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Topic 1 : Solar Light Driven CO, Reduction into Fuels
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Nano material synthesis for green energy application

CO, conversion into organic compounds, K. Honda et at., Nature 1979, 277, 637-638.

Visible light photocatalysis in N-doped TiO,, R. Asahi et al., Science, 2001, 293, 269-271.
Formation of hollow nanocrystals, P. Alivisatos et al., Science 2004, 304, 711-714.

Ideal combination for CO, conversion, C. Grimes et al., ACS NANO, 2010, 4, 1259-1278.
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http://pubs.acs.org/action/showImage?doi=10.1021/nn9015423&iName=master.img-014.jpg&type=master
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Bandgap engineering:

Pt, Au, Cu, NiO...

doping/cocatalysts/sensitizer/quantum dot

Coating techniques (thin-film)...CVD, PVD, electrochemical deposition, sputtering

TiO, as a reference and standard material:
non-toxicity, high photoactivity, mechanical stability, low cost,
favorable overlap with the UV portion of the solar spectrum




Reactor Design for Photocatalytic Gas Phase Reaction

Chem. Comm. 40 (2006) 4236 - 4238
JACS 129 (45) (2007) 13790-13791
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Chem. Comm. 2011, 47 (9), 2613 - 2615
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J Catalysis, 2012, 289, 62-72
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Gas Phase Flow Reactor System
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Distinct Features of Reduced Titania

» Surface defects, oxygen vacancies (V,) and Ti* ions:
« Responsible for new shallow or deep mid gap energy states
« Also acts as electron/hole traps rather than a recombination center
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Interaction with CO,

* Chem. Soc. Rev. 44 (2015) 1861-1885.

Pure TiO, Reduced TiO,
. *J. Mater. Chem. A 2 (2014) 12642.
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| » Oxygen vacancies (V) offer chemical adsorption sites for CO,
» V, favours the dissociation of CO, on the surface of TiO,

» Oxygen deficient surfaces are more thermodynamically favourable to adsorb CO, than
defect-free surfaces

. . Defect sites promote the adsorption and dissociation of water on the surface of TiO,
Interaction with H,0 I » Under illumination and in the presence of CO, and H,O vapour, more bridged HCO; and
HCOOH species were formed on defective TiO, than on defect-free TiO,, according to an
in situ DRIFTS study
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High-Rate Solar-light Photoconversion of CO, to Fuel

: Controllable Transformation from C, to C, Products Energy Environ. Sci., 11 (2018) 3183 - 319
E . -
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Photocatalytic CO, reduction results
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R.E. Schaak et al., “A total synthesis
framework for the construction of
high-order colloidal hybrid
nanoparticles,” Nature

Chemistry 2012, 4, 37-44.

CO,, Water, and Sunlight to Hydrocarbon Fuels:

Energy &

)
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A Sustained Sunlight to Fuel (Joule-to-Joule) o 10 1/nm

Photoconversion Efficiency of 1%
Energy & Environmental Science (2019) 12, 2685 - 2696

Figure 1: HR-TEM image of Cu; gy-Pt-g 354-BT
(inset showing SAED pattern of region encircled with yellow)

s The presence of Pt and Cu-Pt alloys is confirmed from the d-spacing of the lattice
fringes, which are 0.23 nm (111) for Pt and 0.22 nm and 0.18 nm (111) for Cu-Pt
s XPS analysis also confirms the presence of Cu-Pt nanoparticles
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Fig. 2 Comparative methane evolution, UV-visible DRS, and PL spectra. (a) Effect of sample
composition and structure on CO2 photoconversion to CH4 vyield. (b) UV-visible diffuse reflectance
spectra (DRS) indicate an enhancement in optical absorption with Cu—Pt nanoparticles, with
absorption increasing with Cu content, and (c) PL spectroscopy indicates a better charge separation is

observed for bimetallic deposited blue titania sample.

Energy & Environmental Science (2019) 12, 2685 - 2696
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Cu,O-reduced-titania (RT) Z-scheme Heterostructure

Synthesis Scheme

d Why Cu,O-RT heterostructure is unique????

Interface is formed at electrons enriched defected core (white arrows
fig(a)) as shown in the HR-TEM fig(a-c)

C

* Unlike core-shell structure, both catalyst can take part in the reaction

NaBH4 Q
P25
) 350°C p
O +  Enriched electron density at interface avoids the Cu,O oxidation

uonisodapojoyd n)

1.00 wt.% 0.25 wt.% '
<

HR-TEM of RT-Cu,0

Applied Catalysis B: Environmental, 279 (2020) 119344



Photocatalytic CO, Reduction over Cu,O-RT Z-scheme
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Fig. (a) Comparison of CH, evolution over a 6 h test for P25, RT, and RT-Cu,; (b) CH, evolution for variable
reduction degree from slightly reduced RTs-Cu, ;5 to highly reduced RTh-Cuy ;5.

Better charge separation, increased light harvesting and strong redox potential translated to 0.13%
photoreduction of CO,, fig(a)

Optimum metal deposition (Cu = 0.75% ) and defects (Ti%*,V,) are essential for better performance, fig(b)

Synergistic effects of Cu,O Z-scheme with RT, guarantee the efficient CO, photoreduction

Applied Catalysis B: Environmental, 279 (2020) 119344
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Stability for Photocatalytic Reduction of CO,
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Proposed stability is evident in CO, photo-reduction fig(a) for 7 cycles (total 42 h)

Oxidizing h* on Cu,O are quenched by e-from the RT as shown in fig (b)

Amorphous interfacial layer ensures the supply of e~ to quench Cu,O oxidizing h*

Charge transfer/separation and CO, reduction performance/stability confirms

stable Z-scheme heterostructure of RT and Cu,O

Applied Catalysis B: Environmental, 279 (2020) 119344
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Topic 2: Hydrogen Production by Hybridization of Microbial Electrolysis Cell and photoanode

STEAM METHANE REFORMING

NATURAL GAS
AND STEAM

,,,,,,, 7 * Microbial Fuel cells (MFCs) Exoelectrogens
-l @

- Carbon brush bioanode

‘_' Pt-catalyzed air cathode

02H402 G 2H20 — 2002 + 8e + 8H*
0, + 4H* + 4e" — 2H,0

Pséudomonast
aeruginosa .

» Carbon brush
Pt-catalyzed bioanode
air cathode

External resistance (1000 Q)

MFCs produce electricity with decomposing
organic matter (in wastewater).




0.6 C e A1C] = pASC2 == p4C2 = ARC3 Table 1. Summary of causes of power overshoots in previous studies.
Power overshoot Causes of power overshoot Previous study  Ref.
Increase of internal resistance, leropoulos [9]
ionic depletion etal., 2010
; 0.4 - Increase of internal resistance Liu et al., 201 [10]
e Inadequate scan time of discharge test, insufficient Winfield etal., [11]
g, inoculation of bioanode, limited organic concen- 2011
E tration
"o" Inadequate scan time of discharge test Watson and [12]
> Logan, 2011
0.2 4 Poor acclimation of microbes Hong et al., [13]
20m
Poor acclimation of microbes Zhu etal., 2013 [14]
Elimination Lack of anodic capacitance Peng et al., [15]
2013
High substrate utilization resistance, Nien et al., 2011 [16]
0.0 : ¥ high electron transfer resistance
0 2 4 6 8 Electron Depletion This study
(deduced as regards of causes from previous stud-
Current (mA) ies, because all causes affect to production of elec-
tron)

Fig 7. Power overshoot on MFCs

The power overshoot is defined as a “doubling back” of the voltage and power curves

toward lower currents, rather than increasing to the expected higher current.

Ax-Cy: A means anodes and x is the number of anodes

C means cathodes and y is the number of cathodes (A3-C2, A4-C2, and A4-C3 MFC).
Power overshoot is eliminated by using more anodes.

In Seop Chang and et al. ChemSusChem 10, 612 (2017)
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Proatatvaad catiions [_]H, production [mmol m= h'] X3 CO,production [mmol m= h'] Coulombic efficiency [%]
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Fig 13. H, & CO, production rate, and

_ Additional electron supplier for coulombic efficiency
electron depletion on cathode

« MECs under dark showed a gas production rate 1096.809 mmol m= h-t H, and 97.816
mmol m-3h-1 CO.,.

« hybrid MECs showed a gas production rate 1434.268 mmol m= h-t H, and 84.894 mmol
m-3 h-1 CO.,. (30.76% H, production rate improvement)

« Columbic efficiency of MECs under dark showed 26.99% and that of hybrid MECs

showed 35.30%. (8.31% improvement
b ( ° P ) Su-Il In and et al. Energies 11, 3184 (2018)



Topic 3: C-14 Powered Dye-Sensitized Betavoltaic Cells

ChemComm

™ ROvAL SOCIETY
o OF CHEMISTRY  E27CRICATION

Chemical Communications (2020) 56, 7080-7083
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Betavoltaic Cells

YIS HA
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Technology trend I N
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e B P Beg:m N-type Load
pair

e

[Fig. 1] Commercialized betavoltaic battery and its operating principle.

Necessity of betavoltaic battery

With the recent development of portable devices and electric cars, the demand of
long-lasting batteries increases.

Present lithium-ion batteries have constraints of frequent replacement, periodic
charging and energy efficiency.

The big problem is the increasing amount of battery waste as the days go by.

The study of the next generation of long-lived batteries is very important.
Betavoltaic batteries are attracting a lot of attention as one of the next-generation
batteries. Beta electrons from implanted radioactive isotopes collide with
semiconductors and generate electricity.

It can supply the power by its own for a long time.

(Low efficiency, complicated fabrication process and high cost are disadvantages)




Technology trend

Betavoltaic battery technology: generation and

growth

1953

1972

with betavoltaic battery

]\ ~1980s
1990s >|

First betavoltaic battery development

Development of artificial pacemaker

83Ni betavoltaic battery
A, widetronix)

2000s

1991-1995
Development of
betavoltaic battery using
semiconductor material

2005 PR
® commercialization of ? Q.,;',,

3H betavoltaic battery 2020

technology wn | World's first

(USA, City Labs) O dye-sensitized

AN | petavoltaic cell
2009 Q|
. A evelopment
Secure original technology of (DGIST, Su-il In)

///."S\
2012 | NT @
Development of World’s
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technology

(Korea, KAERI
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2018
Development of 83Ni betavoltaic
battery technology
(Russia)
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Technology concept and features

Structure and principle of betavoltaic cells using radioisotope quantum dot nanoparticles

New generation Radioisotope carbon quantum dot electrode
Dye-Sensitized Perovskite Quantum Dot .
Solar Cell Solar Cell Solar Cell g ye-SeIns_ltléetill ) )
etavoltaic Ce - C-14 nanoparticles in the cathode have dual role as counter
1991 2009 2012 2020

electrode material and radioactive source which simplify the

Beta radiation source carbon electrode . .
sEmEEREREN, device architecture.

Radiation absorber Ru2*/3+ O

(dye - In addition, it improves performance by increasing the degree of

radiation integration through C-14 nanoparticle as a beta source.

Messsnnnnny

YpEEEEEEEEEEEEEEEEEEEEEEEER®

; Radiation absorber (dye)
§ e- - There are enhanced electron generation and transfer by
¢ L é utilizing the N719 dye in the radiation absorber.
<. ’l-"’. et - The simple fabrication process brings 20~30% cost savings.

[Fig. 5] Schematic diagram of DSBC using radioisotope quantum dot nanoparticles.
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Feature point of this technology

Voltage, current and efficiency analysis of betavoltaic cells using radioisotope quantum dot nanoparticles

(b) (c)
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[Fig. 9] Comparison of blank cell (no dye/no radiation), dye-sensitized cell (dye/no radiation), betavoltaic
cell (pristine cell, no dye/radiation) (no dye/radiation) and dye-sensitized betavoltaic cell (dye/radiation):
(b) P-V characteristics (c) J-V/P-V performance comparisons among the N719, N3 and SQ2 dyes (J-V:
straight line, P-V: dotted line).

The DSBC showed an efficiency of 0.48% with the short-circuit current density (J,.) 12.75 nA/cm?, and the open-circuit voltage (V,.) 29.2 mV.
The DSBC generated 3.2 x 10 times more mobile electrons than those generated only by beta radiation due to the electron-impact multiple
ionization or secondary ionization.

The DSBC system using the N719 dye had a maximum power density of 0.095 nW/cm? with an energy efficiency of 0.48% because of the

metal-ligand charge transition(MLCT) and difference of degrees of protonation compared to organic dye(SQ2) and N3.



Feature point of this technology

Stability test of betavoltaic cells using radioisotope quantum dot nanoparticles
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[Fig. 10] Stability of the DSBC-N719 device: (a) J,. and V,.and (b) efficiency.

The stability of a DSBC-N719 over 10 hours period was measured to be 12.75 nA/cm?at 29.2 mV.
The fluctuation in J,. and V,.may be due to a variable beta electron emission rate.

The internal structure and design of the cells are suitable and stable.
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Topic 4: Nano-Bio Hybrid Science and Technology
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Drug misuse/overdose and environmental pollution

Pain Killer Overdose

Deaths from drug overdose have been rising steadily over the
past two decades and have become the leading cause of injury
death in the United States.

9outof 10

p
result of drug
overdose

0f the 22,134 deaths relating to
6.497 (300/0) prescription drug
Benzodiazepines 2010.16.,651 (15%

opioic s (3
16,651 (15%)

Opioid Analgesics
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Introduction

Acupuncture therapy

Cutancous afferent nerve
Free nerve endings— _
Merkel disc ending T - < Lymph vessel

Meissner’s corpuscle ; f : R

Ruffini’s corpuscle Artery and arterioles

Pacinian corpuscle Nerve and branches

Muscle spindles

The invention of acupuncture as a
therapeutic treatment is traced as
far back as 6000 B.C., originating
with the insertion of sharpened
stones at specific acupuncture
points.

An acupuncture device is made by
metal acupuncture needles,
including those of gold, silver,
copper, and stainless steel.

We hypothesize that an increase in
needle surface area with no
significant variation in needle
diameter may lead to increased
interactions of surrounding tissue,
leading to enhanced acupuncture
stimuli. -> autoimmune system

Evidence-Based Complementary and Alternative Medicine 2012 (2012), 429412



Brief History of Acupuncture

Stone Age BC500 2016 2017
‘ i ]
Qe Ho|(He Nanoporous
X|H7HEZE) Acupuncture
bt He
Q20| E2

EfOF%tCHE T2

Proof of oncology
treatment

Hierarchical Micro/Nano-Porous Acupuncture Needles
Offering Enhanced Therapeutic Properties

Scientific Reports 2016, 6, 34061

Enhanced Therapeutic Treatment of Colorectal Cancer

Using
Needles

Surface-Modified

Nanoporous Acupuncture
Scientific Reports 7 (2017) 12900
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- SEM (Scanning Electron Microscope)

(@) Conventional stainless steel
needle
(b) Porous anodized needle
50 pm IR (C) Enlarged image of (b)

— el (d) Cross-sectional image of the
FATRE porous anodized needle.

' Insets of (a, b) show needle tips.
One can see that the pores are
conical in shape, tapering in size
from 3.0 y m at the surface to
0.05 u m, with a cone depth
varying from 1.0 to 2.6 y m.

No formation or loss of any
element in the acupuncture
needle is detected, assuring that
electrochemical anodization
doesn’'t change the chemistry of
the acupuncture needle.
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IT. Neuronal activity
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Conventional PANs

Conventional and PAN groups show increased neuronal activity to needle
stimulation (after) compared to before stimulation (*p < 0.05). In addition, PAN
group shows a significant increase in stimulationinduced neuronal activity
compared to conventional group (#p < 0.05).
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% Changes of Tremor Activity
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- Early stage colorectal cancer (CRC) gene expression analysis
and aberrant crypt foci (ACF) formation

a . Normal

ACF

No. of total

g5 845

e > I
h S h S 'h

I I I i I

1 12 13 14 IS I6

ACF mcrease in crypt multiplicity with time, and thus are accepted as a
predictor of tumor progression

The mean number of total ACF in 12 was 31.0+ 12.5

The ACF count dramatically decreased to 0.8 + 1.5 ACF/colon in I3,
demonstrating that PN at HT7 acupuncture significantly inhibits AOM-
mduced colonic AC formation

The reduced ACF number 1s, presumably, closely related to the recovered
expression of genes altered by AOM exposure.

3 crypts

Average number of ACF found in each group. The
experimental conditions of initiation groups 12-16, all at
early stage CRC, are as follow: 12 = positive
control(AOM injection only); , I3 = CN acupuncture
treatment at HT7 point; I4 = CN acupuncture treatment
at SIS point; IS = PN acupuncture treatment at HT7
point; and ; I6 = PN acupuncture treatment at SIS point.
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- Analysis of tumor size and cancer biomarker (CEA)
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Figure 3

(a) Average size of tumors identified in the colon of animals trom each experimental group.

(b) Expression of the circulating colorectal cancer biomarker. CEA. All animals were treated by acupuncture at acupoint
HT7 every day for 40 weeks after the last azoxymethane (AOM) injection. M8, positive control; M9, treated with the
conventional needle (CN); M10, treated with the nano-porous needle (PN). Maturation groups M7-M10, all at late stage
CRC. have experimental conditions: M7 = negative control (no treatment); M8 = Positive control (AOM injection only);
M9 = CN acupuncture treatment at HT7 point; and M10 =PN acupuncture treatment at HT7 point.

The average tumor size observed m M10 was significantly decreased from
that of M8

Figure 3b shows a significant decrease in the average CEA concentration
i M9 and M10 compared to MS, providing further evidence as to the
efficacy of acupuncture treatment
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