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Bruce J. Hinds
Department of Materials Science & Engineering

Two distinct types of photocatalytic material systems have been studied for wearable dialysis
devices and precise pharmaceutical synthesis: TiO2 nanowire anodes and gold nanoporous
membranes. The study on TiOz involves the development of a novel urea photodecomposition
system (POUR) that efficiently and selectively converts urea into N2 and COz2, enabling spent
dialysate regeneration for portable kidney dialysis. The long-term stability and regeneration
treatments of TiO2 photocatalyst has been investigated. The oxidative environment generated
localized around the TiO:2 surface is considered as an efficient way to remove the Ti-C and
maintain the photocatalytic performance of TiO2. External voltage applied to the TiO2 single
crystal nanowires dramatically enhances the collection of photogenerated electrons to the cathode

and pushing holes to reaction surface thereby minimizing the recombination process and



significantly increasing the photocurrent (~14x) and the urea photodecomposition rate. Further
mechanistic investigations revealed the requirement of chloride (CI°) for the complete oxidation of
urea to physiologically safe N2 and CO2. Quenching studies proved a mechanism based on TiO2
surface bound radical intermediates (Ti-Cl-). High photocurrent to reaction efficiency for this 6 e’
/n* process and selectivity of urea suggests urea nitrogens are bound to TiO2 surface (Ti-N bonds)
during the complete oxidation process. On the other hand, gold nanoparticles in a plasmonic flow
reactor demonstrated an over 200% quantum efficiency for peroxide activation, offering controlled
single oxidation reactions for pharmaceutical synthesis. The reactor design, optimized pore
diameter, and LED illumination wavelength were crucial factors influencing peroxide activation
efficiency. Overall, these findings shed light on the potential applications of TiO2 and gold
nanoparticles in advanced photocatalytic systems for the wearable dialysis device and precise

pharmaceutical synthesis.
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Chapter 1. INTRODUCTION

1.1 KIDNEY DIALYSIS AND PORTABLE DIALYSIS DEVICE

Chronic kidney disease (CKD) affects millions of people worldwide, necessitating
effective treatment options to manage its debilitating effects. Among the treatment modalities,
kidney dialysis plays a critical role in removing waste products and excess fluids from the
bloodstream for patients with end-stage renal disease (ESRD). Traditional hemodialysis imposes
substantial burdens on patients in terms of time commitment and lifestyle limitations. The
requirement for multiple visits to a dialysis center each week, coupled with lengthy treatment
sessions, significantly impedes patients' ability to engage in regular activities, work, and travel.
Furthermore, this conventional hemodialysis approach entails the rapid removal of waste products,
excess fluids, and electrolytes from the bloodstream within a relatively short duration during the
treatment session, leading to considerable metabolite fluctuations. The strict adherence to fluid
intake restrictions and dietary constraints, particularly regarding potassium, phosphorus, and
sodium intake, further exacerbates the challenges faced by patients, impacting their dietary
satisfaction and meal enjoyment. In response to these limitations, the pursuit of portable dialysis
devices has garnered substantial attention, striving to enable continuous and improved dialysis
therapy that can be administered conveniently in the home or on the go.

Portable dialysis devices offer numerous advantages, allowing patients to live a more
flexible and convenient life. However, one of the challenges in designing such devices lies in the
regeneration of dialysate within the device itself. Traditional dialysis methods rely on large
volumes of high-quality dialysate (~120L per session), a specialized solution used to facilitate the

exchange of waste products and excess fluids across the hemolysis membrane. This reliance on



external dialysate supply hinders the portability and practicality of traditional dialysis treatments.
To overcome these challenges, researchers have explored alternative approaches for dialysate
regeneration within portable dialysis devices. Among these approaches are the use of absorbents
and enzymes to remove urea and other non-uremic toxins from the spent dialysate. Absorbents,
such as activated carbon or ion-exchange resins, can bind most uremic toxins, however, have very
low (~mg/g) binding capacity for urea. Similarly, enzymes, such as urease, can be employed to
accelerate the hydrolysis of urea into ammonia and carbon dioxide, facilitating its removal.
Notable here is that ammonia from the decomposition of urea via enzymes is to the patients at
~100uM concentration levels. Thus, the systems require successive ion exchange steps to remove
ammonium (Fig 1.1a) adding significant cost and hazards associated with cracks in adsorbent beds.

While absorbents and enzymes have shown some promises for using in portable dialysis
devices to regenerate the spent dialysate, the integration of novel nanotechnologies like TiO2
photocatalysis to decompose urea and non-uremic toxins holds a greater potential. TiO2, a widely
studied and cost-effective photocatalyst, exhibits remarkable photocatalytic activity and
selectivity, making it an attractive option for various applications, including degradation of organic
pollutants, energy conversion/storage, and here for spent dialysate regeneration. By leveraging
TiO2 photocatalysis, it becomes possible to decompose urea in the spent dialysate efficiently and
selectively, enabling the possibility for a portable kidney dialysis device. Figure 1.1 below
illustrates the structure of portable dialysis cartridges via three different methods for urea
removal/degradation; Figure 1.2 shows the two-stage dialyzer for efficient removal of water and

urea with the designed TiO2 photocatalysis oxidation system.
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The utilization of TiO2 photocatalysis in portable kidney dialysis devices offers several
advantages. First, it eliminates the need for external dialysate supply, making the device more self-
contained and compact. This portability enhances patients' mobility and allows them to perform
dialysis therapy wherever and whenever needed. Second, TiO2 photocatalysis can selectively
decompose urea into N2 and COz2, ensuring its effective removal from the spent dialysate and
reducing the risk of uremic toxin buildup. This selectivity enhances the overall efficiency of
dialysis treatments, improving patient outcomes and quality of life. Figure 1.3 shows the device
configuration of photodecomposition of the urea reactor (POUR) panel and the proposed urea
photo-oxidation reaction at the surface of electrodes in the POUR panel for the wearable dialysis

device.
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However, while TiO2 photocatalysis shows promise for urea decomposition in portable
dialysis devices, there is still a need to deepen our understanding of the underlying mechanism.
Gaining a comprehensive understanding of the TiO2 photocatalytic reaction pathway and the role
of specific intermediates, such as Cl-, within the urea photodecomposition process, is crucial. By
investigating the intricate details of the TiO2 photocatalytic mechanism, we can optimize the
performance and efficiency of urea decomposition and enhance the overall performance of
portable dialysis devices. In addition to understanding the photocatalytic mechanism, it is essential
to address the stability concerns associated with TiO2 performance in urea photodecomposition.
The long-term stability and durability of TiO2 as a photo-active-catalyst can influence its practical
application in portable dialysis devices. Factors such as surface poisoning, photo-corrosion,
catalyst deactivation, and fouling can impact the efficiency and reliability of TiO2 photocatalysis
over extended periods. Therefore, comprehensive studies on the stability and performance
degradation of TiO2 photocatalysts are necessary to ensure the sustained and optimal performance
of TiO2 for urea decomposition in portable dialysis devices.

To achieve a deeper understanding of the TiO2 mechanism for urea photodecomposition
and address stability concerns, a multidisciplinary approach combining experimental and
theoretical investigations is needed. Experimental studies can provide valuable insights into the
reaction Kinetics, surface chemistry, and interaction between TiO2, urea and intermediates.
Complementary theoretical modeling and computational simulations, such density function theory
(DFT), can further elucidate the reaction mechanism at the molecular level, aiding in the design
and optimization of TiO2 photocatalysts for improved stability and performance. By undertaking
a comprehensive study of the TiO2 photocatalytic system, including both the mechanistic aspects

and stability considerations, we can pave the way for the development of advanced and reliable



portable dialysis devices. These devices would offer efficient and stable urea decomposition,
ensuring the effective removal of urea from the spent dialysate and facilitating its regeneration for
continuous use. Ultimately, the in-depth understanding of the TiO2 mechanism and stability
properties will contribute to the advancement of portable dialysis technology, bringing us closer
to the realization of flexible and convenient renal disease therapy for millions of patients.

Looking towards the future, the development and widespread adoption of portable dialysis
devices with integrated dialysate regeneration via TiO2 photocatalysis hold tremendous promise.
These devices have the potential to transform the field of dialysis, empowering patients to lead
more flexible and better lives. The ability to perform dialysis therapy at home or while traveling
could significantly reduce the burden on patients, improve their overall well-being, and enhance
their engagement in daily activities.

In conclusion, the development of portable dialysis devices with integrated dialysate
regeneration represents a significant advancement in the field of kidney dialysis. In contrast to
early methodologies involving absorbents and enzymes, the incorporation of TiO2 photocatalysis
proves a novel, more efficient and safer approach for urea removal. By harnessing the power of
TiO2 photocatalysis, portable dialysis devices can provide patients with greater mobility,
convenience, and improved overall quality of life. Continued research and innovation in this area
will undoubtedly shape the future of dialysis treatment and contribute to the well-being of patients

with ESRD.



1.2 Ti102 PHOTOCATALYSIS AND UREA PHOTODECOMPOSITION

TiO2 photocatalysis has emerged as a powerful and versatile technique for a wide range of
applications, driven by its ability to harness solar energy and induce photooxidation reactions
under milder conditions with great efficiency and selectivity. Understanding the mechanism of
TiO2 photocatalytic reactions is essential for optimizing its performance, stability and expanding
its potential applications. In this section, we will go through some general aspects of TiO2
photocatalysis, including its discovery as a photocatalyst, applications in different fields, and
proposed mechanism for urea photo-oxidation.

The discovery of TiOz2's photocatalytic properties can be traced back to the pioneering work
of Fujishima and Honda in 1972 [?l, They observed that TiO2 electrodes, when illuminated, could
split water into hydrogen and oxygen gases. This seminal finding demonstrated the potential of
TiO2 as a photocatalyst, initiating a new era in the field of solar-driven chemical reactions. Since
then, extensive research has been conducted to elucidate the underlying mechanisms and exploit
the capabilities of TiO2 photocatalysis.

TiO2 photocatalysis has found numerous applications across various fields. One prominent
application is in environmental remediation, where TiO2 is employed for the degradation of
organic pollutants, such as dyes, pesticides, and pharmaceuticals, present in wastewater and
contaminated soil. [31¢1 The photocatalytic activity of TiO2 enables the mineralization of these
pollutants into harmless byproducts, offering an environmentally friendly approach to water and
soil purification. Beyond environmental remediation, TiO2 photocatalysis has also proven useful
in energy conversion and storage. [* 1214 17291 |t has been extensively studied for solar cell
applications as well as the photocatalytic generation of hydrogen from water, providing a

sustainable and renewable source of fuel. TiO2-based photocatalysts have also been explored for



the conversion of carbon dioxide (CO>) into value-added chemicals and fuels [28-30-341 contributing
to efforts in mitigating climate change and achieving a carbon-neutral economy. Additionally,
TiO2 photocatalysis has applications in self-cleaning surfaces ["- 14 35371 antibacterial coatings [*
16,38-42] ‘and air purification systems [8 14.15.29. 421 ‘among others. The unique properties of TiO2,
such as its high reactivity, stability, and abundance, make it an attractive material for various
technological advancements.

When considering the oxidation of urea, we can draw insights from the mechanism of
ammonia (NHz) decomposition on TiO2 [3 15 43-49 NH3 possesses a similar -NH2 group with a
nitrogen atom bearing a lone pair of electrons, analogous to the structure of urea. Therefore, it is
reasonable to speculate that the mechanism of urea photodecomposition on TiO2 shares similarities
with the decomposition of NHs on TiOz. Figure 1.4 illustrated one proposed fundamental reaction
mechanisms and pathways involved in the photodecomposition of NH3 at TiO2 surface from

gaseous and aqueous media. [*]
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Figure 1.4. Proposed mechanism for NHs photodecomposition reaction at TiOz surface;

reproduced with permission from ref [48]. Copyright 2020, American Chemical Society.



With additional platinum loaded on TiO2 surface, another group also proposed the reaction
mechanism of NHz photodecomposition in aqueous/dry condition 1?1, shown in Figure 1.5.
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Figure 1.5. Proposed dominant reaction pathway for the photocatalytic decomposition of NHs (in
the gas phase) on platinum-loaded TiO2 in the presence of (a) water and (b) in the absence of

water; reproduced with permission from ref [49]. Copyright 2012, American Chemical Society.



Figure 1.6 shows the most interesting reaction pathways for NHs photodecomposition at
TiOz surface, which was proposed by a Japanese group in 2017. [ As can be seen in Figure 1.6,
there are three prominent reaction pathways for photodecomposition of NH3s molecules into H:
and N2 gases, which can be considered as a very similar case for urea photodecomposition into N2
and CO2 gases, especially for the early NH3 adsorption stage in all three pathways that two
neighboring NH3 molecules adsorbed closely at TiO2 surface in order to form N-N or N=N bonding
latterly and generate N2 gas as the final product.

In route 1, two hydrogen atoms are extracted from the adsorbed NH3 molecules, resulting
in the formation of NH- species. The net activation energy required for the NH3 splitting process
through route 1 was estimated to be 236 kcal mol-2. [ In route 2, after one hydrogen atom was
cleaved from NHs, the two neighboring NH:- radicals combine to form N2H4 species, which
further decompose to produce hydrogen. The net activation energy for this NHs splitting process
via route 2 was estimated to be 74.4 kcal mol-2. [4] Alternatively, a variation of route 2, known as
route 2', occurs when the NH2- radicals react with another NHs molecules instead of combining
with the neighboring NH2- radical. The estimated net activation energy for NHs splitting through
route 2' was 65.8 kcal mol. [*51 From the activation energies perspective, it is clear that route 1
requires three times more energy than route 2 and 2', indicating that the NHs splitting process is
less likely to proceed through route 1. Additionally, the difference in activation energies between
routes 2 and 2' is minimal. Therefore, from a thermodynamic perspective, it is more favorable for
the NHs-splitting pathway to predominantly adopt routes 2 and 2' to produce hydrogen and

nitrogen, illustrated in Figure 1.6 below.



TiO,

‘ Route | * Route 2 ‘ Route 2’

NH: NH; NH, NH, NH;  NH,
I I |
TiO, TiO, TiO,
1 1 1’
hv l-H: hv l.H: hv l_-”
*NH, *NH, *NH, =NH, NH;  «NH
| I | I I
TiO, TiO, TiO,

2 2 2
1-211: 1
“NH *NH H,N—NH,
I | [ |
TiO, TiO,
R1 3 R2’ 3

l'”: *"H
N -N. H..\'—.\'”_-

I I il

TiO, TiO,

R1 4 R2,2' 4
-H; -2H,
.‘:\.:A.'
||
TiO,

5
N, 3H
TiO,

a

Figure 1.6. Suggested reaction mechanism for NH3 decomposition to N2 and Hz over the

TiO2 photocatalyst; reproduced with permission from ref [45]. Copyright 2017, Elsevier.



Other than investigating the NHs photodecomposition mechanism on TiO2, we also did
literature study about the NHs photodecomposition mechanism with another photocatalyst,
tungsten trioxide (WO3). [10.501 NH3 decomposition on WOs involves the reaction of NHs with
reactive intermediate (CI-) which originated from CI- in solution by reacting with the photoexcited
h* at WOs surface, shown in Figure 1.7. The proposed reactions for the generation of reactive

intermediate (CI-) and the photodecomposition of NHs are listed in Figure 1.8.
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Figure 1.7. The proposed working mechanism of ammonia degradation by the PEC-chloride

system; reproduced with permission from ref [50]. Copyright 2017, Elsevier.
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Figure 1.8. The proposed photocatalytic reactions and pathway for the ammonia nitrogen
removal by the PEC-chloride system; reproduced with permission from ref [50]. Copyright 2017,

Elsevier.

In this proposed pathway, Cl- is an important reactive intermediate that engages in the NH3
photodecomposition reaction and is necessary for an efficient ammonia nitrogen degradation in
the designed PEC-chloride system. By adding two distinct types of scavengers to quench Cl- or
the HO- radicals, this research group proved that the CI- is the main radical species in the PEC-
chlorine process for ammonia nitrogen degradation, and Cl- can selectively oxidize ammonia

nitrogen to N2 and NOs’, shown in Figure 1.9.
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Figure 1.9. Ammonia nitrogen degradation efficiency by PEC-chloride process with different

scavengers added; reproduced with permission from ref [50]. Copyright 2017, Elsevier.

By analogizing this mechanism to NH3 decomposition on WOs, we can speculate a possible
pathway for urea photodecomposition at TiO2 surface, when we are having 0.15M NaCl in the
10mM urea solution (standard experimental condition for photo-oxidation of urea in our designed
wearable dialysis device, POUR). However, it is important to note that urea possesses a more
complex molecular structure than NHs, so potentially it might have additional reaction pathways
and intermediates. Further systematic studies are thus needed to investigate the specific
mechanisms and to optimize the efficiency of urea photodecomposition on the TiO2 photocatalysts

in order to improve the overall performance of the wearable dialysis device, POUR.



In summary, TiO2 photocatalysis has emerged as a powerful tool for harnessing solar
energy and inducing photooxidation reactions. With applications ranging from environmental
remediation to energy conversion, TiO2 photocatalysis offers a sustainable approach to address
pressing global challenges. By drawing insights from the NH3 decomposition mechanism on TiO2
/WQs3 and considering the structural similarities between NH3s and urea, we can speculate on the
mechanism of urea photodecomposition on TiO2. Exploring and understanding the urea photo-
oxidation mechanisms experimentally and computationally will pave the way for the development

of efficient and selective processes for urea oxidation in our wearable kidney dialysis applications

[51,52]



1.3 GoLD SURFACE PLASMONIC PHOTOCATALYTIC MEMBRANE

Gold nanoparticles have emerged as promising photocatalysts, harnessing the unique
catalytic properties of gold in combination with its plasmonic photo-activity. The discovery of
gold nanoparticles' plasmonic potential transformed the perception of gold from being primarily
inert and stable to exhibiting intriguing photocatalytic properties. This breakthrough can be
attributed to the development of synthetic strategies enabling precise control over the size, shape,
and surface properties of gold nanoparticles 5362 shown in Figure 1.10. One of the key
phenomena underlying gold plasmonic photocatalysis is the localized surface plasmon resonance
(LSPR). As illustrated in Figure 1.11, LSPR refers to the collective oscillation of conduction

electrons within a nanoparticle upon interaction with light [6%,
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Figure 1.10. Size dependence of gold colloid optical properties. (a) 1909 illustration of dark field
scattering of gold colloids of various sizes; (b) Modern photograph of similar colloid solutions
(Ted Pella Co.); reproduced with permission from ref [60]. Copyright 2011, American Chemical

Society.



Figure 1.11. Illustrations of (a) surface plasmons and (b) a localized surface plasmon; reproduced

with permission from ref [60]. Copyright 2011, American Chemical Society.

Gold nanoparticles exhibit LSPR when their dimensions match the incident light
wavelength, leading to the generation of intense and tunable electromagnetic fields near the
nanoparticle surface. These enhanced electromagnetic fields play a crucial role in driving chemical
reactions by promoting energy transfer and facilitating charge separation. [63-7° These unique
properties conferred by LSPR make gold plasmonic photocatalysts highly desirable for numerous
applications. In environmental remediation, they have been employed for the degradation of
organic pollutants, including dyes and phenolic compounds. The strong plasmonic fields generated
by gold nanoparticles enhance light absorption, enabling efficient photooxidation reactions and
the degradation of organic contaminants. [71-73 Gold plasmonic photocatalysts also hold enormous
potential in energy conversion and storage. They have been extensively studied for the
photocatalytic generation of hydrogen from water, leveraging the plasmon-induced enhancement
of light absorption and charge separation. Gold-based photocatalysts address the need for
sustainable and renewable energy sources by converting solar energy into chemical fuels with a

much broader range of light absorption. [67: 6% 76781 Moreover, gold plasmonic photocatalysis



exhibits promise in chemical synthesis and catalysis. The localized electromagnetic fields
generated by gold nanoparticles promote specific chemical reactions, such as selective oxidation
and reduction processes, in a more precise pathway. ["* 7981 This unique property has been
harnessed for the synthesis of various value-added chemicals, including fine chemicals,
pharmaceutical intermediates, and high-value products. Figure 1.12 shows an example of utilizing
the LSPR of gold nanoparticles to achieve chemical synthesis under a mild and controllable

approach.

R._OH RO

Figure 1.12. Overall reaction pathway for AuUNP plasmon-dedicated oxidation of benzylic
alcohols in the presence of H202 and the color of the laser drop sample before and after a single
pulse of 532 nm laser excitation; reproduced with permission from ref [79]. Copyright 2011,

American Chemical Society.



Looking towards the future, gold plasmonic photocatalysis offers exciting prospects for
further advancement. The development of novel nanostructures, such as core-shell configurations
and hybrid materials, can enhance photocatalytic performance and broaden the range of light
absorption harvested from solar energy. The integration of gold plasmonic photocatalysts with
other functional materials, such as membranes or conductive metal oxides, holds the potential for
improved plasmonic photocatalytic performance and more applications in different fields.

In conclusion, gold plasmonic photocatalysis represents a rapidly evolving field at the
intersection of plasmonics and catalysis. The discovery of gold nanoparticles as efficient
photocatalysts and the understanding of LSPR have paved the way for their utilization in various
applications, including environmental remediation, energy conversion, and chemical synthesis.
Ongoing research and innovation in gold plasmonic photocatalysis hold tremendous potential for
addressing critical societal and economic challenges and driving sustainable technological

advancements in the future.
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Chapter 2. REGENERATION OF TIO; PHOTOCATALYTIC
ACTIVITY FOR UREA OXIDATION TO
ENABLE CONTINUOUS PORTABLE KIDNEY

DIALYSIS

Adapted from Hao Tang, Guozheng Shao, and Bruce J. Hinds. “Regeneration of TiO:
Photocatalytic Activity for Urea Oxidation to Enable Continuous Portable Kidney Dialysis.”

Manuscript ready for submission.
2.1 BACKGROUND

There are over 500,000 prevalent cases of end-stage renal disease (ESRD) in the United
States using hemodialysis (HD) with a per person per year spending of $10,000-90,000. Despite
an over $50 billion spending in the United States alone, the 5-year survival rate is only 35% largely
due to non-physiological conditions of the treatment and infections [H[2l, For a conventional HD
treatment, it is intermittent, with 3 to 4 hours treatment, three times a week. Treatment approaches
are similar to those of the 1970’s and require over 120kg of dialysate to be produced and disposed
of. This precludes use as a portable and continuous HD treatment option that would improve
quality of life and reduce clinic related treatment costs. This concept of regenerating the spent
dialysate was first suggested by A. Johnson in 1966[%, and the regenerative dialysis (REDY)
enzyme/sorbent system was one of the first generation of wearable dialysis devices dialysate
regeneration and recirculation [>-%1. However, REDY based machines were only on the market for
about ten years from 1984 to 19944, due to enzyme stability and high cost of dual ion exchange

sorbents for the produced ammonia. Photocatalytic urea decomposition can be another effective



way to remove urea from the dialysate and thus regenerate the spent dialysate in a wearable dialysis
device system.l] TiO2-mediated photooxidation has been used for environmental remediation of
organics, even when those toxic materials are at low concentrations. 141 For high concentration
agricultural applications, a urea removal system of UV irradiation onto colloidal TiO2z in an
electrochemical cell was able to decompose urea into physiologically safe Oz and N2. However,
the current density performance was two orders of magnitude less than needed for application in
dialysate regeneration 191, Recent work (Figure 2.1) had developed an efficient photooxidation of
urea reactor (POUR) based on hydrothermally grown TiO2 nanowires on conductive FTO
(Fluorine-doped Tin Oxide) glass, UV LEDs, and catalytic gas diffusion barriers (Pt-coated
carbonpaper). Photodecomposition rates were sufficient to remove daily production of urea at 15
g/day with practical device size and power requirements. [1617] The primary method to improve
performance was to use highly conductive single crystal TiO2 nanowires to separate electron-hole
pairs with 0.5V applied bias 16181 as well as a facile supply of O2 at the air permeable cathode.
Though promising, the urea photodecomposition performance of the POUR panel decreased by
over 50% with repetitive 24hr runs. Reported here is the observation of Ti-C bond formation
associated with performance decay. Through oxidation cycles, this could be removed and
regenerate TiO2 photocatalytic activity over 52 hours at target therapeutic urea removal rates of

0.34mg/hr cm?,
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Figure 2.1. The schematic of assembled POUR panel for urea photodecomposition and SEM

image of TiO2 nanowires hydrothermally grown on the conductive FTO glass.



2.2 EXPERIMENTAL METHODS

221 Materials

Fluorine-doped tin oxide (FTO) on glass microscope slides (2.5cm x 7.6cm) were
purchased from MTI Corp. (TEC 7). The carbonpaper, with 4 mg/cm? amount of Pt-coated, was
from FuelCellStore.com. Titanium (IV) isoproproxide (TTIP), 37% concentrated hydrochloric
acid (HCI) and isopropanol (IPA) were from Sigma-Aldrich. Invitrogen urea nitrogen (BUN)

colorimetric detection kit was purchased from ThermoFisher Scientific.

2.2.2  TiO2 Nanowire Synthesis

6 M HCl solution was prepared by mixing 250mL 37% HCL with 250mL deionized water.
12mL of TTIP was added followed by 30min stirring. FTO glasses were cleaned by acetone and
IPA with 5min sonication, respectively. After the cleaning process, the FTO glasses were air dried
by compressed air. A microwave hydrothermal synthesis system (MARS™ 6, Parallel & Scale-
Up Microwave Synthesizer) bought from CEM Corporation was used for the TiO2/FTO glass
synthesis. Two FTO slides were placed in each vessel, with FTO growth surfaces facing away
from each other and 60mL of TTIP-HCI solution added. The ramping time from room temperature
(20°C) to 150 °C is 20 minutes, and the temperature was kept at 150 °C for 50 minutes. The

TiO2/FTO glass subtracts were then annealed in air at 550 °C for 3hr.

2.2.3 POUR Panel Assembly and POUR Test

POUR Panel Assembly. The frame of the POUR panel is Poly(methyl methacrylate), cut
by laser cutter to hold a single annealed TiO2/FTO glass substrate. This acts as the photoanode and

was assembled into the POUR panel according to the schematic shown in Figure 2.1 (Left). Gas



permeable carbonpaper, loaded with 4mg/cm? Pt black, was used as the counter cathode on the
back side of the POUR panel. Copper tape was used to make electric connections on electrodes,
and by applying additional silver paste (purchased from TedPella) the electric conductivity was
improved. The panel was sealed by the ultra-clear medical-grade epoxy purchased from Ellsworth
Adhesives, followed by an overnight epoxy curing process at room temperature. UV LED strips
with 365 nm peak wavelength (realUV™ LED Strip Lights) were cut and connected to make an
LED panel array with 25 mW/cm? power intensity.

POUR test. The setup for the POUR test with the solution circulation loop is shown in
Figure 2.2, with the automatic Arduino sample collection and purging system. 200mL of 10mM
urea with 0.15M NaCl solution was prepared and circulated in the POUR loop with a flow rate of
1.8 ml/min. Equivalent amount of urea (15g/day) is gradually infused via syringe pump into the
urea solution beaker to mimic the amount of urea generated in the human body every day. A
constant 0.5V operation voltage was applied by the Metrohm Autolab PGSTAT204 potentiostat.
TiO2 is the working electrode, and the carbon paper/Pt is the combined counter and reference
electrode. The photocurrent vs time curve was recorded during the POUR experiment at a 5s time
interval. The sampling and air purge process is automatically controlled by the Arduino system
with the 3-way valves: A-sampling, B-inlet diversion loop, C-air purge outlet, D-air purge inlet.
1mL sample solution was collected every 4hr from the circulation loop and was frozen under -4°C
for further analysis. Purging treatment during the POUR experiment was controlled by the Arduino
system with desired length of purging period and frequency. High positive bias pulse treatment
was conducted by programming the NOVA software, which connected the potentiostat. For the
single pass POUR experiment, there was no solution circulation, and the sample solutions were

collected directly from the outlet of the POUR panel, followed by -4°C freezing.



224 Characterizations

Urea Concentration Determination. Urea nitrogen (BUN) colorimetric detection kit
(Invitrogen) was used to determine the urea concentration of the sample solutions collected from
the POUR experiment. Standard solutions and assays were prepared according to the standard
operation procedure (SOP) using the provided 96-well plate. The plate was then read at 450 nm
by SpectraMax i3x from Molecular Devices with absorption mode. The standard curve was
generated by curve-fitting software with a four-parameter algorithm.

Scanning Electron Microscope. The scanning electron microscopy (SEM) images of the
TiO2/FTO glasses were taken using the FEI XL830 dual beam FIB/SEM at 2 kV.

X-ray photoelectron spectroscopy. XPS spectra of TiO2 samples were taken on a Surface
Science Instruments S-Probe spectrometer. This instrument has a monochromatized Al x-ray
source and a low energy electron flood gun for charge neutralization. X-ray spot size for these
acquisitions was 800 x 800 um. Pass energy for survey spectra (composition) was 150 eV. The
pass energy for high-resolution spectra was 50 eV. For the high-resolution C Is spectra all binding
energies were referenced to the C Is C-C bonds at 285.0 eV. A detail scan was run for N 1s to
improve quantification. Quantification of survey spectra was done using the Service Physics Hawk
Analysis 7 program (Service Physics, Bend OR). The peak fitting of high-resolution spectra was
done in CasaXPS. For peak fitting, a Shirley background was used.

Total Free Chlorine Species Concentration Determination. DPD Free Chlorine Reagent
Powder Pillows purchased from HACH were used to determine the total free chlorine
concentration in the sample solutions collected from the single pass POUR experiment, according
to the SOP provided. Standard solution was provided by HACH, and a serial dilution of the

standard solution was made in the lab to get the calibration curve for the concentration



measurement. The measurement range for total free chlorine species in the solution ranges from
0.1 to 8.0 mg/L.

Ammonia (NHs) and Ammonium (NH4*) Concentration Determination. The High-
Performance Ammonia lon Selective Electrode purchased from Thermo Scientific was used to
measure the total amount of gas-phase NHs and dissolved NH4* concentration in sample solutions
collected from the single pass POUR experiment, according to the SOP provided. Six standard
NH4Cl solutions were prepared by a serial dilution (ranging from 0.1M to 1uM) of the 0.1M NH4Cl
standard from Thermo Scientific. 0.2mL of pH-adjusting ionic strength adjuster (ISA) solution
was added into 10mL standard/sample solutions before each measurement. The measurement
range for the total amount of gas-phase NHs and dissolved NH4" concentration in the solution
ranges from 103 to 10° mg/L. The amount of NHz and NHa4* in the fresh-prepared 10mM urea
0.15M NaCl solution was also measured, as background reference.

Cyclic Voltammetry Analysis. Cyclic Voltammetry (CV) scans were measured by the
Metrohm Autolab PGSTAT204 in potentiostat mode, ranging from -1.0V to 1.9V, with scanning

rate of 50mV/s. Ag/AgCl was used as the reference electrode.
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An equivalent amount of urea (15g/day) is gradually infused into the urea solution beaker to
mimic the amount of urea generated in the human body every day. The sampling and air purge
process is automatically controlled by the Arduino system and 3-way valves A-sampling, B- inlet
diversion loop, C-air purge outlet, D-air purge inlet. The red loop indicates the solution flow
during the normal POUR operation. Sample collection: switch valve A; Purging treatment:

switch valve B, C and D.



2.3 RESULTS AND DISCUSSION

Figure 2.1 shows the schematic of the assembled POUR panel for urea photodecomposition
and the SEM image of the photocatalytic TiO2 nanowires, hydrothermally grown on the FTO
substrate. According to the SEM image of the TiO2 nanowires, the diameter is around 100nm, and
the size of the nanowires is uniform throughout the entire substrate. The photocatalytic reactions
on anode and cathode are listed in Figure 2.1. On the photoanode side (TiO2/FTO), photo-excited
h* reacts with urea in the solution, and the e~ would be driven to the cathode side under external
applied voltage, avoiding charge recombination loss 5151, On the cathode, e reacts with H20 and
O2, which is freely diffused through the gas permeable carbonpaper. For full scale demonstration
eight ~10cm x 23cm panels were used and is a practical limit to what can fit in a portable backpack.
This area (1800cm?) and 15g/day urea decomposition rate give a target performance of 0.33mg/hr
cm? for test size device. Higher performance would allow smaller devices.

For an as-prepared POUR panel, the urea photodecomposition rate during 4-24hr is about
0.28 mg/hr cm?, but after more than 20 runs, it drops to a significantly lower level around 0.12
mg/hr cm?, shown in Figure 2.3 a) and b). By replacing the used carbonpaper with a new one, we
did not observe the restoration of the urea photodecomposition performance, suggesting that the
performance-limited component in the POUR panel is the TiO2. We also observed that between
POUR experiments, the panel is exposed to air purging for at least 24hr, and a high urea
photodecomposition rate was measured during the first 4hr of operation. We thus hypothesized the
periodic air purging would continuously restore TiO2 during the POUR panel operation. Figure
2.3 ¢) and d) show periodic air purging as the regeneration treatment method to meet the 0.33

mg/hr cm? urea removal target (red dashed line). The black dash line indicates the average urea



removal rate of this POUR panel during the 4-24hr as a steady state value for comparison. During

the first 4hr, the urea photodecomposition rate is faster but not in steady state.
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Figure 2.3. A comparison of the urea photodecomposition rate between a) the as-prepared
POUR panel and b) the same POUR panel after more than 20 runs (24hr each); with c)
20min/4hr and d) 30min/4hr air purging as the regeneration treatment during the POUR

experiments.



The red dashed line indicates the targeted 0.33 mg/hr cm? urea removal rate, corresponding to
normal human body daily urea production rate (15g/day) and 1800cm? device; and the black
dash line indicates the average urea removal rate of the POUR panels during the 4-24hr under

different experimental conditions.

With 20min air purge per 4hr run time, the urea photodecomposition rate during 4-24hr is
measured to be 0.33 mg/hr cm?; with 30min/4hr treatment, the urea decomposition rate during 4-
24hr is 0.37 mg/hr cm? for the same POUR panel. For this used POUR panel with period air
purging during its operation, the urea photodecomposition rate between 4-24hr is even higher
(17%-33%) than its as-prepared condition (0.28mg/hr cm?). Meanwhile, this periodic air purging
treatment suggests that oxidation may be the main mechanism of the TiO2 regeneration process.

Table 2.1 also illustrated the urea photodecomposition rate during 4-24hr for the same 1x1
POUR panel with different purging treatment time periods and purging species. A longer air
purging time improves TiOz2 regeneration but would reduce percent duty cycle time for operation.
Overnight air purging gives highest TiO2’s urea photodecomposition rate within the first 4hr but
is not maintained after that period. Pure O2 shows a higher regeneration compared to air (20% Oz)
at the same cycle time, suggesting that O2 is the active species during the regeneration process.
Oxidation by H20: also showed regeneration of TiO2 performance but over time would oxidize

the carbon paper, reducing overall performance.



Table 2.1. The urea photodecomposition rate during 4-24hr for the same POUR panel with
different gas purging treatments.

The normal purging treatment used air (20% O3) as purging species. With *marked, pure O2 was

used.
Purging time * "
(min/4hr) 0 5 10 10 20 20 30
Urea photo-
decomposition rate
0.12 0.20 0.17 0.30 0.33 0.35 0.37
(4-24hr)
(mg/hr cm?)

Since oxidation is qualitatively seen to restore TiO2 performance, X-ray photoelectron
spectroscopy (XPS) analysis was performed to find any surface reduction products on the TiOz,
and the surface chemistry of TiO2 was also characterized by XPS, shown in Table 2.2. No Ti-C
bonding was found on fresh as-synthesized TiO2 surface but appeared on the TiO2 sample after
24hr test (without any treatment). This indicates that carbon compounds formed on the TiO2
surface, poisoning photo-electrocatalytic sites. After air purging overnight, Ti-C bonding
disappeared, which agrees with the observation that overnight air purging can significantly restore
the TiOz2’s urea photodecomposition rate during the first 4hr of the 24hr test. Ti-C is a relatively
strong covalent bond at 423 kJ/mol would thus has a kinetic barrier to forming the more stable Ti-

O bond of 666 kJ/mole 291,



Table 2.2. The XPS results for TiO2 surface analysis before and after 24hr POUR experiment

without regeneration treatments and with overnight air treatment.

After 24hr test After 24hr test

Before 24hr test . r ot .
(as synthesized) (without any (with air purging
treatment) over night)
Ti-C - 124 -
C-bondin C-C, C-H 63.2 70.5 61.5
(grou '9,’;" C-0-C, C-OH 19.6 8.8 20.3
grotip # Cc=0 7.6 4.6 9.1
0-C=0 9.6 5.7 9.1
. TiO2 74.6 804 66.2
O-bonding TiO1s 16.2 13.6 14
(group %) :
water, organic O 9.3 6.0 19.8

Since the performance impaired POUR panel has a significant amount of Ti-C bonding on
TiO2 surface, it is expected to be oxidized by species, such as Oz and H203, or a high positive bias
near the splitting of water (ranging from 1.0 to 1.5V). Voltages higher than 1.5V have excessive
water splitting and non-selectively oxidize Cl- to oxochloro species. Figure 2.4 and Table 2.3
illustrate the urea photodecomposition rate of this used POUR panel with different applied bias
pulse treatments. The shorter time is that of the high voltage pulse while the longer time is for the
operational voltage at 0.5V. Both 1.35 and 1.5V are considered as optimal voltages for the applied
bias pulse treatment for the TiO2 regeneration. Comparing between the 5min/hr and 5s/min 1.5V
applied bias pulse treatments, both offer similar performance at the same 92% duty cycle. The

shorter pulses offer an advantage of a more uniform output stream to the dialyzer.
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Figure 2.4. Effect of different applied bias pulse treatments on the TiO2 regeneration process
in 24hr POUR experiments.
Shorter time is the duration of indicated voltage pulse while operation bias was 0.5V for the

longer time.

Table 2.3. Effect of different applied bias pulse treatments on the TiO2 regeneration process
in 24hr POUR experiment.
A constant 0.5V voltage was applied during the 24hr POUR operation. The frequency of the

voltage pulse treatment is Smin/hr. With *marked, the frequency of voltage pulse is 5s/min.

Voltage Pulse (V) - 1.0 12 1.35 1.5 1.5*
Urea photo-
decomposition rate
. 0.28 0.31 0.33 0.33 0.34
(4-24hr) 0.12
(mg/hr cm?)

To study the effect of this applied bias pulse treatment in a long-term experiment, an as-
prepared POUR panel was operated for 52 hours with 5min/hr 1.5V applied bias pulse treatment,
shown in Figure 2.5. We still observed a high urea photodecomposition rate within the first 4hr,
and then the urea photodecomposition rate keeps stable at around 0.34mg/hr cm? for the rest of the
48hr, suggesting that the applied bias pulse is a promising strategy to help maintain the urea

photodecomposition performance on TiOa.
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Figure 2.5. Urea photodecomposition rate for a 52hr POUR experiment on an as-prepared
POUR panel with a constant 0.5V operation voltage and a 5Smin/hr 1.5V applied bias pulse

treatment.

A major concern on employing the high voltage applied bias pulse as TiO2 regeneration is
to have side reactions with CI- to form Cl2 and related oxochlorines or the incomplete urea
oxidation forming ammonia. The TiO2 urea photooxidation system is remarkably selective (90%)
to urea (at ~10mM) compared to the dialysate (150mM NaCl solution). It would be expected that
applying bias would reduce the TiOz2 selectivity of photooxidizing urea, but the opposite is seen in

Figure 2.6, where with 1.5V voltage pulse treated, TiO2 produces less chlorine species and



ammonia. We measured the free chlorine and ammonium concentration from the outlet of the
POUR panel during 24hr experiments in a single pass (non-recirculating mode). The formation
rate of free chlorine and ammonia, as listed in Table 2.4, 5min/hr 1.5V applied bias pulse treatment
gave the lowest free chlorine species and ammonia formation rates, compared to no treatment and
air purge treatment. Interestingly, the free chlorine and ammonia formation rates with no treatment
and with 30min/4hr air purging treatment are very similar. For running POUR experiment at
constant 1.5V, we do see a significant amount of ammonia formation (~6x) and about 2x the
chlorine formation and this agrees with less urea selectivity and incomplete urea oxidation under
strong applied bias. However, the absolute amounts of ammonia formed are about 85 times less
than urea being photodecomposed (6.65 ug/hr cm? ammonia formed vs. 0.56 mg/hr cm? urea
decomposed) or 24 times less at a molar level. The chlorine levels are 1000x less. Thus, the urea

selectivity remains extremely high even at elevated bias on the TiO2 surface.



0.30

o

N

[
T

o
N
o
T
®
®

o

Py

o
T

® no treatment

Outlet total free chlorine conc. (mg/L)
o =]
o =
un un

S5min/hr 1.5V applied bias pulse treatment

0-00 1 1 1 1 1 1
0 4 8 12 16 20 24 28
Time (hr)

0.08

0.07 |
s
Eo0.06 .
J °
c
S 0.05 | °
£
3004 | ¢
c o
£

[ ]
£ 0.03 |
©
L
Q20.02 |
ot
8 oot ® no treatment
' S5min/hr 1.5V applied bias pulse treatment
0.00 1 1 1 1 1 1
0 4 8 12 16 20 24 28

Time (hr)

Figure 2.6. The measured a) free chlorine and b) ammonia concentration from the outlet of
POUR panel during 24hr experiment with no treatment; 5min/hr 1.5V applied bias pulse

treatment.



Average Average urearemoval Ammonia formation Total free chlorine
Operation Conditions photocurrent rate (4-24hr) rate species formation rate
(mA) (mg/hr cm?) (ug/hr cm?) (pug/hr cm?)
Continuous 0.5V
17 0.13 1.48 0.356
applied bias

Continuous 0.5V
applied bias with 5min/hr 18 0.36 1.04 0.244
1.5V applied bias pulse

Continuous 0.5V
applied bias with 30min air 17 0.38 1.35 0.356
purging/4hr

Continuous 1.5V

Table 2.4. The experimentally measured photocurrent, urea photodecomposition rate, free

chlorine species and ammonia formation rates from the same POUR panel under different

operation conditions, with single-pass setup in 24hr experiments.

applied bias

45

0.56

6.65

0.467




Notably, the photocurrent is tripled when we tripled the continuous operation voltage from
0.5V to 1.5V, suggesting the importance of separating the photon excited electrons/holes to the
FTO electrode and TiO2, respectively. However, even though we observed a tripled the
photocurrent by increasing the applied bias from 0.5V to 1.5V, the urea photodecomposition rate
is not tripled. Only ~50% of the photocurrent goes to urea oxidation reaction when we applied a
constant 1.5V applied while with the constant applied bias of 0.5V, the selectivity of photocurrent
toward urea photodecomposition is ~80% 1. However, we did not see a significantly increased
amount of chlorine species formed in the outlet from the POUR panel, hence chloride oxidation is
not the main byproduct during the constant 1.5V high voltage operation.

Mechanistically, it is insightful to look at the cyclic voltammetry (CV) measured under
dark condition and under UV light (normal POUR panel operation condition) to compare TiO2
behavior as an electrochemical electrode versus a photocatalytic electrode. As shown in Figure 2.7
a), under UV light the photocurrent measured is about two orders of magnitude higher than that
under ambient light, showing that the photon excited electron/hole pairs are the dominant species
in the TiO2 photocatalytic reactions. Thus, the galvanic decomposition of urea by applied bias is
negligible. Higher bias separates electron-hole pairs, preventing recombination and substantially
increasing photocurrent. The measured photocurrent in the CVs in Figure 2.7 a) is in agreement
with the photocurrent measured in the 24hr experiment with constant 0.5V and 1.5V, as listed in
Table 2.4. However, when further increase the applied voltage beyond 1.9V, the photocurrent
reaches a plateau indicating that all available electron/hole pairs have been separated with minimal
recombination loss. Figure 2.7 b) shows the differences between dark C-V scans for the POUR
panel without and with 10mM urea in the 0.15M NaCl solution. The water splitting peak starts to

form when the applied voltage is above 1.5V. When the urea is present in the solution, the height



of water splitting peak is lower by 73%, suggesting that the urea has affinity to the TiO2 surface

suppressing the water splitting reaction.
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Figure 2.7. The C-V scans of the POUR panel with a) 0.15M NaCl + 10mM urea solution
under dark condition vs. under UV light irradiation; b) 0.15M NaCl solution and 0.15M NaCl +
10mM urea solution under dark condition.

Blue dash lines are the photocurrents when the applied voltages are 0.5V and 1.5V. The inset

figure is the zoomed-in CV curve measured under dark condition. The electrode area is 16.8 cm?.



2.4  CONCLUSION

TiO2 based selective photo-oxidation of urea is a promising route to regenerate kidney HD
dialysate to enable portable and continuous treatments. However, a 50% reduction in performance
after 12 hours of use posed a serious challenge due to Ti-C bond formation as seen by XPS. This
carbon bond could be oxidized to Ti-O via air exposure, chemical oxidation and by a high applied
bias in aqueous solution, with the latter being easily implemented in practice. The voltage pulses
did not produce a significant increase in ammonia nor free chlorine species. Higher applied biases
dramatically increased photocurrent by separating e”/h* pairs to cathode circuit and anode surface.
With an optimized high voltage bias pulse (5min/hr at 1.5V) as the TiO2 regeneration treatment,
the equivalent urea removal rate of the POUR panel could achieve the 15g/day target for a wearable
dialysis device in a 52hr test. This regeneration approach will be critical to enable a photocatalytic

route to dialysate regeneration and its incorporation into portable continuously operating devices.
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Chapter 3. INVESTIGATION OF THE PHOTODECOMPOSITION
PATHWAY FOR UREA INTO N2 AT TIO2

SURFACE FOR PORTABLE KIDNEY DIALYSIS

Adapted from Hao Tang, Mingyuan Zhang, Guozheng Shao, and Bruce J. Hinds. “Investigation
of the Photodecomposition Pathway for Urea into N2 at TiO2 surface in Portable Kidney Dialysis.”

Manuscript in preparation.
3.1 BACKGROUND

In the field of healthcare, wearable dialysis devices have gained significant attention as a
promising way to enhance the quality of life for patients suffering from end-stage renal diseases
(ESRD). These devices aim to provide continuous and personalized dialysis treatment, reducing
the need for large-scale dialysis centers and offering greater mobility to the patients. Current
dialysis treatments use about 120 liters of dialysate, precluding the ability to make portable systems
unless small volumes of dialysate can be cleaned and regenerated. A major challenge in wearable
dialysis systems is the effective removal of urea (a major waste product from protein metabolism)
and many other non-uremic toxins to regenerate cleaned dialysate. Different types of approaches
have been studied to regenerate the spent dialysate, including enzyme/sorbent system[-3],
electrochemicall*®! and photochemical decomposition methods. The enzyme/sorbent system
produces toxic ammonia that must be ion exchanged in sorbent while electrochemical systems
produce nitrates and other oxidative species. Titanium dioxide (TiO2), a widely studied
photocatalyst, has exhibited exceptional photocatalytic activity due to its unique properties and

low cost. In recent years, researchers have explored various applications of TiOz in environmental



remediation, energy production, and healthcare.[”-12 TiO2 photochemistry had been employed to
decompose urea into safe N2 and CO:z gas for agricultural waste water treatment but energy
efficiency and size were several orders of magnitude away from application in dialysate
regeneration. From our earlier studies, we have already proven the concept of utilizing TiO:z as a
photocatalyst to photodecompose urea from spent dialysate in a wearable dialysis device, with a
high quantum efficiency (QE) up to 30% and an excellent selectivity (up to 76% of the
photocurrent) toward urea photodecomposition.[*3-1% Large gains in performance were made by
using 1) TiO2 nanowires with direct connection to FTO collector to separate electron (e”) hole (h*)
pairs 2) the air permeable Pt/carbonpaper cathode and 3) the use of energy efficient UV-LEDs.
The main products formed from urea photo-oxidation reaction in our designed TiO2 flow reactor

system are N2 and CO2, as shown below.[14 1]

Anode: (TiO2/FTO): CO(NH2)2 + H20 + 6e” + 6h* — CO2 + N2 + 6H* + 6€circuit

Cathode: (Pt/Carbonpaper): %Oz + 3H20 + 6ecircuit = 60H"

Overall: CO(NH2)2 +20z — COz + Nz + 2H20

However, through electrochemical decomposition by Pt[* 5 161 or boron-doped diamond (BDD)
61 electrodes, urea can be decomposed into toxic compounds such as NH3/NH4* or NOs, shown
below.

NH3/NH4* as product: CO(NH2)2 + H20 — CO2 + 3NH3

NOs" as product: CO(NH2)2 + 402 — CO2 + 2NOg3™ + 2H* + H20

Herein, we aim to further investigate the photocatalytic reaction mechanism at the TiO2
surface and to understand the factors that influence the efficiency and selectivity of the urea

photodecomposition reaction into physiologically safe N2 and CO2. The investigations on flow-



rate and urea-concentration dependencies demonstrate that the urea photo-oxidation reaction is not
mass transport limited but surface reaction limited, emphasizing the importance of the TiO2 surface
reaction for the performance optimization. Through experimental studies, we have discovered the
key intermediates in the urea photocatalytic reaction, chlorine ions (CI) reacting with holes (h*)
to form CI-TiOz2 surface bound species that can form chlorine radicals (CI-) to react with urea and
have safe N2 and CO2 byproducts.[*’- 18] The use of other anions, SO4% and HCOs", gave nitrate
byproduct or quenched the urea reaction. To gain deeper insights into the photocatalytic reaction
mechanism at TiO2 surface, we adopt a comprehensive approach that combines experimental study
with theoretical DFT modeling[®-24, and this synergistic approach allows us to systematically
figure out the interactions between TiO2 surface, urea molecules and the CI/CI- intermediates,
elucidating the mechanistic pathways involved in the urea photodecomposition reaction at the TiO2

surface.



3.2 EXPERIMENTAL METHODS

3.21 Materials

Fluorine-doped tin oxide (FTO) on glass microscope slides (2.5cm x 7.6cm) were
purchased from MTI Corp. (TEC 7). The carbonpaper as a counter-electrode, with 4 mg/cm2
amount of Pt-loaded, was purchased from Fuel Cell Store (www.fuelcellstore.com). Titanium (V)
isoproproxide (TTIP), 37% concentrated hydrochloric acid (HCI), ammonium chloride (NH4CI,
>99.5%), tert-butanol (anhydrous, >99.5%) and nitrobenzene (=99%) were purchased from Sigma-
Aldrich. Invitrogen urea nitrogen (BUN) colorimetric detection kit and the allyl alcohol (>98%)

were purchased from ThermoFisher Scientific.

3.2.2  Synthesis of TiO2 Nanowire on FTO Glasses

The TiO2 coated FTO glasses were prepared with optimized procedure from our early
study. First, a 6 M HCI solution was prepared by mixing 250mL 37% HCI with 250mL deionized
water, then 12mL of TTIP was added followed by 30min continuous stirring. Bare FTO glasses
were cleaned by acetone and IPA with 5min sonication, respectively. After the cleaning process,
FTO glasses were air dried with compressed air. A microwave hydrothermal synthesis system
(MARSTM 6, Parallel & Scale-Up Microwave Synthesizer) bought from CEM Corporation was
used for the TiO2/FTO glass synthesis. Two FTO slides were placed in each vessel, with FTO
growth surfaces facing away from each other and 60mL of TTIP-HCI solution added. The ramping
time from room temperature (20°C) to 130 °C is 20 minutes, and the temperature was kept at 130

°C for 40 minutes. The TiO2/FTO glass subtracts were then annealed in air at 550 °C for 3 hours.



3.2.3

Photo-Oxidation of Urea Reactor (POUR) Panel Assembly and Performance Test

Photo-Oxidation of Urea Reactor (POUR) Assembly

The frame of the POUR panel is Poly(methyl methacrylate) purchased from
McMaster-Carr, cut by laser cutter to hold a single annealed TiO2/FTO glass
substrate. The TiO2/FTO glass acts as photoanode, and the gas permeable
carbonpaper, loaded with 4mg/cm? Pt black was used as the counter electrode at
the back side of the POUR panel. Copper tapes were used to make electric
connections on both electrodes, and additional silver paste (purchased from
TedPella) was applied to improve the electric conductivity between electrodes and
the copper tapes. Finally, the panel was sealed by the ultra-clear medical-grade
epoxy (purchased from Ellsworth Adhesives), followed by an overnight epoxy
curing process at room temperature. The dimension of the flow channel in POUR
panel is about 0.25cm x 2.1cm x 7.1cm. UV LED strips with 365 nm peak
wavelength (from realUV™ LED Strip Lights) were cut and connected to make an

LED panel array as UV light irradiation source.

POUR Performance Test

For a standard closed-loop circulation experiment, 200mL of 10mM urea
with 0.15M NaCl solution was prepared and circulated in the POUR loop with a
flow rate of 0.6 ml/min with the peristaltic pump. 0.15625g/day urea (equivalent
amount of 15g/day for 96 single panels) was gradually infused via syringe pump
into the urea solution beaker to mimic the amount of urea generated in the human

body every day. For the standard single-pass experiment, 10mM urea with 0.15M



NaCl solution was continuously pumped into the POUR loop with a flow rate of
0.6 mL/min by a peristaltic pump, with no urea infusion process. The closed-loop
circulation experiment was designed to study the long-term performance of the
POUR, while the single-pass experiment was dedicated for investigating how
experimental conditions affect the urea photodecomposition performance. TiO2 is
the working electrode, and the carbon paper/Pt is the combined counter and
reference electrode. For both these two experiments, a constant 0.5V operation
voltage with 5s/min 1.5V voltage pulse was applied by the Metrohm Autolab
PGSTAT204 potentiostat. The photocurrent vs time curve was recorded during the
POUR experiment at a 5s time interval. For the standard closed-loop circulation
experiment, 1mL sample solution was collected every 4hr from the circulation loop
and was frozen under -4°C for further analysis; for the standard single-pass
experiment, after the POUR run for 4 hours to reach the steady state, solution
samples could be directly collected at the outlet of the POUR panel at any desired
time point for the analysis. For investigation on the flow-rate dependency on urea
photodecomposition rate, 10mM urea with 0.15M NaCl solution was fed under
different flow rates in the single-pass setup, with other experimental parameters to
be the same as the standard. To investigate the urea-concentration dependency on
the urea photodecomposition rate, single-pass experiments were conducted, and the
flow rate was changed accordingly to the urea concentration in feeding solution (for
example, 0.6mL/min flow rate for 10mM urea solution in standard condition;
0.3mL/min flow rate for 20mM urea solution; 1.2mL/min flow rate for 5mM urea

solution). By substituting urea with NH4CIl, 20mM NH4Cl with 0.15M NaCl



solution was prepared as a feeding solution with the other experimental parameters
kept as the same as the standard. In radical scavenger quenching experiments,
10mM urea with 0.15M NaCl solution with different types (tert-butanol, allyl
alcohol and nitrobenzene) and different amounts (2.15-215mM) of quenching
agents were prepared respectively, and the experiments were conducted under the

standard single-pass conditions.

3.24 Characterizations

Urea Concentration Determination

Urea nitrogen (BUN) colorimetric detection kit (Invitrogen) was used to
determine the urea concentration of the sample solutions collected from the POUR
experiments. Standard solutions and assays were prepared according to the standard
operation procedure (SOP) using the provided 96-well plate. The plate was then
read at 450 nm by SpectraMax i3x from Molecular Devices with absorption mode.
The standard curve was generated by curve-fitting software with a four-parameter

algorithm.

Ammonia (NH3) and Ammonium (NH4*) Concentration Determination

The High-Performance Ammonia lon Selective Electrode purchased from
Thermo Scientific was used to measure the total amount of gas-phase NHs and
dissolved NH4* concentration in sample solutions collected in the NH4CI
substitution experiments, according to the SOP provided. Six standard NH4Cl

solutions were prepared by a serial dilution (ranging from 0.1M to 1uM) using the



0.1M NH4CI standard from Thermo Scientific. 0.2mL of pH-adjusting ionic
strength adjuster (ISA) solution was added into 10mL standard/sample solutions
before each measurement. The measurement range for the total amount of gas-
phase NHs and dissolved NH4* concentration in the solution ranges from 10 to

103 mg/L.

Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS)

Analysis

CV scans under different light intensities were measured for the POUR panel
by the Metrohm Autolab PGSTATZ204 in potentiostat mode, ranging from OV to
1.9V, with a scanning rate of 0.3V/s. Light intensity was changed by adding
microscope glass substrates or FTO glasses in front of the POUR panel to absorb
the UV light. No reference electrode was applied during the CV scans. EIS was
conducted for the POUR panel under dark and under normal UV light irradiation
using the FRA/impedance feature from Metrohm Autolab PGSTAT204 to study
the electronic and ionic processes within the POUR at different applied voltages

under either dark or UV light irradiation.

X-ray Photoelectron Spectroscope (XPS)

XPS spectra and surface chemistry analysis of TiO2 samples were
characterized by the Surface Science Instruments S-Probe spectrometer. X-ray spot
size for the acquisitions was 800 x 800 um. Pass energy for survey spectra
(composition) was 150 eV. The pass energy for high-resolution spectra was 50 eV.

Quantification of survey spectra was done using the Service Physics Hawk Analysis



7 program (Service Physics, Bend OR). Peak fitting of high-resolution spectra was

done using CasaXPS. For peak fitting, a Shirley background was used.



3.3 RESULTS AND DISCUSSION

3.3.1  Photocatalytic decomposition rate of urea and photo-electrochemical study of the TiO2

system.

To systematic study on the mechanism of urea photodecomposition reaction on TiO2
surface, we first studied if the system was mass-transport limited by the flow-rate and urea-
concentration effect on urea photocatalytic decomposition rate. Figure 3.1 shows the urea
decomposition rate measured under different flow rates, with 10mM urea 0.15M NaCl as the
feeding solution. For channel dimensions of ~0.3cm x2.5cm x7.5cm, with standard 0.63mL/min
flow rate, the residence time of the solution within the POUR panel in the photodecomposition
process is ~9min and output concentration is ~6.5mM. When the flow rate is between 0.24mL/min
and 0.89 mL/min, the urea photodecomposition rate is nearly constant, though the output
concentration goes from 3.0mM to 8.4mM, indicating that the urea photodecomposition reaction
is not mass transport limited but surface reaction limited. However, when the flow rate is at
0.14mL/min, the measured outlet urea concentration is lower than 1mM, which explains the
decrease of urea decomposition rate at the low-flow-rate condition and a mass transport limit. A
higher flow rate can avoid the depletion of urea in the stream and thus reduce side reactions. Since
the POUR panel is designed to regenerate spent dialysate in a wearable dialysis device, the
optimized flow rate has been chosen to be 0.6mL/min in order to obtain enough concentration

gradient at the hemodialysis part in the dialysis device.
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Figure 3.1. Urea photodecomposition rate measured under different flow rates, with 10mM
urea in the feeding solution. The POUR operation voltage is 0.5V and the UV light intensity is

48.0mW/cm?2.

To investigate the urea concentration dependency, solutions with different urea
concentrations were fed into the POUR panel. For 10mM urea solution, 0.6mL/min flow rate is
chosen to obtain ~45% concentration drop at the outlet, thus for a 5mM urea solution the flow rate
would be changed to 1.2mL/min and for a 20mM urea solution the flow rate should be changed to
0.3mL/min in order to obtain a similar concentration drop at the outlet of the POUR for a more

accurate urea concentration measurement with the urea detection kit. As the urea



photodecomposition rate at the TiO2 surface in POUR panel is not dependent on the flow rate, it
validates the observation from Figure 3.2 that the urea photodecomposition rate is not affected by
the urea concentration (>2mM), which further suggests that the reaction is not mass transport
limited as well as not concentration dependent shown in the reaction rate law (rate = k[A]"). The
average measured urea photodecomposition rate from Figure 3.2 is around 0.546mg hrt cm2,

when urea concentration is ranging from 2mM to 100mM.
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Figure 3.2. Urea photodecomposition rate measured with different urea concentrations in the
feeding solution. The POUR operation voltage is 0.5V and the UV light intensity is

48.0mW/cm?. Standard flow rate for 10mM urea solution is 0.6mL/min, and in order to have



similar urea concentration drop after the photodecomposition reaction at TiO2 surface, with 5mM
urea in the feeding solution, the flow rate would be changed to 1.2mL/min; with 20mM urea in

the feeding solution, the flow rate would be changed to 0.3mL/min, and so forth.

Since the reaction is not mass-transport limited nor urea concentration dependent, the
relationship between the measured photocurrent and the urea photodecomposition rate was
determined. Photocurrent would be a direct measure of holes (h*) that react at surface since
measured e current goes through the potentiostat to the cathode. By adding bare FTO glasses
(starting from 0 to 4 slides) in front of the POUR panel, the intensity of the UV light irradiated on
the photoanode (TiO2/FTO glass) side was reduced and thus leading to a decreasing photocurrent.
The urea photodecomposition rate under each corresponding UV light intensity was also measured.
As shown in Figure 3.3, the urea photo-oxidation reaction rate is linear to the measured
photocurrent, with the intercept of trendline set to be (0,0) in the plot. Therefore, further study on
factors affecting the photocurrent was conducted in order to find out the potential approaches to

improve the POUR performance on photo-oxidizing urea into N2 and COo.
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Figure 3.3. Relationship between the measured photocurrent and the urea
photodecomposition rate. The distance between the UV LEDs and the POUR panel is 1.5 cm,
and the initial UV light intensity is measured to be 48.0mW/cm?. Bare FTO glasses (starting

from O to 4 slides) were added in front of the POUR panel to change the intensity of UV

irradiation and the photocurrent.

Figure 3.4 a) and b) show the photocurrent measured and quantum efficiency (QE)
calculated under different UV light intensities and with different external voltages applied. When

no external voltage was applied (0V), the measured photocurrent is extremely low down to the



range between 0.01 to 0.15mA/cm?, and the corresponding QE was calculated to be in the range
between 2.9-1.6%. After applying a small 0.3V external voltage across the electrodes, the
measured photocurrent and calculated QE show a dramatic increase compared to that with OV. The
external voltage applied helps the charge carrier (e”/h* pairs) separation and thus reduces the
recombination process.['® However, when the UV irradiation goes above 23mW/cm?, the
photocurrent seems to reach a saturation state and stops to be linear to the light intensity. This
might be due to the increased built-up internal electric field induced by more photo-excited e-/h+
pairs canceling out the charge carrier separation effect from the applied external voltage. The fast
drop of QE from 22% to 8% (with 0.3V applied) shown in Figure 3.4 (b) also confirmed the
hypothesis. When 0.5V was applied, the photocurrent is close to linear proportional to the light
intensity (under a maximum of 40mwW/cm? UV irradiation), and the QE is around 25.2-15% which
is ~10x higher comparing to the QE measured with OV applied voltage. Further increase the
applied voltage to 1.5V, QE calculated under the same light intensity range increased to 28.7-
22.2%, which only shows a slight increase (1.1 1.5x ) comparing to the QE measured with 0.5V
external voltage, suggesting an upper-limit of electron/hole reaction efficiency of our TiO2/FTO
glass and Pt/carbonpaper system with applied positive bias to the anode. With voltages at or higher
than 1.5V there is significant water splitting and as discussed later, free chlorine species formation,
thus in practice a 0.5V has been chosen as the operation voltage to have sufficient QE and minimize
byproduct formation for the portable kidney dialysis device application. At 0.5V bias the quantum
efficiency appears to drop linearly with light intensity 22% at 8.63 mW/cm? to 15% at
39.25mW/cm?. A linear extrapolation of Figure 3.4 b) to double the light intensity (68 mW/cm?)
would have the QE drop to 8%, thus simply increasing the light intensity beyond 39.25mW/cm?

will have only a minor increase in urea reaction rate, as shown in Figure 3.4 ¢)
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Figure 3.4. (a) Photocurrent measured and (b) quantum efficiency calculated under different
light intensities with different external voltages applied. The distance between the UV LEDs
(365nm) and the POUR panel is 3cm, and the initial UV light intensity is measured to be 39.25
mW/cm?. The UV light intensity was changed by adding bare microscope glass substrates (up to

7 slides) and additional FTO/glass (up to 7 slides) in front of the POUR panel.

Cyclic Voltammetry (CV) scans were also conducted under dark and under different light
intensities shown in Figure 3.5, suggesting that a higher photocurrent could be generated when
irradiating the TiO2/FTO glass with a higher UV light intensity. Meanwhile, for CV scans
measured under a certain UV light intensity, when the applied voltage goes above 0.5V, the
photocurrent no longer has a linear increase and could reach a saturation state. This saturation

phenomenon observed in CV scans could be explained by the limitation of the maximum amount



of e’/h* pairs generated by a fixed photon flux (fixed light intensity), and 0.5V is high enough to
separate most of the charge carriers excited by the photons. Additionally, Figure 3.5 also shows
that under dark condition, the “photocurrent” is one to two orders of magnitude lower than that
under UV light irradiation, which indicates the photon excited e’/h* pairs are the dominant species
in the TiO2 photo-oxidation reaction and the galvanic decomposition of urea by applied voltage is

negligible.
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Figure 3.5. The C-V scans measured under different % of UV light intensity.
The distance between the UV LEDs and the POUR panel is 3cm, and the initial UV light
intensity (100%) is measured to be 39.25 mW/cm?. The UV light intensity was changed by

adding bare FTO glasses (up to 5 slides) in front of the POUR panel.



Other than the CV scans, EIS spectra were measured with different applied voltages under
dark and under UV light irradiation, illustrated in Figure 3.6. Under UV irradiation, TiOz is photo-
excited by incident photons and e’/h* pairs are generated, with h* being driven to the TiO2 surface
and e being injected into the circuit to the counter electrode. The semi-circles shown in the Nyquist
plots in Figure 3.6 (a) indicates that the resistance at the interface is low and the lifetime of the e-
/h* pairs can be then calculated to be around 0.637ms via the following equation, emphasizing the
importance of the applied external voltage, which facilitating the e/h* pair separation and

prohibiting the recombination process.[!? 22 23

1 1

Wmin znfmin

Th =

The photocatalytic reaction rate at TiO2 surface under UV irradiation can be obtained from the EIS
plot shown in Figure 3.6 (b), which is in the magnitude of 102 per sec. Whereas, under dark
condition shown in Figure 3.6 (c), TiO2 is not activated or photo-excited by photon and does not
have e/h* pairs as charge carriers to be considered as conductive, thus the Nyquist plots exhibit
large semi-circles indicating a high ohm resistance within the system. Moreover, since there is no
e/h* pair assisted photocatalytic reaction occurring on the electrode surfaces, the reaction rate
obtained in Figure 3.6 (d) is in the magnitude of 10! per sec, which is three orders of magnitude

lower than that under UV irradiation.

Taking the average urea photodecomposition rate to be around 0.45mg/hr cm? TiO2/FTO
glass, that is 1.25x10% urea being reacted per sec per cm? TiO2/FTO glass. The characteristic

reaction time obtained from the EIS results is 0.637ms, thus there are 0.80x1012 urea molecules



reacted per cm? TiO2/FTO glass. One the other hand, according to the SEM images, the actual
surface area of TiO2 nanowires is 30x of the planar area on the TiO2/FTO glass. Since there are
approximately 5.19x10%** unit cells per cm? of the TiO: surface, the estimated amount of 5-
coordinated Tisc exposed on the TiO2 surface is ~ 1.56x10%® per cm? TiO2/FTO glass. Therefore,
only 0.005% (0.8x10'%/1.56x10%%) of the surface exposed Tiscs are involved in the urea photo-
oxidation reaction in the characteristic time, indicating there is an excessive amount of Tisc

exposed at the TiO2 surface but being non-reactive.



25

0.5V
0.4V
vou 0.3V
4t 0000000 0.2V
'93"”%..'0.'- 0.1V
N 2
0 L
_2 1 1
5 10 15
Zl
6 1
i e 05V
i 0.4V
]
]

0.3V

10

10

10

1

10°

Frequency




_Zn

¢ e 05V
e o 4 0.4V
L e e 03V
8000 e o %% .. 0.2V
° ‘ ® ] ® o L ] [ ] .
Y “°. o 0.1V
6000t qtec e o
o
L X ¢
Qe
4000 r @@
.d
é;d
2000 f
O 1 1 1 1
0 4000 8000 12000 16000
Z|
d
l
: e 05V
' 0.4V
K g
8000 e 4° e 03V
-’% o 02V
$..| ‘ [ 0.1V
6000 ”’T.‘c
CIEEY |
Pl 8
.
4000 .
: *
1
2000 [
i
1
1
i
0 -1 | IO 1 2 3 4
10 10 10 10 10 10 10

Frequency




Figure 3.6. EIS spectra of the POUR panel measured under (a, b) UV light irradiation; (c, d)
dark at different applied bias with frequency ranging from 10° to 0.1Hz. The distance between

the UV LEDs and the POUR panel is 1.5 cm, and the UV light intensity is 48.0mW/cm?.

3.3.2  Mechanistic investigations on urea photo-oxidation reaction at TiO2 surface

Though there are limited reports of urea photodecomposition on TiO2, there is significant
literature on ammonia photooxidation.[”: 24-2%1 Urea is similar to ammonia with one hydrogen
replaced by a bond to the carbonyl carbon, and is in the non-protonated state. Thus, we would
expect non-protonated ammonia (high pH) to have a similar reaction mechanism as urea. The
nitrogen electron lone pair potentially can form Ti-N bond with TiOz as an important intermediate
step indicated by Ichihashi’s group’s study of ammonia photo-oxidation.l* Assuming that for
each urea (CO(NH2)2) being photodecomposed, two NH4CI/NHs could be thus photo-oxidized.
Therefore, the 20mM NH4CI solution was initially prepared in acidic condition (pH=6.7) and fed
into the POUR system for the photodecomposition process. By converting the NH4CI
photodecomposition rate into mg urea per hour per cm?, we observed an extremely low photo-
oxidation rate which is only about 0.13 mg urea hr't cm= (~1/4 of the typical urea decomposition
rate in the POUR system) shown in Figure 3.7. Adjusting the pH environment from acidic to
alkaline (pH=9.4), NH4* cations were converted into NHs which would have their lone pair of
electrons exposed to the reaction environment and TiO2 surface. The equivalent
photodecomposition rate in this case is around 0.5 mg urea hr cm2, which is 3.8x higher than
under acidic condition and is close to the actual urea decomposition rate in the POUR system (0.45
mg urea hr't cm). Therefore, the photo-oxidation reaction mechanism for NHs and urea on TiO2

surface should be similar and the lone pair of electrons on non-protonated -NH: is important for



decomposition reaction. Additionally, since the photodecomposition rate of NHz is close to that of

the urea, breaking the C-N bond in urea is not the rate limiting step in its reaction pathways.
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Figure 3.7. NHs/NH4" photodecomposition rate measured under acidic (pH 6.7) and alkaline
(pH 9.4) conditions in the unit of mg urea/hr cm?. The NH3/NH4* photodecomposition rate in the
unit of mg urea/hr cm? is calculated based on the assumption that photodecomposing 2

NH3/NH4* is equal to 1 urea molecule being decomposed.

The type of anions in the aqueous solution is also considered as a crucial factor that could
affect the urea photodecomposition pathway on TiO:2 surface reaction as suggested by Zhou’s

group in their WOs3 chlorine-assisted ammonia photo-oxidation system. Thus, NaCl (physiological



0.15M) in the standard 10mM urea solution has been substituted with Na2SO4 and in order to keep
the ionic strength in the solution to be the same, the substitution ratio between NaCl and Na2SO4
is 3:1. Also, we further increased the NaCl concentration in the 10mM urea solution from 0.15M
to 0.2M and 0.3M to investigate that whether more chlorine or a higher Cl/-NHz2 ratio in the
solution could help to improve the urea photodecomposition performance at the TiO2 surface.
Nitrate, one of the undesired toxic by-products that could be formed from urea photo-oxidation
reaction, was also measured for these experiments and the percentage of oxidized urea into nitrate
was then calculated, shown in Table 3.1. When there is no chlorine in the solution, the urea
photodecomposition rate is around half of the value measured in the standard 0.15M NacCl
condition and regarding to the nitrate formation in the urea photo-oxidation reaction, all the urea
has been oxidized into nitrate with no N2 formed as the final product. When further increased the
NaCl concentration in 10mM urea solution to 0.015M (10% of the standard 0.15M), urea
photodecomposition rate is still low with all the urea being oxidized into nitrate. However, with
Cl-/-NHz2 ratio going up to 6:1 (0.12M NaCl in urea solution), the urea photodecomposition rate
shows a 65% increase to 0.35 mg hrt cm2, which is about 83% of the rate measured in standard
10mM urea 0.15M NaCl solution. Meanwhile, the nitrate formation rate shows a dramatic drop
(~90% drop) to 0.041mg hr* cm2, which indicates that nitrate is no longer the major product from
urea photo-oxidation reaction on the TiO2 surface. Therefore, SO4? does not function as a
poisoning species to prohibit urea photo-oxidation reaction but is not as efficient as Cl- and
critically has undesired nitrate as the final product. Shown below is the formal electrochemical
equation to form nitrate, using 16e- (vs 6e” for N2 product) making it 2.3x less current efficient.
However, it is possible to form S204%, as a source of O for NOz", reducing the require charge

transfers.



Anode: CO(NH2)2 + 7TH20 + 16e" + 16h* — CO2 + 2NOs" + 18H* + 16€circuit

Cathode: 402 + 8H20 + 16€ecircuit — 160H"

Overall: CO(NH2)2 + 402 — CO2 + 2NO3 + H20 + 2H"

As a result of this anion substitution experiment, CI- is considered as an important intermediate
involved in the photo-oxidation reaction on the TiO2 surface for urea being decomposed into N2
and COz2. However, further increasing the NaCl concentration in the solution from 0.15M to 0.2M
and 0.3M, with the CI/-NHz ratio increased from 7.5:1 to 10:1 and 15:1, the urea
photodecomposition rate and nitrate formation rate show little difference as is shown in Table 3.1.
Thus, at these concentrations, the surface reaction with holes would be the rate limiting step not
concentration of CI-.

Other than the study on the urea photodecomposition and nitrate formation rate in these
experiments, based on the photocurrent recorded under each experimental condition, the
photocurrent efficiency towards urea decomposition reaction could thus be calculated, as listed in
Table 3.1. Under all these conditions, 60% to 76% of the measured photocurrent is effectively
involved in the urea decomposition reaction, which indicates a strong selectivity for urea photo-

oxidation reaction at the TiO2 surface.

Table 3.5. The urea photodecomposition rate and nitrate formation rate measured in 10mM urea

solutions with different CI-/-NH: ratios by substituting SO4> for CI-. The percentage of oxidized



urea into nitrate and photocurrent efficiency towards urea photodecomposition are calculated for

each condition, respectively.

Electrolyte in Urea i . U"?E! Nitrate Formation % of ox!d|zed Photocurrent
Solution ClI'/-NH; Ratio | Decomposition Rate Rate (mg/hr cm?) Urea into Efficiency %
(mg/hr cm?) (+10%) 8 Nitrate vy
0.05M Na,S0, 0 0.23 0.500 107% 70%
0.0475M Na,S0,
0.0075M NaCl (5%) 0.375 0.20 0.434 105% 63%
0.045M Na,S0, o
0.015M NaCl (10%) 0.75 0.21 0.447 103% 66%
0.01M Na,S0,
0.12M NaCl (80%) 6 0.35 0.041 6% 60%
0.15M Nacl 7.5 0.42 0.027 3% 67%
0.2M NacCl 10 0.47 0.016 2% 76%
0.3M NacCl 15 0.44 0.023 3% 71%

Since gas permeable carbonpaper is used as the counter electrode, Oz can freely diffuse
into the system and react with urea at TiO2 surface to form nitrate. In order to exclude this
possibility, additional experiments were conducted by bubbling different gas species into the
10mM urea 0.15M NaCl solution and measuring the corresponding urea photodecomposition and
nitrate formation rate, shown in Table 3.2. By bubbling air, pure N2, Oz, and Ar during the POUR
operation, the urea photodecomposition rate does not show a notable change as well as the nitrate
formation rate. The percentage of urea being photo-oxidized into nitrate in all these four bubbling
experiments is nearly the same at around 4%, which is consistent with the previous experiment
results shown in Table 3.1. Therefore, the gas dissolved in urea solution is not involved in the urea
photo-oxidation reaction at TiO2 surface and the nitrate is not formed due to dissolved O2 reacting

with the TiO2 surface.



Table 3.6. The urea photodecomposition rate and nitrate formation rate measured in
10mM urea 0.15M NaCl solution when bubbling various kinds of gas species during the POUR
operation. The photocurrent was recorded and the percentage of oxidized urea into nitrate are

calculated for each condition, respectively.

Bubbling | Photocurrent with 0.5V voltage | Urea Decomposition Rate | Nitrate Formation Rate | % of Urea into
Gas (mA/cm?) (mg/hr cm?) (mg/hr cm?) Nitrate
Air 1.54 0.392 0.0331 4.1%
N> 1.56 0.441 0.0342 3.7%
0, 1.57 0.407 0.0295 3.5%
Ar 1.57 0.363 0.0326 4.3%

Besides nitrate and N2 as the oxidation product from urea, CO: is also an important reaction
product, which could form HCOs/CO3? in aqueous POUR system (~3mM CO3?*/HCOs" was
detected from the outlet of the single-pass experiment by titration). Meanwhile, the HCOs
concentration in the common blood dialysate buffer is about 37mM. Thus, a series of HCO3™ anion
substitution experiments were conducted and the urea photodecomposition as well as the nitrate
formation rates were measured under each condition, listed in Table 3.3. By substituting HCOs
for CI, the urea photodecomposition rate is decreased. Even with 0.12M NaCl and 0.06M NaHCO3
in the 10mM urea solution (Cl-/-NHz ratio = 6), the urea decomposition reaction rate is still less
than 20% of that with 0.15M NaCl in the solution. Unlike the SO4? anion substitution, HCOs;,
appears not to react with the photo-excited h* and urea. Water molecules (H20) with a very high
concentration in aqueous solution (55 mol/L) could compete against the low-concentration Cl-ions
(0.15M) to form hydroxyl radicals (HO-), however the results shown in Table 3.3 imply that the
effect of HO- formed from H20 at TiO2 surface is negligible in urea photo-oxidation reaction.

H20 + h* > HO- + H*



Even at these low nitrate formation rates, there is no observed HCOz3™ concentrations dependance.
In conclusion, HCOs™ does not contribute to urea photo-oxidation reaction on TiOz surface, even
to the nitrate, whereas SO4% can help to decompose urea and to form nitrate. The photocurrent
efficiency toward urea photodecomposition calculated for each condition shown in Table 3.3 also
supports the proposed mechanism that CI- is the primary intermediate in the urea photo-oxidation

reaction at TiO2 surface into physiologically safe N2 and CO..



Table 3.7. The urea photodecomposition rate and nitrate formation rate measured in

10mM urea solutions with different CI"/-NHz ratios by substituting HCOs™ for ClI-. The pH of the

solution was recorded and the percentage of oxidized urea into nitrate and photocurrent

efficiency towards urea photodecomposition are calculated for each condition, respectively.

Na(ill\;:;)nc. c:i,?c(c:j) . :Etti);n Decomp%;?;on Rate r;:tr:t(em Formatic;n % of prea into Ph9t9curreont
. (mg/hr cm?) (£10%) g/hr cm?) Nitrate Efficiency %
0 0.3 9.4 -0.01 0.024 -

0.015 (10%)| 0.27 (90%) 9.5 0.02 0.001 2% 2%
0.03 (20%) | 0.24 (80%) 9.4 0.07 0.002 1% 7%
0.045 (30%)| 0.21 (70%) 8.5 0.03 0.002 3% 3%
0.06 (40%) | 0.18 (60%) 8.5 0.08 0.004 2% 9%
0.075 (50%)| 0.15 (50%) 8.5 0.04 0.003 4% 5%
0.09 (60%) | 0.12 (40%) 8.6 0.03 0.003 5% 3%
0.105 (70%)| 0.09 (30%) 8.4 0.07 0.005 4% 8%
0.12 (80%) | 0.06 (20%) 8.4 0.1 0.006 3% 13%
0.135 (90%)| 0.03 (10%) 8.5 0.46 0.007 1% 59%
0.15 0 5.8 0.58 0.023 2% 76%

When the TiOz2 is irradiated with UV light, the photo-excited holes (h*) are generated at
the surface with a strong oxidative capacity, which can oxidize water molecules (H20) into
hydroxyl radicals (HO-) and CI- ions into chlorine radicals (Cl-). Both of these two radicals are
strong oxidants but the HO- is found to be negligible in the urea photo-oxidation reaction. We
propose two possible photo-oxidation pathways of urea into N2 and CO2 with the assistant of ClI-
ICI- as key intermediate, shown in Figure 3.8. The TiO2 surface bonded CI- (Ti-Cl-) is an excited
state generated by reacting the CI- in solution with the h* at TiO2 surface under UV irradiation.

TiO2+ h™ + ClI" - -CI-TiO2



The Ti-Cl- would then react with urea molecules in the solution to form Ti-N bond and
thus capture the urea onto the TiO2 surface, remove a urea nitrogen and release the HCI back into
the solution. Since the complete oxidation of urea is a 6-step process, it is unlikely that radicals
released into solution can efficiently react with 5 dilute intermediates to give complete reaction to
N2/COz2, thus it is more likely to have surface bound urea that can directly receive the sequential
h* at TiO2 surface. The formation of Ti-N bonds was observed from the XPS results when exposed
the TiO2 surface to the urea solution with 3min UV irradiation. In order to prove that only the TiO2
surface bonded CI- (Ti-Cl-) is the key intermediate involved in the urea photo-oxidation reaction

but not the dissolved Cl- or HO- radicals, the scavenger quenching experiments were conducted.

+0,+H,0 i
( at cathode OH w

TiO2+hv - TiO2+h*+e

LJL
1 I% N N x2 ht
Cl
j\N (urea)
Hz

TiO,-Cl* ——
HoN

X 'y ! X
Hl\ll NH HI'I\I H — 'N/&NH — N—N——— N=N ‘CO

] | | 1 | I | I | 1
TiO, TiO, TiO, \ Tio, TiO, \ TiO, TiO, ) TiO, TiO, TiO,
Nl + H? Cl-+ H* H* H* I

N, (g) CO, (g)



+0,+H,0

at cathode OH A
TiO2+ hv - TiO2+h*+e
-
s / N N ~ ™
7 qio,a —
HoN" NH,
+H,0 CO, (g) N, (g)
X £ oy * |
HN™ " NH, HN™ " NH — "NTONH — N— NH ‘N—NH ——N=—N
J ! . \ ! L \ ] ! ! ! I !
Tio, TiO, TiO, TiO, TiO, TiO, TiO, \ TiOo, TiO, TiO, TiO,
NN CF 4+ Hf ———— CF + H H* H* H+~

Figure 3.8. Proposed photo-oxidation pathways for urea into N2 and CO2, with the assistant of

Ti-Cl- as key intermediates.

Tert-butyl alcohol can rapidly react with both Cl- and HO-, but only those dissolved in the
solution.[*”- 18 Those CI- and HO- bonded on TiO: surface could not be quenched by the tert-butyl
alcohol. Whereas another scavenger, allyl alcohol, can quench both surface bonded and dissolved
Cl- and HO- easily.['8 3% 321 Moreover, nitrobenzene was used as the radical scavenger only for
quenching the HO- radicals.['7- 18 331 Figure 3.9 shows the measured urea photodecomposition rates
by adding tert-butyl alcohol, allyl alcohol and nitrobenzene as the radical scavenger, respectively
with different scavenger concentrations. Table 3.4-3.6 also lists the measured nitrate and ammonia
formation rates measured from the radical scavenger experiments.

By adding the tert-butyl alcohol to quench the CI- and HO- radicals only in the solution,
urea photodecomposition rate does not decrease significantly. Additionally, when the tert-butyl
alcohol to urea ratio goes up to 21.5:1, the photodecomposition rate only decreases by 26.5%,
indicating that the TiO2 surface has a higher selectivity towards urea oxidation than tert-butyl

alcohol. On the contrary, when allyl alcohol was added to quench both surface bonded and



dissolved Cl- and HO- radicals, urea photodecomposition rate was effectively quenched. When
21.5mM allyl alcohol was added, the urea photodecomposition rate decreased by 44%, and with a
higher allyl alcohol concentration (215mM) the decomposition rate could be decreased by 98%.
Therefore, only TiO2 surface bound Ti-Cl- and possibly Ti-O- radicals are important and involved
in the urea photo-oxidation reaction. However, a high (20x) allyl alcohol concentration is needed
to compete with the urea, thus the selectivity of urea photo-oxidation on TiO2 surface very high
suggesting urea intermediates that are bonded to the TiO2 surface as proposed in Figure 3.8.
Adding 2.15mM and 15.05mM nitrobenzene to quench only the HO- radicals, urea decomposition
rate decreased by 15% and 24%, which is not effective as the allyl alcohol quenching agent,
therefore the TiO2 surface bonded CI- radicals are the primary mechanism and HO- is minor in

urea photo-oxidation reaction into N2 and CO:a.
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Figure 3.9. The urea decomposition rate measured with 10mM urea solution, by adding
different types and amount of scavengers to quench the Cl- and HO- radicals bonded on the TiO2

surface and/or dissolved in the solution.



Table 3.8. The urea decomposition rate and nitrate/ammonia formation rate measured in 10mM

urea 0.15M NaCl solution with different amount of tert-butyl alcohol added as radical scavenger

to quench the dissolved ClI- and HO-. The percentages of oxidized urea into nitrate and ammonia

are calculated for each condition, respectively.

Urea conc. Tert-butyl Urea decomposition rate | NO3; formation rate | % of Urea into |[NH3&NH4" formation rate % of Urea into
(mM) alcol(hn?ll\:;)nc. (mg/hr cm?) (mg/hr cm?) NO3 (mg/hr cm?) NH3/NHa"
10 0 0.392 0.026 3.2% 0.0025 1.1%

10 2.15 0.331 0.024 3.6% 0.0000 0%

10 215 0.359 0.020 2.7% 0.0001 0.1%
10 43 0.362 0.022 3.0% 0.0017 0.8%
10 86 0.314 0.020 3.1% 0.0008 0.4%
10 129 0.316 0.015 2.4% 0.0002 0.1%
10 215 0.288 0.030 5.0% 0.0002 0.1%

Table 3.9. The urea decomposition rate and nitrate/ammonia formation rate measured in 10mM

urea 0.15M NaCl solution with different amount of allyl alcohol added as radical scavenger to

guench the dissolved CI- and HO-. The percentages of oxidized urea into nitrate and ammonia

are calculated for each condition, respectively.

Urea conc. | Allyl alcohol | Urea decomposition rate | NO3 formation rate | % of Urea into [NH3&NH," formation rate|% of Urea into
(mM) conc. (mM) (mg/hr cm?) (mg/hr cm?) NO3 (mg/hr cm?) NH3/NHz*
10 0 0.445 0.020 2.2% 0.0017 0.6%

10 2.15 0.395 0.013 1.6% 0.00002 0%
10 21.5 0.249 0.003 0.6% 0.0001 0.1%
10 43 0.099 0.169 83.1% 0.0001 0.3%
10 86 0.004 0.003 37.9% 0.00004 1.5%
10 129 0.010 0.001 5.3% -0.00004 -
10 215 0.008 -0.001 - 0.0001 1.3%




Table 3.10. The urea decomposition rate and nitrate/ammonia formation rate measured in 10mM
urea 0.15M NaCl solution with different amount of nitrobenzene alcohol added as radical
scavenger to quench the dissolved Cl- and HO-. The percentages of oxidized urea into nitrate and

ammonia are calculated for each condition, respectively.

Urea conc. | Nitrobenzene | Urea decomposition rate | NO3 formation rate | % of Urea into [NH3&NH," formation rate|% of Urea into
(mM) conc. (mM) (mg/hr cm?) (mg/hrcm?) NO3 (mg/hrcm?) NH3/NH;*
10 0 0.472 0.018 1.9% 0.0022 0.8%

10 2.15 0.402 0.017 2.1% 0.00073 0.3%

10 10.75 0.364 0.024 3.1% 0.0014 0.6%

10 15.05 0.358 0.019 2.6% 0.0026 1.2%

3.4 CONCLUSION AND FUTURE WORK

In conclusion, this study reveals that the urea photo-oxidation reaction at the TiO2 surface
is not mass transport limited but surface reaction limited by the photo-excited h* reaction,
according to flow-rate and urea-concentration dependency experiments. The application of an
external voltage is required to improve the urea photodecomposition rate by drawing e into the
circuit to reduce the recombination process at the TiO2 surface. By applying the external voltage
across the electrodes from OV to 1.5V, QE measured under 39.25mW/cm? UV irradiation
increased from 2% to 22%. However, the applied voltage should be at a maximum of 1.5V in order
to avoid side-reactions to form toxic NHs/NH4*™ or NOs". QE is seen to drop linearly with light
intensity and 48mW/cm? is near the maximum urea oxidation rate in this system. Moreover, the
crucial role of TiOz surface bound chlorine via reaction of chloride anion with TiO2 hole forming
reactive Ti-Cl- has been revealed as the key intermediates in the urea photo-oxidation reaction.
The efficient photodecomposition of urea completely into N2 and CO:2 suggests Ti-N bond

formation in the urea photo-oxidation reaction at the TiOz surface. All these findings offer valuable



insights for designing an efficient and selective photocatalytic system in wearable dialysis devices,
providing a promising approach for continuous and effective urea removal to benefit patients with

kidney disease.

For the future work, a more detailed and complicated computational modeling will be
conducted with DFT simulations for the urea photo-oxidation reaction at the TiO2 surface with Ti-
Cl-and Ti-ClI- as the key intermediates. Free energy diagram will be generated computationally to
help understand the reaction mechanism and charge distribution density maps will be simulated
for each reaction steps to confirm the bond formation process (Ti-N, N=N, etc.) during the urea

photo-oxidation reaction at the TiO2 surface.
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Chapter 4. HIGHLY EFFICIENT PLASMONIC MEMBRANE FLOW

REACTOR

Adapted with permission from Hao Tang, Guozheng Shao, and Bruce J. Hinds. “Highly Efficient
Plasmonic Membrane Flow Reactor.” Advanced Functional Materials 31.23 (2021): 2100342,

DOI: 10.1002/adfm.202100342. Copyright 2021, Wiley.
4.1 BACKGROUND

Gold nanoparticles have shown significant plasmonic photo-catalytic activity under
relatively low-intensity illumination since the collective electronic excitation, known as localized
surface plasmons (LSP), could generate intense near-field electromagnetic fields and hot carriers
within visible wavelength region-1°l, Near-field electromagnetic field can be boosted up to
hundred times and the energetic hot carriers generated by nonradiative decay of localized surface
plasmons can be 108 times hotter than those from direct excitation. Photo-thermal effect is also
considered to be synergistic to the localized surface plasmons[*Y, which contributes to photo-
catalytic activity as well. The LSP-induced electromagnetic field and hot carriers have been
demonstrated to facilitate photochemical transformations!*2-3%], such as NHz decomposition[*l, CO
oxidation[*®l, CO2 reductiont*], O2 dissociation!!® 1% H, dissociation?®, NoO decomposition(?*]
and H202-assisted alcohol oxidations??. The competing technology of semiconductor
photocatalysts have a number of drawbacks, mainly ascribing from the restriction of photon
energies higher than the bandgap and poor catalytic activities. The most investigated n-type
semiconductor photocatalyst, TiO2 has a large bandgap (~3.2eV[2 24) that could only absorb

photons within the low relative intensity UV region of solar spectrum, and is energy inefficient



when catalytically forming bonds less than 3.2eV. Narrow bandgap semiconductors, such as o-
Fe20s suffers from a slow charge carrier mobility as well as poor catalytic activities.[?°]

Taking advantages of the intense near-field electromagnetic field and energetic hot
electrons generated from LSP on gold nanoparticles surface, pioneering works have been reported
on controllable chemical reactions. In the presence of H202, 15nm Au nanoparticles can generate
intense near-field surface plasmons under 520nm LED irradiation, and thus photo-catalytically
oxidize sec-phenethyl alcohol and benzyl alcohol into acetophenone and benzaldehyde,
respectively.??l However, reuse of gold nanoparticles is difficult and solution-based reactions are
not able to limit secondary oxidation of product below statistical probability of reacting with the
product at a given extent of reaction. In general, plasmonic field enhancements are seen at high-
aspect ratio patterned edges or nanocrystals. The case of a patterned gold nanohole array on solid
SiO2 shows strong plasmonic reactions via Ag deposition at the pattern edges that is consistent
with FDTD simulation. [?6 271 A novel design incorporating Au catalysis and precise array
geometry to have a controllable plasmon-induced photochemical reactor is to flow reagents
through a nanopore array membrane, with residence time precisely controlled by flow rate and
thickness of plasmon region at pore exits. This can be achieved by depositing a thin (25nm) gold
film onto porous anodized alumina oxide (AAQO) membranes. Localized surface plasmon would
and only be generated at the pore exits at the same thickness of around 25nm as the coated gold
film. A schematic diagram of the AU@AAO structure and corresponding plasmonic oxidation
process is shown in Figure 4.1. Via controlling the flow rate of solution passing through this
engineered plasmonic membrane flow system, the residence time at the active region could be
controlled, which limits the reaction time and thus the degree of the oxidation reaction. Moreover,

with this flow membrane system, mass transport during the reaction would not be limited by



diffusion but by convective flow resulting in a highly efficient photocatalytic reaction. From the
study of the Oz regeneration in H202 decomposition reaction, ~300% external quantum efficiency
was observed at absorption peak, associated with hot electron generation and remaining in an
excited state after H202 activation for catalytic activity. It was also found that gold oxide forms
and has non-photocatalytic activity and must be accounted for in nano-scale gold catalysis. Also
demonstrated was a 42% conversion of sec-phenethyl alcohol by plasmonic reactor, without any

further optimization.



Figure 4.1. Schematic of AuU@AAO membrane with generation of HO* radicals via flowing
H202 solution through plasmonic membrane with plasmonic activation at pore exits with 25nm

thick layer of gold.



4.2 EXPERIMENTAL METHODS

421 Materials

The AAO membranes with different pore diameters (20, 100, and 200nm) were purchased
from Whatman plc., with specified average porosity ranging between 25 to 50%. Au for thermal
vapor deposition was purchased from Ted Pella, Inc. as received. 30% H202 solution and DL-sec-
phenethyl alcohol were purchased from Fisher without any further purification. Deuterium water
(D20) with 99.9% atom % D was purchased from Sigma Aldrich as received. Single-color LEDs

with different wavelengths (460, 523, 623nm) were purchased from LED Engin.

422 Fabrication of AuU@AAO Membranes

AAOs with different pore diameters (20, 100, and 200nm)were used to
fabricate AU@AAO membranes. First, AAOs were treated with Oz plasma at 30 W for 10 min in
order to remove any organic contaminations left on the surface. Then the AAOs were mounted in
a thermal evaporator to vertically coat the 25 nm Au nanolayer at a rate of 0.1 nm
s L. Eventually, the Au coated AAOs (AU@AAO) were mounted between two laser-cut
polycarbonate frames with a hole diameter of 1.27cm, by medical grade epoxy, giving an active

area of 1.27cm? for experiments described below.

4.2.3 Finite-Difference Time-Domain Simulations

A commercial software package, FDTD Solutions (Lumerical Solutions, Inc. Canada), was
used to calculate transmission spectra and the near-field E-field distribution
of AU@AAO membranes with the same structural parameters as those from the actual fabricated

samples and the surrounding medium within the membrane pores was assumed to be H20.



Nanoholes with different pore diameters were used with periodic boundary conditions in two
dimensions to simulate an infinite array of periodic nanoholes, which was used to stimulate the
top view of the AAO membrane. Spacing of the nanoholes was carefully adjusted in order to match
an average porosity to be around 50%. Deposition of the gold was simulated by directly adding a
25 nm thick Au layer on the top surface of the AAO with the same periodic nanohole structure.
The auto nonuniform mesh was chosen in the entire simulation domain for higher numerical
accuracy and the mesh refinement is conformal variant 2. Monitors of the frequency domain field
profile were placed in the stimulated structure to calculate the E-field distribution and the
transmission spectra in the continuous-wave normalization state. The magnitude of the incident E-
field was taken to be unity and thus the enhancement of the electromagnetic fields could be
evaluated. The optical parameters of Au, aluminum oxide, and H20 were taken directly from the

database embedded in the software.

424 O2 Generation from HO* by Au@AAO

3% H202 solution was used to study the HO* formation induced by the gold plasmonic
photodecomposition. To estimate the rate of HO* formation, O2 generation rate was measured and
converted into the amount of HO* formed during the plasmonic photodecomposition process.
Single-color LEDs with different wavelengths (460, 523, and 623nm) were used as light sources
for AuU@AAO membranes with different pore diameters. The fabricated Au@AAO membrane
was sandwiched by two 5mm thick silicon spacers and glass slides. The distance between the light
source and the AuU@AAO membrane was kept to be 1.5cm. A peristaltic pump was used to feed
3% H20: solution from the backside chamber through the AuU@AAO membrane to the front
chamber, with a static flow rate of 0.173mL mint. Outflow from the front chamber was connected

to a gas gathering setup in order to measure the gas generation rate. Live videos were recorded in



order to obtain the real-time Oz generation rate under different experimental conditions. The
O2 generate rate was thus then converted to the amount of HO* formed during the plasmonic
photodecomposition process. Applied voltage on LEDs was adjusted to provide different LED
illumination intensities, and the current was then recorded in order to calculate the corresponding
output power. The radiant power range for each LED was measured directly and ranged from 33
to 90mW (460nm), 21 to 75mW (523nm), 22 to 62mW (623nm) for set LED forward biases. The
calculation of photon flux onto AuU@AAO sample included viewing angle efficiency calculation
at 1.5cm (21% efficiency) from specified Viewing Angle (100°) and Total Illumination Angle

(120°) LED parameters.

4.2.5 Alcohol Oxidation Reaction by Au@AAO

3mM sec-phenethyl alcohol and 0.6M H202in D20 solution were prepared for the
plasmonic photocatalytic oxidation reaction with the AU@AAO flow membrane system. 200
nm pore diameter AU@AAO was used within the flow membrane system and 523 nm LED was
used as the light source with applied voltage to be 2.83V. The same setup was used as the
O2 generation  experiments, while the flow rate was controlled to be 0.1mL
min~t. The outflow from the front chamber was collected and diluted 60-fold using D20 for 1H-

NMR measurement.

426 Characterizations

Scanning Electrode Microscope. The scanning electron microscopy (SEM) images were
taken with an FEI XL830 Dual Beam FIB/SEM with a primary electron energy of 5kV.
UV-vis Spectroscopy. The UV-vis spectra for Au@AAO samples with different pore

diameters were taken by the Varian Cary 5000 UV-vis-NIR spectrophotometer.



X-ray photoelectron spectroscope. XPS spectra were taken by the Electron Spectroscopy
for Chemical Analysis (ESCA) system with the Surface Sciences Instruments (SSI1) M-Probe. 1H
NMR spectra of sec-phenethyl alcohol and acetophenone were measured by AV-301 with the

Bruker PABBI-ATMA 1H {X-BB} probe.



4.3 RESULTS AND DISCUSSION

Localized surface plasmons could generate intense near-field electromagnetic fields and
hot carriers within visible wavelength region, and this local field intensity is dependent on the
geometry of nanostructure as well as the surrounding environment. Finite-difference time-domain
simulations!?® 21 were conducted to calculate the adsorption spectra and the distributions of the
normalized E-field |E|/|Eo| of the AU@AAO membranes, shown in Figure 4.2 and Figure 4.3. In
the cross-sectional view of the FDTD color maps, within the red dash lines is the 25nm thick gold
nanolayer, and in the top view of the FDTD color maps, the yellow arrow indicates the polarization
direction of incident light. The FDTD calculated adsorption spectra for 20nm, 100nm and 200nm
pore-diameter AAOs with 25nm thick gold film were in good agreement with literature simulations
of similar geometriesf?® 271 regarding to the absorption and transmission peaks. E-Field
enhancements were calculated under four specific wavelengths (460nm, 523nm, 590nm and
623nm) of LED’s that are readily available commercially. Figure 4.2a shows the absorption
spectrum of 25nm Au solid SiO2 flat surface as well as the top and cross-sectional view of the
color maps for normalized E-field enhancement under 523nm incident light calculated by FDTD,
revealing that without the porous structure of AAO membrane there would be no plasmonic E-
field enhancement even though an absorption peak was seen around 510nm. Figure 4.2b-d show
the FDTD calculated absorption spectra and color maps of the normalized E-field enhancement
for 25nm thick gold film on AAOs with different pore diameters under 523nm incident light,
showing that the E-field is enhanced only within the 25nm thick gold film and in a ring shape
around the pore edges. Under different LED wavelengths, cross-sectional view of the FDTD
calculated color maps for the normalized E-field enhancement were shown in Figure 4.3 and the

factors of E-field enhancement were listed in Table 4.1 for 20nm, 100nm and 200nm pore-diameter



AAOs with 25nm thick gold film under 460nm, 523nm, 590nm and 623nm incident light. With
regard to the pore-diameter dependency on plasmonic E-field enhancement, 200nm pore-diameter
Au@AAO shows the highest plasmonic response compared to the 20nm and 100nm ones using
the 4 available LEDS wavelengths. Moreover, via changing the wavelength of the incident light,
the factor of E-field enhancement is expected to be largest around the transmission peak for each
of the three AU@AAO membranes. The expectation is that a photon absorbed at the absorption
peak would generate the most hot electrons while at the transmission peak plasmonic resonance

will generate significant E-field enhancement around the pore edges.
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Figure 4.2. FDTD simulation of absorption spectra and normalized E-field |E|/|Eo|
enhancement under 523nm incident light for 25nm thick gold film on porous AAQ: a) solid SiO2

surface; b) 20nm; ¢) 100nm; d) 200nm pore diameter.
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Figure 4.3. Cross-sectional view of the color maps for FDTD calculated normalized E-field
|E|/|Eo| enhancement at different wavelengths for 25nm thick gold film on porous AAO: a) 20nm;

b) 100nm; ¢) 200nm pore diameter.



Table 4.11. Factors of the E-field enhancement under different wavelengths for 20nm;

100nm; and 200nm pore-diameter AAO membranes with 25nm thick gold film.

bore diamers: Wavelength  460nm 523nm 590nm 623nm
20nm 113 1.55 3.21 3.55
100nm 114 2.50 3.68 2.95
200nm 1.60 2.69 5.06 9.37

To investigate the plasmonic response of the AU@AAO active membrane, the cross-
sectional view of the FDTD calculated color maps of the normalized E-field enhancement at
absorption and transmission peaks for 100nm and 200nm pore-diameter AAOs with 25nm thick
gold film were shown in Figure 4.4. The absorption and transmission peaks are at 517nm and
577nm for 100nm pore-diameter AAOs with 25nm thick gold film; 523nm and 618nm for 100nm
pore-diameter AU@AAOs. The cross-sectional view of the FDTD calculated color maps of the
normalized E-field enhancement for these two Au@AAO membranes show that the E-field
enhancement around the pore edges is much stronger at the transmission peak rather than the
absorption peak, suggesting that hot electron generation may dominate near adsorption peak.
However, it is still difficult to decouple the effect of E-field enhancement and hot electron
generation during the surface plasmon resonance (SPR) process at the absorption and transmission

peaks.
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Figure 4.4. FDTD simulation of absorption spectra and electromagnetic field enhancement at
absorption and transmission peak for 25nm thick gold film on porous AAQO: a) 100nm; b) 200nm

pore diameter.



Figure 4.5 shows the SEM images of the top and cross-sectional views of the 100nm and
200nm pore-diameter AAOs with 25nm thick gold film. The morphology of the 25nm thick gold
film coating is uniform through the entire top surface of the porous AAO and does not block the
pore entrances. Observing from the cross-sectional SEM images for both Au@AAO membranes,
a small portion of the pores were having Au deposited further inside into the pore channels, arising
from the thermal vaporization process for gold coating. The experimentally measured UV-vis
absorption spectra for 200nm and 200nm pore-diameter AU@AAO are shown in Figure 4.6, which
are in good agreement with the FDTD calculated spectra with peaks between 500 and 600nm.
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Figure 4.5. Top and cross-sectional SEM images of AAO membranes with 25nm thick gold

film: @) 100nm pore-diameter AU@AAOQO; b) 200nm pore-diameter AU@AAO.



4 100nm Au@AAO
' —200nm Au@AAO
1.2
=
G
v 1.0
o
=
=
£
e
2038
=
{ L
0.6 |
04
| N | L | 1 |

400 500 600 700
Wavelength (nm)

Figure 4.6. UV-vis absorption spectra and transmission spectra of 200nm and 200nm pore-

diameter AAO membranes with 25nm thick gold film.

The gold plasmonic activation of peroxide was initially studied as a function of 523nm
LED intensity on flat SiO2 surface and 20nm, 100nm 200nm pore-diameter AAO membranes with
25nm thick gold film for O2 generation experiments, as shown in Figure 4.7. It is important to note
that all samples showed significant amounts of *dark”’ catalytic activity. The Oz generation rate for
the control experiment of 25nm thick gold film coated on flat SiO2 surface did not increase with
light intensity thus not showing plasmon enhanced photo-catalytic activity as expected. However

increased Oz generation rate was observed with increasing photon flux on the Au@AAO surface



for 20nm, 100nm and 200nm pore-diameter Au@AAO membranes consistent with photo-catalytic
activity. The 200nm pore size AU@AAO had the highest photo activity. Under dark condition
where there was no light irradiation on the AU@AAQO membranes, an increasing degree of O2
generation rates were observed for 20nm, 100nm and 200nm pore-diameter Au@AAO,
spontaneous H202 decomposition catalyzed by gold nanoparticles. [22-3% Thus, the calculation of
photon quantum efficiency (QE) for this plasmonic membrane system must subtract the dark rate
as illustrated in Figure 4.7. For each O2 molecule generated through this gold plasmonic membrane
system, 2 e” were involved and thus the QE dependency with respect to incident photon flux for
flat SiO2 surface and 20nm, 100nm 200nm pore-diameter AAOs with 25nm thick gold film could

be obtained and shown in Figure 4.8.
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Figure 4.7. Oz generation rate as function of incident photon flux under 523nm LED

irradiation for Au@AAOs with different pore diameters.



250%

| ® 200nm
100nm
200% F  ® 20nm
. ® flat Au/SiO,
5 i
=
W
'S 150% ®
E o
Q -
£
=
=100%
<
=
O o
50% |- ®
o
. @
0% : Lo e .-
0 IE16 2E16 3E16

Incident photon flux s™)

Figure 4.8. Quantum efficiency as function of AAO pore diameter and 523nm LED light

intensity.

The calculated QE for 200nm pore-diameter AAO with 25nm thick gold film shows a
surprisingly high value between 200-150%, which is beyond the one photon to one electron limit
of quantized photoexcitation. However, for AuU@AAQOs with 20nm and 100nm pore diameters, the
QEs were much lower and fell below the 100% limit. Nearly 0% QE was observed for the control
sample of 25nm thick gold film coated on flat SiO2 surface indicating that gold plasmonic activities
could only occur with porous structures, in agreement with the FDTD simulations. For thinner

10nm thick Au films on all three AAO pore diameters, low and difficult to measure reaction rates



were observed, presumably due to a non-continuous gold film from the thermal evaporation
process.

The wavelength dependence on the gold plasmonic catalytic reaction for AuU@AAO with
200nm pore diameter was studied with commercially available LEDs (460, 523, 623nm), with the
523nm source showing near 200% QE as shown in Figure 4.9. Among the three LEDs used, 523nm
LED is closest to the optical adsorption peak of AU@AAQO with 200nm pore diameter, according
to both simulated and experimentally measured spectra. This indicates that gold plasmonic reaction
for H202 decomposition is more favorable at the absorption peak, where hot electrons would be
efficiently generated at the plasmonic region around the pore entrances. Observing over 100% QE
would indicate that hot electrons remain as hot electrons after peroxide activation, hence giving
catalytic activity. However, contributions of the plasmon near-field enhancement and
photothermal effects cannot be quantified separately. Importantly there is very low photo-
activation (QE) at the transmission peak (~620nm) where near-field enhancement would be

greatest, strongly suggesting that the hot electron mechanism is dominate.
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Figure 4.9. Quantum efficiency as function of incident photon flux for Au@AAO with

200nm pore diameter, under different wavelengths LED irradiation.

The plasmonic photocatalytic reaction rate is reported to exhibit a linear dependence on the
light intensity at low intensity, and a super-linear power law dependence on the light intensity
under a significantly high intensity irradiation. 1 Our observation was that QE decreased with
increasing incident photon flux. Interestingly, a significant color change was observed on the
Au@AAOs with 200nm pore diameter after H202 experiments, as shown in the inset of Figure 9.
UV-vis spectra of the fresh-prepared and used 200nm pore-diameter AU@AAO samples were

measured experimentally and shown in Figure 4.10, which further confirmed that there was an



absorption peak shift from 517nm to 490nm after operation in H202 experiments for a cumulative
12 hours. The change in absorbance does not account for the large drop in QE. This suggests that

the surface activity of (Au®) has changed.
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Figure 4.10. Experimentally measured UV-vis absorption spectra of 200nm pore-diameter

AAO with 25nm thick gold film when fresh-prepared and used for 12hrs.

Surface state analysis of the gold thin film on AAO was conducted with XPS
measurements, and the spectra for the fresh-prepared and used samples are shown in Figure 4.11.
For fresh-prepared samples, a small amount of Au®* does exist due to oxidation during the thermal

vaporization process for preparing the Au@AAO samples. The fresh-prepared AU@AAO sample



did have an Au3*/AuC ratio of 0.23, however after running H202 experiments for 12 hours the
Au3*/Au ratio dramatically increased to 0.59 presumably forming surface Au203 on the gold thin

film.
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Figure 4.11. X-ray photoelectron spectra of Au 4f peaks from fresh-prepared and used

200nm pore-diameter AAOs with 25nm thick gold film.

Table 4.12.. The chemical composition of Au thin film on fresh-prepared and used 200nm

pore-diameter AAOs, and the ratio of Au®*/Au® before and after H202 experiments for 12 hours.

Au % 0% Au*/AUC ratio
Au®% Aut %
Fresh-prepared 63.6% 14.5% 21.8% 0.23
Used 40.3% 23.9% 35.8% 0.59

In order to prove the hypothesis, Oz generation rates over time under dark condition and
under 523nm light irradiation were video recorded for 12hrs with two samples prepared in the
same batch, shown in Figure 4.12. The QE of O2 generation over reaction time for 200nm pore-
diameter Au@AAQO was calculated by subtracting the ‘dark’ reaction rate at each time point,
shown in Figure 4.13. Under dark conditions, the O2 generation rate kept increasing during the
first 6 hours and then stayed stable at around 5ml/h, which suggests that the gold oxide thin film
could is catalytically active for the decomposition reaction of H202. This catalytic activity of gold
thin film increased over time, and we mainly ascribed to the formation of more Au203 during the
H202 flow reaction. The QE of Oz generation over reaction time for 200nm pore-diameter
AUu@AAO exhibited an increasing trend at the first 3 hours from 130% to 250%, and then kept
around 250% for another 3 hours. However, due to the oxidation of plasmonic active Au® within
the gold thin film, the QE started to drop after 6hr operation under the H202 flow reaction and

reached a low level around 120%. This long-term dynamic study of the gold-plasmon



photodecomposition of H20:2 provides strong evidence that Au20s is catalytically active and must
be accounted for in plasmonic catalysis studies. However, it is important to note that remarkably
high QE was continuously observed for about 6hrs in this Au@AAO membrane system and efforts
to extend stability are ongoing. By taking the advantages of the flow membrane system, with well-
controlled residence time of the solution flowing through the catalytic active region, a single

oxidation event can still be achieved even if the peroxide activation reaction is dominated by the

Au20s3 catalyzed reaction.
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Figure 4.12. O2 generation rate over time under dark condition and under 523nm light

irradiation, video recorded for 12hrs.
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Figure 4.13. Quantum efficiency of Oz generation over reaction time for AU@AAO with

200nm pore diameter.

To demonstrate the utility of the plasmonic flow reactor as a method to both activate the
oxidation reaction and limit it to a single oxidation event by controlling residence time, a model
phenolic compound was studied. An aqueous 3mM sec-phenethyl alcohol flowed through this
200nm pore-diameter Au plasmonic flow membrane system, in the presence of 0.6M H202, with
Au surface under 523nm LED illumination with output power of 0.153W. The solution flow rate
of 0.1 ml/min, corresponds to an approximate residence time of 2ms in the 25nm thick plasmonic

region and matches molar photon flux to substrate molar flux. 42% of the alcohol was selectively



converted into acetophenone as measured by NMR in the permeate while remainder was unreacted
reagent. The remainder of peroxide radical formed O2, reducing overall alcohol oxidation
efficiency. These initial tests show that an idealized photochemical flow system can be realized

with a gold plasmonic flow membrane system.



4.4  CONCLUSION

The plasmonic flow reactor concept has been demonstrated with over 200% QE for
peroxide activation and the ability to limit the reaction to a single oxidation reaction by controlling
residence time with flow rate and pore geometry. Periodic pore arrays of 25 nm thick Au were
modeled by FDTD simulations predicting the largest e-field enhancements for larger 200 nm pore
diameters. Shifts in both optical adsorption and transmission peaks as a function of pore diameter
were simulated and experimentally confirmed. Peroxide activation, as measured by Oz generation
was most efficient with 200 nm pore diameter system under 523 nm LED illumination. The
optimal wavelength falls near the absorption peak of Au@AAO with 200 nm pore diameter, which
is consistent for both FDTD calculation and experimental measured UV-vis spectrum. This
suggests that hot electron generated from the gold plasmonic response is the primary mechanism
for the activation of H202. However, the E-field enhancement and photothermal effects from LSP
resonance could not be completely excluded by these initial experiments, though E-field
enhancement is modeled to be a factor of only 2.7 and thus unlikely a significant factor. The QE
for the gold plasmonic flow system calculated from the Oz generation experiments was as high as
250%, which indicates a mechanism of a hot-electron activation of peroxide that leaves a still
energetic hot electron to catalytically activate multiple reactions. A confounding factor in this
system is the formation of Au surface oxides that are catalytically active in dark conditions and
must be accounted for in Au plasmonic photochemical studies. By flowing sec-phenethyl alcohol
and peroxide through an optimized AU@AAO system with 523 nm LED illumination, the
controlled single oxidation product of acetophenone was observed demonstrating the promise of

plasmonic flow membrane reactors.
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Chapter 5. CONCLUSIONS AND FUTURE DIRECTIONS

5.1 CONCLUSIONS

In conclusion, two distinct types of photocatalytic materials have been studied in the field
of wearable dialysis devices and quantized chemical oxidation reactions for precise pharmaceutical
synthesis. The first photocatalytic material studied is TiO2, and a novel urea photodecomposition
system (POUR) was developed for the efficient and selective photodecomposition of urea into N2
and COz, enabling dialysate regeneration for portable kidney dialysis. The early study focused on
the long-term stability of the TiO2 photocatalyst, as it is crucial for continuous and efficient urea
removal. Through XPS surface chemistry analysis, the formation of Ti-C bonds concurrent with
photocatalytic activity decrease was observed. To maintain the urea photodecomposition
performance, TiO2 regeneration treatments utilizing an oxidative environment were explored,
including periodic air purging and high voltage bias pulses during the device operation. With
optimized parameters, the equivalent urea removal rate reached the target level for a wearable
dialysis device over a 52-hour test. Also, it has been proven that an external voltage could facilitate
charge carrier separation within single crystalline nanowires and reduce the recombination
process, and thus the photocurrent could be increased by ~100-fold comparing to that measured
with no bias applied. After that, a more systematic and deeper study was conducted to focus on
the role of chlorine ions (CI) and chlorine radicals (CI-) as key intermediates in the photo-
oxidation reaction of urea on the TiO2 surface. The investigations of flow-rate and urea-
concentration dependencies revealed that the urea photo-oxidation reaction is not mass transport
limited but surface reaction limited, and the applied voltage was again proven to improve the urea

photodecomposition rate by facilitating charge carrier separation and minimizing recombination.



The presence of chlorine ions (CI) has been identified as essential for promoting efficient
photodecomposition, and the chlorine radicals (Cl-) were shown to be vital intermediate species
involved in the photo-oxidation reaction on the TiO2 surface.

In another material system, gold nanoparticles exhibit promising photocatalytic activities
via the localized surface plasmonic resonance (LSPR) phenomenon, which could be used in
precise pharmaceutical synthesis. A plasmonic flow reactor utilizing thin Au film at the exits of
monolithic anodized aluminum oxide (AAO) membranes was demonstrated. The system exhibited
over 200% quantum efficiency for peroxide activation, with the ability to control single oxidation
reactions through residence time manipulation using flow rate and pore geometry. The
optimization of pore diameter and LED illumination wavelength resulted in the most efficient
peroxide activation, suggesting that hot electron generation from gold plasmonic response is the
primary mechanism for H202 activation. The calculated high quantum efficiency (250%) for the
gold plasmonic flow system indicates a hot-electron activation of peroxide, leaving an energetic
hot electron to catalytically activate multiple reactions. By flowing sec-phenethyl alcohol and
peroxide through the optimized Au@AAQO system, controlled single oxidation product of
acetophenone was observed, demonstrating the potential of the plasmonic flow membrane reactor
design for quantized chemical oxidation reactions in pharmaceutical applications.

Overall, the entire PhD project encompasses two parts focusing on photocatalytic materials
for distinct applications. Firstly, we investigated the utilization of TiO2 in a novel urea
photodecomposition system (POUR) for dialysate regeneration in portable kidney dialysis, with a
specific emphasis on long-term stability and regeneration treatments. After that, we systematically
examine the role of chlorine ions (CI) and chlorine radicals (Cl-) as key intermediates in the photo-

oxidation reaction of urea on the TiOz2 surface to gain insights into the photocatalytic mechanism.



Secondly, we explored the promising photocatalytic activities of gold nanoparticles through
localized surface plasmonic resonance (LSPR) in a plasmonic flow reactor, demonstrating efficient
peroxide activation and single oxidation reactions, particularly applicable in precise

pharmaceutical synthesis.



5.2 FUTURE DIRECTIONS

For the future work on the TiO2 mechanism study for urea photo-oxidation reaction, a more
detailed and complicated computational modeling will be conducted with DFT simulations for the
urea photo-oxidation at the TiO2 surface via CI/Cl- as the key intermediate in reaction pathways.
No research group has been reported to study the mechanism for urea photo-oxidation with TiOz,
but for the synthesis of urea from N2 and CO2. Figure 5.1 shows the free energy diagram of urea
production from a theoretical DFT calculation and Figure 5.2 illustrates the proposed reaction
mechanism of urea production, which can be considered as the reversed reaction for the urea photo-
oxidation in the TiO2 system. With DFT simulations done on the urea photo-oxidation process, we
will be able to further confirm our proposed reaction pathway shown in Figure 3.8, as well as the
role of chlorine ions (CI") and chlorine radicals (Cl-) as the key intermediates in urea photo-

oxidation reaction.
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Figure 5.1. Theoretical calculated free energy diagram of urea production with DFT simulations;

reproduced with permission from ref [1]. Copyright 2020, Springer Nature.
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