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Abstract

Electrochemical Hydrogen Peroxide Generation with Anthraquinone Chemistry for Advanced

Oxidation Process

Qianhong Zhu

2021

Hydrogen peroxide plays a critical role in many industrial applications, including
chemical synthesis and environmental remediation. For example, in advanced oxidation process
of water treatment, hydrogen peroxide is activated to hydroxyl radical by catalysts or UV light
for non-selective and rapid degradation of non-biodegradable, toxic, recalcitrant organic
micropollutants. Industrial anthraquinone process, which synthesizes hydrogen peroxide from
hydrogen and oxygen gas in organic phase, requires intensive capital investment, expensive
reactants, high energy inputs, and raises many environmental concerns. Electrochemical
production of hydrogen peroxide with air, water and electricity as inputs has emerged as a
promising alternative method because it is low-cost, easy-to-operate, and environmentally-
friendly. It would also greatly reduce the costs and dangers related to handling and transportation
of commercial concentrated hydrogen peroxide solution and it can be potentially used for in-situ
advanced oxidation process in decentralized water treatment applications. However,
electrocatalyst synthesis, electrochemical reactor design, and H20- activation method all require

significant improvement for real world usage.



For electrocatalyst development, we propose to transfer anthraquinone’s homogeneous
chemistry to heterogeneous interfaces. Most of the electrocatalysts reported have either low
selectivity or low overall production and accumulation, as their environmental applications are
hindered by the unclear reaction mechanism and uncontrolled material structure. We expect to
produce hydrogen peroxide at the well-defined reactive sites selectively and stably.
Anthraguinone molecular catalyst is attached to conductive substrates to construct immobilized
heterogeneous electrocatalysts, and their performance under various electrochemical conditions
are measured and optimized. The electro-driven anthraquinone is hydrogenated and oxidized
sequentially to produce hydrogen peroxide, as in industrial processes. Various conductive
supports with high electron mobility, stability with reduction potential, and compatibility with
peroxide are investigated, including polymeric carbon nitride and conductive polymers. The
material characterizations prove that anthraquinone can be chemically attached to conductive
substrates with a facile, one-step synthesis method, and both catalytic composites show

capacities of producing H20. with high activity and selectivity.

For device-level optimization, two different electrode configurations, immersed electrode
and gas diffusion electrode, are tested for their electrochemical performance respectively. Due to
the oxygen mass transport limitation in the liquid phase, GDE electrode architecture is expected
to boost the electrocatalytic activity and selectivity due to the formation of gas-liquid-solid triple
phase boundary layer. We here present an electrochemical H.O> generation cell that produces 1.8
mol geaalyst * hrt at 100 mA with a Faradaic efficiency of 96%. Our calculation indicates that
H20. production consumes only 0.2 to 20% of the total electricity consumption of AOPs in

various AOP application scenarios employing UV activation. We also demonstrate the H.O>



production capability of the device with simulated drinking water and wastewater as feed

electrolytes to demonstrate its potential for real-world operation scenarios.

For H2O; activation in an AOP system, we further explore the possibilities of activating
H>02 with no chemical input and with no or little energy input by utilizing a heterogeneous
Fenton catalyst, iron oxychloride (FeOCI) in two configurations: packed bed reactor and electro-
Fenton reactor. In packed bed reactor, FeOCI is loaded to molecular sieve substrate as
heterogeneous catalyst for Fenton reaction, where H»O is activated to hydroxyl radical; in
electro-Fenton reactor, FeOCl is loaded to conductive carbon substrate as electrocatalyst for
electrochemically-driven Fenton-like reaction. Both reactors exhibit capacities to degrade the
model contaminant compound. Based on these results, future research directions are outlined to
fully realize the research goal of modular, electrified, and decentralized water treatment with in-

situ H202 generation and in-situ H2O> activation.
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Chapter 1: Statement of Problem

1.1 Statement of problem

Hydrogen peroxide (H20>) is a widely used chemical with a broad range of applications
in chemical, medical, and environmental industries.! Since H20; is an environment-friendly
oxidant and generates only water and oxygen as by-products, it is commonly used in advanced
oxidation process (AOP) in water and wastewater treatment. In AOP, H20- are used are
precursors to produce hydroxyl radicals via UV irradiation or catalyst activation,?* and hydroxyl
radicals are one of the most powerful oxidants to degrade a wide range of toxic, recalcitrant
contaminants including solvents, hydrocarbons, industrial chemicals, pharmaceuticals, etc., that

cannot be easily removed by biological methods.®

Industrial hydrogen peroxide production is mainly based on anthraquinone (AQ) process,
where 2-alkylanthraquinone (R-AQ) is first hydrogenated by reacting with H> gas on a noble
metal catalyst surface in organic solvent phase, and then R-AQ was auto-oxidized by O> gas
back to AQ with concomitant H2O- production.! However, this process requires expensive
hydrogen gas and noble metal, toxic organic solvents, and high energy input for separation,®
which make H>O> production far from being carbon neutral within its life cycle and significantly
limit its potential environmental applications.” The high costs and hazards associated with
storage and transportation of commercially concentrated H20>, in addition to environmental
concerns, call for facile and sustainable H>O> generation with low energy input and low-cost,

ecofriendly catalysts.

Can H20> be produced in a green and carbon-neutral way such that it is sustainable
throughout its life cycle? Can H>O> be produced via electrochemical methods that require only

-1-



electricity, oxygen in air, and water as inputs? Can such production be competitive with the
established industrial processes? Can H20- be produced at point of use for in-situ water
treatment with AOP? Can H20- be activated without additional chemical input and with no or
low energy consumption? The goal of this research is to answer these questions by developing an
electrochemical H20: production device and an H20> activation device as an alternative, green,

and sustainable technology of choice.

Recently, non-metal electrocatalysts have been reported as promising candidates, such as
carbon catalysts,31° modified graphite felt,**"*2 nitrogen-doped porous carbon,***® boron nitride
in carbon materials,*® reduced graphene oxide,'” etc. However, most of these materials were
utilizing nitrogen or oxygen-containing functional groups, sp®-C hybridization, or “defects” as
catalytic sites and could not precisely control catalyst structures or functionality densities to

manipulate and optimize their electrochemical activities.

Therefore, the central idea of this research is to leverage the exceptional selectivity of the
AQ chemistry for electrochemical H20- production; i.e., different from the industrial process, the
homogeneous AQ catalysts are immobilized onto heterogeneous surfaces of electrocatalysts such
that AQ chemistry is electricity-driven. Previous works of catalysts with anthraquinone as
reacting centers'®2! were suffering from either low production and efficiency or high
overpotential for operation, possibly due to low AQ loading or unstable and H2O2-uncompatible
conductive substrates. Although some materials show high current density efficiency (>90%) for
2-electron oxygen reduction in rotating-disk tests, it is difficult to detect the expected amount of
H>0. during electrolysis for a prolonged experiment due to oxygen transport limitation or self-
disproportion. Therefore, we expected to immobilize AQ molecules on stable and H2O»-friendly

substrates as heterogeneous electrocatalysts for H.O> generation and accumulation.

-2-



In addition to catalyst development, we will also focus on constructing a more effective
electrochemical cell design with gas diffusion electrode architecture. The device demonstration
is critical for moving forward the proposed sustainable production and use of H.O> because if its
industrial-scale production can be adapted to a variable-scale and spatially-distributed
production, one can generate this water-treatment reagent wherever electricity is available.
Current researches on electrochemical reactors focus on the performance in synthetic, clean
matrix and neglect many complications in real-world scenarios. We aim to develop an
electrochemical H2O> generation module and perform it in complicated water matrices to test for

its feasibility in decentralized water treatment applications.??

We will also explore the possibility of developing a H.O> activation module with little or
no energy consumption and no chemical input. We propose to take advantage of the efficient
redox cycle of a novel Fenton catalyst iron oxychloride (FeOCI),?>?* and test its performance as
substrate-supported heterogeneous catalyst in a packed reactor, and as a conductor-supported
electrocatalyst in an electrochemical cell. We expect that both designs will efficiently active
hydrogen peroxide to hydroxyl radicals for the oxidation and degradation of organic
micropollutants, and both systems will not need additional chemical supply and significantly

reduce the energy requirement compared with the benchmark UV process.

Therefore, the ultimate goal of this research is to develop an autonomous, electrified,
modular, and chemical-free system for in-situ water treatment applications. The proposed
research mainly aims to 1) develop anthraguinone modified electrocatalyst for hydrogen
peroxide generation via oxygen reduction reaction; 2) understand reaction mechanisms and

optimize material’s electrochemical performance; 3) design electrochemical generation modules



for H.O: electrosynthesis; 4) prepare H.O: activation catalysts and reactors for advanced

oxidation process.
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Chapter 2: Background

2.1 Industrial H202 generation: anthraquinone process

The industry-standard AQ-based H.O> production process, often referred to as Riedl-
Pfleiderer process, is schematically shown in Figure 1.1 In the first hydrogenation step, 2-
alkylanthraquinone (R-AQ) reacts with Hz on a catalyst surface in organic solvent phase (e.g.,
trioctyl phosphate and trimethyl benzene). The temperature and hydrogen partial pressure are
typically maintained at 40-50 °C and 4 bar. The palladium particles supported on Al20s3, SiOz,
and SiO2/Al,O3 are known as the most efficient catalyst;? less expensive catalysts such as nickel
have been explored, while problems such as rapid deactivation and low selectivity have been of
serious concern. In the second auto-oxidation step, the hydrogenated anthraquinone (H2AQ) is
oxidized by oxygen (typically by air) back to AQ with concomitant production of H2O2. This
spontaneous reaction occurs without catalysts at temperature around 30-60 °C under near
atmospheric pressure. Hydrogen peroxide in the working solution commonly has a concentration
between 0.8 and 1.9 % w/w, and efficient extractors can recover more than 95% of the H>O>
generated. Further purification by extraction and distillation produces H20. up to 70 wt % for

industrial applications.®
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Figure 1. Industrial anthraguinone hydrogenation and anthrahydroquinone oxidation reactions for
H20, production.

2.2 Transfer homogeneous chemistry to heterogeneous chemistry

The industrial process uses H> as the source of hydrogen, where a H> molecule splits over
Pd surfaces into two surface adsorbed H*(ads) by a Langmuir—Hinshelwood mechanism. AQ in
homogeneous solvent phase then reacts with surface H*(ads) to form H>AQ, thus producing
H20, selectively. Although the Pd catalysts can be recovered after each batch, industrial H2O>
process remains costly mainly because H> derives from steam reformation of methane, and

separation of H20O> from the organic solvent is via energy-intensive distillation.

Like industrial process, electrochemical peroxide production via AQ chemistry also
contains two steps: 1) two electrons and two protons transfer to AQ to reduce AQ to
hydrogenated anthraquinone (H2AQ) (charge transfer); 2) H2AQ reduces oxygen molecules to
produce H20, and AQ (catalysis). However, AQ molecules are neither water-soluble nor

electrically-conductive, so they cannot be directly utilized as electrodes operated in agqueous
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electrolyte. For electrons to flow to AQ’s reactive sites, they need to be first to immobilized to a
conductive substrate, so a reductive potential could be applied to the substrate and electrons
could be driven to AQ molecules. After AQ are attached to heterogeneous conductive surfaces,
simple filtration or electrode removal will allow easy separation and easy recovery, leaving the
H20. concentrate as reactants for AOP or fuels. The H for AQ-R hydrogenation to H2O, comes

directly from H* in water, and the energy inputs can be directly from renewable electricity.

Previous works of anthraquinone utilized as heterogenous electrocatalysts*’ were
suffering greatly from either low production and efficiency or high overpotential, possibly due to
low AQ loading or unstable and H2O2-uncompatible conductive substrates. To design an
efficient heterogeneous H>O generation electrocatalyst, the substrate-anthraquinone architecture
with the following requirements: 1) substrate is conductive and will not decompose or adsorb
H20. produced; 2) substrate contains plentiful functional groups/active sites for AQ
immobilization; 3) charge transfer from substrate to AQ is one-directional and fast; 4)
connection between substrate and AQ is strong and stable. Based on these criteria, several types

of conductive substrates were proposed and discussed as the followings.

2.2.1 Carbon Nitride

Figure 2. Chemical structure of C3Na.



Polymeric carbon nitride (CsNa) is a metal-free polymeric semiconductor that consists of
mostly C and N and with a small amount of O as defects with its chemical structure shown in
Figure 2. It can be readily synthesized by the facile, one-step, heat-induced polymerization of
various precursors including cyanamide, dicyandiamide, and melamine at low cost.® Bulk as-
synthesized C3N4 has a band gap of 2.6-2.7 eV, and is chemically stable in both acid and base.®
C3Na4 has a unique delocalized conjugated structure containing graphitic stacking of C3N4 layers,
which are interconnected via tertiary amines and make it possesses high electronic
conductivity.'® With well-defined structure and available edge sites for functionalization, C3N4

functions as a good candidate for AQ augmentation.

Recent studies show that C3N4 has capability to photo-catalytically produce H20- via
formation of 1,4-endoperoxide species on its surface,* and many modifications including non-
metal atom incorporation*?*3 and hybridization with co-catalyst*® have been reported with
improved photocatalytic H2O. generation and selectivity. Kim et al. recently developed
anthraquinone-augmented polymeric carbon nitride for photocatalytic hydrogen peroxide
production.’® However, AQ molecules were only physically adsorbed to CsNa through n-n
interaction between basal planes and might be removed by intensive washing. Besides, both the
stacking of as-synthesized bulk C3Na layers and weak interaction between AQ and C3N4 will
make this material unsuitable for electrocatalyst due to slow electron transfer, and very few

terminal functional groups are exposed for further modification.

2.2.2 Polyaniline

-10 -



Figure 3. Chemical structure of polyaniline (emeraldine salt). Y is the average oxidation degree.

In addition to carbon nitride, another group of material that meets the criteria mentioned
earlier is conductive polymer. Conductive polymers (CP) can be classified into several categories
based on the mode of charge propagation, which is linked to the chemical structure of the
polymer. Two main classes are electron-conducting and proton (ion)-conducting polymers; for
conductive substrate, we are interested in electron-conducting polymers, which include redox
polymers and electronically (intrinsically) conducting polymers (ECPs or ICPs).1” As redox
polymer’s conductivity comes from oxidation/reduction of redox sites, this type of CP need to be
avoided to eliminate competitive reactions in aqueous phase. Instead, we will mainly focus on

exploring ICPs with available functional groups for AQ grafting, such as polyaniline (PANI).®

PANTI’s unique molecular structure and redox properties are responsible for its
conductivity and catalytic activity. PANI is composed of monomer units of phenyl rings
connected by a nitrogen heteroatom groups that can be either oxidized or reduced as shown in
Figure 3. Depending on its degree of oxidation, PANI exhibits three distinct redox states with
different conductivities, colors and electrochemical properties.®2° The redox states of PANI are:
fully reduced leucoemeraldine (y = 0), fully oxidized pernigraniline (y = 1), and half-oxidized
emeraldine base (y = 0.5). The only conductive form of PANI, emeraldine salt (green in color), is
obtained by protonation of emeraldine base and yields the best performance as an
electrocatalyst.?! Polyaniline can be synthesized via many different pathways, including
chemical (heterophane, interfacial, seeding, metathesis, self-assembling, and sonochemical
polymerizations) , and electrochemical synthesis from aniline monomers.?>2® Each synthesis

method results in different PANI morphologies, conductivities, as well as electrochemical
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performance.® Polyaniline can function as potential candidates of AQ’s conductive substrate as
they are metal-free and contain abundant amine functional groups for AQ functionalization.
Instead of only being attached to terminal edge sites, AQ molecules could be embedded in CP’s
main chains as pendant groups. As a result, both AQ’s surface coverage density and H2O>

generation per unit mass of catalyst could be greatly increased.

2.3 Electrocatalysts for 2-electron oxygen reduction reaction

Over the past few years, much effort has been dedicated towards developing high-
efficiency catalysts for the 2e” ORR, spanning from pure metals, alloys, and nonmetal
materials.?*28 Unlike the 4-electron reduction pathway (Equation 1), which is intensively studied
in fuel cells and metal-air batteries, >3 2-electron reduction pathway (Equation 2) is

thermodynamically less favored and thus requires fine tuning of material properties.

O2+4H" + 4¢- — H20 (1.23 V vs. RHE) (Equation 1)
O2+ 2H" + 2" — H202 (0.68 V vs. RHE) (Equation 2)

The key parameter determining the selectivity is the binding strength of *OOH, as either
4e” or 2" ORR pathways share the same reactive intermediate,?® where * means one reactive site

on a catalytic surface:?’

O2+*+ (H"+¢e) — *OOH (Equation 3)
*OOH + (H" + &) — H02 + * (Equation 4, 2e” pathway)
*OOH +3(H" +€) — 2H0 +~* (Equation 5, 4e” pathway)
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Based on the volcano plot developed by Siahrostami et al., a catalytic surface of strong
binding with *OOH will prefer 4e” pathway, such as Pt and Pd; on the other hand, a catalytic
surface of weak binding with *OOH will have high activity for both 4e” and 2e” pathways, while
if the interaction is too weak, 2e” selectivity will be increased while activity will be decreased.
Therefore, a sophisticated design balancing activity and selectivity and regulating the adsorption
and binding energy of reactive species will be of great importance for efficient H20-

electrosynthesis.

Noble metals, such Ag-Hg and Pd-Hg alloys,?> 332 have been reported to have both high
activity and selectivity. Non-metal electrocatalyst, especially carbon-based materials have been
of particular interest, since they are cheap, nontoxic, active, selective (FE >90%), and low cost.
Carbon materials (carbon black, graphene, carbon nanotubes, porous carbons, etc.) mostly have
intrinsic defect such as holes, edges, positive topological disclinations, and sp3-C sites,*® and
these defect sites, along with oxygenated graphitic edge sites and oxygen-containing functional
groups, can tailor the electrocatalytic properties and ORR activities.>*¢ In addition, carbon
materials can be modified via heteroatom, such as nitrogen doping,®”° or single metal atom

dopants.*°

In water treatment applications, these electrocatalyst that achieve extraordinary
performance in lab-scale, clean electrolyte with high ionic strength might face complications due
to the other species existing in water matrices. Although noble metals and their relevant alloys
are some of the most efficient catalysts for H2O. production, they are limited by their cost and
susceptibility to poisoning, particularly from species that are prevalent in a wastewater matrix

(e.g., CI)*. However, non-metal electrocatalysts are also susceptible to organic fouling and the
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oxygen functionalities can bind with divalent cations and resulting metal precipitation (e.g.,

hydroxide and/or carbonate).

2.4 Electrode architecture

Working

Electrode
Reference Counter Reference Counter
Electrode wElectroge Electrode Electrode

Working

Electrode
(back side
facing up)

i ’ E Working
! ; Electrode
L . By (front side)
(a) Immersed electrode cell (b) Gas diffusion electrode cell

Figure 4. Electrode configurations.

In addition to electrocatalyst optimization, electrode architecture also plays an important
role to maximize the electrochemical activity and selectivity. Traditionally, electrochemical
experiments were performed in an immersed electrode (IM) cell (Figure 4a), where the whole
electrode was immersed in electrolyte and gas were bubbled several centimeters away from the
electrode surface and only in the bulk electrolyte. H2O> generation from O reduction reaction is a
gas-consuming reaction (Equation 2), so it is critical that gas reactant could transfer to catalyst-
electrolyte interface rapidly. However, due to O2’s low solubility in aqueous phase and its charge

neutrality, oxygen mass transfer (OMT) is mainly via simple diffusion driven by concentration
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gradient, and thus it is well-reported that OMT is the limiting process determining ORR Kinetics

and performance in a traditional IM setup. >3

On the contrary, gas diffusion electrode (GDE) provides an applicable solution to this
deficiency (Figure 4b),% % where O could be supplied directly to catalyst-electrolyte-gas triple-
phase boundary region. Other than slowly diffusing in aqueous phase, O2 will diffuse at a much
faster rate in gas phase through the porous substrate to catalyst layer, where reactions happen. This
additional gas diffusion pathway would maximize the catalytic activity of the material so we can
directly observe the intrinsic properties of the catalyst.*® By loading the electrocatalysts onto
hydrophobic and porous electron conductor surface, gas transport process will be facilitated and a

liquid/gas/solid interface will be created that favors the gas-involving reaction.

2.5 Electrochemical cell design

Cell option 1 Cell option 2 Cell option 3

-2

Solid
Electrolyte
(SE)

Anion
Exchange

o, H,0,

H*—>

Proton Exchange
Membrane (PEM)

(a) Membrane-less cell (b) Cell with PEM (c) Cell with PEM, AEM, and SE

Figure 5. Cell configurations for H.O: electrosynthesis.

Three distinct cell configurations are proposed in Figure 5 and they are commonly used

by the researchers. Each option has unique pros and cons and therefore fits better to different
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process flow options and water compositions for treatment objectives. The first design (cell
option 1, Figure 5a), a membrane-less cell, is a default design in many electrochemical water
treatment processes, since it is easy to fabricate and maintain at low cost. The major drawback is
the loss of performance due to the anode. Not only can the anode oxidize H2O3, but it can also
lead to various parasitic reactions (such as chloride oxidation), depending on which constituents
are present in the feed stream. This can be mitigated by designing an anode catalyst for the 2e
water oxidation reaction to H.O> (2e- WOR, Equation 6) to yield a maximal theoretical Faradaic
efficiency (FE) of 200%. Nevertheless, designing 2e- WOR catalysts has been very challenging
due to competition with the more thermodynamically favorable 4e- WOR (oxygen evolution, or
OER, Equation 7).2* With the advent of a suitable 2e- WOR catalyst, contaminated water can be
directly treated in the cell and this option may be appealing for water with sufficient ionic

strength (e.g., brackish water).
2H,0 — H202 + 2(H* +€) (1.76 V vs. RHE) (Equation 6, 2e- WOR)
2H20 — Oz + 4(H* +¢’) (1.23 V vs. RHE) (Equation 7, 4e WOR)

Cell Option 2 (Figure 5b) may mitigate concerns such as chlorinated byproducts and
H>0> oxidation by separating the anodic and cathodic compartments using a proton exchange
membrane (PEM). Here, the cathode is directly exposed to the feed waste stream where HO is
produced in-situ. The anode is recirculated with synthetic electrolyte (i.e., a small fraction of
treated water with addition of Na,SO4 or H,S04)*- that is not exposed to the waste stream. For
this cell option where anode compartment is protected, it is possible that metal ions would
precipitate on electrode surface (Mg?* and Ca?*) due to the local pH increase at the cathodic
interface. Other species may be electroactive in the relevant reductive window of the system,

such as copper (Cu?* + 2e” = Cug), 0.34 Vrre) and nitrate (which can form a variety of
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products). The targeted redox reactions potentials and likely side redox reaction potentials are
plotted in Figure 6. The exact nature of how these species interact with the catalyst are unclear,
but some mechanisms include irreversible poisoning (Cu chemisorption to the active site) or
direct competition with O to lower selectivity. Nevertheless, it is important to note that many of
these species are reportedly present at relatively low concentrations in many industrial waste
streams. In addition, cell option 2 is versatile, robust, and inexpensive, and can be applied in
tandem with standard pretreatment measures for known problematic species (e.g., water
softening pretreatment). The research work in this thesis will be utilizing cell option 2 due to its

simple structure and facile implementation to focus on the reduction reaction.

0,/H,0, H,OH*  H,O/H,0,

V vs. RHE 0.68 1.23 1.78
o | | | N
- | | | v
Fe2*/Fe H*/H, Cu?*/Cu Fe2*/Fe¥* Cl,/CI-
-0.45 0 0.34 0.77 1.36

Figure 6. Redox reaction potentials for different cell options.Desired reactions and their
potentials are marked above the scale, while undesired/side reactions and their potentials are
marked below the scale.

Cell option 3 (Figure 5c), a fuel cell-like setup, employs a solid electrolyte (SE) for H20-
production. Briefly, the 2e” ORR and hydrogen oxidation reactions (HOR) occur at the cathode
and anode, respectively. The produced HO, and H* traverse through the middle chamber
housing the SE and combine to yield H.O>. Simultaneously, a small fraction of treated water
flows through the SE to collect the H20., which is then mixed back with the intended waste
stream. A highlight of this design is the fact that a highly conductive electrolyte is no longer

needed; water with low ionic strength (e.g., RO permeate) can be injected through the SE. The
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cell can be operated at lower overpotential for higher selectivity and H2O> production efficiency.
The large disadvantage is the stability of the materials needed, such as the membranes which are
necessary to avoid flooding and the SE itself. Anion-exchange membranes (AEMSs) pose several
challenges, due to its slow HO> transport velocity, low stability, and high local pH at the surface.

The robustness and fouling potency of the SE must also be evaluated.

2.6 Advanced oxidation process

Advanced oxidation process (AOP) is recognized as an advanced water and wastewater
treatment technique that is highly effective in delivering safe drinking water free of organics,
inorganics, and microbes.>® AOPs have been applied either as a pretreatment (e.g., COD
reduction) or as a polishing step (e.g., after membrane filtration). Examples of industrial AOPs
include treatment of organic-rich olive mill wastewater from the food and beverage industry,>*
dye-containing wastewaters in the textiles industry,>>° bleaching in pulp-and-paper industry,*®
water contaminated with biocides used in the agriculture industry,>”° and oily wastewater from
the oil and gas industry.®® AOPs have also been adopted for municipal water and wastewater
treatment and recycling for removal of pathogens®:-%2 and micropollutants,®3-%* as well as

pretreatment for seawater desalination.®®

AORP consists of several techniques for reactive oxygen species generation, including
sonolysis (utilization of ultrasonic sound), ozonation (ozone as oxidant), UV photolysis, Fenton
process, photocatalysis, and wet air oxidation.®® AOP has many advantages: 1) it generally has
fast reaction rates; 2) it can treat a wide range of organic and inorganic contaminants; 3) it can
potentially reduce toxicity of contaminants by oxidizing them to more stable products; 4) it

degrades contaminants in the same phase so does not require additional phase separation; 5) it
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does not produce materials that require further treatments such as “spent carbon” from activated
carbon adsorption or sludge from biological processes.®” However, it also has some
disadvantages, including intensive capital investment, complex chemistry, and excess peroxide

quenching in some applications.®’

Typical AOPs require a continuous supply of precursor chemicals, such as H,O2, which
is one of the most commonly used oxidants in AOP. H»O: is usually first converted to hydroxyl
radicals, which have high oxidation potential and can rapidly and non-selectively destroy nearly
all electron-rich organic chemicals. OH radicals can be generated by Fenton reagent following
Equation 8, or by UV irradiation following Equation 9.5 Hydroxyl radicals can also be directly

generated in some electro-Fenton processes.>35% 57-58

H.0; + Fe?* — OH’ + OH" + Fe3* (Equation 8)

H20, + UV — OH+ OH (Equation 9)
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Chapter 3: Research Objective

3.1 Research Objective

The overarching goal of the research is to develop the next-generation system using

electrochemistry-based technology for water treatment applications. The fully-electrified,

autonomous, and modular system will not require any chemical supply, and is composed of two
major parts: an electrochemical cell that can synthesize H>O> via the two-electron oxygen
reduction reaction, and an electro-Fenton or catalytic-Fenton cell that can activate H>O for
advanced oxidation process and can replace the less-energy-efficient UV processes. A

conceptual figure illustrating the specific objectives of the research is shown in Figure 7.

The research seeks to systematically transfer anthraquinone’s homogeneous chemistry to
heterogeneous interfaces and utilize the selectivity for electrochemical hydrogen peroxide
generation via oxygen reduction reaction. The catalyst will be made into gas diffusion electrode
and incorporated into electrochemical hydrogen peroxide generation cell for continuous H20>
production in advanced oxidation process. The H>O> produced in-situ will be further activated to
hydroxyl radicals for organic micropollutants degradation via electro-Fenton or catalytic-Fenton

reactions.
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Figure 7. Schematic illustration of H2O2 generation cell incorporated with AOP treatment cell.

3.2 Research Hypothesis

The central hypothesis is that the anthraquinone chemistry can be driven
electrochemically at a comparable rate to its homogeneous chemistry, and thus H202 could be
produced efficiently by an electrochemical strategy. The generated H2O> can then be activated
in-situ in advanced oxidation process by iron oxychloride-based catalysts for a wide range of
water treatment goals. In order to achieve the overarching goal and to fully verify the central

postulation, the following hypotheses should be further verified:

Hypothesis 1. Synthesized anthraquinone-modified electrocatalysts can utilize
anthraquinone’s high selectivity for efficient hydrogen peroxide production. We hypothesize that
we can convert AQ’s homogeneous chemistry in organic phase to heterogenous interfaces in
aqueous phase. AQ can perform both as a molecular mediator through the hydrogenation and as

an efficient catalyst selecting two-electron H202-evolving reaction over four-electron O
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redution-to-H2O reaction. Though many non-metal electrocatalysts have been reported, most of
their reactive sites are neither specified nor controlled. While in this electrocatalyst design, AQ is
the most reactive functional site for two-electron oxygen reduction reaction, providing the
opportunity to precisely control the reaction route and to limit competitive reactions. In-depth
study needs to be performed on charge transfer from conductor to AQ redox levels, AQ mass
loading, and catalytic activity and selectivity of electrocatalysts to establish fundamental

understandings.

Hypothesis 2. Anthraquinone derivatives can be attached to various conductive
substrates for selective and efficient O, reduction to H.O. We can explore different conductive
supports (polymeric carbon nitride, conductive polymers, etc.) and their capability to be linked to
AQ and function as a stable and H>O.-friendly substrate, and use a suite of electrochemical
characterizations to quantify and optimize electro-catalytic H>O production for their electrode
assembly. Different porous conductive supports will be synthesized, and AQ will be covalently
attached to the high surface area, gas-diffusing electrodes for high catalytic rates. With structural
and AQ-density control, we are aiming to develop a series of AQ/substrate configurations for

efficient and stable electrochemical hydrogen peroxide generation.

Hypothesis 3. Gas diffusion electrode can improve the oxygen mass transfer to the
electrode surface and thus enhance the electrocatalysis rate. We will test the synthesized
anthraquinone-based electrocatalysts in both immersed electrode setup, as well as gas diffusion
electrode setup (and GDE-based flow cell) to compare their electrocatalytic activity, selectivity,
and stability. Different gas compositions (pure nitrogen, pure oxygen, air, etc.) with different
flow rates will be supplied to the system to systematically study the impacts of electrode

architecture and the adaptability of the electrochemical system.
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Hypothesis 4. Iron oxychloride-based heterogenous packed bed catalysts and
electrocatalysts can efficiently activate hydrogen peroxide to hydroxyl radicals for advanced
oxidation process. We will explore the possibilities of transferring the as-synthesized
heterogeneous FeOCI catalysts to different catalytic reactors: packed bed reactor and
electrochemical reactor. The H2O- activation reaction (hydroxyl radical generation) kinetics, the
model contaminant degradation capacity, as well as the system stability will be investigated and
optimized for both systems to maximize the AOP activities. The energy and cost analysis will be

performed to provide guidance of the better system for the purpose.
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Chapter 4: Anthraquinone Modified Carbon Nitride

This Chapter is published (adapted):

Zhu, Q.; Pan, Z.; Hu, S.; Kim, J.-H. Cathodic Hydrogen Peroxide Electrosynthesis Using
Anthraguinone Modified Carbon Nitride on Gas Diffusion Electrode. ACS Applied Energy

Materials 2019, 2 (11), 7972-7979.

Chu, C.; Zhu, Q.; Pan, Z.; Gupta, S.; Huang, D.; Du, Y.; Weon, S.; Wu, Y.; Muhich, C.;
Stavitski, E.; Domen, K.; Kim, J.-H. Spatially separating redox centers on 2D carbon nitride with
cobalt single atom for photocatalytic H2O- production. Proceedings of the National Academy of

Sciences 2020, 117 (12), 6376.

4.1 Abstract

Electrochemical synthesis of hydrogen peroxide from oxygen and water can be a cost-
effective and energy efficient alternative to the traditional approach which requires high energy
input and expensive noble metal catalysts and has a large CO- footprint. The availability of
selective electrocatalysts and performance validation of a device represent current research needs
toward this goal. In this chapter, an efficient electrocatalytic system for hydrogen peroxide
production is reported, which is based on anthraquinone molecular catalysts tethered onto carbon
nitride (CaN4) conductive supports. Anthraquinone enables highly selective synthesis of
hydrogen peroxide via two-electron oxygen reduction, and C3N4 support enables the precise

control of destinations of the attached co-catalysts, as well as charge transfer of the composite
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electrocatalysts. The optimal electrolyte pH was identified to both facilitate H.O>
electrochemical synthesis and minimize H20. decomposition. The optimal cathodic potential
was identified to maximize oxygen reduction reaction rate while minimize other side reactions,
especially hydrogen evolution reaction. The possibility of using anthraquinone as spatially-

separated photocatalysts was explored.

4.2 Introduction

Hydrogen peroxide (H20>) is an environmentally friendly and easy-to-handle oxidant.
Since it generates only water and oxygen after its use, it is widely applied as an oxidant in
chemical synthesis, a bleaching agent in pulp processing, or a precursor for advanced oxidation
process in water and wastewater treatment.! It is increasingly been considered as an alternative
liquid fuel and concentrated H,0; has already been used as a propellent.2® More recently,
conversion of its chemical energy to electricity was demonstrated in a H.O> fuel cell.*® Global
gross production is currently estimated at 3 million metric tons per year and has been steadily

growing.’

The current industrial-scale H202 synthesis is mainly based on the anthraquinone (AQ)
process (Figure 8a). Briefly, 2-alkylanthraquinone (R-AQ) reacts with hydrogen on a
heterogeneous catalyst suspended in the organic solvent phase (hydrogenation step). The
hydrogenated anthraquinone (H2AQ) is subsequently oxidized by oxygen (typically by air) back
to AQ with concomitant production of H>O, (oxidation step).” This process requires expensive
H> and noble metal catalysts, toxic organic solvents, and high energy input to maintain elevated

temperature and separation of the produced H20- dissolved in solvents,® making H-O, far from
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being carbon neutral and environmentally friendly within its life cycle. An alternative H20>
synthesis method with both high energy efficiency and low environmental impact is highly
desired, especially since it is one of the very few chemicals that are at the intersect of

environmental and energy applications.

An electrochemical oxygen reduction reaction (ORR) by non-metal catalysts is
considered a promising alternative to the industrial H2O2 synthesis process. Previously explored
electrocatalytic materials include carbon,'®** modified graphite felt,**° nitrogen-doped porous
carbon, 18 boron nitride in carbon materials,*® reduced graphene oxide,?° etc. However, the
catalytic sites of these materials mostly involve various nitrogen or oxygen-containing functional
groups, sp3-hybridized carbon, or defects of which electronic structures and energy levels are
often poorly defined. It is therefore difficult to precisely control the structural motif or density of
these active sites to selectively produce H20». Although some carbon-based materials show high
Faradaic efficiencies (e.g., >90% in a rotating-disk setup) within short measurement timescale,

the H2O2 accumulation in a cell or device construct has rarely been reported.

We here propose to exploit the exceptional selectivity of AQ chemistry for
electrochemical H2O> production by immobilizing AQ onto the well-defined heterogeneous
surface of porous electrodes. Polymeric carbon nitride (C3Na4), a stable n-type metal-free
semiconductor, is employed as a support for AQ immobilization. CaN4 has been employed for
photocatalytic H20, synthesis through oxygen reduction?-?2 and therefore proven for its
inertness against H>O» decomposition, but has not been used as electrode support. C3Ns is
considered particularly instrumental in this application, since it provides abundant terminal

amine (-NH and -NH>) groups for covalent bonding with AQ derivatives; i.e., anthraquinone-2-
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carboxylic acid (AQ-COOH). This AQ-modified CsN4 catalyst provides a model metal-free
structure for tethering molecular catalysts onto the electrode. We present the performance of AQ-
modified C3Ns in gas diffusion electrode form (Chapter 6) in electrolytes of varying pH values
and overpotentials. We further discuss the H20: electrocatalytic selectivity and electron transfer
process between C3N4 and AQ under device-relevant operational conditions. We also prove that

the structure not only for an electrocatalytic system, but also for a photocatalytic system.

a 2-alkylanthraquinone (R-AQ) b potential . . )
0 V vs. RHE industrial process electrochemical process

+H, — H'H, — 00—y
N I v~ N\ i proton-coupled
catalyst \_/ H,0, —— AQ/HAQ L hydrogenation 027&"\ electron transfer

H "\ AQ+2H*(ads) — HAQ N, AQ+2H+2e — HAQ
N \
0 —— 0,/H,0, —- 0.68 —

H,AQ+0,— H,00+ AQ HAQ+0,— H,0p+ AQ

H
2-alkylanthrahydroquinone (R-AH,Q)

Figure 8. Schematic of anthraquinone process.(a) Schematic of the industrial, two-step
anthraquinone (AQ) hydrogenation and anthrahydroquinone oxidation reactions for H20>
production. (b) Energy level diagram and reaction schematics of the industrial two-step AQ
process compared with the electrochemical pathway that utilizes the same AQ chemistry on the
heterogeneous surfaces of AQ—CsNjs electrocatalysts.

4.3 Experimental Methods
4.3.1 C3N4 synthesis

Polymeric C3N4 was prepared by heating melamine in air at a ramp temperature rate of
5 T min™ to 550 <T and maintaining this temperature for 3 hours. After cooled to room
temperature, the collected sample was ground with a mortar and pestle and washed with Milli-Q
water (>18.2 MQ-cm, Millipore Water Purification System) for 5 times. The powder was dried at

80 <T in air for 15 hours and then suspended in water at a concentration of 10 mg mL™* and
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probe sonicated for 8 hours in ice bath.?® The suspension was then centrifuged at reactive
centrifuge force (RCF) of 10640 for 15 minutes to collect these exfoliated C3N4 nanoparticles,

which was dried at 80 <C in air for 15 hours before further AQ modification.

4.3.2 Anthraquinone modification

AQ-COOH was attached to the exfoliated C3N4 through either physical adsorption
(termed AQ--C3N4) or chemical bonding (termed AQ—-CsNa) (Figure S1). AQ---C3Na was
prepared by suspending 200 mg of exfoliated C3N4 and 60 mg of AQ-COOH in 20 mL
dichloromethane (DCM) and stirring the suspension for 12 hours at 50 <C.2* The suspension was
then filtered and washed with 20 mL DCM for 10 times to remove the unbound AQ-COOH. To
prepare AQ—C3zN4, 400 mg exfoliated C3N4, 120 mg AQ-COOH, 114 mg N-(3-
dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride, 80 mg 1-hydroxybenzotriazole
hydrate, and 77 mg N,N-diisopropylethylamine were added to 50 mL DCM and stirred for 48
hours at room temperature.? The sample was filtered and washed with 50 mL DCM for 10 times
to remove unreacted and unbound AQ-COOH and other chemicals. Both samples were dried at

80 <T in air for 15 hours.
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Figure 9. Schematic of material synthesis. Physical adsorption (AQe<+*C3Njs, left) and chemical

binding (AQ—CsNya, right).
4.3.3 Synthesis of Co1/AQ/C3Na4

Bulk C3N4 was prepared following a thermal polymerization procedure by heating
melamine powder in a ceramic crucible at a heating rate of 1 T min™ to 550 <T and annealing
for 5 hours in a muffle furnace. As-prepared bulk C3sN4 was grounded, exfoliated under probe-
sonication for 8 hours, separated by centrifugation, washed with deionized water, and dried at
80 <C overnight. As-prepared ultrathin C3sN4 (160 mg) was dispersed in 50 mL water under
ultrasonication for 30 minutes, followed by addition of 1.5 mL Co(NOs). solution (2 g L™%). The
mixture was stirred and heated at 70 <C for 18 hours, separated by centrifugation, dried at 80 <C

overnight, and annealed at 400 <C for 2 hours in a tube furnace under N2 gas. The obtained
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powder was grounded, mixed with NaPO2+H20 (twice the weight of obtained powder), and
heated at 300 <C for 2 hours in a tube furnace under N2 gas. As-prepared Co1/C3N4 was washed
with water and ethanol, and dried at 80 <C overnight. The Co loading amount was determined to
be 0.13% (w/w) by inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer
SCIEX Elan DRC-e) analysis after acid digestion. As-prepared Co1/C3N4 (100 mg) was mixed
with 10 mg anthraquinone-2-carboxylic acid, 7.7 mg diisopropylethylamine, 8.1 mg 1-
hydroxybenzotriazole hydrate, and 11.5 mg N-(3-dimethylaminopropyl)-N -ethylcarbodiimide
hydrochloride. The mixture was dispersed in 50 mL dichloromethane under ultrasonication for 5
min and stirred for 48 hours. The Co1/AQ/C3N4 product was separated by centrifugation, washed

with dichloromethane and water, and dried at 80 <C overnight.
4.3.4 Material characterization

X-ray diffraction (XRD) patterns were obtained using a Rigaku SmartLab X-ray

diffractometer equipped with a Cu-target X-ray tube (A = 0.154nm) which was operated at 40

mA and 44 kV. Fourier transform infrared (FTIR) spectra were obtained with a Thermo
Scientific Nicolet 6700 FTIR spectrometer equipped with an attenuated total reflectance (ATR)
cell. X-ray photoelectron spectroscopy (XPS) measurements were performed with a PHI
VersaProbe 11 Scanning XPS Microprobe which was equipped with a monochromated Al source.
To minimize surface hydrocarbon contamination, all samples were dried in a vacuum oven at

80 <C for at least 3 days, and then immediately transferred to an ultrahigh vacuum chamber.
Scanning electron microscopy (SEM) analysis was performed using a Hitachi SU8230 cold field-
emission SEM microscope. HAADF-STEM images were taken using a Titan Themis Z STEM
(ThermoFisher Scientific, USA) operated at 200 kV, coupled with a probe aberration-corrector to

improve imaging spatial resolution to less than 1A.
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4.3.5 Electrochemical measurements

Two types of electrodes, immersed electrode (IE) and gas diffusion electrode (GDE)
were tested in this chapter, and their differences will be discussed in more detail in Chapter 6.
Electrochemical characterizations including cyclic voltammetry (CV) and chronoamperometry
(CA) were performed using a Biologic SP-150 potentiostat/galvanostat. A carbon rod was used
as the counter electrode. Either an Ag/AgCI reference electrode filled with saturated KCI
solution (CHI111) or a calomel reference electrode (CHI150, both from CH Instruments) was
used as the reference electrode. Unless specified, CV tests were performed at a scan rate of 20
mV s1. All electrochemical experiments were performed in 0.5 M phosphate buffer electrolytes
of different pH values. The electrolyte pH was adjusted with phosphoric acid, sodium phosphate
monobasic monohydrate, sodium phosphate dibasic, sodium phosphate, and sodium hydroxide
(all from Sigma-Aldrich) to the desired values. To remove metal ion impurities (i.e., Fe?*) in the
buffer electrolytes, pre-electrolysis was performed before electrochemical characterizations: two
carbon rods were set in a two-electrode system and a constant voltage of 3.5 V was applied for
12 hours. For the GDE setup, the electrolyte was first purged with N2 or O for 15 minutes.
During select experiments, gas was constantly supplied to the electrode surface and the
contacting electrolyte. For the IE setup, the electrolyte was purged with N2 or O for 15 minutes
before tests and purged continuously throughout the experiment. Electrochemical impedance
spectroscopy (EIS) was measured by a Biologic SP-150 potentiostat/galvanostat with a

frequency range of 1 MHz to 1 Hz.
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4.3.6 Hydrogen peroxide quantification

During electrolysis, a 50-uL sample aliquot was mixed with a 50-uL. working solution (50
mM phosphate buffer at pH 7.4, 100 uM ampliflu red, and 0.05 U(unit)/mL horseradish
peroxidase)?® and the mixture was sit for 30 minutes to complete the reaction. For peroxidase, one
unit is defined as the amount of enzyme that catalyzes the production of 1 mg purpurogallin in 20
seconds at 20<C and pH 6.0. H20. oxidizes ampliflu red to produce resorufin, which is catalyzed
by horseradish peroxidase. The concentration of H2O. was quantified by detecting the
concentration of resorufin via an Agilent High-Performance Liquid Chromatography (HPLC)
equipped with a C18 reverse phase column (80 A, Agilent Technologies) and a photodiode array
detector. The isocratic mobile phase consisting of 55% sodium citrate buffer (with 10% methanol,
pH 7.4) and 45% methanol was eluted at a flow rate of 2 mL min™. To calibrate peak area to the
H20:> concentration, several H.O standard solutions were used with the area of each resorufin
peak detected at 560 nm at retention time of 1.1 minutes. Faradaic efficiency (FE) was calculated
by Equation 10, where V is volume of electrolyte (L), is H202 concentration in electrolyte (mol L
1, n is the number of electrons transferred in oxygen reduction to hydrogen peroxide (n = 2), Na
is Avogadro’s number,  is total charge passed (Coulomb), and the constant 6.2410% is the

number of electrons in per Coulomb of charge (Coulomb):3

Experimentally produced H202 __ VCH,0,MNy
Expected H202 using 100% charge passed qXx6.24x1018

FE (%) = X 100%  (Equation 10)

The same quantification method was used for all tests in other chapters as well.
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4.3.7 Photocatalytic activity tests

Photocatalytic production of H.O> was assessed by irradiation of photocatalyst
suspension (12 mL, 0.5 g L™%) using a Xenon lamp solar simulator (Model No. 10500; Abet
Technologies, Inc.). The light intensity was adjusted to 100 mW/cm? (AM 1.5G; irradiation area
= 1.77 cm?). The suspension was purged with O before (for 5 min) and during irradiation. At
designated time points, small aliquots from suspensions were taken for analysis of H20-

productions.

4.4 Results and Discussion
4.4.1 Material characterizations

Successful modification of C3N4 with AQ-COOH was first evidenced by XPS analysis
(Figure 10). Pristine C3N4 (first row) exhibited a C-C peak (284.8 eV) from the adventitious
carbon, a C=N-C peak (287.7 eV in carbon and 398.6 eV in nitrogen) from hybridized carbon
with nitrogen, and a broad C=0 peak (531.6 eV) from either the oxygen-containing functional
groups introduced during exfoliation or from the oxygen contamination associated with
adventitious carbon.?’-?® Comparatively, two distinctive features were noticed in AQ—C3Nj (third
row in Figure 10): (1) the C-C peak was over 3 times more intense than that in CsN4 (both
relative to C-N bond peaks, calculated in Figure 11) due to AQ’s conjugated C-C bonds,? and
(2) the oxygen atomic percentage (6.4 %) was markedly higher than that of C3Na4 (3.4 %) due to
the oxygen atoms in AQ. Both increases indicated AQ attachment at approximately 19 wt% (i.e.,
the average of 17.7 wt% based on carbon 1s core levels and 20.1 wt% based on oxygen 1s core

levels). Similarly, AQ---C3N4 (second row in Figure 10) was estimated to contain about 4 wt% of
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AQ (6.3 wt% based on carbon 1s core levels and 2.3 wt% based on oxygen 1s core levels). These
observations suggested that chemical attachment afforded a much higher loading of AQ on C3N4

than physical adsorption.
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Figure 10. XPS of C3Nas-based materials. Exfoliated CaN4 (blue), physically adsorbed AQ-
COOH/C3N4 (termed AQe<++C3Ng4, green), and chemically functionalized AQ-COOH/C3zN4 (AQ-
C3Ng, purple) samples showing their carbon 1s (first column), nitrogen 1s (second column), and
oxygen 1s (third column) core levels. Numbers at the top right corner of each curve represent
atomic percentage of the corresponding element in each material, calculated by integrating peak
area. Peak intensities are normalized to the strongest peak.
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Figure 11. Deconvoluted C1s core-level spectra of CsNs-based materials. C1s core-level spectra
of C3Ns (left), AQe++C3N4 (middle), and AQ—CsNa (right) were deconvoluted with two peaks: C-
C at 284.8 eV and C=N-C at 287.7 eV. The integrated peak area ratios (C-C to C=N-C) are 0.28
(C3N3), 0.34 (AQe=*C3N4), and 0.91 (AQ—Cs3Na).

The FTIR spectra shown in Figure 2b further proved the successful covalent
functionalization of AQ. Both AQ—CsNsand AQ---C3N4 showed decreased transmittance at 1167
cm? (in-plane C-H bending), 1275 cm™ (C-C stretching), and 1681 cm™ (C=0 stretching)
(marked by grey dash lines), which corresponded to the characteristic peaks of AQ.3%-3!
However, AQ-C3N4showed a sharper peak at 1629 cm™ compared with CsN4 and AQ---C3Ng as
well as an additional peak at 1570 cm™ (both marked by orange dotted lines). These two peaks
could not be related to AQ molecules and were within IR range of amide bonds (1550-1640 cm’
1), which indicate that new peptide bonds were created in AQ—C3Na from the reaction between
the carboxylic acid groups from AQ-COOH and the amine groups from CsN; edge sites.?
Attachment of AQ onto CsNa, through either physical adsorption or chemical bonding, occurred
only at the surface of CaN4 without disturbing the intrinsic crystalline structure of C3Na. As

shown in Figure 2c, the (002) peaks at 27.4° remained the same before and after AQ

modification. Theses peak indicate that interlayer stacking of C3N4 nanosheets®® remained the

same before and after AQ modification.
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Figure 12. FTIR spectra of C3Ns-based material. AQ-COOH (brown), exfoliated C3N4 (blue),
AQ¢+++C3Ns (green), and AQ-C3Na4 (purple).
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Figure 13. XRD spectra of C3Ns-based material. Exfoliated C3Na4 (blue), AQ<+*C3N4 (green), and
AQ-C3Ngy (purple).
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4.4.2 Electrochemical behavior of AQ modified C3N4

As-prepared catalysts, C3N4, AQ---C3N4, and AQ—CsNys, exhibited varying H20-
generation rates when loaded onto conventional IEs. Under a potential bias, H>O: is produced on

the electrode surface through the following oxygen reduction reaction (ORR):**

O2+2H" +2e"— H202 (0.68 V vs. RHE) (Equation 2)

As shown in Figure 14(a), both AQ modified catalysts showed more positive ORR onset
potentials at about 0.50 V vs. RHE than C3N4 at about 0.24 V vs. RHE. The increase in the
current at lower reduction potential with AQ loading, for both AQ---C3N4 and AQ—C3Na,
suggests the occurrence of two-step AQ-catalyzed electrochemical oxygen reduction reactions as

follows:
AQ+2H"+2e = HAQ (0.27 V vs. RHE) (Equation 11)

02 + H2AQ — AQ + H202 (Equation 12)

This sequence of two-step reactions resembles the industrial H2O2 synthesis procedure (Figure
8). The first step is a reversible proton-coupled electron transfer; i.e., reduction of AQ by two
electrons with two protons to form H>AQ. The second step involves the reduction of oxygen to

H>0, and the oxidation of H>AQ back to AQ.

The occurrence of AQ reduction (i.e., forward direction of Equation 11) was manifested
in the CV of AQ—C3Nj4 by a strong reductive wave peaked at 0.27 V vs. RHE. The corresponding
wave for H2AQ oxidation back to AQ (i.e., reverse direction of Equation 11) was not observed.
The absence indicates that HoAQ reacted with oxygen preferentially at a sufficiently fast rate,

and thus was not available for the reversible electrochemical oxidation. This process was further
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supported by the observation that, when the CV is performed with N2 purging, both the reduction
and oxidation peaks of AQ/H2AQ redox pair emerged (Figure 14d). In the case of AQ---C3Na,
similar electrochemical behavior was observed, but the AQ reduction peak was not explicit, most
likely due to the small amount of AQ and inefficient charge transfer from C3N4 to AQ without

covalent bonding.

As reduction potential was further reduced to < 0 V vs. RHE, the current continued to
increase in the case of C3N4. This monotonic increase results not only from faster O2 reduction

but also from hydrogen evolution reaction (HER; 2H* + 2e"— H>) catalyzed by C3N4,%- which

competes with AQ reduction (Equation 11). At high reductive potentials, the four-electron
oxygen reduction reaction (ORR; Oz + 4H" + 4e” — 2H>0) over the exfoliated C3N4 support or
over-reduction of H2O2 to produce water is a potential side reaction.®*-*° Although the large
density of defective carbon and nitrogen sites is known to catalyze these side reactions, the C3N4
crystallinity (Figure 13) and well-defined molecular AQ moiety make these side reactions
unlikely,** because heterogeneous AQ-based electrocatalysts have proven their selectivity of 2e
reduction H202 in many studies. *>** This trend of monotonic current increase did not change
with AQ---C3Na4 due to the aforementioned reason (i.e., minimal change in the structural and
chemical properties of C3N4 by a small amount AQ loading). HER was found to be significantly
suppressed when a large amount of AQ was chemically bound to C3sN4 where most of HER
active sites were covered on bare C3Na, because blocking of HER sites by AQ introduced a

charge-tunneling distance between reactants and the original C3Ns catalytic sites. This

observation also validated the selectivity of AQ—-CsNa in driving ORR over HER.
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Figure 14. Electrochemical behavior of C3Ns-based materials. (a) Cyclic voltammetry of CaN4
(blue), AQe++C3N4 (green), and AQ-CsNa4 (purple) IE electrodes in 0.5 M pH =9 phosphate
buffer purged with O2. Vertical black dash lines represent the redox potentials of O2/H20- (0.68
V vs. RHE) and H*/H2 (0 V vs. RHE) respectively; vertical orange dash line represents the 0.9 V
overpotential for O2 reduction to produce H20: (-0.22 V vs. RHE), which is the condition used in
(b) and (c). (b) H202 generation, and (c) Faradaic efficiency for H2O. generation of the three
catalysts at -0.22 V vs. RHE. All the electrodes had the same area (1 cm?) and the same catalyst
loading (0.5 mg cm™). (d) Cyclic voltammetry of AQ-CsNs IE electrodes in 0.5 M pH 9
phosphate buffer purged with N2. Black dash lines represent redox potentials of O2/H20 (0.68 V
vs. RHE)

Both the amount of H>O> produced (Figure 14b) and the Faradaic efficiency (Figure 14c)
measured over time at a fixed potential of -0.22 V vs. RHE (corresponding to the orange dash

line in Figure 14a) showed the same trend. The IE loaded with pristine C3N4 produced the
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smallest amount of H20, (6.1 mmol geaalyst™) per hour, showing the lowest Faradaic efficiency of
5.2%. When AQ was physically adsorbed, both the H,O, generation rate (8.0 mmol geatalyst™)
over a one-hour period and the FE (9.4%) increased but only by a small margin. AQ—C3zN4
exhibited a much greater H,O, generation rate in one hour (14.0 mmol geatalyst’*) and a higher FE
(31.0%). Consistent with the above discussion, this improvement is likely to have resulted from
the increased AQ coverage (4 wt% to 19 wt%). The electron transfer from C3Na4 to AQ through
covalent bonding AQ—CsNzs is also likely to be more efficient than through n-n stacking in
AQ---C3N4 (Figure 15). Based on this observation, subsequent study was performed only using
AQ-Cs3Na. It is noteworthy that the H2O- generation curves for all three catalysts were not linear
and the FE decreased over time. Decreasing generation rates under the constant electrochemical

potential suggested that the O reactants were depleted and became a limiting factor.
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Figure 15. Electrochemical impedance spectroscopy of CsNs-based material. C3Na4 (blue),
AQ-++C3N4 (green), and AQ-CsN4 (purple) were tested at working condition (in 0.1M phosphate
buffer of pH 9 with -0.22 V vs. RHE biased potential and purged with Oy).
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4.4.3 pH-dependent hydrogen peroxide generation

When the electrolyte pH was increased from 1 to 9, the cathodic current density (Figure
16a), the H20- production rate (Figure 16b), and the Faradaic efficiency (Figure 16c) all
increased monotonically. The formal potential for O2/H2O> redox couple increases by 59 mV per
pH unit (at 25 <C) at a potential scale versus Ag/AgCI. The AQ/H2AQ reduction potentials,
which are the half-wave potentials (E12) estimated by averaging the cathodic and anodic peak
potentials, also increase by 59 mV per pH unit following the Nernstian law (Figure 17).
Therefore, the potential difference between AQ/H2AQ and O2/H20- redox couples, i.e., the
thermodynamic driving force of Equation 11, is pH independent. Figure 17a reports the current-
potential relationship at the RHE scale because it is easier to compare performance (e.g.,
overpotentials) at different operational conditions (e.g., pH). Figure 17d replotted the same set of
data at a potential scale versus Ag/AgCI. On one hand, electron transfer from C3N4 to AQ to
form H2AQ, i.e., the first step of AQ-catalyzed H20- production, followed the same current
potential behavior at the Ag/AgCl scale, showing no dependence on local pH. On the other hand,
the second step of AQ-catalyzed H>O> production, i.e., Equation 11, exhibits a constant driving
force. Two factors may have resulted the observed pH dependence: (1) the property of CaNa
supports controls the pH-independent electron-transfer rates to AQ/H2AQ redox couples
(Reaction 3); and (2) O2 reduction by H2AQ (Equation 11) may be a rate limiting step for the

overall rate of H,O> production.*5-

Electrochemical performance at pH > 9 deviated from this trend. While H.O> generation
rates remained comparable (i.e., 60.1, 61.0, and 60.9 mmol geatayst > h™ at pH, 9, 10, and 11,
respectively), the Faradaic efficiency decreased from 39.8% at pH 9 to 35.2% at pH 10 and

32.5% at pH 11. This decrease is likely due to the deprotonation of H202 and decomposition of
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HO," (hydroperoxyl anion) (decomposition rates shown in Figure 18) through the following

disproportionation reaction (Equation 13):47-%
HO2 + H.02 — H20 + O2 (g) + HO™ (Equation 13)

Since proton is consumed at the electrode surface (Equation 2), local pH at the mass transfer
boundary layer of GDEs is likely to be higher than in the bulk electrolyte.>! This leads to H20;
deprotonation and decrease in Faradaic efficiency at pH > 9 (i.e., measured at bulk) as the pKa of
H20> is 11.6. Since H-O; self-decomposition was shown negligible in electrolytes of pH <9 in
the electrochemical cell, other cell components including electrode materials, catalysts, the

counter electrode, etc., should not cause H2O, decomposition.
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Figure 16. pH-dependent electrochemical behavior of AQ-C3zNa. (a) Cyclic voltammetry of AQ—
C3N4 in O2-purged 0.5 M phosphate buffers of pH 1 to 11. Black dash lines represent redox
potentials of O2/H202 (0.68 V vs. RHE) and H*/H2 (0 V vs. RHE) respectively; orange dash line
represents 0.9 V overpotential for O2/H>0; (-0.22 V vs. RHE). The inserted table shows current
densities in different pH values at the applied potential of 0.68 V vs. RHE. (b) H202 generation
with AQ—C3N4 on GDE in O.-purged 0.5 M phosphate bufferatpH 1, 3,5, 7, 8, 9, 10, and 11.
(c) Faradaic efficiency for H2O> generation at different pH values. (d) Replotted Figure 6(a) at a
potential scale vs. Ag/AgCI.
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Figure 17. pH-dependent energy levels of AQ/H2AQ and O2/H.O> redox couples. AQ/HAQ
half-wave potential (E12) was estimated by averaging the cathodic and anodic peak potentials as
tested in AQ—CsNa4 IE. O2/H.0> was calculated following the Nernstian Equation, where
E2mn202 = 0.68 V vs. RHE and Eozmz02 increases by 0.059 V per pH decade.
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Figure 18. H20, decomposition rate with AQ—C3zN4. Catalysts were tested with GDE in 0.5 M
phosphate buffer of pH 1 to 11 added with 2 mM H20: at -0.22 V vs. RHE; the insert shows
calculated decomposition rate constant.
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4.4.4 Overpotential-dependent hydrogen peroxide generation

The electrochemical H202 generation rate by AQ-CsN4 GDE peaked at the overpotential
of 0.9 V (-0.22 V vs. RHE, the potential used in H2O; electrolysis) (Figure 19). Compared to
other reported non-metal electrocatalysts (Table 1), the H202 electro-synthetic cell setup is likely
the most promising for long-term H20. accumulation for two reasons: (1) the CsN4-based porous
support has the potential to achieve higher surface area and electrical conductivity; and (2) as
shown in Figure 18, decomposition rates of H202 on the C3N4-based porous support is as low as

0.0064 min at pH = 9, necessary for the molar concentration level of H,02 produced.

Compared to other reported non-metal electrocatalysts (Table 1), it appears that AQ—
C3Na4 needs to be operated at a relatively high overpotential, mostly due to conductivity loss from
CsNg supports and the overpotential loss associated with the second step of selective H.O>
catalysis (Equation 11).>! More conductive support should reduce the conductivity loss, which
will be further discussed in Chapter 5. The pH-independent intrinsic overpotential of the
AQ/H2AQ redox couple relative to O2/H20- is 0.39 V, which provides the driving force for
selective H2O> production but is fixed and non-negligible in this catalytic system. When the
applied overpotential is above 0.9 V, both H202 generation and Faradaic efficiency decreased
dramatically, because the potential applied is close to the onset potential for H2 evolution on
C3N4(-0.25 to -0.45 V vs. RHE),*-*" and an increasing portion of electrochemical currents
would contribute to undesired Hz evolution reactions. Therefore, a more porous and conductive
C3N4 support is expected to achieve comparable H.O>-catalytic currents at lower potentials, thus

improving the FE for H202 production.
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Figure 19. Overpotential-dependent hydrogen peroxide generation of AQ-CzNa. Figure 7. H2O>
generation (left y-axis) and Faradaic efficiency (right y-axis) with AQ—-C3Ns on GDE in O-
purged 0.5 M pH 9 phosphate buffer at different overpotentials after one hour of electrolysis.

Table 1. Comparison of non-metal electrocatalysts

Catalyst/Electrode [H202] | Effic | Experimental condition Active sites Ref
(mmo!l "Z”Cy Gas | Electrolyte Potential
Jcatalyst (/0) (V VS
-1 .
) RHE)
hierarchically 395.70 | 818 | O2 |0.05M H,SOs+ | -0.2 sp3-C bonds 1
porous carbon from NaSO4 (pH 1) and defects
MOF carbonization
carbon nanotube 158.76 | 31.0 | O | 0.01 M Na:SOs | 0.0 - 12
(pH 6)
graphene/carbon 0.04 - O, | 05MNaS04 |0.3 carbon black 52
black (GDE) (pH 6.5)
mesoporous N- 547.07 0O, | 0.1 MK3SOq4 0.2 - 16
doped carbon (pH7)
mesoporous N- 570.10 [65.0 | O, | 0.1 MK;ySO, 0.2 graphitic-N 17
doped carbon (pH 7)
(pyrolysis of carbon
and
polyethyleneimine)
mesoporous N- 120.62 | 65.2 | O, | 0.1 M HCIO, 0.1 quaternary 18
doped carbon (ionic (pH 1) nitrogen;
liquid -derived) conjugated Tt
system
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riboflavinyl- 8.40 70.0 | Oz | 0.5M H;SO4 0.1 riboflavin 53
anthraquinone (pH 0.3)
carboxylate
ester/carbon black
tert-butyl- 29498 263 |0, [01MHSOs+ |-07 tert-butyl- 54
anthraquinone/carbo K2SO4 (pH 0.7) anthraquinone
n black (MGDE)
AQ-C3N4 60.08 422 | O, | 0.5 M phosphate | -0.2 anthraquinone | this
buffer (pH = 9) work
oxidized carbon 290 | ~90 | O | 1M KOH (pH 0.4 oxygen 1
nanotube 14) functional
groups
Anthraquinonemono | 0.22* | 70.0 | O, | 0.5MH:SOs+ |0.1 - »
-sulphonate 0.3 M NaH:PO4
/polypyrrole (pH 4.3)
modified graphite
modified graphite 0.34* |80.8 | O, |0.05MNaSOs |0.0 N/O-containing | **
felt (pH7) groups
activated graphite 0.42* |68.0 | O, |0.05MH:SOs+ |-04 sp®-C bonds, ©
felt NazSO4 (pH 1) defects; O-
containing
groups

4.5 AQ modified C3N4 as photocatalyst

Based on the successful attachment of anthraquinone molecules onto the edge sites of

carbon nitride substrate as an electrocatalyst for oxygen reduction reaction, we later explored the

possibility of turning AQ-C3Nj4 into a photocatalyst with oxidation centers spatially separated

from the reduction centers. We are interested in developing efficient photocatalysts because

harvesting solar photon energy to drive redox reactions involving water and oxygen is the most

espoused strategy for the green synthesis of alternative fuels such as Hz and H,02.%%-°° Yet, solar-

to-energy conversion efficiencies achieved using current semiconductor photocatalysts remain

relatively low,%%%! due to the inherent limitations in material properties such as prevalent charge

recombination in low bandgap materials and the insufficient selectivity toward fuel synthesis
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reaction.®? One promising material engineering strategy is to decorate the semiconductor surface
with co-catalysts,*® ®3 ideally both reductive and oxidative co-catalysts within a single
photocatalytic material. Nevertheless, randomly loading two co-catalysts often results in direct
contact between oxidation and reduction centers, worsening charge recombination that is

detrimental to photosynthetic reactions.5

Placing two co-catalysts without direct contact requires sophisticated material
architecture and synthesis strategy. One co-catalyst, typically oxidative, can be loaded on a
substrate in trace amounts to minimize such contact but only at the expense of the available
catalytic sites and thus the overall efficiency.®>%® A more promising strategy is to design the
substrate photocatalysts to provide physically separated sites for co-catalyst hosting. The existing
strategies to prepare spatially-separated co-catalysts, however, exclusively rely on the three-
dimensional nature of the substrate structure and cannot be readily extended to 2D materials such
as graphitic carbon nitride (CsNa4). CsN4 has often been used as the semiconductor material of
choice for the photocatalytic synthesis of H202,%% 57%8 an emerging substitute for compressed H
due to recent advances in H20; fuel cell technology.®® C3N4 exhibits valence band (VB) and
conduction band (CB) potentials that span those of H>O/O2 and O2/H20- redox pairs and is
capable of harnessing broad spectrum of sunlight due to its low bandgap energy. However, solar-
to-fuel conversion efficiencies remain, in general, relatively low due to limitations that are
commonly found in other materials: (i) ineffective hole scavenging via water oxidation and the
resulting charge recombination,®® 87 which often necessitates the addition of organic electron
donors,? %" and (ii) low selectivity towards H2O- synthesis via two-electron reduction of O, as

compared to four-electron reduction of Oz or H, evolution.% 57
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Based on the experience we learned from developing AQ-CsNa electrocatalyst as
elaborated previously, we introduce an innovative strategy to load two co-catalysts onto 2D
C3Ng4, with controlled physical separation in atomistic scale (Figure 20). Here cobalt and
anthraquinone (AQ) were used as co-catalysts that are crucial for efficient photocatalytic
synthesis of H20. Co is loaded into the void center of the C3sN4 plane as a single atom (Co1) and
serves to facilitate the water oxidation.”>’® At the same time, AQ is loaded onto the amine
anchors that are present only on the edge of CsN4, ensuring that it is not in direct contact with the
Co catalyst. The AQ enhances the selectivity of O reduction to H202, following the mechanism
widely exploited in current industrial H.O, production process.’”” The new composite catalyst,
Co1/AQ/C3N4 is demonstrated to photocatalytically produce H2O; at high efficiency under

simulated solar irradiation without supply of a sacrificial agent.

H @C ¢0 .Co
© Pyridinic N~ Primary/secondary amine N

't

Exfoliation “Co loading

Bulk C;N, Ultrathin C,N, Co,/C;N, ’ CoﬁAQ;CﬁNa

Figure 20. Synthesis of Co1/AQ/C3sNa. Spatial separation of Co single atom (as oxidation center)
and anthraquinone (AQ); as reduction center) co-catalysts by anchoring them in the center (i.e.,
pyridinic N) and on the edge (i.e., primary/secondary amine N) of 2D ultrathin C3Na,
respectively.

We first prepared ultrathin C3N4 nanosheets by exfoliating bulk CsN4 under probe-

sonication.’® The C3N4 nanosheets appeared to be only a few-layer-thick according to high-
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resolution transmission electron microscopy (HRTEM) images (Figure 21a). We then loaded Co
onto ultrathin C3N4 using a two-step synthesis: attachment of Co precursors to anchor sites
followed by pyrolysis.” As suggested by the lowest relative energy,® Co ions are embedded in
the void center of C3N4 nanosheets through forming stable coordination with pyridinic N atoms
in surrounding heptazine units of CsNg (Figure 20).8! After pyrolysis under N, atmosphere, Co
ions were further phosphodized under PH3z atmosphere to enhance their activity for water
oxidation.” ’®8 Consistent with the absence of Co metallic clusters in HAADF-STEM images,
the coordination with P is further supported by the occurrence of a prominent Co-P peak at 129.6
eV in the X-ray photoelectron spectroscopy (XPS) spectrum (Figure 22). A P-N peak at 133.6

eV also suggests that P atoms coordinate with N atoms in heptazine rings of C3Na.

Secondly, we loaded AQ co-catalyst onto Co1/C3N4 by forming amide bonds between
carboxylic groups in anthragquinone-2-carboxylic acid and primary/secondary amine groups on
the edge of CsNa (Figure 20).%% 8! Successful loading of AQ was confirmed by XPS in which
Co1/AQ/CsN4 exhibits strong peak corresponding to C-C fragments (284.7 eV) that mostly
originate from AQ molecules (Figure 22). The AQ molecules remained bound to C3N4 after
intensive solvent washing, suggesting that they are chemically attached rather than physically
adsorbed. The successful loading of AQ was also confirmed by Fourier-transform infrared
spectroscopy (FT-IR) spectroscopy. As shown in Figure 21f, the intensities of the FT-IR peaks
corresponding to the amide functionalities, including the C=0 stretching vibration peak at 1627
cm® and the N-H stretching vibration peak at 3076 cm™, increased dramatically with AQ

loading. The quantitative analysis of XPS spectra indicates that AQ was loaded at 16% (w/w).

To provide a visual confirmation of the site-selective loading of AQ, we photoreductively

deposited noble metals by reducing metal precursors (i.e., H2AuCls or H2PtClg) on AQ as seed
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sites (M"™ + ne” — MP).8 TEM images clearly showed that the Au and Pt nanoparticles were
selectively deposited on the edge of C3N4 nanosheets (Figure 21g), which were in stark contrast
to random deposition of Au and Pt nanoparticles on pristine C3zNa surface without AQ
functionality.® These results confirm that AQ co-catalysts were selectively loaded on the edge of

C3N4 nanosheets and serve as reduction center.

Photo-oxidation deposition

o, h
Mn?* + h* _ Goshv O MnO,

HAADF+Mn
20 nm “

Before irradiation After irradiation

Photo-reduction deposition
Au*+e- sl Au®

4,000 3,000 2,000 1,000
Wavenumber (cm')

Figure 21. Material characterization of Co1/AQ/CsNa. (a)-(b) HRTEM and EDS images of
Co1/AQ/Cs3Na. (c) Photooxidative deposition of Mn on Co1/C3Na4. (d)-(e) HAADF-STEM image
of C3aN4 and Co1/AQ/CsNa. (f) FT-IR spectra of CsN4 and Co1/AQ/CsNa. (g) Photoreductive
deposition of Au on AQ/C3N..
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Figure 22. XPS spectrum of C3N4 and Co1/AQ/C3Na.

Loading Co single atom largely enhanced the capability of C3Na4 for water oxidation

(2H20 — O2 + 4H" + 4¢"), as indicated by 8.4-fold enhancement on 4-h O, production (Figure
23a). Loading AQ co-catalyst onto CaN4 had a significant impact on enhancing the selectivity of
H202 synthesis from ~30% by pristine CsN4 to over 60% (Figure 23b; H202 production
selectivity is defined as the ratio of electrons utilized for H2O2 synthesis to the total number of
electrons consumed??). In contrast, CsN4 exfoliation or Co loading had limited impact on H202
production selectivity (Figure 23b). The enhanced H2O> production selectivity is attributed to the
two-step reaction catalyzed by AQ: (1) reductive hydrogenation of AQ to hydroxyanthraquinone

(AQH?>) utilizing 2 e” from photoexcited C3N4 followed by (2) H.O> formation from concurrent
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oxygen reduction and dehydrogenation of AQH:2 back to AQ. Simultaneous loading of Co SAC

and AQ co-catalyst significantly enhanced H2O. production by a factor of 7.3 (Figure 23d).
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Figure 23. Photocatalytic H2O generation of Co1/AQ/C3zNa. (a) Time course of Oz evolution
measured under 0.6 kPa Ar pressure and 300 W Xenon lamp irradiation with 0.5 g/L of catalyst,
1 g/L La203, and 20 mM AgNOs in 100 mL water. (b) Selectivity of H.O> production. (c)-(d)
Time course of H20 production measured under simulated sunlight irradiation (Xenon lamp
solar simulator, 100 mW/cm?, AM 1.5G) with 0.5 g/L of catalyst under O,-saturated condition.
Solid lines are the fitting result of the kinetic model. Dotted lines are H>O> productions estimated
assuming additive enhancement of each co-catalyst. (e)-(f) H2O2 formation and decomposition
rate constants. Error bars represent the standard deviations of triplicates.
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We further analyze the H>O; production by evaluating the rate of H,O> formation (k)
separately from the rate of H.O, decomposition (kq). The results show that H>O. formation rate
constant increased upon individual loading of Co single atom, Co nanoparticle, or AQ. While
simultaneous loading of Co single atom and AQ lead to additive enhancement on ki,
simultaneous loading of Co nanoparticle and AQ had an antagonistic effect on ks (Figure 23e),
once again highlighting the importance of controlled physical separation between Co and AQ. It
is also noteworthy that Co may negatively impact H>O synthesis performance by enhancing the
oxidative decomposition of H2O (Figure 23f). This catalyzed H>O> decomposition was
minimized by separating H2O> production centers (i.e., AQ) from Co decomposition sites, as

indicated by much lower kg in Co1/AQ/C3N4 system as compared to Co1/C3N4 system.

Results of this study suggest a new facile strategy to anchor two spatially-separated co-
catalysts on a 2D photocatalyst. Such spatial separation ensures that the functions of both co-
catalysts (i.e., Cos for enhanced water oxidation activity and AQ for improved H20O production
selectivity) are fully utilized, resulting in additive enhancement in H202 photosynthesis. This
center/edge strategy for loading two spatially-separated co-catalysts may be also applicable on
other 2D photocatalysts for achieving efficient charge separation while maintaining the

effectiveness of both co-catalysts.

4.6 Conclusion

The improved performance of AQ-C3N4 over bare CaN4 marks a significant improvement
over previous electrocatalysts that utilize AQ as active catalytic centers®->5 8 which previously
suffered from either a low yield (<10 mmol/geaayst per hour)s® and efficiency (<30 %)°* or an

excessively high overpotential requirement (1.4 V).>* We attribute the observed improvement to
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the use of C3Ns as a conductive support enabled a very high loading of AQ, up to 20 weight
percent (wt%) via chemical anchoring. The covalent bonding improves not only the catalyst
stability but also the change transfer rate to AQ catalytic centers. The AQ-CsN4 loaded GDEs

and other cell components showed negligible effect on H,O, decomposition.

However, compared with other non-metal electrocatalysts (Table 1), AQ—C3zN4
electrocatalyst showed lower apparent Faradaic efficiency than the state-of-the-art due to
hydrogen evolution side reactions. The current AQ modification method cannot cover all the
reaction sites of C3Na4. Therefore, it is likely that a portion of electron-transfer events are
responsible for Hz evolution (0 V vs. RHE). Despite negligible H.O> decomposition under open
circuits, it is possible that anodic oxidation (Equation 14) or self-decomposition (Equation 15) of

H20, may occur on the counter electrode under operation.*’
H,02 + 2 H" + 2" — 2 H20 (Equation 14)
2 H,02 — 2 H2O + 02 (Q) (Equation 15)

This electrochemical H2O: cell, therefore, could be further improved by developing a
more selective O2-reduction electrocatalyst which lowers overpotential and impedes O reduction
into H20, by employing a flow cell design to minimize counter-electrode decomposition
reactions, and by developing a selective water-oxidation counter electrode to produce H2O>

rather than to consume H-0..

Moreover, spatial separation of oxidative and reductive co-catalysts was achieved, for the
first time on a 2D photocatalyst, by coordinating cobalt single atom at the void center of C3N4

and anchoring anthraquinone at the edges of C3sN4 nanosheets. This center/edge strategy for
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spatial separation of co-catalysts may be applied on other 2D photocatalysts that are increasingly

studied in photosynthetic reactions.
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Chapter 5: Anthraquinone Modified Polyaniline

This Chapter is published (adapted):

Zhu, Q.; Hinkle, M.; Kim, D. J.; Kim, J.-H. Modular Hydrogen Peroxide Electrosynthesis Cell
with Anthraquinone-Modified Polyaniline Electrocatalyst. ACS ES&T Engineering 2021, 1 (3),

446-455.

5.1 Abstract

Advanced oxidation processes (AOPs) target the chemical destruction of a wide range of
non-biodegradable, toxic, and recalcitrant organic pollutants instead of removal via physical
separation, which produces contaminant-laden concentrates or solids. Hydrogen peroxide (H205)
is the most widely used precursor that produces highly reactive and nonselective hydroxyl
radical at the site of AOP through the activation by UV irradiation. The potential for AOPs to
meet the growing demand of transforming centralized treatment and distribution practice into
modular, small-scale, and decentralized treatment paradigm can be maximized by innovative
technologies that can synthesize precursor chemicals also at the site of water treatment,
eliminating the need for continuous chemical supply. We achieve high electrochemical H202
production efficiency by synthesizing an anthraquinone-modified polyaniline composite that
enables efficient two-electron oxygen reduction reaction. Polyaniline functions as a conductive
support with abundant attachment sites, and anthraquinone ensures the selective H>O>
generation. Polyanilines were synthesized via different polymerization pathways to achieve

different morphologies for co-catalysts’ covalent attachment. The electrochemical behaviors of
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these polyaniline substrates and their anthraquinone-modified composites were examined and

compared to propose the most suitable polyaniline substrate for H202 electrosynthesis.

5.2 Introduction

There has been a growing need to accomplish water treatment goals in decentralized
systems in regions where centralized treatment and distribution via pipe network are no longer an
appealing option. Such decentralized systems tend to be small in size, exhibit relatively low
carbon footprint, and can be readily adaptable to various treatment scenarios ranging from
potable water production in developing world and sparsely populated region to on-site treatment
and recycling in various industry sectors.}* Advanced oxidation process (AOP) is a particularly
appealing treatment option in these scenarios, since it aims to destroy pollutants and convert
them to benign end products rather than concentrate them for residuals disposal and additional
treatment. Removal of non-biodegradable, recalcitrant, and toxic organic micropollutants is a
prerequisite for potable water production and high purity water production for various industrial

uses.>6

One notable concern of AOP for decentralized, distributed application is its requirement
to continuously supply precursor chemicals such as H>Oz. In AOP, H>O: is activated on site to
produce *OH via various activation strategies, with photolysis by ultraviolet (UV) irradiation as
the benchmark method; i.e., UV/H20- process. Currently H.O> is manufactured at industrial
scale via anthraquinone (AQ) process, which is both waste-intensive and energy-demanding, and
therefore less environmentally friendly.” Electrochemically generating H202 generation via 2-
electron oxygen reduction reaction (2 e ORR) with water, oxygen, and electricity as the only

inputs is a promising alternative not only for less carbon footprint and energy requirement?® but
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also for eliminating the need for H.O> delivery and storage. Yet, H2O. production
electrocatalytic cell requires overcoming several technical challenges including the development
of more efficient and selective electrocatalysts tailored for H.O> synthesis in environmentally

relevant conditions as well as scalable cell design, fabrication, and demonstration.

Given AQ’s high activity and selectivity toward Oz reduction to H2O; that are well
established in homogeneous-phase industrial-scale reactions, attempts have been made to exploit
AQ in heterogeneous electrocatalysts for 2e” ORR. Although a few materials have been
previously reported as feasible electrocatalytic substrates for AQ and its derivatives, such as
glassy carbon,® indium tin oxide,'® graphene oxide,** and carbon nanotube (Table S1),*2 the AQ
coverage density on the surface is relatively low (0.04 — 0.43 nmol cm™) due to the limited
amount of anchoring sites in these materials for AQ attachment. The recently reported carbon
nitride (C3N4), covalently decorated with AQ, greatly improved the coverage density with its
amine groups at edge sites of its nanosheet,™® while the low conductivities of C3N4 substrate
restricted the overall performance of the composite material. Therefore, a conductive substrate

with plentiful end groups is preferred as a supporting matrix.

We here explore polyaniline (PANI), a conductive polymer, as a substrate to anchor AQ
catalysts to enable electrochemical H20> synthesis. PANI has been widely used for a variety of
electrochemical applications, including energy storage and conversion such as supercapacitors,
rechargeable batteries, and fuel cells.'*® Due to its intrinsic conductivity,'” low-cost monomer,
simple synthesis,*® and environmental stability,'® PANI stands out among other conducting
polymers (polypyrrole, polyacetylene, polythiophene, etc.) as a promising non-metal conductive
substrate and catalyst. We postulate that nitrogen heteroatoms groups present in the PANI

backbone (i.e., between repeating phenyl rings) can provide abundant sites to anchor a large
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amount of AQ molecules. We prepared different PANI and AQ-loaded PANI electrocatalysts

and tested their activity and selectivity for 2e” ORR.

5.3 Experimental Methods
5.3.1 Material synthesis

All chemicals were used as-received, and all masses were measured by an analytical
balance (New Classic MF MS204S, Mettler Toledo). As-received PANI (PANI(AR)) was
purchased in emeraldine base form with average molecular weight of 15,000 from Alfa Aesar.
Another PANI sample was synthesized using homogeneous nucleation method.?° Briefly, 0.6 mL
aniline (> 99.5%) and 360 mg ammonium persulfate (APS) were dissolved in 20 mL of 1 M
hydrochloric acid (HCI) solution separately.?® We also employed 2 mg of carbon black
(VULCAN XC72, Cabot, Figure 24a) or multi-walled carbon nanotube (Cheap Tubes, Figure
24Db) to prepare composite PANI substrates. These carbon seeds were dispersed in 20 mL 1 M
HCI solution with 0.6 mL aniline via 30 minutes of sonication, and 360 mg APS was also
dissolved in 20 mL 1M HCI solution.?* Aniline solution or aniline with carbon seeds suspension
were mixed rapidly with APS solution by vigorous shaking for 30 seconds and let still for 2
hours.?%-?* The samples were then centrifuged and washed with 1 M HCI for one time and Milli-
Q water (>18.2 MQ-cm, Millipore Water Purification System) for three times. Final products
were freeze-dried under vacuum for 24 hours. For PANI with carbon black and carbon nanotube,
the weights of final products were ~80 mg, and carbon seeding contents were 2.5 wt% in these

samples.
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Figure 24. SEM pictures of carbon black and carbon nanotube. The white bars at bottom right
corner represent the scales of 500 nm. CB (left) had particle sizes of 50-120 nm; CNT (right) had
fiber lengths of 300-500 nm and widths of 10-20 nm.

For AQ modification, 100 mg PANI substrate was first dispersed in 20 mL
dichloromethane (DCM) via 30 minutes of sonication, and 30 mg anthraquinone-2-carboxylic
acid (AQ-COOH), 28.5 mg N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride
(EDC HCI, carboxyl activating agent), 20 mg 1-hydroxybenzotriazole hydrate (HOBt,
racemization inhibitor), and 20 mg N,N-diisopropylethylamine (DIEA, hindered base) were
added to the suspension and stirred for 48 hours at room temperature.?? The samples were
centrifuged and washed with DCM for three times and with Milli-Q water for one time to
remove unreacted and unbound AQ-COOH and other chemicals, and finally freeze-dried in

vacuum for 24 hours. All the chemicals were purchased from Sigma-Aldrich and used without

further purification.

For electropolymerization, a piece of carbon paper (Toray 120, Fisher) was first dried in
an oven at 80 T for 15 hours. After cooled to room temperature, it was immersed in a pre-mixed
0.5 M sulfuric acid + 0.1 M aniline aqueous solution with constant N2 purging and stirring,
where the immersed area was 1 cm? (1 cm>L cm). Two programs of cyclic voltammetry (CV)

were applied to the carbon paper: 1) during the first cycle, the electrode was scanned between -
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0.255 and 0.845 V (vs. Ag/AgCI) at 2 mV s*; 2) during the following 200 cycles, the electrode
was scanned between -0.255 and 0.735 V (vs. Ag/Ag/Cl) at 100 mV s.2 The electrode was then
rinsed with DI water and dried in an oven at 80 <C for 15 hours and was named PANI(EP). The
as-prepared PANI(EP) was then suspended in a beaker with 13.85 mg AQ-COOH, 15.78 mg
EDC HCI, 11.14 mg HOBt, and 10.65 mg DIEA dissolved in 20 mL DCM. The mixture solution
was stirred at 500 rpm at room temperature for 48 hours over the electrode surface. The
electrode, named AQ-PANI(EP), was then washed with DCM and DI water and dried in an oven

at 80 <C for 15 hours.
5.3.2 Material characterization

Scanning electron microscopy (SEM) analysis was performed using a Hitachi SU8230
cold field emission SEM microscope (accelerating voltage = 1 kV) and a Hitachi SU-70
analytical field emission SEM microscope (accelerating voltage = 5 kV). Attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectra were performed with a Thermo
Scientific Nicolet 6700 FTIR spectrometer equipped with an attenuated total reflectance cell. X-
ray photoelectron spectroscopy (XPS) measurements were obtained with a PHI VersaProbe 11
Scanning XPS Microprobe equipped with a monochromated Al source. To minimize
contamination by surface hydrocarbon (adventitious carbon), all samples were dried in a vacuum
oven for 3 days, and then immediately transferred to an ultrahigh vacuum chamber for XPS

analyses.
5.3.3 Electrochemical measurements

Electrochemical characterizations including cyclic voltammetry (CV),

chronoamperometry (CA), chronopotentiometry (CP), and electrochemical impedance
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spectroscopy (EIS) were performed using a Bio-logic VSP potentiostat/galvanostat. To prepare
the working electrodes, catalysts were dispersed in 75% (v/v) ethanol/water mixture by 30
minutes of sonication, and the suspensions were drop-casted onto carbon paper (Toray 120 for
immersed electrode setup, Sigracet 39 BB for flow cell setup). The catalyst loadings were kept at

0.25 mg cm. Electrodes were then dried in 80 <T oven for 16 hours.

For immersed electrode setup, a carbon rod (VWR) was used as the counter electrode,
and an Ag/AgCl electrode filled with saturated KCI solution (CHI111, CH Instruments) was used
as the reference electrode. Unless specified, CV tests were performed at a scan rate of 20 mV s
CV, CA, and EIS were performed in 0.1 M phosphate buffer electrolytes of pH 8.8, containing
sodium phosphate monobasic monohydrate and sodium phosphate dibasic. To remove metal ion
impurities (i.e., Fe?") in the buffer electrolytes that would catalyze H20, degradation, pre-
electrolysis was performed before electrochemical characterizations, where two carbon rods
were set in a two-electrode system and a constant voltage of 3.5 V was applied for 24 hours. The
electrolyte was purged with Oz (Airgas, 99.996%) for 15 minutes before tests and purged
continuously throughout the experiment. For double-layer capacitance (CpL) measurements, both
CV and EIS methods were used.?* Electrodes in three-electrode system were tested with CV
scans of 0.005, 0.01, 0.025, 0.05, 0,1, 0.2, 0.4, and 0.8 V s* from 0 VV to 0.2 V vs. Ag/AgCI
because all currents in this non-Faradaic potential region were assumed to be double-layer
charging currents. The charging currents were plotted as a function of scan rates and the
calculated slopes were double-layer capacitances. Electrodes were then measured with EIS from
200 kHz to 100 mHz at 0.1 V vs. Ag/AgCl, and modeled by a modified Randles circuit with

solution resistance (Rs, ©2), constant-phase element (CPE), and charge transfer resistance (Rct, Q).
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Double layer capacitance was calculated by Equation 16, where Qo (F s**) and a are constants
from the model fittings:

(a-1)
Cp = [Qo (i + i) /e (Equation 16)

Rs Rct

5.4 Results and Discussion
5.4.1 Material synthesis

PANI can be polymerized from aniline monomer following different synthetic
procedures, including chemical (e.g., heterophane, interfacial, seeding, metathesis, self-
assembling, and sonochemical polymerizations) and electrochemical methods.® 2526 Different
synthesis methods and conditions result in different PANIs with distinct characteristics including
chain length, morphology, oxidation state, and electrical conductivity.!” Among the range of
PANIs reported to date, emeraldine salt is known to be the most conductive form of PANI and
has been demonstrated to exhibit great performance as an electrocatalyst.!” 228 We therefore
synthesized emeraldine salts using homogeneous nucleation (HN)?° and nanofiber seeding (NS)%
methods (Figure 25). These two facile and rapid synthesis methods are known to reproducibly
produce PANI nanoparticles with well-controlled sizes and shapes. Two carbon materials, CB
and CNT, were chosen as templates considering their intrinsic conductivity, low cost, and well-
defined nanostructure. Such composite structure could also provide large surface areas to

maximize anchoring sites for co-catalyst connection.?%-?
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5.4.2 Material characterizations
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Figure 25. Proposed reaction mechanisms and chemical structures of PANI substrates and PANI-
AQ composites.

o

SEM images in Figure 26 show the morphologies of PANI and PANI composites with
carbon templates. The commercial control sample, PANI(AR), appeared as agglomerated coral-
like granules of 3-5 pm in size (Figure 26a). This morphology reflected colloidal coagulation of
polymers that occurred during extensive mechanical agitation employed in conventional
precipitation polymerization process.?® ?° In contrast, PANI synthesized by homogeneous
nucleation (PANI(HN), Figure 26¢) were mostly comprised of dispersed, smooth nanofibers with
lengths of 100-300 nm and widths of 30-80 nm. Similarly, PANI synthesized via CB and CNT
seeding (PANI(NS-CB), Figure 26e; PANI(NS-CNT), Figure 26g) showed fibrillar morphology
of nanofibers with lengths of 400-1000 nm and widths of 50-100 nm. The CB and CNT

functioned as nanoscale templates, minimizing aggregation and facilitating the directional
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growth of the polymer.?! Although AQ modification did not induce any morphological change
for PANI(AR) (Figure 26b), AQ-PANI(HN) and AQ-PANI(NS-CB) exhibited aggregate
morphology compared with their substrates (Figure 26d,f) likely due to the poor dispersion of
PANI in organic solvent (i.e., dichloromethane used during AQ anchoring). This phenomenon
was not prominent in AQ-PANI(NS-CNT), potentially because CNT provided more stretched
and rigid 1D scaffold, on which polyaniline nanofibers could more easily maintain their
dispersity. The higher dispersity in composite materials in turn leads to better electrochemical

performance than their counterparts.®°-3!
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Figure 26. SEM images with polyaniline and AQ-modified polyaniline composites.The white
bars at bottom right corner represent the scales of 500 nm.

The successful syntheses of PANI and AQ-modified PANI were verified by FTIR spectra
shown in Figure 27. Here we use PANI(NS-CNT) as an example for further discussions (Figure
27a). Transmittance bands at 1552 cm™ (aromatic ring stretching), 1457 cm™ (C=C stretching),
1285 and 1224 cm® (C-N stretching), were observed for the PANI samples, in agreement with
previous reports (black arrows).3? Comparably, AQ-PANI(NS-CNT) showed increased

absorbance (brown arrows) at 1172, 792, and 696 cm™ (C-H bending), which corresponded to
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AQ’s characteristic peaks.>® The peak at 1671 cm™ (red arrow), corresponding to peptide bond,
further proved the bond formation between amine groups of PANI and carboxylic acid groups of
AQ-COOH.** The small amount of carbon seeding materials (2.5 wt%) had negligible impacts
on FTIR spectra. The attachment of AQ and bond formation onto PANI substrate could be

proven for all other materials using the similar analyses as marked in Figure 27b-d.

As only carbon and oxygen atoms were introduced to AQ-PANI composite after
attachment of AQ-COOH, elemental analysis of XPS spectra could be used to calculate AQ
coverage density in PANI matrices (Figure 28). The chemical formula of green emeraldine salt is
written as (CsH7N)x, and AQ-2-COOH is C1sHsOa4. After amide bond is formed, one hydrogen
atom in PANI backbone and one -OH group in AQ-COOH are lost. As PANI contains C, N, O,
and H, while AQ only contains C, O, and H, the calculation will be based on the nitrogen
balance. We also assume that AQ coverage on PANI surfaces is uniform over the XPS
measurement area. Using PANI(RM) as an example, we can first assume AQ-PANI(RM)
contains (1-x) mol of PANI and x mol of AQ. According to XPS elemental analysis (Figure
19b), the nitrogen balance can be written as 0.124>(1-x) = 0.104, so x = 0.1613. The mass
coverage of AQ in AQ-PANI(RM) is 0.1613>(252-17)/((0.1613>(252-17)+(1-0.1613) >03-
0.1613) = 0.3275. Therefore, the mol fraction of AQ is 16.13% and mass fraction is 32.75%.
Similar calculations can be applied to other samples and the results are summarized in Table 2.
All samples contained over 15 mol% and over 30 wt% of molecular AQ co-catalysts, which is
the highest AQ loading per unit catalyst mass reported so far (Table 3). This high AQ loading
was attributed to both PANI’s abundant anchoring sites and PANI’s nanostructure with large

exposed surface area.
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Figure 27. ATR-FTIR spectra of PANI-based material.(a) CNT (black), PANI(NS-CNT) (light
blue), AQ-PANI(NS-CNT) (dark blue), AQ-COOH (brown). (b) PANI(AR) (blue), AQ-
PANI(AR) (dark blue), AQ-COOH (brown). (c) PANI(HN) (light red), AQ-PANI(HN) (red),
AQ-COOH (brown). (d) carbon black (CB) (black), PANI(NS-CB) (light green), AQ-PANI(NS-
CB), and AQ-COOH (brown).
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Figure 28. XPS spectra of PANI-based material. For each graph, PANI substrate was presented
at the top row and the AQ composite material was presented at the bottom row. Their carbon 1s
(first column), nitrogen 1s (second column), and oxygen 1s (third column) core levels were
shown respectively. Numbers at the top right corner of each curve represent the atomic
percentage of the corresponding element in each material, calculated by integrating peak area.
Peak intensities are normalized to the strongest peak.

Table 2. Other properties of PANI-based material. AQ coverage densities represented by molar
fraction (2nd column) and weight percentage (3rd column) and double-layer capacitances
calculated by CV (4th column) and EIS (5th column) of all samples. All electrodes used in
double-layer capacitance measurements had the same loading (0.25 mg cm™2) and geometric area

(1 cm?).
Molar Weight Double-layer capacitance (mF cm)
fraction (%) | percentage (%) | CV EIS average
PANI(AR) 0.0064 0.0056 0.0060
15.22 31.24
AQ-PANI(AR) 0.0189 0.0178 0.0184
PANI(HN) 16.13 32.75 0.0193 0.0176 0.0184
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AQ-PANI(HN) 0.0134 0.0140 0.0137

PANI(NS-CB) 0.0253 0.0258 0.0255
20. T

AQ-PANI(NS-CB) 0.00 38.78 0.0156 0.0136 0.0146

PANI(NS-CNT) 15.87 3933 0.0251 0.0265 0.0258

AQ-PANI(NS-CNT) 0.0444 0.0477 0.0461

Table 3. Comparison of 2e- ORR electrocatalysts with anthraquinone or its derivatives

Substrate H202 Faradaic H202 generation Redox AQ coverage Binding strategy
generati | efficiency | condition potential density
onrate | (%) electrolyte | Potential (Ex2, Vvs.
(V. vs. RHE)
RHE)
Glassy N/A 95-100 0.1M -0.7—- 0.17 0.052 -0.43 Covalent attachment of
carbon® KOH 1.25 nmol cm AQ by reducing the AQ
diazonium salt
Indiumtin | N/A N/A N/A N/A 0.14 40-80 pmol n-T interaction between
oxide?® cm2 pyrene-bound I1TO and
pyrene-appended
anthraquinone
Graphene N/A ~80 0.1M N/A 0.17 N/A Covalent attachment of
oxidel KOH AQ by potentiodynamic
electro-reduction of Fast
Red Al Salt
Carbon 0.02 ~100 1MKOH | 1.0 0.10 N/A Drop-cast AQ-2-COOH
nanotube!? | mmol solution onto carbon paper
hrtcm substrates
2
Gold disk N/A N/A N/A N/A 0.20 0.32 nmol cm? | Self-assembled 1-hydroxy
electrode® anthraquinone disulfide
monolayer on gold disk
electrode via incubation
Carbon 0.52 89.6 0.1M -0.7 0.07 1.0 wt% (upto | Tert-butyl-anthraquinone
black? mmol H2S04 + 3.0 wt%) in suspended solution with
hricm 0.1M carbon black deposited
2 K2S04 onto disk electrode of
RRDE
Polymeric 60.08 42.2 05M -0.2 0.27 20 wt%, 377 Chemical bond between
carbon mmol phosphate nmol cm2(0.5 | CaNa(-NH2/-NH) and AQ-
nitride!3 Qeatalyst™ buffer (pH mg cm COOH (-COOH)
hrt 9) catalyst)
Poly- 1.8 mol | 95.8 0.1M -0.02 0.05 32.33 wit%, Chemical bond between
aniline (this | geatalyst™ phosphate 320.5 nmol cm™ | polyaniline (-NH) and
work) hrt buffer (pH 2(0.25 mg cm? | AQ-COOH (-COOH)
8.8) catalyst)

The above morphological differences influenced the double-layer capacitance (CpL) of

the electrodes prepared with different PANI samples. The electrocatalytic performance of

electrode materials correlates with the amount of active sites that are exposed to the
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electrolyte.3-*8 Electrochemical surface area (ECSA),?* *° defined as the ratio of CpL over
specific capacitance (Cs, the capacitance of an atomically smooth planar surface of the material
per unit area under identical electrolyte conditions) is a commonly used measure.?* As disparate
values of Cs for PANI were reported in the literature (e.g., due to difficulty of preparing
atomically smooth surface made of PANI), we used Cp. values, determined using both CV and
EIS techniques, to indicate and compare PANI and AQ-PANI matrices. As shown in Table 2,
each sample’s CpL values measured by CV scans (Figure 29) and EIS showed comparable results
as expected. PANI of nanofiber morphologies in general exhibited higher Cp. compared with
granular PANI due to the larger surface area. The attachment of AQ as pendant groups to
polymer chains led to Cp. increase for PANI(AR) and PANI(NS-CNT). In contrast, particle
aggregations played dominating roles and caused the decrease of Cp. for PANI(HN) and
PANI(NS-CB). Among all, AQ-PANI(NS-CNT) coated electrode exhibited the largest CpL
(0.0461 mF), suggesting the highest electrochemical surface area available for electrocatalytic

reactions.
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Figure 29. CpL measurements of PANI-based material. The cathodic and anodic charging currents
measured at 0 to 0.2 V vs. Ag/AgCI plotted as a function of scan rate for various PANI and AQ-
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5.4.3 Electrochemical performance in immersed electrode setup

Results in Figure 30 show the capability of PANI and AQ-PANI materials to produce

H202 when deposited onto the cathode and tested in immersed electrochemical cell. Though all

0.4 0.6 0.8

Scan Rate (V s™)

of the eight materials had similar Faradaic efficiency of 2 e ORR (60.2548.99%), AQ

modification dramatically boosted the overall generation rate: hourly H20. production increased

by 13.56, 1.74, 5.57, 3.49 times for PANI(AR), PANI(HN), PANI(NS-CB), and PANI(NS-CNT)

respectively.
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Figure 30. Electrochemical performance of PANI-based material.(a) H20. generation, and (b)
Faradaic efficiency of polyanilines (light blue) and anthraquinone-modified polyanilines (dark
green) electrodes at -0.02 V vs. RHE (overpotential = 0.7 V) in 0.1 M phosphate buffer at pH =
8.8. All the electrodes had the same geometric area (1 cm?) and the same catalyst loading (0.25
mg cm2). The data points in (a) each represent the mean of two independent measurements.
Error bars in (b) were calculated based on two sets of four data points taken during one-hour
electrolysis at 15 minutes interval.

Note that PANI produces H>O, even without AQ anchoring, since PANI can catalyze the

following sequence of reactions:*°
(PANI)ox + 2nH* + 2ne” — (PANI)req (Equation 17)
(PANI)red + NO2 — (PANI)ox + NH202 (Equation 18)

As PANI transitions from the reduced to the oxidized form, adsorbed oxygen is reduced via the 2
e ORR pathway to form H,O- preferentially instead of the 4 e” pathway to form water.**? This
electron transfer occurs through binding of O to electron-rich aromatic carbons adjacent to

nitrogen.® 3 AQ produces H20: via the similar 2 e ORR pathway, but with much higher

selectivity than PANI (Table 3):
AQ + 2H" + 2" — H2AQ (Equation 11)
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H2AQ + O2 — H202 + AQ (Equation 12)

The bond formation between AQ and PANI therefore likely shifted the reaction centers from
PANI aromatic carbon to anthraquinone. As evidenced by CV results in Figure 31, though both
PANI and AQ showed selectivity toward 2 e- ORR, AQ-modified PANIs were Kinetically more
favored considering the elevated current densities within Faradaic potential window. The redox
peaks at -0.1 V to -0.2 V vs. RHE corresponds to the redox activity of AQ molecules in the
composite materials. Similar to the experimental observations in Chapter 4.4.2, the reduction
peaks of AQ-PANI composites are more obvious than the oxidation peaks, and in many cases the

oxidation peaks are not expressed due to the fast chemical reaction between Oz and H2AQ.

Notably, AQ-PANI(NS-CNT) showed the highest H>O> generation rate (206.4 mmol
eatalyst - hr't) and comparable selectivity (56.75410.39%) probably due to its largest
electrochemical surface area. Therefore, AQ-PANI(NS-CNT) will be further tested in gas

diffusion electrode cell as discussed in Chapter 6.
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Figure 31. Cyclic voltammetry graphs of PANI-based material. PANI and AQ-PANI electrodes
were tested at immersed electrode setup in 0.1 M pH = 9 phosphate buffer purged with O.. All
the electrodes had the same geometric area (1 cm?) and the same catalyst loading (0.25 mg cm™).

5.4.4 Polyaniline synthesized via electropolymerization

In addition to the previously discussed polyaniline synthesis methods, electro-
polymerization was also explored as a potential pathway to manufacture an electrocatalytic
PANI substrate. As carbon paper, the current collector, was soaked in a solution with the
monomer aniline, we expected that the carbon fibers would function as nucleation cores and the

polymer growth will mimic the morphology of the carbon paper. As described in Chapter 5.3.1,
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the initial cycle activated a large number of aniline cation radicals on electrode surface,

necessary to initiate the oligomeric formation and polymer growth.? We supposed that instead of
loosely attaching to carbon paper via weak molecular interactions such as VVan der Waals forces,
catalyst synthesized via electropolymerization would be chemically bond with the substrate and
have larger electrochemical surface area, and thus have faster electron transfer and oxygen

reduction reaction rate.**

However, the electrochemical performance of electro-polymerized PANI (PANI(EP))
and the anthraquinone-modified composite (AQ-PANI(EP)) is not quite as expected. Similar to
those discussed in Chapter 5.4.3, AQ modification to PANI(EP) could be manifested by the
reduction peak at around 0 V vs. RHE (Figure 32c) and it did improve the H2O2 generation rate
per unit mass of catalyst (15.4 to 28.4 mmol geatalyst * hr, Figure 32a) and the Faradaic efficiency
(49.9% to 65.5%, Figure 32b) over the one-hour period, while the overall generation rate are
much slower (i.e., AQ-PANI(EP)’s H,O, generation rate (28.4 mmol geatalyst * hr?) is only 14%
of AQ-PANI(NS-CNT)’s H20; generation rate (206.4 mmol geatatyst* hrt)). This frustrating
observation could be due to the following two reasons: 1) the possible measurement error of the

catalyst mass, 2) the ineffective exposure of polymer.

Contrary to the electrode made by drop-casting, where catalyst mass can be easily
calculated based on the catalyst concentration in the suspension and the volume of suspension
drop-casted onto the electrode surface, electrode made by electropolymerization was measured
before and after the polymer growth process to calculate the mass increase. The latter method,
although seemed rather simple and straightforward, was greatly limited by the precision of the
balance. In Figure 32, the measured catalyst mass of PANI(EP) was 1.1 mg, and the mass of AQ-

PANI(EP) was 2.2 mg; both numbers are quite close to the balance’s accuracy of 4 decimal
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places. The mass loss or gain related to drying process and moisture adsorption to electrode
surface could make this problem even more complicated. The minor errors introduced by the
measurement could lead to significant deviations in the generation rate per unit mass, and make
the comparison between different synthesis methods impossible. What’s more, the previous
material characterization method used to quantify the AQ coverage density (based on XPS
elemental analysis) would be no longer applicable to the PANI synthesized directly on electrode
surface due to the extensive impact from the carbon substrate: PANI’s carbon 1s core level
spectra would be largely interfered by the carbon atoms in both the carbon fiber and the
Polytetrafluoroethylene (PTFE) coating and it was quite challenging for deconvolution. A more
sophisticated method of quantifying anthraquinone molecules on the surface became crucial for

identifying the optimized synthesis as well as the electrochemical performance.

Another likely explanation is that the electrode was inundated with the polymer chains
and thus not all the probable active sites were fully exposed to be electrochemically active. To
better understand the reasons behind the rather poor performance of electro-polymerized PANI-
based electrocatalysts, the cross-sectional SEM images would be necessary to examine the
morphology and structure from the diffusion layer to the catalyst layer and if the PANI layer
grew too thick to block each other . The relationship between the number of CV cycles, catalyst
layer thickness, electrochemically active surface area, and H20. generation rate needed to be
more carefully investigated to maximize the production capability per unit mass of catalyst. The
potential windows of both the initial and the following CV programs could be adjusted based on
the oxidation and reduction state of PANIs and their electrochemical performance. A more
precise way of measuring the catalyst mass, such as a balance with higher precision and a quartz

crystal microbalance, would be preferred as well.
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Figure 32. Electrochemical performance of electro-polymerized PANI-based material. (a) H20-
generation, and (b) Faradaic efficiency of PANI(EP) (light blue) and AQ-PANI(EP) (dark green)
electrodes at -0.02 V vs. RHE (overpotential = 0.7 V) in 0.1 M phosphate buffer at pH = 8.8. Al
the electrodes had the same geometric area (1 cm?) and the same catalyst loading (0.25 mg cm).
The data points in (a) each represent the mean of two independent measurements. Error bars in
(b) were calculated based on two sets of four data points taken during one-hour electrolysis at 15
minutes interval. (c) Cyclic voltammetry graphs of PANI(EP) (light orange) and AQ-PANI(EP)
(dark orange) electrodes at immersed electrode setup in 0.1 M pH =9 phosphate buffer purged
with Oa.

5.5 Conclusion

In this chapter, a series of anthraquinone-polyaniline composite electrocatalysts were
synthesized and examine for their electrochemical behavior. The high activity and efficiency
were achieved because polyaniline substrate provided abundant anchoring sites in its backbone
for co-catalyst anthraquinone’s attachment. FTIR-ATR spectra proved the successful peptide
formation between the co-catalyst and the catalytic substrate and thus the successful covalent
attachment, and XPS spectra proved the similar AQ coverage density (of over 30 wt%)
regardless of the synthesis pathways and morphologies of the substrates. While double layer
capacitances calculated from EIS and CV data showed how significantly the poor dispersion of
solids during synthesis could affect the electrochemical active surface areas of the

electrocatalysts.
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Although PANI substrates can reduce oxygen to produce H202 with some selectivity
(50%-60%), AQ attachment can dramatically improve the overall H2O; electrochemical
generation rate regardless of the type of the PANI substrate, as oxygen reduction reaction over
AQ-PANIs are kinetically more favored. For future research, a PANI substrate with even larger
electrochemical active surface area and better dispersity in organic solvents necessary for AQ

attachment will be preferred.

The attempts to synthesize PANI via electropolymerization faced a few challenges,
possibly due to inaccurate measure of the catalyst mass and over-growth of the polymer. A few
potential solutions were proposed to improve the overall electrocatalytic performance, including
cross-sectional SEM examination, experimental condition optimization, and precise

measurement utilization.
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Chapter 6: Gas Diffusion Electrode Cell with Anthraquinone-Based

Electrocatalysts

This Chapter is published (adapted):

Zhu, Q.; Pan, Z.; Hu, S.; Kim, J.-H. Cathodic Hydrogen Peroxide Electrosynthesis Using
Anthraquinone Modified Carbon Nitride on Gas Diffusion Electrode. ACS Applied Energy

Materials 2019, 2 (11), 7972-7979.

Zhu, Q.; Hinkle, M.; Kim, D. J.; Kim, J.-H. Modular Hydrogen Peroxide Electrosynthesis Cell
with Anthraquinone-Modified Polyaniline Electrocatalyst. ACS ES&T Engineering 2021, 1 (3),

446-455.

6.1 Abstract

As Chapter 4 and 5 discussed in detail of the heterogeneous electrocatalysts based on
anthraquinone chemistry, this chapter will focus on the next step towards application: making
electrocatalysts into more efficient electrodes with more efficient reactor designs. In this chapter,
both materials, AQ-C3sN4 and AQ-PANI, were made into gas diffusion electrodes and tested with
two generations of gas diffusion electrode cells, where mass transport of oxygen reactants will be
enhanced, as well as the H>O> generation rate and Faradaic efficiency. AQ—CsN4 were tested in a
batch reactor setup, and its GDE counterpart produced 4.3 times H20, (60.1 mmol geatalyst™) at
higher Faradaic efficiency (42.2 #1.3%) than the AQ-C3Na IE (14.0 mmol geatayst* and 31.0%
FE). In a flow cell equipped with AQ-PANI gas diffusion cathode, H20O can be produced at a

rate of 1.80 mol geatatyst* at 100 mA with Faradaic efficiency of 95.83%. The calculation proved
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that H20 generation cell consumes only 0.2 to 20% of the total electricity consumption of AOPs
in various AOP application scenarios employing UV activation. We also examined the H20:
production capability of the device with simulated drinking water and wastewater as feed

electrolytes to demonstrate its potential for real-world operation scenarios.

6.2 Introduction

An effective and applicable hydrogen peroxide electrosynthesis cell requires more than
the design and synthesis of electrocatalyst; an effective electrode architecture and the respective
electrochemical cell design to overcome the challenges, especially those associated with oxygen-
transport limitation. As described by Equation 2, three reactants are required in the

electrosynthesis process: oxygen, proton, and electron.

O2+ 2H" + 2" — H202 (0.68 V vs. RHE) (Equation 2)

As protons are abundant in an aqueous system and conveniently generated via self-
ionization of water, and electrons supplied by an potential bias toward the electrode surface,
dioxygen molecules become the limiting reactant in the process due to its low solubility and slow
transport Kinetics in water. At 25 <C and 1 atm, the dissolved oxygen concentration in freshwater
is 8-9 mg/L,! and oxygen’s diffusion coefficient in water is 2.42>10° cm? s,2 which is about 10*
times smaller than its diffusion coefficient in air.®> Although rapidly stirring the electrolyte could
significantly improve the oxygen mass transport via convection, a concentration gradient over

the electrode surface is unavoidable with the diffusion layer formation.*

To minimize the overpotential build-up and thus cell performance impairment, we

employ a gas diffusion electrode (GDE) for sustained H20- production rates without oxygen-
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transport limitation at the electrode surface.>” Instead of a traditional immersed electrode (IE)
where the electrode is fully immersed in gas-bubbled electrolyte, the gas diffusion electrode is
generally made of PTFE-coated carbon fibers and is composed of two layers: one hydrophobic
layer facing the gas phase and one more hydrophilic layer, coated with catalyst, facing the liquid
phase. The electrochemical reaction will then involve three phases: gas phase (oxygen), liquid
phase (water), and solid phase (catalyst), and therefore this thin layer will be described by
“triple-phase boundary layer”.2 In GDE, oxygen gas molecules no longer transports in aqueous
phase; instead, they can transport through the hydrophobic layer directly toward the
solid/liquid/gas interface at the electrode surface. This process significantly improves the surface

oxygen concentration and thus oxygen reduction reaction rate and H20. generation rate.

We further fabricated two generations of prototype H20 production cells with gas
diffusion architecture and evaluated their performance. The first generation cell incorporating
C3Ns-based material as electrocatalysts was a batch reactor, while the second generation cell
incorporating PANI-based material as electrocatalysts could be operated as a flow cell. The
second cell was also tested in various water matrices (phosphate buffer electrolyte, simulated
wastewater, simulated drinking water) and gas systems (ultrapure O, air) to illustrate its
applicability in realistic conditions. We further discussed the proportion of energy consumption
for H2O> generation in the overall AOP energy requirement and presented strategies to integrate

this cell to AOP application.
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6.3 Experimental Methods
6.3.1 Electrode preparation

Electrocatalysts were prepared as described in Chapter 4 and 5. Two types of electrodes
(IEs and GDEs) were prepared following the procedure outlined in Figure 33. Briefly, for IE and
“GDE batch”, the electrode used in first generation batch reactor, a suspension of catalysts (1 mg
mL1) in 50/50 (v/v) water/isopropanol mixture was slowly and uniformly drop-casted onto
carbon paper (Toray Paper 120, Fisher) to achieve a porous nanocrystalline film with the catalyst
loading of 0.5 mg cm™. The electrode was then dried at room temperature in air for 2 hours and
annealed at 80 <C in air for 15 hours. To make GDEs, a strip of copper tape (i.e., highly
conductive copper electrical tape with conductive adhesive, McMaster-Carr) was attached to the
end of carbon paper. To make IEs, a piece of tin-plated Cu wire was first coiled at one end,
attached to the edge of carbon paper, and glued with silver conductive paste (503, Electron
Microscopy Sciences), while the other end of Cu wire was threaded through a glass tube. The
electrode was capsulated and sealed with epoxy adhesive (Hysol 9460F, Loctite) to prevent
copper electro-corrosion and to ensure that only loaded catalysts and carbon paper contact
electrolytes. Both IE and “GDE batch”, the exposed geometric areas of the electrodes are 1 cm?,
For “GDE flow”, 500 mL of catalyst suspension with concentration of 2 mg mL™ in 25/75 (v/v)
water/isopropanol mixture was slowly and uniformly drop-casted onto a piece of carbon paper
(Sigracet 39 BB, SGL Carbon, 2.5 cm>2.5 cm). The exposed geometric area of the electrode was

4 cm? (2 cm>R cm) and the catalyst loading was 0.25 mg cm.
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Figure 33. Schematic of electrode preparations for immersed electrode and gas diffusion
electrodes.

6.3.2 Electrochemical cell

For both immersed electrode setup and the first generation batch reactor setup, a carbon
rod (VWR) was used as the counter electrode, and an Ag/AgCl electrode filled with saturated
KCl solution (CHI111, CH Instruments) was used as the reference electrode. For the second
generation flow cell setup, a titanium mesh (Goodfellow) coated with iridium oxide was used as
the counter electrode and the cell was operated in a two-electrode system. Both working and
counter electrodes have sizes of 4 cm? (2 cm <2 cm); water channel has size of 4 cm? and depth
of 1.5 mm. A miniature peristaltic pump (Instech P625) was used to control the liquid flow rate
(0.25-2 mL mint), and a mass flow controller (Alicat) was used to control the gas flow rate (10
sccm (standard cubic centimeter per minute) for O2, 50 sccm for air). Air was supplied by an air
generator (747-30, Aadco Instruments). Water conductivities were measured by a conductivity

meter (CON 2700, Oakton). Other conditions are the same as Chapter 4.3.4 and Chapter 5.3.3.
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6.3.3 Surface hydrophobicity measurement

The surface hydrophobicity of electrodes was evaluated by measuring the contact angle
of a water droplet using the sessile drop method. A 1 uL droplet was placed on the air-dried
electrode surface and photographed with a digital camera. The contact angles of the left and right
sides of the droplet were determined using a computer program (VCA, Optima XE, AST
Products, Billerica, MA). To account for variations in the measurements, 30 measurements were

taken.

6.4 Results and Discussion
6.4.1 AQ-C3Nj4 electrocatalysts: IE vs. GDE

Low solubility of Oz in water and slow diffusive mass transport across the boundary layer
are known to cause gradual O, depletion on the electrode surface, thus limiting ORR reactions.®
10 In order to overcome this prevalent challenge of traditional 1E design, an alternative GDE
setup was explored (Figure 34 left panel, ) and tested with AQ-C3zNs electrocatalysts. In this
GDE configuration, a side of carbon fiber paper is exposed to the ambient air and kept dry, as the
carbon fibers are coated with wet-proofing Teflon layer at 1% wt (Figure 36).1! This GDE-gas
interfacial region, so called the gas diffusion layer, provides a conduit for gas-phase Oz supply.
The opposite side of the carbon fiber paper hosts AQ—CsNa4 and is in contact with the electrolyte.
Due to the hydrophilicity of the coated catalysts, this region becomes partially wet and forms a
catalyst/electrolyte/gas triple-phase boundary layer enriched with Oz (red box in Figure 34
middle).*?*® During the operation, H2AQ is formed at the catalyst/electrolyte interface by

receiving electrons from conductive C3sN4 network deposited on carbon paper and by reacting
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with protons from electrolytes, as indicated in Reaction 3 and illustrated by Figure 34 (right top,
charge transfer). H2AQ then reduces O (Equation 12) to produce H20- at the gas/catalyst
interface (Figure 34 right middle, catalysis). Finally, the produced H20- diffuses to the bulk
electrolyte (Figure 34 right bottom, H>O> diffusion).

AQ+2H"+2e = HAQ (0.27 V vs. RHE) (Equation 11)

0. + H, AQ — AQ + H202 (Equation 12)

catalyst/liquid interfac

2e 2H*
catalyst/electrolyte/gas > ’<

boundary layer
AQ” “H,AQ

H*+

reference electrode charge transfer

\ g gas/catalyst interface
. % _/"Hzoz

counter electrode
working electrode

‘ | \ 02

o i

N : < H

> s =

gas lines | | HzAQ AQ

electrolyte I~ s Il catalysis
gas gas catalyst liquid . )
phase diffusion layer phase liquid ph:

layer

Figure 34. Schematics of a gas diffusion electrode loaded with C3Nas-supported catalysts for
oxygen reduction to hydrogen peroxide Left: GDE reactor. Middle: enlarged components of the
triple-phase boundary layer. Right: three steps (charge transfer, catalysis, H.O> diffusion) at
different interfaces and phases during the reaction process.
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Figure 35. Schematic illustration of the first generation batch reactor.Credit: Qianhong Zhu.

a- b =

148.7+4.6
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164.2+2.9

Figure 36. Contact angle measurements of electrode surface. A sessile water droplet (1 uL) on
Toray 120 carbon paper: a) before experiment, b) after 10 hours of electrolysis. The values
reported are averages of 30 measurements in 10 seconds.

As shown in Figure 37, the GDE setup achieved a much higher current density than the IE
setup within the electrochemical window. The AQ—C3N4 GDE exhibited 6.9 times larger

reduction current density (-7.00 mA cm) than the AQ—C3N4 IE (-1.02 mA cm™) at -0.22 V vs.
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Current Density (mA/cm?) g,

RHE (orange dash line). Note that both electron transfer and H2O: diffusion steps would be
independent of cell configurations. The larger current density for GDE is, therefore, mostly due to
the faster O, mass transport to the electrocatalyst/electrolyte/gas interface. Since O in air
(molecular diffusivity = 0.2 cm? s?) transports orders of magnitude faster than in water (2 <107
cm? s1),2 the O, depletion on the catalyst surfaces is readily avoided in the GDE setup.
Consequently, ORR at the electrode surface would become less diffusion-limited and more
kinetics-limited, which is evidenced by the lack of distinct reduction peak in CV (Figure 37a). At
a fixed potential of -0.22 V vs. RHE, the AQ—C3N4 GDE produced 4.3 times H202 (60.1 mmol
eatalyst —) at higher Faradaic efficiency (42.2 #1.3%) than the AQ—C3Na IE (14.0 mmol Qeatalyst
and 31.0% FE) over a one-hour period (Figure 37 b and c). This large enhancement was achieved
because the sufficient O, supply eliminated the build-up of Oz concentration overpotentials,
which otherwise would have increased the applied overpotential and thus shifted the reaction

selectivity from selective ORR towards HER.

2 . . C o0
IE | IE
OF —e— GDE £ gol —* GDE
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Figure 37. Electrochemical performance of AQ—C3zNs in IE and in GDE. (a) Cyclic voltammetry
of AQ-C3Na in 0.5 M pH = 9 phosphate buffer on IE (purple) and GDE (grey) purged with Oa.
Vertical black dash lines represent redox potentials of O2/H20> (0.68 V vs. RHE); orange dash
line represents the 0.9 V overpotential for O2/H>0> (-0.22 V vs. RHE), which is the condition
used in (b) and (c). (b) H202 generation, and (c) Faradaic efficiency for H20- generation of the
two electrode configurations at -0.22 V vs. RHE. All the electrodes had the same area (1 cm?)
and the same catalyst loading (0.5 mg cm™).
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Another observation from Figure 37c is the monotonical decrease of Faradaic efficiency
for IE but not or GDE. We believe this is due to the limited O, mass transport in IE where O>
reactants were depleted and became a limiting factor. To prove the O depletion at electrode
surface, we first purged the electrolyte with O> for 15 min and then applied the an potential bias
for 45 min with O2 gas constantly purging. The external bias was temporarily stopped for 15 min
so Oz gas molecules could be replenished at electrode surface, and then potential was applied
again. The cycling process was repeated for two times, and as shown in Figure 38, after the
initial ~2 min of sharp current density decrease, AQ—CsNa IE exhibited a gradually decreasing
current density for the rest ~43 min of chronoamperometry. The decreasing current density,
along with decreasing Faradaic efficiency, proved the insufficient Oz supply in IE setup even
when O gas was bubbled constantly during the experiment, and the deficiency can be

significantly improved by a gas diffusion electrode setup.

|
—

& ol ]
g 2

23 -
Eul2 £ £ ]
z |2 = =

G52 = = -
NS S S _
g7 |
=

o8 7

"0 20 40 60 80 100 120 140 160 180
Time (min)

Figure 38. Cycling experiment of AQ-CsNg in IE setup.AQ—C3zN4 IE tested in 0.1M phosphate
buffer of pH 9 with repeating cycles of 15 min of O purging (no potential applied) + 45 min of
chronoamperometry with constant Oz purging (-0.22 V vs. RHE biased potential).
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6.4.2 AQ-PANI electrocatalysts: IE vs. GDE

The AQ-PANTI’s capacity to generate H202 was likely not fully realized by limited O2
transport in a batch mode and in an immersed electrode setup.>1" We fabricated a flow cell
equipped with a gas diffusion cathode loaded with AQ-PANI(NS-CNT) as a working prototype
(Figure 39).18 The gas diffusion electrode has been verified in the previous Chapter (6.4.1) to
mitigate the O transport limitation.*® An iridium oxide coated titanium mesh was used as the
anode, where water was oxidized to proton and oxygen. Anode and cathode “sandwiched” a
cation exchange membrane (Nafion 115) to inhibit the anodic oxidation and/or the self-
decomposition of H,0,.% A thin water channel (1.5 mm) was adopted to minimize charge
transfer resistance between the two electrodes.'® Two passages of electrolytes were flowed
parallel to the electrode surfaces, and the flow across cathode in the middle chamber was

collected for H.O> quantification.

Cathode Support Nafion
+ Gas Chamber  Casket i Membrane Anode
+ H202 Out
021 é " t—p Electrolyte Out
02 Out G 7 == Electrolyte In
Electrolyte
In
AQ-PANI(NS-CNT) Anode
GDE Gasket

Support

Figure 39. Schematic illustration of the flow cell with gas diffusion cathode. The electrode had
an area of 4 cm? and total catalyst loading of 1 mg. The distance between cathode and anode was
1.5 mm.
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Over a wide range of total current (4 mA to 100 mA), the flow cell showed consistent and
high selectivity of H,O, generation (>90%); for example, 1.80 mol geatayst * hrt of H20;
production at 100 mA (25 mA cm) with 95.83% selectivity (Figure 40a). Compared with AQ-
PANI(NS-CNT) electrode in immersed electrode setup of the same current density (10 mA cm?,
Figure 30), AQ-PANI(NS-CNT) electrode in flow cell setup showed both higher generation
(0.68 mol geatalyst™ hrtvs. 0.21 mol geatatyst > hrt) and higher Faradaic efficiency (91.18% vs.
56.75%) due to faster O transport and reaction kinetics.'® The reactor exhibited a stable H,02
generation capability for 50 hours (>90% Faradaic efficiency), with less than 0.3 V of cell
potential increase during the long-term operation (Figure 40b), which makes this electrochemical

cell one of the most stable system reported so far (Table 4).

—~ BB g O 41100 - . i effici 42.2
- - — - 100% Faradaic eff :
£ 2000 oo i S E :# """ B ti:ijﬁ""D"a'rEah'?lc"e"lF'l?%yﬁ
Ty 180 > e TR G 0% Faradaic efficiency | > g
1500 = z =
o H g o 118 &
'S 1000 w Q o s °
£ WY £
E 40 8 = . M‘&yﬁ o
ot g s ] 118 8
$* 500 - o o o T
0, ﬂ 120 © = ¢
0 _m L N 1 N 1 N 1 . 1 0 . 1 . 1 . L . 1 .
0 20 40 60 80 100 0 10 20 30 40 50
Cell Current (mA) Time (hr)

Figure 40. Electrochemical performance of AQ-PANI in GDE cell with electrolyte and O.. (a)
H>0> generation (left y-axis) and Faradaic efficiency (right y-axis) of AQ-PANI(NS-CNT) in
flow cell with electrolyte and O.. The flow rates of O, were 10 sccm. The error bars were
calculated based on six independent measurements. (b) H2O> generation rate (left y-axis) and cell
potential (right y-axis) of the reactor during 50 hours of operation with electrolyte and O, at 10
mA.
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Table 4. Comparison of 2e- ORR electrocatalysts’ stabilities

Catalyst /

Testing conditions

Performance metrics

Electrode Ref.
Electrolyte Operation Duration (h) Before testing After testing
0.05 M NazSO4
Graphite + +100 mg L1 2 . 1 | 260mgL? .
carbon black phenol 10 mA cm 200 [H202]: 316 mg L (17.8% loss)
(PH3)
Tap water +
Carbon black 0.005 M 1.5 mA cm? 1200 [H202]: 9.8 mgL? | 9.8mgL? 6
Na2S04
CoSxPy on 0.05 M NazSOq4 2 Current efficiency: 0 ”
MWCNTSs (PH 3) 25mAcm 6 85% 51 - 54%
WO on carbon 0.7V . 4 | 448mgL? »
black 0.1 M K2S04 vs. Ag/AgCI 37 [H20z]: 479 mg L (6.5% loss)
. 15
Oxidized 0.05 M NazSO4 2 , a4 | 163mgL? »
graphite felt (PH 3) 16.7 mA cm %0 runsof 1.5 | [H202]: 34.4 mg L (47.47% loss)
Activated 0.05 M Naz2S04 2 10 . 4 | 56mglL? o
carbon (pH 7) 125 mA cm (10 runs of 1 h) [H202]- 8.9 mg L (37% loss)
CoSez on 0.05 M H2S04 Faradaic efficiency: 0 -
carbon paper (pH 1.2) 0.5Vvs.RHE | 6 72.2% 53.5%
Anthraquinone- | 0.1 M .
modified phosphate ]r;]OAnlﬁn-(zz)'s 50 181 mmol geatatyst* Nrt | 181 mmol Geatarys ™ hr? VTvglrsk
polyaniline buffer (pH 8.8)

In industrial full-scale AOP applications, H202 concentration of 1 —4 mg L™ (0.03 - 0.12

mM) is typically used.?®2 A contour plot describing H-0, concentration in cell outlet at

different cell currents and cell electrolyte flow rates was constructed to demonstrate the

feasibility of generating highly concentrated H20>, orders of magnitude higher than the

concentration typically required for AOP (Figure 41). Note that higher cell current could be

readily achieved by cell scale-up, such as enlarging electrode area, stacking layers of electrodes,

and operating more reactors.?%-30
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Figure 41. Contour plot of H20 concentration. H.O> concentration in the cell outlet was plotted
with respect to cell current (x-axis) and inlet flow rate (y-axis). Three contour lines indicated
concentration of 12 mM (100xdilution), 120 mM (1000 dilution), and 1200 mM (10000
dilution); i.e., dilution to reach the concentration typically employed for AOP. The calculation is
based on the assumptions of 90% overall efficiency and negligible performance loss with reactor
scale-up.

With considerations of real-world applications, air was supplied to cathode instead of
ultrapure O2 gas. The cell exhibited high selectivity (~90%) and high activity (0.68 mol geatalyst ™
hr @ 10 mA cm?, yellow in Figure 42), suggesting 2e” ORR was kinetically favored even with
the existence of other inert gases such as nitrogen, although a higher cell potential was needed to
drive the reaction. In addition to 0.1 M phosphate buffer (12.57 mS cm™), the flow cell was able
to produce H,02 in simulated wastewater (5.48 mS cm™) and simulated drinking water (0.865
mS cm) as the supporting electrolytes (Figure 42a, Table 5). When electrolyte conductivity
decreased in simulated wastewater, the cell maintained its Faradaic efficiency (~80%) and H2O>
generation capability at low cell currents (4 — 40 mA). However, the selectivity dropped in
simulated drinking water (92.23% @ 4 mA t0 66.33% @ 10 mA), possibly due to H20>

degradation by bicarbonate ions.3! In addition, since the resistance increased both from the
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solution and from the ion exchange membrane, simulated drinking water required the higher cell
potential at the same current density than simulated wastewater and phosphate buffer electrolyte
(3.60V,1.75V, 1.35 V @ 4 mA respectively, Figure 42b). This suggested that the largest

amount of energy would be necessary to produce unit mass of H.O> in simulated drinking water.
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Figure 42. Electrochemical performance of AQ-PANI in GDE cell with other water matrices and
air. (a) H202 generation (left y-axis) and Faradaic efficiency (right y-axis) of AQ-PANI(NS-
CNT) in flow cell with electrolyte and air (yellow), simulated wastewater and O (grey), and
simulated drinking water and O (orange). The flow rates of O, were 10 sccm and the flow rate
of air was 50 sccm. The error bars were calculated based on six independent measurements. (b)
Cell potential vs. cell current with four different water matrices and gas conditions.

Table 5. Compositions of the water matrices. Due to the complexity of wastewater compositions
from various sources, a simple recipe of 5000 mg L* Na>SO4 solution was used to simulate the
ionic strength of wastewater.32-3*

Synthetic drinking water Simulated wastewater* Electrolyte
pH 7.5 7.0 8.8
Conductivity (mS cm™?) 0.865 5.48 12.57
lons (mg L)
Bicarbonate (HCOz3) 183 0 0
Calcium (Ca*") 40 0 0
Chloride (CI") 71 0 0
Dihydrogen phosphate 0 0 160
(H2PO4)
Fluoride (F) 1.0 0
Hydrogenphosphate (HPO4%) 0 0 9330
Magnesium (Mg?" 12 0 0
Nitrate (NO3) 8.9 0 0
Phosphate (PO4) 0.12 0 0
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Silica (SiO2) 20 0 0
Sodium (Na*) 89 1620 4510
Sulfate (SO4*) 48 3380 0
Total Diss. Solids (TDS) 478 5000 14000

Electrical energy per order (Eeo), defined as the electrical energy required to reduce the

concentration of a contaminant by one order of magnitude (90% reduction) in a unit volume of

water, has been widely used to describe the energy effectiveness of a water treatment process.>®

As H20- could be directly generated in the water source without further purification, energy

consumption of H20> production (Eeo H202; calculated based on experimental results in simulated

drinking water at 4 mA and 3.6 V) could be calculated and compared with the energy

consumption of UV irradiation (Eeo,uv; the second step of on-site AOP) obtained from literature

data. As shown in Figure 43 and Table 6,53 the energy consumption of producing H202 only

accounts for 0.2 — 20 % of the overall AOP energy requirement (Eeo,H202 + Eeo,uv), Where a

wide range of micropollutants were tested for degradation. The ratio would be much lower in

other water matrices with higher conductivities due to their reduced cell potentials.
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Figure 43. Scatter plot of the percentage of energy consumption of H2O2 generation in EEO of
overall UV/H202 AOP process for different water matrices. Each data point represents a set of
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experimental data as listed in Table S2. was calculated based on experimental results in
simulated drinking water (4 mA, 3.6 V).

Table 6. Energy consumptions of 90% micropollutant degradation via H.O2/UV process.Energy
was calculated based on cell conditions in simulated drinking water: cell current = 4 mA, cell
potential = 3.6 V. At the same current density, it required the highest cell potential to drive the
reaction in simulated drinking water, suggesting the highest energy requirement per unit mass of
produced H2O: in this condition. The energy consumption, as well as the ratio in overall process,
should be lower in other water matrices than those in this table.

Target compound Target Water matrix | pH | Energy H202 Energy Enz02/(E | Ref
compound consump- concentra- | consumpti | H202+Euv
concentrati tion for UV | tion on for ) (%)*
on (Euv, kwh H202

m-3) generation
(EHz02,
kwh m™)

Sulfamethoxazole 0.5 M Natural 8 |0.39 0.2 mM 0.04 9.09 3

p-chlorobenzoic acid surface water 0.75 5.06

Atrazine (Lake Zurich) 0.98 3.92

N- 1.62 241

Nitrosodimethylamine

Methylparaben 1Lt Wastewater 3 |81 60 mgL?! | 0.34 4.03 37

Ethylparaben treatment 5.3 6.03

Propylparaben plant effluent 6.4 5.04

isoButylparaben 7.0 4.63

Butylparaben 7.9 4.13

Bisphenol A 8.7 3.76

isoNonylphenol 7.6 4.28

Octylphenol 2.6 11.56

Benzophenone-3 8.5 3.85

Benzophenone-7 8.7 3.76

Octyl 7.1 4.57

methoxycinnamate

Homosalate 7.7 4.23

3-(4-methylbenzyliden) 5.0 6.37

camphor

Octyl 4.1 7.66

dimethylaminobenzoate

17p-estradiol 400 ng L? 2.2 13.39

ethinylestradiol 1.8 15.89

Caffeine 50 g L1 Pre-treated 71170 10mgL?t | 0.06 0.81 ®

Carbamazepine wastewater 3.9 1.45

Naproxen treatment 1.3 4.23

Clofibric acid plant effluent 0.7 7.59

17p-estradiol 1.3 4.23

Sulphamethoxazole 0.8 6.70

Diclofenac 0.3 16.08

Caffeine 4.4 20mgL?t | 0.12 2.55

Carbamazepine 2.5 4.40

Naproxen 1.2 8.75

Clofibric acid 0.8 12.57

17p-estradiol 1.3 8.13

Sulphamethoxazole 0.8 12.57

Dimetridazole lpglL? 7 1.74 20 M 0.004 0.22 3
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Tinidazole Simulated 2.46 0.16
Omidazole drinking 2.01 0.19
Metronidazole water 1.93 0.20
Ronidazole 2.34 0.17
Ibuprofen 1.51 0.26
Chloramphenicol 1.45 0.27
Primidone 1.35 0.29
Venlafaxine 1.13 0.34
Nalidixic acid 1.18 0.33
Flumequine 1.42 0.27
Atenolol 1.39 0.28
Metoprolol 1.28 0.30
Erythromycin 1.80 0.22
Azithromycin 1.93 0.20
Roxithromycin 2.09 0.19
Carbamazepine 1.16 0.34
Caffeine 1.75 0.22
Gemfibrozil 1.41 0.28
Naproxen 1.11 0.35
Propranolol 0.76 0.51
Clenbuterol 1.66 0.23
Diclofenac 0.17 2.25
Trimethoprim 1.18 0.33
Salbutamol 1.85 0.21
Ractopamine 0.96 041
Bisphenol A 1.06 0.37
Sulfamethoxazole 0.42 0.92
Dimetridazole lpglL? Secondary 7 3.36 50 pM 0.01 0.29
Tinidazole wastewater 3.36 0.29
Omidazole treatment 4.50 0.22
Metronidazole plant effluent 6.79 0.14
Ronidazole 3.36 0.29
Ibuprofen 6.71 0.15
Chloramphenicol 1.54 0.63
Primidone 2.18 0.45
Venlafaxine 2.71 0.36
Nalidixic acid 0.71 1.36
Flumequine 2.54 0.38
Atenolol 2.54 0.38
Metoprolol 2.21 0.44
Erythromycin 5.82 0.17
Azithromycin 8.07 0.12
Roxithromycin 3.43 0.28
Carbamazepine 3.39 0.29
Caffeine 1.93 0.50
Gemfibrozil 8.14 0.12
Naproxen 2.54 0.38
Propranolol 1.71 0.57
Clenbuterol 1.32 0.73
Diclofenac 0.25 3.76
Trimethoprim 1.43 0.68
Salbutamol 2.61 0.37
Ractopamine 1.54 0.63
Bisphenol A 1.47 0.66
Sulfamethoxazole 0.61 1.58
Enrofloxacin 1gL? Surface water | 7.0 | 91.7 20 mM 3.91 4.09 40
Pefloxacin 176.1 2.17
Sulfaguinoxaline 4mgL? 63.7 5mM 0.98 1.52
Sulfolane 200 g Lt | Groundwater | 8.5 | 4.0 40mgL?t | 0.23 5.44 4
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3.6 6.01
2.6 80mgL?! | 0.46 15.03
2.5 15.54
260 g L1 78|75 30mgL?! | 017 2.22
126 mg L? 9.1 140 4.08
Atrazine 10 g L Surface water | 8.0 | 0.54 10 ppm 0.06 9.62 42
Bromacil 0.52 9.95
Ibuprofen 0.50 10.31
N- 20 gLt 0.30 16.08
nitrosodimethylamine
Atrazine 10 g L 0.73 5 ppm 0.03 3.79
Bromacil 0.91 3.06
Ibuprofen 0.74 3.74
N- 20 gLt 0.30 8.74
nitrosodimethylamine
1,1,1-trichloorethane 5-10 g 0.23 11.10
2,4-chloorfenoxy acetic | L* 1.45 1.94
acid
Bentazone 1.51 1.87
Carbendazim 0.63 4.36
Clofibrinic acid 0.54 5.05
Diclofenac 0.15 16.08
isoproturon 1.09 2.57
2-methyl-4-chloro- 0.53 5.14
phenoxy acetic acid
Methyl-tertiary- 0.64 4.30
butylether
Metolachlor 0.38 7.03
Tertiary-amyl- 0.26 9.95
methylether
Methyl tert-butyl ether | 2.34 mg L | Groundwater | 7.0 | 1.4 25mgL?t | 0.14 9.31 4
9.0 | 48 291
7012 50mgL?t | 0.29 19.32
9.0 | 3.8 7.03
0.963 mg 7.0 | 39 25mgL?t | 0.14 3.55
Lt 9.0 | 8.2 1.72
7.0 | 3.9 50mgL?t | 0.29 6.86
9.0 | 55 4.96
0.029 mg 7.0 | 179 25mgL?t | 0.14 0.80
Lt 9.0 | 246.6 0.06
7.0 [ 129 50mgL?t | 0.29 2.18
9.0 | 403 0.71
0.198 mg 7.0 | 3.0 25mgL?t | 0.14 4.57
Lt 9.0 | 8.6 1.64
70 ] 21 50mgL?! | 0.29 12.03
9.0 | 54 5.05
0.033 mg 70|17 25mgL?t | 0.14 7.79
Lt 9.0 | 74 1.90
70 [ 12 50mgL?! | 0.29 19.32
9.0 [ 53 5.14
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6.5 Engineering Implications

In this Chapter, we successfully fabricated two prototype electrocatalytic H20-
generation cells: batch reactor equipped with carbon nitride-anthraquinone composite gas
diffusion cathode, and flow reactor equipped with polyaniline-anthraquinone composite gas
diffusion cathode. The first one achieved an optimal H,O2 production rate of 60.1 mmol Geatatys ™
per hour at a maximum Faradaic efficiency of 42.2% in an immersed electrode setup, and the
second one demonstrated H,O> production at a rate of 1.80 mol geatayst™ hr't at 100 mA (25 mA
cm) with Faradaic efficiency of 95.83%. The significant improvement is due to not only a more

successful catalyst design, but also a more efficient electrode and cell architecture.
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Figure 44. Proposed schematic of on-site AOP process of H2O> generation with AQ-PANI
composite in a flow cell and H2O; activation with UV irradiation. (a) H2O is generated in the
entire flow of water and subsequently subject to AOP. (b) H>O: is generated at high
concentration in a fraction of AOP-treated water and added to the influent of AOP.
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The flow cell’s capacity to produce H2O: in various water matrices (phosphate buffer
electrolyte, simulated drinking water, and simulated wastewater) underscored its wide feasibility
in different scenarios with diverse water qualities (Figure 44a). Assuming a small-scale
distributed water treatment at design capacity of 100 L/h, providing H2O> required for typical
AOP (e.g., 4 mg Lt or 0.12 mM) would require a cell with cathode surface of 8.5 cm? operated
at 85 mA (10 mA cm). For simulated surface water and wastewater, this would correspond to
cell potentials of 5.44 and 1.91 V, respectively. While other engineering considerations require
further investigation, the electrochemical H202 production cell is ready for deploy, if judged
solely based on the capability to provide sufficient amount of H.O, for AOP application. This
option is likely more suitable when AOP is applied as a polishing step (i.e., after membrane

filtration) as long as the water has a sufficient conductivity.

Instead of flowing the entire volume of water through the H202 production cell, a small
fraction of AOP-treated water can be injected to the H2O- production cell as an electrolyte. This
option is likely more suitable for more complex water matrices, with high levels of COD and a
greater load of organic constituents. It requires additional piping, but obviates various
complications, such as compartment fouling, that may arise by flowing the complex water
through the electrochemical cell. This alternative treatment scheme, shown in Figure 44b, is
possible due to high H202 production efficiency of the flow cell developed in this chapter as well
as modular, additive nature of electrochemical process wherein the total H.O, production can be
readily adjusted by engineering parameters such as electrolyte flow rate and electrode area
among others. The simulation shown in Figure 41 suggested that it is possible to produce H-O; at
concentration orders of magnitudes higher than required in AOP; for example, 100 times higher

than AOP requirement such that only 1% of treated water needs to be recycled to H.0>
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production cell as an electrolyte. In either scenario, the electricity consumption for H.O>
production would be only up to 1/5 of that of subsequent UV step, while a more comprehensive
techno-economic analysis including the costs of equipment installation and maintenance should
be performed. Regardless, this study demonstrates the feasibility of drastically advancing

UV/H>0, AOP to a completely chemical-supply-free process.
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Chapter 7: H.O. Activation with FeOCI-Based Catalysts: Packed-Bed Reactor

and Electro-Fenton

7.1 Introduction

In advanced oxidation process, after H2O- is produced, either via industrial pathway or
electrochemical pathway as we previously discussed, it needs to be activated on site to produce
hydroxyl radical (*OH) for oxidative treatment of wastewater due to *OH’s ultra-short lifetime (a
few microseconds).! In current AOPs, H,0- activation is mostly achieved via UV irradiation and
is likely a viable option when AOP is applied as a polishing step. However, in modular, small-
scale, distributed application, UV is limited by its high maintenance requirement, prevalent
scaling, and high energy cost (e.g., due to low UV absorption by H20O, and as discussed in
Chapter 6.5). Low UV transmission in wastewater containing a large amount of organics and
NOM with large molecular weights is another huge challenge. Conventional homogeneous
Fenton catalysts utilizing dissolved Fe?*/Fe®* redox pair, commonly used in large-scale
centralized water treatment plants, is also not applicable in such decentralized scenarios due to
their reduced efficiency at neutral pH and formation of large amounts of iron sludge that requires
subsequent treatment. The use of heterogeneous catalysts that are independent of continuous
chemical inputs and additional treatment measures is an ideal activation strategy for distributed
water treatment. Previous studies have suggested that up to 70% removal of COD (up to 3000
mg L) from various industrial wastewaters such as textile,? tannery,* and other recalcitrant
wastewaters is feasible via heterogenous Fenton,>® which is comparable to that of wet oxidation

efficiency.’
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We aim to develop new heterogeneous catalyst based on the novel Fenton catalyst,
FeOCI (Figure 45),%° that function via efficient redox cycling between Fe(l11) and Fe(I1) on
FeOCI nanosheet crystals to promote H.O; activation. The rapid conversion of Fe(l11) to Fe(ll)
(the rate-limiting step for H2O> activation and *OH production) is enabled by regulating the
coordination environment of the Fe atom, i.e., Fe reduction potential is increased by electrophilic
Cl and O coordination, more efficient single e” transfer from H20O., and homolytic cleavage of
H>0, for selective *OH production. Consequently, the H.O> dehydrogenation energy barrier for
FeOCI (0.23 eV)? is much lower than that for other catalysts such as Fe2Os (0.76 eV), a
benchmark Fenton-like catalyst frequently employed in past works. This unique chemical
property makes FeOCI more reactive and pH-insensitive (up to neutral) compared to the most
reported iron catalysts, including Fe,Os3, FesO4, and FeOOH.!

of

O\Fle”'/o
o™ | o
Cl

Figure 45. Chemical structure of iron oxychloride.

The as-synthesized FeOCI catalysts are nanoparticles; they were normally tested in a
batch reactor with intensive stirring.2 The FeOCI nanoparticles need to be filtered out after the
contaminants degradation, which process would increase the treatment cost and decrease the
feasibility and sustainability of the entire treatment option. We thus propose to incorporate
FeOCI onto a porous, chemically-stable substrate and fill the catalysts into a packed bed reactor,
where H2O> will be activated to *OH at the surfaces of the catalysts. Researchers have developed

several packed bed systems, including Fe/carbon,'?® Fe/zeolite,*® copper single atom/carbon
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nitride,'® La-Fe montmorillonite,*” and Fe203/Al,03.18 We expect our system to achieve an
improved performance compared with the previous studies due to the rapid H2O> activation and

the wider pH feasibility of FeOCI catalysts.

We also suggest that a biased reduction potential can expedite the rate-limiting
conversion from Fe(l11) to Fe(ll), and the Fenton-like reaction would be driven electrochemically
so the overall contaminant degradation kinetics would be improved. Commonly known as
“electro-Fenton” reaction, the concept has been realized in many electrochemical systems, such
as Fe/carbon,*®-?* Fe-Cu/carbon,?® FeOCl/carbon,?®?" FeOCI/MoS./graphite felt,?® Cu-Fe nano-
layered double hydroxide/carbon nanotube,? stainless steel,>° and Pd- iron oxide/indium tin
oxide.3! We hope to expand the toolbox of electro-Fenton cathode materials by combining
FeOCl with a conductive carbon substrate and investigating the composite material’s degradation
capacity and mechanism. With both packed bed reactor and electrochemical reactor, we therefore
explored the possibilities of activating H.O> without additional chemical supply and with no or

little energy input.

7.2 Experimental Methods
7.2.1 Preparation and tests of FeOCl-based packed bed catalyst

7 grams of iron(I11) chloride hexahydrate (FeCls 6H20, reagent grade, >98.0%) was
mixed with 7 grams of molecular sieve (8-12 mesh, 4 A beads) in 5 mL of anhydrous ethanol.
The molecular sieve spheres have diameters of 1.68 to 2.38 mm. The mixture was sonicated for 2
hours under 40 kHz to ensure a thorough liquid impregnation and subsequently a 22 hours of

incubation with continuous shaking at 150 rpm. The suspension was calcinated in a closed
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alumina crucible set in muffle furnace for 2 hours at 220 <C with a heating ramp rate of 10 T
min*. The collected beads were then sonicated with 1.2 g mL* FeCls/anhydrous ethanol solution
for 2 hours, incubated for 22 hours, and calcinated with the same heating program. The final
product, named MS-FeOCI, was naturally cooled and rinsed with deionized water for several
times to wash off the loosely bound particles and residual impurities, and then dried in a vacuum
oven at room temperature for 16 hours. The beads were filled into a packed bed reactor with
inner diameter of 1.1 mm and length of 9 cm (Figure 47). The bottom of the reactor was sealed
with a fine porous fritted disc filter (Chemglass, 4.0-5.5 pum pore size) and the top was covered
with a membrane (Supor 800, 0.8 um pore size, Pall Corporation) to prevent catalytic beads
being flushed out from the reactor. Two streams of H20- solution (10 mM) and bisphenol A
(BPA\) solution (400 V1) were injected into the reactor at the same flow rate of 0.16 mL min™
and the effluent was collected for analysis. BPA concentration was measured by an Agilent
High-Performance Liquid Chromatography (HPLC) equipped with a C18 reverse phase column
(80 A, Agilent Technologies) and a photodiode array detector. The isocratic mobile phase
consisting of 55% 0.1 wt% phosphoric acid and 45% acetonitrile was eluted at a flow rate of 2
mL minL. The solution pH was measured with a pH meter (Orion Versastar, Thermo Scientific).
Chloride concentration was measured by an ion chromatography (930 Compact IC Flex,
Metrohm). X-ray diffraction (XRD) patterns were obtained using a Rigaku SmartLab X-ray

diffractometer equipped with a Cu-target X-ray tube (A = 0.154nm) which was operated at 40

mA and 44 kV. Scanning electron microscopy (SEM) analysis was performed using a Hitachi

SU8230 cold field-emission SEM microscope.
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7.2.2 Preparation and tests of FeOCl-based electrodes

FeOCI was prepared by heating FeCls 6H20 in a closed alumina crucible at a ramp
temperature rate of 10 T min* to 220 <T and maintaining this temperature for 1 hour. The as-
synthesized FeOCI and as-purchased graphene (nanoplatelets, surface area 750 m? g*) were
mixed with different mass ratios in 25/75 (v/v) and dispersed in water/ethanol mixture with
Nafion (15 wt% of the catalyst mass). The catalyst concentration of the suspension was kept at 2
mg mL™ and the suspension was sonicated for 1 hour. The mixture was then slowly and
uniformly drop-casted onto carbon paper (Toray Paper 120, Fisher), and dried in a 80 <C oven
for 16 hours. A Ag/AgCl electrode filled with saturated KCI solution (CHI111, CH Instruments)
was used as the reference electrode; a titanium mesh (Goodfellow) coated with iridium oxide
was used as the counter electrode. The electrochemical tests were performed in glass beaker with
a lid to maintain the distance between electrodes, and 20 mL of electrolyte (pH = 3.5) was used,
containing 0.1 M phosphate buffer, 2 mM H20., and 50 pM BPA. 100 pi of electrolyte was

sampled every 15 minutes within a 90 minutes period for BPA concentration detection.

7.3 Results and Discussion
7.3.1 Packed bed reactor

The successful synthesis of FeOCI and MS-FeOCI were proved by XRD patterns as
shown in Figure 46a. For both synthesized FeOCI and MS-FeOCI, four major XRD peaks
located at 10.8< 26.0< 35.5< and 38.1“were detected, corresponding to the (010), (110), (021),
and (111) crystal facets, respectively, which are consistent with pure sheet-like FeOCI crystals

(JCPDS No. 72-0619).* SEM image of MS-FeOCI showed the coral-like FeOCI nanorods of
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150-250 nm width and 600-800 nm length were attached to the porous surface of molecular
sieves. The size of FeOCI nanorods in MS-FeOCI was slightly bigger than that of FeOCI,*
which probably is due to the heterogeneous nucleation process of MS-FeOClI instead of the

homogeneous nucleation process of FeOCI.

a T T T T

-
3
© ~
e —

™
2 c g FeOCl -
7) = e
c W
0]
2
£

MS-FeOCl

20 40 60 80

Figure 46. XRD and SEM of FeOCI-based materials.(a) XRD spectra of FeOCI, MS-FeOCl, and
powder diffraction file of FeOCI particle crystal. (b) SEM images of MS-FeOCI. The sample was
gently ground. The white bars at bottom right corner represent the scales of 500 nm.
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Figure 47. Schematic illustration of packed bed reactor with FeOCl-based catalyst beads.

The MS-FeOCI beads were tested in a packed bed reactor as illustrated by Figure 47,
where one stream of 10 mM H.0O> and another stream of 400 M BPA were injected from the
bottom of the reactor simultaneously at the same flow rate of 0.16 mL min™, so the concentration
of H202 and BPA inside the reactor chamber would be 5 mM and 200 M, respectively. BPA
was chosen as the model compound due to its fast reaction kinetics with hydroxyl radicals and its
prevalence as a recalcitrant contaminant in the environment.3>32 The fritted filter disc and the
membrane had pore sizes much larger than that the size of BPA, so all the concentration decrease
can be attributed to the adsorption or degradation by MS-FeOCI. Samples were collected for
each 30 min interval (except the first 30 min), and the averaged BPA concentration and pH were

measured within this time interval (i.e., C/Co and pH data points at 1 hour represented the
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averaged C/Co and pH for 0.5-1 hour of running time). The catalysts were collected after each 6
hours of operation, washed with DI water, and dried in a vacuum oven at room temperature for
16 hours. As shown in Figure 48, the MS-FeOCI packed bed reactor can degrade 100% of highly
concentrated BPA in the first 6-hour run, and over 90% of BPA in the second 6-hour run. At the
third 6-hour run, the degradation rate was decreased and over 50% of BPA could be degraded

within the period.
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Figure 48. Degradation and pH profile of MS-FeOCI packed bed reactor.

The decline of performance could be attributed to the loss of chloride and iron. The CI
concentration measured by ion chromatography was around 600 ppm after 6 hours of operation,
which suggested a significant amount Fe-Cl bonds were broken and replaced by Fe-O or Fe-OH
bonds. The change of pH further consolidated this speculation: for all three 6-hour runs, pH
values dropped dramatically from the inlet value 4.0 to an averaged value of 1.6 (first), 2.2

(second), and 3.0 (third). The pH drop during each operation was due to iron hydrolysis as
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described by Equation 19, where the reactive Fe(l11) was oxidized to the non-reactive Fe(OH)s
and three protons were released. The increasing trend of averaged pH value among the three tests
was likely due to the loss of Fe(ll1) ions available for being oxidized. Therefore, the loss of
chloride and iron led to the overall decrease of MS-FeOCI packed bed reactor’s degradation

performance.
Fe** + 3 H,0 — Fe(OH)3 + 3 H* (Equation 19)

The preliminary result proved the possibility of incorporating FeOCI to a chemically-
stable substrate and using the catalyst as packed bed materials for contaminant degradation.
However, the overall performance decreased during the 18-hour operation, which is likely due to
chloride and iron leaching. Future researches need to focus on forming stronger bonding between
iron and chloride or stronger coordination between iron and the surrounding atoms, and

regenerating the catalyst with a facile and cost and energy-efficient method.

7.3.2 Electro-Fenton reaction

‘OH

H+

H202
anode cathode

Figure 49. Schematic illustration of electro-Fenton reactions.
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In the electro-Fenton reactor (Figure 49), the IrOx/Ti anode oxidized water to oxygen gas
and protons, and the cathode reduced the Fe(l11) to Fe(ll), which catalyzed the activation of H.O>
to *OH. The protons produced by the anode helped maintain the low pH preferred for the Fenton-
like reaction. As shown in Figure 50a, CVs of FeOCl/graphene samples exhibited additional
pairs of redox peaks at E1»=0.76 V vs. RHE (1:1) and at E1»=0.75 V vs. RHE (3:1) compared
with CV of graphene. This redox peak could be attributed to the redox of Fe?*/Fe3*, which has a
standard redox potential of 0.77 V vs. RHE. The increase of FeOCI mass ratio in the loaded
catalytic material led to the decrease of current density, likely due to the low conductivity of
FeOCI crystalline nanoparticles, and the non-conductive FeOCI nanorods blocking the
electrochemical active sites of the carbon substrate. This conductivity decrease further induced
the inferior degradation capacity of FeOCl/graphene 3:1, with which 75% of initial BPA
concentration remained after 90 minutes of electro-degradation, while FeOCl/graphene 1:1 and

graphene electrodes can degrade 46% and 52%, respectively (Figure 50b).
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Figure 50. Electrochemical performance of FeOClI-based electrodes.(a) Cyclic voltammetry of
FeOCl-based catalytic materials. (b) Degradation profile of FeOCl-based electrodes, where
reduction potentials of 0 V vs. RHE (-0.4 V vs. Ag/AgCl) were applied. The electrodes were
tested in 20 mL electrolyte (pH = 3.5) containing 0.1 M phosphate buffer, 2 mM H>0-, and 50
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M BPA. The numbers in legends (1:1 or 1:3) represented the mass ratios of FeOCI to graphene.
All the electrodes had the same geometric area (4 cm?) and the same catalyst loading (0.25 mg
cm).

To rule out the interference of the generated H.O2 from the oxygen reduction reaction,
FeOCl/graphene 1:1 electrode was tested in different gas compositions: nitrogen, oxygen, and no
gas purging. The degradation performance in Figure 51a showed that the probable H20-
generated during the process would have limited effect of the BPA oxidation. Figure 51b proved
that the BPA adsorbed to the electrode surface was unlikely the major contribution of
concentration decrease: less than 7% of BPA was adsorbed in the initial 30 minutes when no
external bias was applied, and over 43% of BPA was degraded in the following 60 minutes when
0 V vs. RHE of external bias was applied. The pH values of the electrolytes were maintained for

all tests at 3.5.

Compared with other studies using iron-based electro-Fenton electrodes,'®=° our
electrodes did not exhibit superior performance so far. Although the catalyst mass loading and
electrode area were both smaller than ones in the other studies, the degradation rates were much
slower. We believe that the overall performance could be further improved by the following
strategies: 1) creating stronger and more conductive bonding between FeOCI and carbon
substrate; 2) optimizing the mass ratio of FeOCI to carbon substrate; 3) utilizing a current
collector with larger surface area; 4) designing a flow-through reactor to maximize the contact

between contaminant and electrode.
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Figure 51. Degradation performance of FeOCl/graphene electrode with different gas
compositions and applied potentials.(a) degradation tests with N2, O2, and no gas purging. (b)
degradation test with no potential applied for the initial 30 minutes and 0 V vs. RHE for the
remaining 60 minutes. The electrodes were tested in 20 mL electrolyte (pH = 3.5) containing 0.1
M phosphate buffer, 2 mM H.O, and 50 pM BPA. All the electrodes had the same geometric
area (4 cm?) and the same catalyst loading (0.25 mg cm™).

7.4 Conclusion

In this chapter, we explored the possibilities of utilizing a heterogeneous Fenton catalyst
FeOCIl as a potential candidate for both packed bed reactor and electro-Fenton reactor. We
successfully attached FeOCI to molecular sieve substrate and the catalytic beads exhibited
capacity to degrade high concentration of BPA contaminant for 18 hours in a packed bed reactor.

The FeOCl/graphene electrodes were also proven to be able to oxidize BPA.

While the results presented in this chapter are at the very early stage of the proposed
objective of the research, the performance are possibly limited by chloride and iron leaching, as
well as ineffective bonding between FeOCI and the substrate. Many future research directions
need to be executed to advance this research, such as material characterization before and after

the test to identify the change of iron coordination environment, investigation of other non-
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conductive or conductive substrate to maximize FeOCI loading while maintaining and improving
the performance, exploration of operation conditions like pH, flow rate, H>O2/contaminant

concentration, target compound type, etc.
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Chapter 8: Summary and Outlook

8.1 Summary of Research and Novel Contributions

The work presented in this dissertation has developed new anthraquinone-based catalysts
for H.O: electrosynthesis and their applications in advanced oxidation process. The integrated
efforts including catalysis synthesis, electrode and reactor design, and system integration are
made to achieve the final goal of autonomous, modular, and electrified next-generation water
treatment system. Chapter 2 presented the background and fundamentals of the industrial
process, state-of-the-art electrocatalysts, electrode architecture, electrochemical cell design, and
advanced oxidation process. Based on the short literature review, the research objectives and

hypotheses were stated in Chapter 3.

Chapter 4 and 5 explored two types of conductive substrates on which anthraquinone
molecular catalysts can be attached to and thus the homogeneous chemistry can be transferred to
the heterogeneous chemistry: polymeric carbon nitride (Chapter 4) and polyaniline (Chapter 5).
The electrocatalytic activities, Faradaic efficiencies, and H2O2 generation rates were tested and
compared. Chapter 4 also explored the possibility of utilizing the same synthesis method and
architecture to construct a spatially-separated photocatalyst system. Polyaniline-anthraquinone
composite material exhibited a much higher activity and selectivity compared with carbon
nitride-anthraquinone composite material due to PANI’s higher intrinsic conductivity and larger

number of terminal amine groups, which leads to the higher AQ mass loading.

Chapter 6 discussed the advantages of adopting gas diffusion electrodes for H.O>
electrosynthesis, which could greatly enhance oxygen mass transfer at the triple-phase boundary

layer. Both AQ-C3N4 and AQ-PANI electrocatalysts were tested and compared in the immersed
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electrode setup and the gas diffusion electrode setup, and the GDE design could significantly
improve both the Faradaic efficiency and the electrocatalytic activity due to the more efficient
gas transport at the electrode interface. The GDE-based flow cell was further tested with more
complicated conditions, such as different gas compositions and simulated water matrices, to
demonstrate the system’s adaptability. Energy analyses based on the experimental results proved
that the electrical energy consumption of H202 generation is relatively small compared with the
energy consumption of the benchmark technology for H.O; activation, UV irradiation. Depends
on the water compositions and treatment objectives, two flow process designs were proposed so

the whole procedure could be tailored for higher efficiency.

The more energy and chemical-efficient H20- activation method based on iron
oxychloride was proposed in Chapter 7, where FeOCI was constructed as the packed bed
heterogeneous catalyst and the electrocatalyst. The preliminary results proved the feasibility of

the concept, while a few research directions need to be continued to realize the design goals.
The novel contributions made by this research can be outlined as follows:

e The development of a facile, one-step synthesis method to attach anthraquinone
molecular catalyst to various conductive substrates

e The synthesis of anthraquinone-based electrocatalysts that can effectively and
efficiently produce H20. with high activity and selectivity

e The fabrication of modular and electrified hydrogen peroxide generation cell and the
verification of its ability to generate H20- at high concentration stably and constantly

e The preparation of iron oxychloride-based heterogeneous catalyst in packed bed

reactor and electrocatalyst for efficient H2O> activation and contaminant degradation
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8.2 Future Directions and Outlook

Moving forward, there are many additional researches that could be done to achieve the
final goal of electrified, modular, autonomous, and decentralized water treatment devices.
Besides the research covered by this thesis, many other studies have been conducted to focus on
hydrogen peroxide electrosynthesis only, while many are not applicable for water treatment, and
significant fundamental questions remain unanswered. Many studies developed efficient 2-e-
ORR catalysts using synthetic electrolytes with high ionic strength and idealized experimental
conditions, such as those described in Table 1, Table 3, and Table 4. Most ORR studies focus on
the cathodic reaction only, neglecting parasitic reactions possible in any complex water matrix,
such as metal ions being reduced at the cathode side and halogenated organic compounds being
formed at the anode side. Almost all H20> research neglect the occurrence of organic matter that
can foul electrodes and diminish the performance. They also neglect potential binding on
divalent cations and potential precipitation and scale formation on oxygen reduction centers
especially due to local high pH resulting from ORR. We recognize that the effective translation
of research-related heuristics into practical technologies requires the broad consideration of all
relevant challenges instead of centering on a singular problem from an isolated standpoint (e.g.,
focusing on new electrode material performance without taking into account water stream
composition and various process options). Thus, a comprehensive evaluation of process flow
options, cell design, catalyst and electrode materials, and the impacts of feedwater to determine
system practicality and long-term robustness will be necessary to be conducted simultaneously to

advance. This optimization shall be accompanied by systems-level strategies and techno-
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economic analysis to maximize the economic benefits and to ensure that our invention achieves

pipe parity in small-scale distributed water treatment systems.

Once the reactor is designed and tested in more realistic conditions, its capacity needs to
be increased from lab-sale to industrial-scale, which process requires careful analysis of
geometric, kinematic, thermal, chemical, and electrical similarities.! The geometric similarity
can be achieved by balancing between increasing the electrode size of each cell at the expense of
reduced mass transfer and increasing the number of cells at higher cost. Kinematic and chemical
similarities will be achieved by maintaining similar gas and liquid flow velocities across
electrode surfaces. For large cells, it is important to achieve thermal similarity by minimizing
internal resistance (e.g., distance between electrodes and ion exchange membrane) and therefore
minimizing the Ohmic heating. The most important and challenging criteria of electrochemical
reactor scale-up is electrical similarity, which can be described by Wagner number (Wa =
(k/L)(dVv/di)), where k is the electrolyte conductivity, L is the characteristic length, V is the
electrode potential, and i is the current density. It is critical to maintain a uniform current
distribution over the electrode surface as these variables change with increasing dimension. With
the scaled-up prototypes, the performance measures such as current efficiency, chemical yield,
space-time yield, and energy yield need to be systematically evaluated to optimize the design and
operating conditions,? for a comprehensive techno-economic analysis based on experimental data

and consideration of changes in electricity cost and potential use of renewable energy.

We envision a set of working prototypes that can be applied to a wide range of source
water types and end-user scenarios. The cells and reactors can be tailored for different
application scenarios — i.e., fit-for-purpose AOP modules depending on the types of wastewater

and treatment goals. Different process flow options, design options for H.O> synthesis cell and
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AOP reactor, and catalyst material options need to be carefully screened under a range of
operating conditions. An in-depth fundamental study needs to be performed on the factors that
negatively impact the cell/reactor performance and develop a holistic strategy to overcome these

limitations.
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