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Recently the claim for green and renewable energy sources has increased. In addition,
spreading of personal electronic devices requires more powerful portable power sources.
Micro fuel cells (u—FC) are considered as the best candidate for these purposes. The energy
density of fuel cells, which use external hydrogen fuel, is higher compared to existing
batteries. Unlike to existing batteries, u—FC can continuously produce electricity as long as
external fuel is supplied. However, this external fuel supply causes difficulties in making
portable FC.

The objective of this work is to develop a novel solar light driven self recharging
micro—fuel cell device that would provide enhanced power output and efficiency. Specifically,
the objectives are to develop a solar light driven internal micro fuel (H,/O,) generation
system and combine it with a p-FC device utilizing specific properties of
micro/extended—nano spaces.

(2) FrETREER

(D Establishment of a new approach for the fast proton transport and separation.

@ Design, fabrication and first time working principle demonstration of the internal fuel
supplier device.

@ Design, fabrication and first time working principle demonstration of the u~FC device
based on nanochannels.

@ Design, fabrication and first time working principle demonstration of a totally

integrated device.

(3) MWFFEERMNE K OB

The photocatalytic water splitting is a well-suitable approach for the internal micro fuel
generation device. Formerly, such kind of combined devices could be driven by the solar
energy, where the separation of the generated protons (#/9), O, and H, is required.
Conventionally, such separation is possible by utilizing proton exchange membrane (PEM),
but there are many difficulties occurring in the PEM integration process due to its low
mechanical strength and deterioration in quite a short working time. On the other hand, our
laboratory has already reported on the unique properties of extended—nano space made in
fused silica substrate. In response to this issue, we proposed a new concept device that
combines an u-FC with an on—chip micro—fluidic system for hydrogen generation via
photoelectrochemical water splitting (X 3.20).

The device consists of two parts: an internal fuel generation and a fuel cell. The both
parts are integrated in one closed system based on two microchannels which are bridged by
the system nanochannels arrays (for /4 transfer and separation). The fuel generation part
contains an integrated TiO, based photoanode and a Pt cathode. The fuel cell part consists
of a composite Pt—Pd anode and a Pt cathode. The working principle is based on four steps:
1. H,0thv—1/20,+2H'+2e7; II. 2H+2e — H,; III. H,—2H'+2e”; IV. 1/20,%2H'+2e
— H,0. For the successful implementation of the proposed self-recharginh light
driven micro—fuel cell device a few important issues must be solved.



3.20. Conceptual sketch of the proposed light driven micro—fuel cell

For the successful implementation of the proposed light driven micro—fuel cell device, a
stable proton transporting media is needed instead of the PEM. At first, two—dimensional
nanochannels array was proposed as a /* conductor and separator. We designed and
fabricated the nanochannels devices on fused silica substrates. These devices consist of two
U-shaped microchannels bridged by a nanochannels array, with different equivalent
diameters for each substrate with a constant length of 400 um. In the next step, a series of
experiments was performed to directly verify the A’ diffusion rate in the extended
nanochannels array with the help of a pH—sensitive fluorescent probe method, when proton
mobility was derived from the diffusion coefficient. The maximum value of /" diffusion
coefficient was detected when the nanochannels size decreased to 180 nm, and the result
was ~5 times higher than the bulk value ([¥] 3.21).
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3.21. (a) Schematic illustration of the nano—channels device, (b) SEM image of the two
nano—channles with an equivalent diameter of 330nm and (c) Proton diffusion coefficient for
nano—channels sizes in the range of 180-1580nm (the inside image corresponds to the
proton diffusion mechanism in the nano—channel).

Next, the internal micro—fuel supplier device based on photocatalytic water splitting was
developed and realized utilizing the top down and bottom up technology. The device
structure is shown in [X] 3.22. It consists of three main parts: photocatalytic water splitting
system based on the TiO, brush type nanorods structure, /" transfer and H,/O, separation
system based on the extended nano—space, and the gases liquid separation system. TiO,
photoanode and Pt cathode are integrated into the micro channels by the GLAD technique.
The micro channels are bridged by extended—nano channels (equivalent diameter 180nm),
and finally the shallow micro channels, which are located parallel to deeper micro channels,



are partially modified by a fluoropolymer solution for the gas—liquid separation (see [X] 3.21
for details). Then, the low temperature bonding technique was used to finalize the
micro—fuel generation device.
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3.22. (a) Photo of the micro—fuel supplier device for internal H,/O, generation. SEM
image of the central part of the fabricated device, (b) Snap shot of the H,/O, gas generation
and separation process during solar light illumination, and (c¢) Rate of H,/O, production
under the same conditions.

When the solar light illuminates the photoanode, water can be photocatalytically
decomposed to O,, H" and e". Proton is transferred to the Pt cathode through the
extended—nano space and then H, is catalytically produced. Then, the generated gases are
separated with the help of hydrophobic shallow micro channels due to Laplace pressure,
which prevents the water introduction but enhances the generated gases introduction to
hydrophobic shallow micro channels. During these processes, the generated gases cannot
be introduced into the extended—nano channels due to a large Laplace pressure there. In
this work, we developed a new TiO, brush type nanorods structure and successfully
integrated it into the micro—fuel generation device in a form of a photoanode for efficient
H,/0, generation. With our new TiO, photoanode and chip fabrication methodology, H,/O,
generation and separation under the solar light illumination were demonstrated for the first
time with STH of ~0.05%.
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3.23. (a) Photo of the fabricated u—FC device (the image below demonstrates
the main u-FC module), (b) Power density vs. nano—channels diameter and (c)
Power density vs. number of the nano—channels in the u—FC device (nano—channels
diameter is fixed at constant value of 180nm.

As we described before, p—FC usually consists of a proton exchange membrane which
serves as a proton conductor. However, there are serious problems in the p-FC
development: the PEM deteriorates and fuel crossover gets worse with thinning of the PEM.
For this reason we proposed to use two—dimensional nano—channels where we detected the
enhanced proton mobility. Photo of the fabricated device is shown in [¥] 3.23. It consists of
two main parts: a catalytic system based on Pt/Pd and a Pt microelectrode integrated in the
micro—channels of the u—FC and /" transfer system based on the extended—nano space.
The Pt/Pd anode and the Pt cathode are integrated into the micro channels by the GLAD
technique. The micro—channels are bridged by the extended—nano channels network for
efficient proton transport. Then, the low temperature bonding technique was used to
finalize the micro—fuel generation device and the working principle was verified. As we
expected, the highest power density ~25uW/cm? was realized at the nano channels size of
180nm. 3.23 (b—c) shows the behavior of the power density vs. the number of the nano
channels in a MFC device where nano—channels diameter was fixed at constant value of
180nm. The both of these results clearly demonstrate a possibility of the device
improvement by changing the diameter and the number of the nanochannels.
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3.24. Snapshot of the totally integrated device, experimental set—up and power output
results from the self-driven u—FC device.

In the next step, we combined the fuel generation system with the p—FC device in order
to create a self~driven u~FC device on a one-microfluidic chip platform ([X] 3.24). The
whole device was fabricated on a fused silica plate (30x70mm) with the help of the top down
and bottom up technological processes. In order to verify the working principle, electrolysis
of water was used for H,/O, generation. For the working principle verification of the
fabricated device, the following protocols were used: 1) Aqueous solution of 0.1 M H,SO,
was introduced into the device as an electrolyte; 2) H,/O, generation by electrolysis of
water was conducted by applied bias voltage of 1.8V; 3) During the water splitting process,
simultaneous chronoamperometric measurement at the fuel generation part and p-FC part
was conducted using two independent potentiostats and these results are presented in
3.24 (left part). At first, we started H,/O, generation for 550 sec and ~ 33 nL of H, was
generated. When H,/O, from the fuel generation part reached the u~FC part due to gases
diffusion process in the microchannels, the output power density reached the maximum
value of 0.2 pW/cm?. In order to verify gases utilization rate in the p~FC part, we stopped
H,/O, generation at certain time (See [¥] 3.24). The u~FC stopped to generate electrical
power after the total working time ~900 sec at a certain time rag, and ~ 3 nL. of H, was
consumed in total. From these results, we can conclude that the working principle of the
totally integrated device was verified. However, the consumption rate of the H, was ~ 9 %.
Thus, presently, we are optimizing the totally integrated device to reach a higher power
density output and a higher H, consumption rate.
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"Development of a NMR chip for chemical reaction analysis in nano space™

L NIy —
RAL—E, Fo3E e~ Arma-F )3 AT MMFZE4 (2011466 A)
" RS RIS AR LT T e B S L AL T & D WG S e il g s

PeAe A — B8, RS PSRN, 78 EIRRAy . ALARIEZ

SRGERVE, HARZERIEEHS (201 14E7H)
"wAraT TR — DR E"
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

ARIiTEIEE

Springer Best Poster Award, 37th International Symposium on High-Performance
Liquid Phase Separations and Related Techniques (HPLC2011 Dalian) (2011410 H )
"Development of Polymer-Modified Extended Nanospace for Novel Separation Device"

Jr Kl S
BEHRAL —FE, F1h] CSI{LFT7 =A% (2011411 H)
"B ENT IV EAE O RE T /22N T A R B AL DB 3

DIRIUEIN

Best Poster Award, 1lth Asia-Pacific International Symposium on Microscale
Separations and Analysis (APCE 2011) (20114F11H)

"DEVELOPMENT OF METHOD FOR FORAMATION OF AQUEOUS-ORGANIC
TWO PHASE PARALLEL FLOW IN EXTENDED NANOSPACE"

HR R HE =
BHRAL—H. 25U~ A0 F )V AT SRS (2012455 H)
" AR DT O DK TR BEFR AR T A ADBASE"

(L R
EFRAL—E, 25t~ AraF )3 AT M54 (2012465 )
"SGR L R 2 2 ) T L A Ve AR D~ A 7 e ZE [ N B A R O BR

/NI
HFARAL—E, BARGHLFERE 720158 b5 Eme (2012485 H)
"Creation of a cell-based separation microdevice using renal tubule cells”

Junpei Katagiri

BEST POSTER AWARD, 28th International Symposium on MicroScale Bioseparations
and Analyses (MSB2012 Shanghai) (20124104 )

“Development of polymer-modified extended nanospace for high-efficiency protein
separation”

N7

Springer Bronze Scholar Award, The International Symposium on Microchemistry and
Microsystems 2013 (ISMM 2013) (20134E5 /)

“Development of Ice Droplet Collider for Chemical Reaction by Kinetic Energy”

FEIEFNE
LS~ AT T )V AT NS E (201 34E5 1)

R
HTFEFHFAS—REKE, T /525 1L AR (201346 )

SERSEETREA
EFHRALZ—3FE, 6 3 [0 CSIbF7 =A% 2013(20134£10 )
DLk 22 AR U BB E) - PR AR 7 DB

R

Best Poster Award, HPLC 2013 Hobart (2013411 1)
“Study of pressure driven flow profile in extended nanochannel by evanescent
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wave-based particle tracking method”

21, EHEH
CHEMINAS Poster Award, ISMM2014 , Singapore (201447 H)
"Measurement of Proton Concentration in Bio-mimetic Extended Nanospace"

22. LRI
H ARk 2 B2 E (201344 H)

23. Adelina Smirnova
Best Poster Award (honorable mention), HPLC 2014 New Orleans (20134£5 A )
"Reversed Phase Chromatography in Extended Nanospace for Amino Acids Separation”
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PP

®F DA
B

- 58 -



(6) 5 2 112 BH =431
OEAkIZATTORER

Ot BT EATES

B

- 590 -



§5 WFFEHAR T DOIEE)

5. 1 FERU—Ivav? YURITL, TUN—FEOIEE)
HFHH i Bl SIMANE [
2010/3/18-19 | F /-~ AL HERET | )IIGTHPEZE K200 N | FRE1)
PNAREBEL VRV T A | IRBLSEE
2011/9/17-19 |F R A B R 70/ |AAIBM |50 | FiE2)
FGh(Pr~—Fy ) RYRAHR— I
AT yR
2012/8/13 Uppsala Univ.-UT A = —T |20 N | FRE2)
joint seminar VeSS
K
2012/8/15-16 |ETH-UT jointseminar on | A1 2 « 21 [#540 N | F&2)
microfluidics 2 TR
RKETF 22—
Ut
2012/11/3 Joy talk with world|®E k% [£30 A | Fat3)
reader of microfluidics
2012/12/14  |Fundamental Studies of |2 > H R — %50 A | Fz£2)
Extended Nano and|,  .{Fpes
OptoFluid Engineering Tz
2013/3/26-27 |JSPS Core-to-Core | T K% |9 180 A | F&24)
Program and Specially
Promoted Research Joint
Symposium
2014/1/16 PR A EKE A O ERERE |30 AN | ABENKFEO Fan HiRE
T2~ AT VAT 4T A HIBL5 R TEV,
2014/2/3-4 |G B AR B4y | BOERE [KB0 N | TAATINSLKRFD E. S
Ttk Yeung iz AL 2
TEVV=,
2014/7/2 World Lecture Series on |73 & X 7| #7200 A | F3C5)
2014/8/1 Micro/Nanofluidics PEEAYE R | (E)
2014/8/6 L
2014/9/2
2015/3/26-27 | International Workshop | 38 T Kk 2%2/N[#) 100 A | FEC6)
on Extended-Nano | g&— 1
Fluidics (IWENF) 2015

1. e EL AL —F R —F—% D ISPS F et~ A7 F MU E BB FE L 5
FEIZBWT, ERT /22 ) O TR 2Rt 5720 B R AR FRRE RS, B T
HERF . W KFPON KRNI RS-y — 7 A GRS ER) L TR L wR
T AT, RS TR O 5y B R e T H DA — ANTU T KD John
Ralston Zid%72E | YEET /T A AZBE L= &b THEA IR E A LT-b D THY , K
CREST HEDEMDT-DIZHLEDLD TERBDOKERV VRV T L THD,

2. ERRISPS F3EITHNT, RKCREST HH# DAL/ N —T % FulaET 5 B A AL /N — L 25 iF
TES»E O W G (AT 2 —T 2« 7T RKF A A AL A TR KT 22—V
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e A —ANTUT FA—ANTU T R KEIBM TN AL, 2 TR — L - PR T
KEF) OWFRE OB TERMLIZ, RFEORHOZDIZLEZDD TEROKEEIF—Th
%o FHCE TR 2405 CH H MISh 2 R FEDIRE B L OTEEE TOMm O A%
1To721EM AT ERI O IEREBI & G L~ A7 1 JEET AR T /A A% V- B —Fife -
B ~OEIZOWTH WO AR Z R R, AT L0 IT5ma KL 7,

AT OFART RAZRD I CH LI AT =—F o« )L R KD Thomas Laurell ZidZ 23781 .
H & ORMAIPECHF ST E DWW T2 W 2 BI T —ThY | BRI E DB I > T
FEFIIRERBEREOHLEI S —L70o7,

. 70 JSPS D [E FEMFFEHL s 3 6 L OV IHEEMF SR O TIZERL T, 225D 7 vy =/ T1EH
NI R A RIET DL, a7 oW s B L OB B TR A2 — R4
DUFGEE AR TR TR ORE ROV TERETRO - EES Y VARV T A Th 5, FM50 5 100
A OB MEHEEE L, CREST MF7EOHEEIZ L > THID THBEO KX/ BIF— LTz,

. X CREST FEIBIN CHFZERFRE 215500 TS B R AR FE R R T - B R R B LY
BURKF KGR TR - By M T 2R L & ICFHE L 7= 24 [m O ') — T, v (/1.
T RO 53 B CIG T A A E 4 e e 2 R L R ZKFE L 7=, SMBBIE~R2
00 NLL LB INEZEHB L., TOEEIIEEDIIEE THoT-ZL0 b, ~ A7 JLiET ik
KL FOPFEE~DICHEHMET D L THEREI S —L7oT,

JIST DOEBE IR B A2 T TR L= — 2 ay T EET ) INAT AT AD I T —< b
L7-EBESHSEL I A T TRRMEL 72 O Th D, TERMICE L 72 FE 8 D Dt R S
DOWFIEHEET L6 AZREEL, JERET /T NAT 4T AT A — DAL i e RO DT LN TET,
ZDRER FUFRHKFO Levent Yobas HBdZo ) 7 4V =7 KV A3 — 3T D Sumita
Pennathur #% . KIRKF DI GRBEBZ S 21T &L TR LD FHE 2 LT HICE -
Too RFFET BT 27 FO R R Z L —HRIZABR T 572107 TR AR DR~ A0
STELV)ETFISZDOESI-, TP 7 METIZHIGLWEIF—L7r o7,

§6 Et&IC

YLER T /2 LV IR KOS ORIV INE AL 7 e 2B L T SO T A A%
RHTDENIEEITHELRIZRITIETHY, BAFE BARLLTZ4D DT ASAZANT B IEH TR =
—LDHHNE TdD, TDOIIRRILO | HFUE B SN T A A EILL T, EHITH
HHIMEREZ A T 2N — T S A 2D Il LA A T T AR SR DA 1Ty & B 2§,
Eo, FERIHEENTIE RS L T R BN A R BH § 5 ZLIC L TR AR 5287 [
TR7REE PN TET,
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