetallics (X=Bi, Pb, Pd, Ru) 8 that are shown
to oxidize formic acid via favorable dehydrogenation path without the production of CO
45, 150

. When compared to graphene supported platinum or Pt-alloys designed for the

oxidation of formic acid in fuel cells and carbon supported palladium, Pd/3D-GNS shows
an oxidation peak corresponding to dehydrogenation at 0.35 vs RHE, while the oxidation
peak potential on Pt, nanocrystalline PtBi catalysts, or carbon-supported Pd catalysts is
observed at 0.68 V, 0.57 V and 0.5 V vs RHE, respectively.

7.6 Conclusions
Our results show that the synergistic integration of both Pd nanoparticles and
atomically dispersed Mn has the ability to enhance the electrochemical oxidation of organic
acids. Our hybrid catalyst consisting of Pd nanoparticles supported on Mn-N-3D-graphene
nanosheets has been demonstrated to have lower onset potentials for the oxidation of
oxalic, mesoxalic, and glyoxalic acids when compared to Mn-N-3D-GNS catalyst. It also
has higher maximum currents for the oxidation of mesoxalic and oxalic acids in
comparison to the Pd/3D-GNS catalyst. Furthermore, the hybrid Pd/Mn-N-3D-GNS
catalyst shows higher currents for oxalic acid oxidation and lower onset potentials towards
the oxidation of glyoxalic acid than its component catalysts. In addition, we have found
that the oxidation of formic acid appears to exclusively undergo dehydrogenation path on
the Pd/3D-GNS catalyst without the significant production of CO, while on the Mn-N-3DGNS catalyst it undergoes the dehydration path. On the hybrid Pd/Mn-N-3D-GNS catalyst
formic acid oxidation follows both dehydrogenation and dehydration path due to the
different activity of its constituent catalysts.
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Density functional theory calculations were done by the Atanassov group to explain
the observed activity towards formic acid. It was proposed that a two-site catalysis most
likely promotes favorable dehydrogenation reaction for formic acid oxidation, and that the
selectivity towards dehydrogenation/dehydration path depends on the type of the active
sites present in the catalyst.
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Chapter 8: Hybrid inorganic/enzymatic catalyst
8.1 Abstract
A novel method to create a hybrid inorganic/enzymatic catalyst was developed for the
sequential oxidation of oxalic acid to carbon dioxide. Oxalate decarboxylase (OxDC), was
immobilized on a 3D graphene scaffold (3D-GNS) utilizing 1-pyrenebutanoic acid
succinimidyl ester (PBSE). Separately, Pd-nanoparticles, 6.3nm average size, were
reduced onto 3D-GNS. These were then combined, in a sequential deposition, and tested
for sequential and complete oxidation of oxalic acid. The results showed a clear two-step
reaction on OxDC and Pd for the oxalic acid and formic acid, respectively.

8.2 Introduction
In previous chapters we were developed a database of possible catalysts to be utilized
in a hybrid inorganic/enzymatic catalytic cascade. In this chapter, we utilized the gained
knowledge to create a two-step sequential oxidation cascade.
Oxidation of complex substrates by means of multi-step reactions has been extensively
explored in enzymatic metabolic processes, such as the Krebs cycle 18, 151. To facilitate the
complex catalytic processes, nature has developed interconnected complexes of enzymes,
termed metabolons, which create an environment for fast and effective transport of
intermediates from one catalytic site to another

17, 152-153

. Progress has been made in the

development of synthetic metabolons, such as those found in the citric acid cycle

16

,

however there is an interest in integration of other types of catalysts within these complexes
14, 88, 154-155

. The incorporation of new catalytic modalities, such as homogenous and

inorganic catalysts, into the metabolon framework would offer innovative ways of
advancement in characterization, assay development and small-scale energy production.
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Enzymes offer substrate specificity and predictable, and well described reaction
mechanisms.

Conversely, inorganic catalysts have unique photonic, electronic, and

catalytic properties generally allowing for higher catalytic turnover than enzymes

51

. In

addition, inorganic catalysts are less sensitive to changes in pH and temperatures, allowing
for a wider range of reaction conditions.
Currently, there are several approaches that have been used for incorporation or
inorganic catalysts with enzymatic catalysts. These include physical adsorption onto a solid
support, site specific immobilization, electrostatic binding, and covalent coupling 51, 156-157.
Electrostatic coupling has been demonstrated utilizing α-chymotrypsin where the
positively charged active site was oriented towards a negatively charged, carboxylic-acid
functionalized Ag nanoparticle, leading to an increased specificity for its anionic substrate
66

. Gold nanoclusters have also been utilized with the bilirubin oxidase, immobilized

utilizing 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBSE) linker on a carbon
nanotube support, to facilitate the electron transfer from the a graphene electrode to the
enzyme 50. To our best knowledge there is only one case in which enzymatic and inorganic
catalysts have been used to catalyze sequential reactions. Namely, Z. Li et al used a selfassembly-disassembly approach to coordinate Cu2+ nanoparticles and Candida antartica
lipase B and used the enzyme copper-composite for a two-step oxidation of p-nitrophenyl
butyrate to p-aminophenol 87.
While advances in hybrid inorganic catalysts have been made

14, 87-88, 154-155, 158-159

,

coupling inorganic and enzymatic catalysts has shown to be challenging due to observed
decreases in enzyme activity

87, 158-159

. This loss in activity is believed to be due to

conformational changes or denaturation that are caused by the immobilization or
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association of the enzyme with the inorganic catalyst. Due to these obstacles, synthesis and
co-localization of the inorganic and enzymatic catalysts is critical.

8.3 Experimental Section
8.3.1

Ink Preparation

All catalysts were prepared by flowing the procedure developed by Atanassov’s group
48

. An ink of Pd/3D-GNS or 3D graphene nanosheets (3D-GNS) was prepared by adding

925 µL of DI water to 5 mg of the catalyst. To this, 75 µL of 0.5% tetrabutylammonium
bromide modified nafion (TBAB-nafion) in ethanol solution was added. This solution was
then ultrasonicated with a Misonix sonicator 3000 for 15 seconds.

8.3.2

OxDC Immobilization

Oxalate decarboxylase (OxDC) from Bacillus subutilis was expressed using E Coli and
its activity was tested using formate dehydrogenase assay. OxDC was immobilized on 3DGNS to create OxDC/3D-GNS by the use of 1-pyrenebutyric acid N-hydroxysuccinimide
ester (PBSE) linker, which has been used by our group before as a universal linker for the
immobilization of enzymes onto a graphene support

160

. To immobilize OxDC, 7 µL of

PBSE was mixed with 40 µL of the 3D-GNS ink and let sit for 1 hour. 3 µL of 2 mg/mL
OxDC was then mixed in and let sit at 4 °C for 15 hours to allow enzyme immobilization.

87

8.3.3

Ink Dropcast

A glassy carbon electrode was utilized for the electrochemical experiments. Several
ways of depositing Pd/3D-GNS and OxDC/3D-GNS were tested: co-deposition and
premixed-deposition. In a co-deposition 10µL of Pd/3D-GNS was first deposited on the
surface of the electrode and let air dry for ~20 minutes until semi-dry. After that two
aliquots of 10 µL of OxDC/3D-GNS were deposited where each layer was allowed to dry
for ~20 minutes before immersion into the test solution. The premixed-deposition
comprised of three subsequent depositions which were drop casted on the glassy carbon
electrode as described before; however, in this case Pd/3D-GNS and OxDC/3D-GNS were
premixed in 1:2 ratio, respectively. 3D-GNS samples were testing by depositing three 10
µL aliquots of 3D-GNS onto the electrode as described for co-deposition procedure. Tests
for Pd/3D-GNS were performed by drop casting 10 µL of Pd/3D-GNS onto the electrode
followed by two depositions of 10 µL of 3D-GNS.

8.3.4

Electrochemical Experiments

Electrochemical tests were performed by immersing the electrodes into a solution of
200 mM citric acid-phosphate buffer solution, pH=5.2. A blank was first tested followed
by the injection of a concentrated oxalic acid solution, pH=5.2, to bring the oxalic acid
concentration to 100 mM. Great care was taken to ensure the pH remained constant
between the blank and oxalic acid addition. The electrochemical cell was comprised of a
glassy carbon working electrode, Ag/AgCl reference electrode, and a Pt counter electrode.
Chronoamperometry data was obtained for the blank and for 100 mM oxalic acid with an
applied potential of -150 mV vs Ag/AgCl for 30 minutes.
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8.3.4

UV-Visible Spectroscopy

Prepared electrodes were immersed in 1.5 mL of 100 mM oxalate solution with an
applied potential of -150 mV as described in supplementary section 1.4.
Chronoamperometry measurements were performed for 2 hours before the electrode was
removed and the reaction of oxalate oxidation by OxDC was quenched by utilizing 2.66
mL of sodium phosphate buffer with a pH=8. Following the quenching, 287 µL of this
solution was then placed in a well along with 10 µL of 5 mM NAD+ and 3 µL of formate
dehydrogenase from Candida boidinii. The sample was then monitored utilizing a UV-VIS
at 340 nm for 15 hours.

8.3.5

Agglomeration Experiment

5µL of Pd/3D-GNS and OxDC/3D-GNS ink was dispersed in 1 mL of the dispersant
solvent. These samples were then shaken on a rotary lab mixer for 30 seconds followed by
2-5 seconds of an ultrasonic bath to remove air bubbles. 10 measurements of each sample
were taken utilizing a Zetasizer Nano-ZS, and the average was given.

8.4 Results and Discussion
To explore the incorporation of enzymatic and inorganic catalysts within a synthetic
cascade, we are utilizing the well-studied glycerol oxidation cascade

14, 88, 154, 161

. The

glycerol cascade is an important model cascade for the oxidation of biofuels as complex
polyols are difficult to oxidize by inorganic catalysts, such as Ag and Pd 88, 154. This cascade
was explored previously to create more complex cascades for biofuel oxidation. For
example, hybrid molecular/enzymatic catalysts were developed for the complete oxidation
of glycerol to CO2

14, 88, 154

. Within the newly developed hybrid cascades for glycerol
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oxidation, the use of oxalate decarboxylase (OxDC) from Bacillus subtilis was shown to
provide improvements over the previous enzymatic and molecular/enzymatic cascades that
utilized oxalate oxidase 88. Namely, OxDC can be easily expressed with E. coli with a high
specific activity offering the advantage of low cost and feasibility of enzymatic
engineering. In contrast to OxOx, OxDC catalyzes the hydrolytic C-C bond cleavage and
converts oxalate to formate 46. A molecular catalyst, TEMPO-NH2 was used in the previous
work to complete the glycerol cascade and oxidize formate to CO2 14, 88. As inorganic
catalysts are known to efficiently oxidize formate to CO2 13, 45, 147-148, 162-165, we explored
the possibility of creating a novel hybrid enzymatic/inorganic catalyst that would catalyze
the last two reactions in the glycerol cascade – conversion of oxalate to CO2 (Scheme 1).
The disproportion reaction catalyzed by OxDC produces formate, which can be oxidized
by an inorganic catalyst, such as previously explored Pd nanoparticles supported on 3DGraphene nanosheets (3D-GNS) (Scheme 2). As OxDC is not a redox enzyme,
electrochemical measurements can be used to determine the completeness of the two-step
oxidation of oxalate to CO2 by monitoring the formate oxidation on Pd/3D-GNS. In
addition, 3D-Graphene nanosheets (3D-GNS), a porous conductive support

48

, was

explored as a unique nanostructured scaffold that can enable a successful incorporation of
a more diverse portfolio of enzymatic and inorganic catalysts.

Scheme 3: Equation for the studied reaction cascade where OxDC immobilized on 3D-GNS is used to
convert oxalate to formate, which is then subsequently oxidized to CO2 by Pd supported on 3D-GNS. 2eare transferred to the graphene support as a result of formate oxidation.
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3D-GNS were synthesized utilizing a sacrificial support method, developed at the
University of New Mexico, in which graphene is intercalated with silica and etched out
with HF, creating a relatively high surface area scaffold 49, 126, 166-167. This support has been
previously characterized by our group and shown to be highly conductive, porous, and to
be an excellent support for inorganic electro-catalysts such as Pd 48, 126, 162. Pd nanoparticles
were deposited on 3D-GNS material using a SARM method as described previously 48-49.
This method produces homogenously dispersed Pd particles with an average size of 6.3
nm. Pd/3D-GNS was extensively characterized in our previous work using x-ray
diffraction, Scanning Electron Microscopy, Transmission Electron Microscopy, and
nitrogen-sorption Brunauer-Emmett-Tellerin

48

. Our group has also previously

demonstrated the ability of Pd/3D-GNS to oxidize oxalic acid, pH=5.2, with an onset
potential of around 300 mV vs Ag/AgCl 162. We have also shown that Pd/3D-GNS has high
activity towards formic acid oxidation via the desirable dehydrogenation path. Namely,
cyclic voltammetry studies at pH=5.2 showed a peak at around -150 mV vs Ag/AgCl due
to formate oxidation producing a current of ~0.170 mA 162. This difference in activity upon
the applied potential allows for catalytic selectivity of Pd/3D-GNS catalyst, ensuring that
the observed change at -150 mV vs Ag/AgCl in the current is due to the oxidation of
formate and there is no interference due to oxidation of oxalate.
As described in more details in section 8.3.2, OxDC was immobilized on 3D-GNS
utilizing 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBSE) linker to create
OxDC/3D-GNS. For electrochemical tests, Pd/3D-GNS and OxDC/3D-GNS were dropcast on a glassy carbon electrode. Several different depositions were tested, in 100mM
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oxalic acid solution at pH 5.2, to determine the optimal way of creating a hybrid OxDC/Pd
catalyst. It was determined that a deposition of Pd/3D-GNS followed by two depositions
of OxDC/3D-GNS results in the most active hybrid catalyst arrangement. Scanning
electron microscopy was utilized to analyze the surface morphology of the as created
hybrid catalysts. As seen on Figure 28, the hybrid catalyst showed no visible Pd
nanoparticles on the surface. Energy Dispersive X-ray Spectroscopy was utilized to
analyze the samples and showed that 14% of Pd is present in the created hybrid catalyst,
which suggests that Pd/3D-GNS may not be homogenously spread throughout the sample.

Figure 30: Scanning electron micrograph of the OxDC/Pd hybrid catalyst obtained from the sequential
deposition of OxDC/3D-GNS on Pd/3D-GNS.

To further explain the SEM results and to determine how the depositions of Pd/3DGNS and OxDC/3D-GNS were formed during the synthesis, an agglomeration study was
conducted utilizing a zeta potential. Agglomeration results done by Sandia Laboratories
showed a bimodal distribution of sizes for OxDC/3D-GNS and a trimodal distribution of
Pd/3D-GNS, with majority of the agglomerations near 100 nm and 500 nm, respectively.
It is known that the particles will separate based on the size within depositions. However,
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as Pd/3D-GNS was initially deposited and partially dried before the deposition of
OxDC/3D-GNS, the results indicate that the smaller agglomerations of OxDC/3D-GNS
may be surrounding the larger agglomerations of Pd/3D-GNS, which would be consistent
with the SEM results.
A formate dehydrogenase (FDH) assay was used to study the activity of OxDC in the
prepared hybrid enzymatic/inorganic catalyst. The assay indirectly detects the formation
of formate from oxalate as catalyzed by OxDC based on the activity of FDH towards
formate. Namely, FDH oxidizes formate and simultaneously reduces NAD+ to NADH in a
1:1 molar ratio. The production of NADH can be observed by monitoring the reaction at
340 nm utilizing a UV-VIS. The hybrid catalyst obtained by sequential deposition of
OxDC/3D-GNS on Pd/3D-GNS was exposed to 100 mM oxalic acid, pH=5.2, solution at
-150 mV vs Ag/AgCl for 2 hours before UV-VIS testing. The analysis of the reaction
mixture showed the presence of formate, indicated by an increase in absorbance at 340 nm
(Figure 29). As Pd will not oxidize oxalic acid below ~300 mV vs Ag/AgCl, thus the
increase in absorbance proves the activity of the OxDC in the hybrid OxDC/Pd system.
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Figure 29: UV-VIS absorbance at 340 nm in blank and with the hybrid catalyst in which OxDC is
immobilized on 3D-GNS. The assay was measured in 200 mM citric acid-phosphate buffer solution in the
presence of 100 mM oxalic acid.

Utilizing the hybrid OxDc/Pd catalyst formed by the sequential deposition of
OxDC/3D-GNS

on

Pd/3D-GNS,

we

further

conducted

chronoamperometric

measurements at -150 mV vs Ag/AgCl in 200mM citric acid-phosphate buffer and 100
mM oxalic acid for 30 minutes. The measurements are then compared to the measurements
of the system with equal amounts of 3D-GNS but no OxDC (labeled in Figure 4 as 3DGNS on Pd/3D-GNS). In addition, to exclude any interference due to electrochemical
activity of 3D-GNS, measurements were repeated with 3D-GNS only (Figure S3). The
change in the current for all three systems was obtained as the difference in the average
current observed within the last 5 minutes of the chronoamperometric measurements in
buffer solution and the average current obtained in the last 5 minutes in 100 mM oxalic
acid (Figure 30). As the results on the Figure 31 show there is an observable difference in
the current detected with the three studied systems. An average change in the current for
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3D-GNS, Pd/3D-GNS, and the hybrid OxDC/Pd system was determined as 1.27 µA, 1.23
µA, and 5.75 µA, respectively.

Figure 32: Chronoamperometric data in blank (black) and 100mM oxalate solution (red) for a) 3DGNS on Pd/3D-GNS and b) OxDC/Pd hybrid catalyst in which OxDC/3D-GNS in co-deposited with
Pd/3D-GNS.

Our hybrid OxDC/Pd catalyst, shows a significant increase in the current due to formate
oxidation on Pd as compared to the two controls, 3D-GNS and Pd/3D-GNS. This indicates
that 3D-GNS was successfully used as a scaffold to incorporate an enzymatic system with
an inorganic catalyst. Moreover, the hybrid catalyst is shown to catalyze two subsequent
reactions in which oxalate is first converted to formate by OxDC followed by the oxidation
of formate to CO2 by Pd.
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Figure 33: Performance comparison between chronoamperometric measurements: A) 3D-GNS, B) 3DGNS on Pd/3D-GNS, and C) co-deposition of OxDC/3D-GNS on Pd/3D-GNS.

8.5 Conclusions
In conclusion, we have demonstrated a simple and novel approach for immobilization
and co-localization of an enzymatic and inorganic catalyst using a carbonaceous support 3D-Graphene nanosheets. The enzymatic and inorganic catalyst were shown to work
together to oxidize a two-step oxidation of oxalic acid to CO2. Increased currents were
observed with OxDC/Pd hybrid catalyst prepared by sequential deposition of OxDC/3DGNS on Pd/3D-GNS in comparison to the controls, which was attributed to oxidation of
formic acid, an intermediate in the studied two step reaction. While these results are
extremely promising and provide a simple platform for incorporating enzymatic and
inorganic systems, further characterization and optimization is required.
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Chapter 9: Conclusions and Future Directions
9.1 Inorganic Catalyst Database
In this dissertation, I have reported the successful investigation of multiple inorganic
catalysts active towards glycerol intermediates. A novel non-platinum group metal (nonpgm) catalyst derived from Mn and amino-antipyrine (MnAAPyr) was designed to mimic
the reaction centers of OxOx and OxDC. This catalyst showed significant activity towards
the oxidation of oxalic acid and is an excellent addition to inorganic catalysts. Building on
this research, by understanding that MnAAPy can be used to efficiently oxidize oxalic acid,
it allows for more variety within the synthetic metabolon. For instance, future research can
substitute OxOx or OxDC within the glycerol cascade with this inorganic catalyst. As both
bio-catalysts can oxidize mesoxalic and oxalic acid, incorporating the biomimetic catalyst
for the oxidation of oxalic acid is possible while maintaining scheme 1. This can lead to a
full incorporation of the molecular, enzymatic, and biomimetic catalysts.
The exploration of Pt and the Pt alloys, described in this dissertation, illustrates the
importance of exploration of alloys, concentration of the substrate, and pH of the
environment in the design of synthetic cascades. Pt, PtSn(1:1), PtRu(1:4), and PtSn(19:1)
all showed significant activity towards the oxidation of oxalic acid. When pH was varied,
it was shown that there is a clear decrease in onset potential with an increase in pH. As
would be expected, with decreasing pH, there was an increase in activity for Pt, PtSn(1:1),
PtRu(1:4), and PtSn(1:1). This increase in current is attributed to not only the proton
concentration in solution, but oxalic acid’s pKa, and the surface chemistry of the catalyst.
This example illustrates the importance of balancing catalyst chemistry within the system,
deprotonated state of the substrate, and the activity pH range of the inorganic catalyst. As
Pt and the Pt alloys showed a significant increase in activity at lower pHs, it would be
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advantageous to utilize a bio-catalyst that works at slightly more acidic pH, with these
alloys. As such, the exploration of OxDC was shown to be the perfect bio-catalyst for this
system. However, synthetic metabolons cannot be exclusively limited to slightly acidic
conditions and further research of inorganic catalysts, which can operate in slightly alkaline
conditions, should be explored.
As Pt oxidizes formic acid via the undesired dehydration mechanisms, Pd and a Pd
hybridized with Mn-N-C catalyst was then explored. The exploration of this hybrid catalyst
showed synergistic effect towards the oxidation of oxalic acid, mesoxalic acid, glyoxalic
acid, and formic acid. However, there was not a significant difference in the onset
potentials between oxalic, mesoxalic, and glyoxalic acids. This leads to undesired
competing reactions within a cascade and thus making this catalyst unusable for these three
glycerol cascade intermediates, within the scope of this research. Future research should
also test the activity of these catalysts at different pHs, as was done for Pt and Pt Alloys,
and to also examine alternative inorganic catalysts to increase electro-catalytic selectivity
towards oxalic, mesoxalic, and glyoxalic acids.
The oxidation of formic acid on the hybrid Pd/Mn-N-C catalyst showed distinctively
different cyclic voltammetry shape in comparison to the other glycerol intermediates
tested. When Pd and Mn-N-C were tested separately, the results showed that the Pd
oxidizes formic acid via the desired dehydration mechanism, while the Mn-N-C oxidizes
formic acid through the undesired hydrogenation mechanism. The production of CO during
the hydrogenation mechanism of formate oxidation is highly poisonous to the inorganic
catalysts and must be avoided in most catalytic cascades. However, as Pd shows to be
electrostatically selective towards the dehydration mechanism, compared to the other
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organic acids tested, it can safely be incorporated into the cascade. Therefore, of the
catalysts tested, Pd has shown to be the optimal catalyst to be utilized for the final glycerol
oxidation step. This research should be expanded in the future to focus on optimizing Pd
activity towards formic acid; possibly through alloying, building on the work done by other
groups involved in formic acid fuel cell research 12, 148.

9.2 Enzyme Immobilization and Hybrid Enzymatic/Inorganic Catalyst
By incorporating Pd to catalyze the final step in glycerol oxidation, formic acid, we
utilized PBSE to immobilize OxDC onto a 3D-GNS support. By utilizing PBSE, OxDC is
prevented from desorbing from the graphene, ensuring OxDC remains co-localized on the
carbonaceous support. Employing an FDH assay, it was demonstrated that OxDC remained
active after immobilization. While this dissertation focused on inorganic catalysts, further
exploration of OxDC’s activity was not necessary. However, more research into
immobilized OxDC is required. Further experimentation must be done to optimize enzyme
to PBSE ratio and maximize the amount of immobilized OxDC, which can lead to an
increase in current for future synthetic cascades.
To incorporate the Pd inorganic catalyst with an immobilized OxDC, for a two-step
cascade, a novel deposition approach was designed. OxDC/3D-GNS and Pd/3D-GNS were
deposited, in a sequential fashion, starting with Pd/3D-GNS, followed by two depositions
of OxDC/3D-GNS onto a glassy carbon electrode. The sequential depositions showed a
significant increase in observed current, in 100mM oxalic acid, when compared to
OxDC/3D-GNS and Pd/3D-GNS alone. While this is a breakthrough in incorporating
inorganic catalysts into synthetic cascades, further exploration needs to be done to optimize
and characterize the inorganic/enzymatic hybrid catalysts. Characterizing this system has
99

been shown to be difficult. The graphene interference, the production of carbon dioxide
from both reactions on Pd and OxDC, as well as the need to maintain the depositions during
testing has limited the characterization possibilities. Prospective studies should focus on
characterization of the oxidation of formic acid on Pd within a graphene mass, as
production of formic acid from OxDC is easily monitored via the FDH assay. To optimize
this cascade, future studies looking at diffusional limitations within this deposition as well
as how to optimize diffusional distance between catalysts, are needed. It has been shown
that co-localization of two catalysts within 5nm of each other can limit losses between
these two catalysts due to diffusion into the bulk. Thus, incorporation of OxDC and Pd on
the same scaffold should be explored and may lead to a significant increase in current.

9.3 Future Directions
The incorporation of inorganic catalysts into a synthetic metabolon, as seen in scheme
1, was a significant step forward. However, construction of the entire synthetic multicomponent metabolon, for glycerol oxidation or oxidation of complex molecular fuels,
incorporating the research I have done in the above dissertation still needs to be explored.
To accomplish this, future studies should focus on the exploration and incorporation of
molecular catalysts onto the support or directly on the bio-catalyst, while preserving
selectivity of each catalyst. As described in the background, the Minteer group has made
significant strides in the development of different TEMPOs as molecular catalysts.
However, without a constant turnover of deactivated-TEMPO to activated-TEMPO by an
applied potential, the cascade will halt. This needs to be studied in order to incorporate a
molecular component within this enzymatic-inorganic cascade.
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This research is the beginning of a new frontier within the energy field. Successful
implementation of this research can lead to devices implanted within the body that are
efficiently powered by the sugars within the body, producing only carbon dioxide, a natural
byproduct for mammalian respiratory processes. Development of these cascades may also
prove to be useful for the energy needs of small devices, such as cellphones. As synthetic
multi-component cascades are the dawning of a new area of exploration, the possibilities
are endless and the future of this research remains exciting.
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