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Abstract

In this study, the proton exchange membrane water electrolyzer (PEMWE), which is
expected to be a technology to produce hydrogen from renewable energy derived
electricity with large power fluctuation, and the direct formic acid fuel cell (DFAFC),
which is expected to be a technology to directly generate electricity from liquid hydrogen
carrier, which is an efficient method to store and transport hydrogen, which is difficult in
gas form. Both the PEMWE and the DFAFC have the gas-liquid two-phase flow of the
supplied liquid and the gas generated by the electrochemical reaction in the anode porous
media, and the gas-liquid two-phase flow is thought to cause a large mass transport loss.
Therefore, I aimed to elucidate the multiphase mass transport phenomena in porous media
to further elucidate the mechanism of electrochemical reactions and to further improve
the reaction efficiency in these devices.

As for the DFAFC, visualization of the CO2 bubble distribution in the DFAFC during
power generation will be useful for developing technologies that lead to increased power
output. However, although there are some previous studies on the distribution of gas and
liquid in DFAFC, most of them focused on the distribution in the channel, and there is no
report on the distribution in the porous transport layer (PTL) as far as [ know. In this study,
we measured the power generation characteristics of two types of anode PTLs, carbon
paper and carbon cloth, and visualized the distribution of CO2 bubbles in the anode PTLs
of DFAFC during power generation using an X-ray computed tomography (CT) system
to investigate the effect of CO2 bubble distribution on power generation performance.

As for PEMWE, clarification of the oxygen transport mechanism in the anode will
be useful in developing technology to reduce the anode mass transport loss. It is also
desirable to reduce the amount of catalyst loading, which requires clarification of the
oxygen transport mechanism in the region closer to the anode catalyst. However, to the
best of my knowledge, there is no report on the experimental investigation of the oxygen
transport mechanism near the anode catalyst in PEMWE. In this study, I hypothesized
that oxygen exists in the water as dissolved oxygen at the anode, and that there may be a
region of supersaturation of dissolved oxygen concentration. If a region of supersaturated
dissolved oxygen concentration exists, the bubbles generated should be large even if they
are not in contact with the anode catalyst layer (CL) surface. In this study, the formation
of the dissolved oxygen supersaturation region and the presence of dissolved oxygen were
investigated by observing the growth of bubbles near the anode catalyst in PEMWE using
a high-speed camera and measuring the radius change of bubble not in contact with the

anode CL surface.
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This thesis consists of 5 chapters, and the contents of each chapter are as follows.

Chapter 1 describes the background of this study, an overview of DFAFC and
PEMWE, previous studies, and the purpose of this study.

Chapter 2 describes the experimental setup for measuring the power generation
characteristics and CO2 bubble distribution of DFAFC and for observing the bubble
behavior near the anode catalyst of PEMWE. The experimental methods for each
experiment are also described.

In Chapter 3, the power generation characteristics of DFAFC with two different PTL
structures were investigated, and it was shown that the maximum current density of the
carbon cloth PTL was about 60 mA/cm? higher than that of the carbon paper PTL. In
addition, the distribution of CO2 bubbles generated at the anode of the DFAFC was
observed using an X-ray CT system when the DFAFC was operated with different
structures of carbon paper and carbon cloth PTL. The bubbles were distributed uniformly
in the carbon paper PTL, while in the carbon cloth PTL, the bubbles were distributed only
in the voids created by the weaving of the bundles. In the carbon paper PTL, the uniform
distribution of bubbles inhibits the supply of formic acid and carbon dioxide emission,
resulting in a decrease in power output. In the case of carbon cloth PTL, however, bubbles
are not uniformly distributed and do not have a significant effect on the output because
the voids provide a path for bubbles to move and remove. Therefore, it is supported that
the difference in DFAFC power generation characteristics due to the difference in PTL
structure is caused by COz bubbles, and the improvement of bubble transport will improve
the mass transport loss in the high current density range. This finding will be useful for
the development of technology to improve the power output of DFAFC.

In Chapter 4, the bubble behavior in the vicinity of the anode catalyst of PEMWE
was observed and the bubble radius was measured using titanium sintered PTL and gold-
sputtered glass plate instead of PTL. The results showed that bubbles ascending after
detachment from the anode CL surface grow when sintered titanium PTL was used. In the
case of the gold-sputtered glass plate, the growth rate of bubbles that do not contact with
the anode CL surface but remain stationary on the wall of the glass plate varied with the
applied voltage, and the growth rate of bubbles varied with the distance from the anode
CL surface. These results suggest the existence of dissolved oxygen and oxygen
supersaturation regions in the vicinity of the anode catalyst. This suggests that the optimal
porous structure should be different when only bubbles are considered and when
dissolved oxygen is also considered. This finding will be useful for the design of porous
structures that can improve the output of PEMWE.

Chapter 5 provides a summary of this study and future perspectives.
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Nomenclature
Symbol Name Unit
N TR ek [-/mol]
F 77 7T —EK [C/mol]
AG’ PEYEL R 7 A R — [kJ/mol]
Erc PR 7R ) [V]
VFCcell Jﬁt*”'aﬁfﬂ—jﬂzﬂ/ﬁ [V]
Nact I fiﬂ:a_aa [V]
Nohm KA E [V]
Ncon T afﬁ [V]
i B [A/cm?]
iy 7 /) — NEREE [A/cm?]
i 71— REEE [A/cm?]
iy AR BRI [Alcm?]
T R [K]
a, 7/ — FBEREK [-]
a, 71V — B EREK [-]
I I [A]
R Kt [Q]
Egc PG i [V]
VECcell 7ka§ﬁp4t%ﬂzﬂ/aﬁr [V]
Ap, 77T A+ [Pa]
Y AR T) [mN/m]
R RO =ES [m]
Apwyp KE [Pa]
p B [kg/m?]
g TN [m/s?]
Ah VIRES [m]
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FFCEDLMN, milm~DIEEOMANEIZIRED & 5 [7]-[8].

1.1 THlAR7Z X D1, BAEMRERZ RV —HROBHEMH LT, KFEx2 G
THIEEEZDE, BAMRI AL —HKRDOENIIEEEN REIHES
N <, RERBHEBZFED 120, BAEBIT DIMHAMEINRE ST
% . BRI KA R EMEEE Y, FEEE CTh 5720, EHRB A2 E O
FHRIZREM 0000, BB EEE LN NEETH D, £, 70 U KEMRIEE
T, AWEERFZ= v 7F VEMOLEIE X 09V [9]. % LT, PEMWE O
U 27 NEMIT ARSI E Z 0 12 < Wiz s, PEMWE [Z[EARR LT
KRR EIRIEE LT VA U K EMRIERE & i3 5 L ENEENTRLS, FAEFEE
TRIVX—HROE 2 AW KEMRIC LD KFEREICE L T 5.

Z D, NA A~ ADBGSIRELK DB, NTIHARRENDD.



1.1.2 /KFEDORTR - dEHiT

1.1 Til_72 X 912, KFIIREDOIRRE TITEFE T RV F—FE I 20,
PhERM) 72 BT - SN TEX 2N E W REDRH D, T VHBITIIRE 228
Lo T\ 5. BUE, BREVEM B EHE~X 70 MPa O & IRETHGT D22 L T
WitiEBE 2 @D TWD S, H YU VERE LT 5 LKRE LTt rEREX
By, FEEET 52 82X o T, [EMEECEIESY v 7 R ORI A Y
R DT DL 2 EREL B2 TR, SLIKEEET AREEOR
F B L 2 VRO LS o> T LE IO, KFEA 7 78 E 7R
WEWHRBESEN DD, Tz, 3—m v XTI T T A U EHEH LIZRAEDK
FREENEANLEINTWED, BATIIE KRS V7 IRENLETHD &
S T-FREEN H 5 [4].

T, KRFEEWEL THET D2HEWNER S TWD. KFEIE-253 °C TR
fEL, 1/800 DIRFEIZ/2D. ZOBIKIEDRILKFZEZHEHOX 7 n—1 —7/p L
L CEMRTA2ZLT, J0EL OKELROIERT D Z ENTE, %
7o BAAE FERE TR P DR AKSEE A 2 FIH T 5 2 & TS0 6 DA FIREIC
725, Lo, [ALIC X AN EAET DO R OITRRIZE S 20 &V o R
BEENRDD.

I, K 121ZR LT £ 9 ICKBZDFEIHTR - BT 5 720K (v
V7)) AR S, KFLEWE LR - kT 2 KEX v U 7 OHIT L
HEHINTWD., ERAKEFXY VT ELTUL, ATV 7 antH ool
KFE LT, MIKTHRR - Wik 2881 R7A4 RORAZ ) —), Xl LlD
KFALEW DT BILAH[5].

AWFGECTHLY - 72 FFRICEE LTI, KB ED 4.3 wt%, 53kg/m> TH Y,
100 MPa D JEkF#E L REORMAREBELE LA L TS, FEILEICHEEE O]
R & U TAHEEINTWDIED, ZbikFEDOKF[10]1°EMEIC[11], A
THARK[12], A A~ A[13)IC X B FBEE LIS TWD. £o, FHBD
FAICEAL T, AV Yo a2 FH4 %52 & T 100°C LT ThK#E{LZTT
I AFZE[10]°, FERITAELEHICEREA LIEET HZ ENAEETH Y, BEOD
UK FEL 7 0 ANRLIERN D, Ao ACHMEED a A R EHIBTE 5
EWVo RSN FET NS, L, BAFERLHE Y 7' RAZB T bR
FEPHLTLEY LW OMBESALH S, ZoRBEICE LT, “BuRFE%N
WU, FBEGERICER T2 &V I RES, MM A AL D FMBEICT 52
ET, A—ARr=a— 7 NVEEEHTEDLLEX LN TWVD[14], [15].



1.1.3 7K &R Behfy

KFBEFHT 2 HEE LTE, BITKBZREE UTHIH LEET 288 E
MRS FHENTWD ., D 2B EM O T, SBEME I B I
Z W T [ERE 5 T BREFE RIS, TEERIRE 2340 70 °C & LEHIKIR TH 5729
B HNBNES T, WU EBLNATRETH S, £z, EMENEIR TR
IRNTZ D, FEABE R E LS, IRENZTRWNE WS T2 A U » BB D, b0
BN D, FERBREFER T X 7 7 — A[16]°8R B E ML H B B MIRAI[17]72 £ D
EOICERLESN TS, 2. BRI ER & KFEEIT TR —
fEIRFEHLRBREIE LTHEATE 120, =x77—2 L LTERLERLTH
5. Fiz, U BRI E RSOV RUR BRI B 7 & b RS LTV D
L2 L, — AR B S 5 TR B R D BB m%@*%f%ét@JiQT
T«tJ: DIeARFEX Y VT EFIH LI2%E, BKFECRIERMEE 720, TiKFE
{EEIETOZ R X —HRLLT X FOHEMSB[E L2z b4, [5],
[14].

Z 2T, BERRE S FIBREFEMO F T8, BREHIIKIKD A & ) — L RoFX A E
B D EETREIEMSTE R SN TV, 2D OWRIEBRENE, #IREIE TK
ROKFLHEB L TEWEABZ RV —BERHY, £V AZ L R
EOBEGFDA 7 T HFENEDLT I ENTE S, HEEREEROF T, FR
ZPRE - 9 A E R R EEH (DFAFC : Direct Formic Acid Fuel Cell) (%, 3t
ICEBERENE & L TIFERHED DTV D ERE A ¥ ) — VIBBRENER & T
i LC, Hii B AN KRE W, BB o A4 — =R Dl n bt W RSN B Y,
BEHEA X ) — VREVE D 6 [FOHITEERRE SN TS, LirL, IR
m”%%%ﬂﬁm®mﬁﬂf FELTELT, IORLIEHIMENRLETH

. [15], [18]-[22].

%@@MWH SHLOBRELE LT TIEe<, KFBE T AX — B TRIESETH

BLZY, N CRESETENN T2 2 & bt TV 5[23].



1.2 TRAR LW B ik B 5

1.1 Tz, 2L OEBERULFET A ATBWT, KOSER TIXEMAE &k o
IRFRFE OV EEEBIG N AE LTV D, Bl 20X, — M7 EIRE S IR E o
LD IZR MR DOKE MG T DREIE DG A, [AERDES S I T, KET 5 & [H
RFICIRIR DA LT D, E2, BEERREIER T, WA MG ST, Kk
T2 EAFHCRMEN AL TS, LI »> T, BRALFERED A 1 = X L& B
i U, SR A2 ESEA720120%, £ FIRMMYERERS 2 MEH LR ITH
X7 baneEz 7.

— iR 72 R Sy TR ERE L D X 518, KRR S R A D KRR
RDVAT NI LTI, < OMREMTOILTWVDN, vl tid 5 &, |
BERIRELE O X 912, WIEFICKEDN AT DWREMIE RO AT AT L
T, HRHNSATDOIN T DBIFEN D . 2 2T, ARFZE ClIifisgia g o v
AT LCHER L TR IT - 7=,

FTo, KEEFHAT DT 3 AT, KFRERET LT A AT HEH
T5Z LT, IRMEEWERERBICE LT, KEZRAXF =V AT AIBWTXK
D AR RERN TE D L E X, 22T, AR TIIKRERMA T A 2L LT
DFAFC, kFHET /XA AL LT PEMWE (25 H L CaEAE T-72. X 1.4 @
IR 2 72 KB =R N X —HEEROPICB T 5, KW OAE ST ERT.
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Fig. 1.4 Position of this study in hydrogen energy devices.



1.3 DFAFC + PEMWE O#} 2

1.3.1 DFAFC - PEMWE O# b1 %}

DFAFC & PEMWE (358 E OfE&ENRICTH Y, BICEMERE, fhE, T2
JLEE, EERD O IND . LUFICEERGE M O&E & g 2 RT.

1.3.1.1. %G (PEM : Polymer Electrolyte Membrane)

PEM (FEME L L THWONAE S um~EH um BEDOES FETH 5.
IN—T )V A ZAJVIR BRI FEFR T, T 2R 4RO Nafion NH 4 TH 5.

%] 1.5 |2 Nafion ODREZ R T[24]. BKMEDIRFE—T7 v R bbb 7T 7m0
%kﬁmﬁ@xwf/%%%%OA~7»%D@ﬁ#%%ﬁéhéﬂ~7wﬁ
nh—RUMET, T T nEF LU= T A n T r L= LT
—TNVOIERKRTHD. ANKUBBIENES ST Ik E 7 7 A X — LI, 7
TAL—ICKDPVIAEND LT TFTAZ—=RONZANEIRL 71 T2 of
BT 5. O 7 1 N AREEIIKR S EEERICEDo TV, B2 a K
NREME E RO IIEAEEICEE L WD Rk ons.

Fo  F»
{-CEcl
i F2 1 x
(OCF,CF). OCF,SO-H
¢k,

Fig. 1.5 Structure of Nafion [24].
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1.3.1.2.filliEf= (CL : Catalyst Layer)

CLIEBUSE % it S TEMHEIIRRBIZ T 5 T2 DI B E R TE b = kL F —
D S8, AL RS E < aﬁé&)ét@@ﬁﬁﬁ%%%ﬁéhﬂ%%f&;a ikt
DOIEEEREZ AL T 5720, ZUERHSE & 7e> T DEAENRZ V. iz iEE 0
EENELND Z DL HERMEIRNHWLNS Z E23%. LML, DFAFC
DT ) — FIESZIZ T Uy ARERA IS, 0B E LTE, ASZE AV
e, FBOBUSA T = X NTEHE: IR T2 D OSHEEE & — W biRE %
B LT OB LRBICR DGR D 2 DNV, —ER bR D bl f 12k
BHTHZ L THETEHIMET 5. L, NT 90 A TN EE bR
FNTT2 D PSR DIHAFLE L, MBEEMEME T LW, @mWHAnEosh s
[21],[22]. E£7=, PEMWE ©7 / — NlICIE, ARSI S b A Y
DU LZMERMER S A[T].

1.3.1.3. 2 L& #5@ (PTL : Porous Transport Layer)

PTL (3R FBHECEBIE A~ > 272 PIC L DR SHE um F2E O L LG 54 T,
TR > DR S NIRRT A 35— #ﬁéﬁ fihli g & EER DM CTET
TS L W B A SO, it,ﬁ/Hh FBUNTHERR L72 K DNRAK & 7
D PTL WNICHHE L7235, TADIERE T 577 97 4 v 7BGNEE, &
JVPEREDME T T2 728, K Z I HEN T 2 & F b H > T\ b. x T,
DFAFC TiZ7 / — RIZBWTAER L7z “W{bmFICEI L C, PEMWE TIZ7 /

— RIZBWTAR LT-BRFEIC %LT% [EARIC VR I B O PR 3 2 Bl 2
o._ﬂg@% B R0 PTL 13 A Ak, B8N, BAMEED

ICEN TV ARLERH Y, l%mﬂ%ﬁ%ﬂ SHLIZ IV T — XA —
T/A—A~%ﬁ Ry r7aARHANLLTWS. £z, PEMWE ©O7 /— K
PTL T, @& FAEIE & i U CEENM L 7257280, mEM~DMA
PR D D A A v X SNTBERET X U EREH SN A[T].
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1.3.1.4.5£7EM (Separator)

EFEMRIE PTL Zalild L CE o FAMBRRICZ T E L T2 & o ok %
Ffo. & 5101, 8 SR H 2 B FICIRN RV & 9 12 AR EuAtG
SRR A B VBRI T D720 O3k & L To®El oM, CL &
PTL % %55 S CHMERIMZ WO T 7200 I 2 E L ToRE Z o854
LD, TIHDOKEE RI-T 728, B EEECRIENSLETH Y, —RIIC
EH— AR B REDEH D, ABFFETIL DFAFC 1B L Cld% X ## CT % ff
HLTEARABTAE LT 5720, XERFELERL, V—R BOEERE
i/ L7=. ¥7=, PEMWE Ti¥, ®ENMNA~DMMAMED-®, 7/ — REEKRIZH
BA X INTITFZ MR EPMERH I NH[T].

1.3.2 DFAFC D38 EJF

DFAFC 1%, BETH 5 Xk L A OBEBXALFRICH HER T RVXF—E2Y
M3 bDTHS. M1.612 DFAFC OMEL =Y. 7/ — NITHHG Sz ¥
PTL Z#@i@ L C CLIZREL, £ZCru by (HY) & bRFBELEFIH
IS, BIANEEIR A B B E LR SNT%, 1Y — R~BEid 5.
7u hEPEM @i LTH Y — RABEI LT, Y — NICifg S &
i L, KEAERTS.

7 /=K, Y= KT, A2DKENRZENETNEE TEY, 2T
A1) DIENEEZ TN D.

7 /— LK : HCOOH - 2H* + CO, + 2e” (1.1)
‘ 1
7Y — R 2H++2e‘+502—>H20 (1.2)
1
AR HCOOH-FEOZ—9H4)+C02 (1.3)
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SRR
Satetatetatetetede?
LXRHRRARLS
Toletetela%te0%!
flelet el

A X >
< KK,

Cathode

Fig. 1.6 Cell structure and principle of DFAFC.
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1.3.3 DFAFC O ¥kl &5

DFAFC WEB Tt & 5 BERALFOSIER(1.D)~(13)TEREND. L(1.1)E Y 1mol
DN LT & &, ETEE2NNIIT AT R, 77797 —EHEF =
96485[c/mol] & % & B =i

2Ne™ = 2F (1.4)
LREND. F, RETIERT RLF—
BT R F ] = BAFRIC) x B EV] (15

EEIND. T TUVARATAHEEPEL TV RNWEIRET S L, ZOEKTX
VR [ THEHEAE X 7 AT RV X —AG 15 L\, 16> C, BRI E S Epc 2 AW
%k

AG® = —2F X Egc (1.6)
LD, INEERTDE
AG*
= 1.7
Erc T (1.7)

L%, ZZITAG = —286.4[k]/mol]l & 7 7 T T —EH DM AT S L
AG’
EFC == —ﬁ = 1 48[V] (18)
DO H[14].

1.3.4 DFAFC D&+

PREFEMIZ B W TR ETE & RBL S, BICEHLEELE, KulET
/;lzr“ﬁf"?ﬁ@ 3 @*’5 IOFEEING. I bOFMEREREERY, EEORLVE
JEITHEGREE NN OREBEE D EZ LWL 72, ZToEKRERITRLEZD
75>T0>(1 NKTHD. __TVFCCeH, Nact> Mohms Neonl:CALEIVE /VEE, TEME
L EE, KPR ETE, RBEREETHD. £, 3FEOBEB LORZ I LE
MEEDOREZORBRBREZMR LD EX 1.7 1277,

Veceenn = Erc = (Mact + Mohm + 7con) (1.9)
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Fig. 1.7 i-V characteristics and overpotential.

1.3.4. 1.5 b L (Activation losses)

FOGTED MK mie & EMEN, b L< i?ﬁ%&%ﬂﬁ/}af 73>4§L<€'€ﬁ$§7$ﬁ
FOSIMHEEDOGENT, ONEE AN S5 DI RV — B2 5.
NEIEME (L L ¥ — LIS M b kL — 13 E N b b, Ry
foaofﬂjjjﬂﬁfmﬂ%%l%t 7. :@i%ﬁe;’rﬂ?wﬂ:ﬂu@J?fﬁqﬁ{m%@f

(AR L, TEMALIEEE & RS, BRBFEML O SOG TIE A Y — R DR FE T
Fﬁﬁlﬁﬁkﬁo,jﬁ%fiﬁfﬁrkﬁé Eit & mEE ORI NN T —7 4
~—A(EFH(1.10) T, WEENRERENMIKTITE —7 = AGEK (L) TR N
5.

anF a-nF
i =iy + i = i {exp (BT — exp (- S R;’a“)} (1.10)
RT = RT
naCt:mlnl_aanFlmo (1.11)
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A(1.10), (LIDICHBITHZEHIILTOEY THDH.

i IR [A/em?)
la 7 /) — NEREE [A/cm?]
" 71— NEEE [Alem?]
) R L [Alem?]
Nact TEM bR E L [V]
T A [K]
o 7 — FBIMREL [-]
. 7 — FBBEREK (-]

1.3.4.2. #htia%EE  (Ohmic losses)

%ﬁ%m@4ﬁ/m%@@%%ﬁ L=, %%@%%ﬁ@w$@%%@%%ﬁ
T%ﬁé.::thﬁ%h%ﬂ%ﬁ,ﬁﬁ?%é_
Mohm = I+ R (1.12)

1.3.4.3. 2187 T  (Concentration losses)

DFAFC N DG & - TARLT 5 bR FRKR DR T 5 &, :ﬁﬂl
DS G E DOIREEAL AT D, Fiz, AT 5 EIbBRFESLKIIC
of,a,mlw@ﬂﬂ%m%@%%wt_b,ﬁﬁ%g®ﬁﬁbmiém
5. ZOBRICEZZERKTOZ & A REWELEE VD . RBEIRETIKER
BEBIETIIIZE A EETROD, AT 2 ZBLRBSIKOENE X D EE
W FEEERIZ B W TIEE LSEMT 5. ABFETIE, REBEE & AR LR
T XD ROSHMBE O % £ &b THERER K &S,
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1.3.5 PEMWE O fEfiZ 5

PEMWE %, KICEEZHINT S Z L2k » T, BERIFRUGCERASE, K
FEMBEMOHET HLOTHD. X 1.812 PEMWE O EZ 3. 7/ — Rt
FESAIZAKIZPTL @i L C CLICEIZEL, £Z2Crr b (HY) LmFELE
TG . BIIINEERICE > TEME G2 Ok, Y — F~BE7
L. 7 hATXPEM @B L TCH Y — R~BEI LT, kEE2LERTS.

7 /=K, 1Y—FRKTiERXA.13), LIHDOKIENFNENEE TRBY, 2K TIE
A(L1DIEBFEE TV D.

‘ 1
7=k H20—>2H++§Oz+2e‘ (1.13)
BV —FR: 2H*+2e - H, (1.14)

1
2 H,0 - H, + 502 (1.15)
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Fig. 1.8 Cell structure and principle of PEMWE.
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1.3.6 PEMWE O B4 E AR E T

PEMWE W Tt & 5 ESALFA TR (1.13)~1.15) TR EnD. X1.13) LD
1 mol DAMNKIGE LIz & &, BFEREZ2ZNINIZT AT R, 7775 —E8%
F& 35 LEMENX, DFAFC ERRICRK(1HEERSND. RADCBNT, Hin
B L EgclZAG = 237.2[K]/mol| & 7 7 7 T —ERDMEE AT D &

AG’

Egc = 2

= 1.16
7 = 1.23[V] (1.16)

PEHND.

1.3.7 PEMWE D&+

IKEBIRIZEB DT HERITREL & RBL S, FISEE R EE, KPuRET
ﬁﬁﬁ@ﬂﬁ3@%_A*émé INHOFNIRELE LY, EEOELE
XA EE B EESE M2 -EE 72y, ZORERIIRLIZONT
cmnﬂﬁfhé Z 2 TVaceell> Mact> Nohms NeonlEE I ILEVEE, &ML

WEE, EPUAEE, REMELETHD.

VECcell - E;?C + (nact + Nohm + ncon) (1-17)
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1.4 FeAT7Hk%E

1.4.1 DFAFC

DFAFC OEMIZIZNW O OENRH Y, 1 2B IS FEAERY R T
J— NIRRT E T 5 2 & THEE S, RFERRE IO SRR LG M DMK
T 58TH H[25]-[28]. HFHMMOFFESR A I =X AR L TIBIE LR~ 7250
DIEINTEY, %I bRLEMIMEICHT TT 2 — M OfF5E 08 E A
TV D EEX NS, 2 OHITREHBROMEREDOMETHSH. L0 EmVH
%452 T2 O R B B EIR S LEE L 72 ), BIEE OB, b
RABEREDHIMT B0, LR FED B E-CIEEUE IS 5 2 Ll &
S TXBOMEAE LT B d &E& 2 5 H[22], [29]1-[32].

fRIEREFRICBE L CiE, Zhu H[25]1%, XBEBEEEZEZT05V TOREELT
=& —F 5 EMARBRICBWNT, EREEOEIEZNE L. TOFRER, 0.5
V TOREEIT, FERIBENEWIE EREREMICRT 2B R TINRREL 20,
15 M OX%E HWHAI1TIE, 3.5 R OFBEE TR 70%DE IR TRE LT &
WME SN TS, O ELERIE S5 HFETW L Ol ShTns. Zhu
L2511, 7/ — FIZ 1.2V OELEZEEEINT L Z & T, FEIImAGERZ 1
BAF 7R W NS Sz LA LTV 5. Zhou H[28]1%, BTk A 1 B
M3 2 & T, M ERERE O o FFENERICEE Lz LG LT 5.

TR bR BRI DT - W X AW EEREE KON SO\ TIE, DFAFC
TIHET 1 HH7=0 O LR FB R ED DMFC (2R TEL, BEREBET
IR 2 ENB VT, JBLRFEKIAO~Y AR A NREE LS. LvL,
DFAFC @ " R{bRFEZIAD~ % A > MIBET 5 3CEITIE & A E 7220 [29]-[32].
Saeed H[32]i%, “EBLIRFE & NFIITIRET H72DIZ, DFAFC H OEIRAY 72 77
ZFWHET ) — NG A eRe L. o4 o &, FEEMRED 10%[M
LTCTWe., 2O X912, DFAFC 12T 25K LR D 5340 2 fli -~ 7= e A Thr ot
HDHD, TOAIMBENOSAMIZER Lizb O THY, PTL NOSAGICET %
WAL E D E DR D 720,

D TRV —FT XA AT, HHEA X — VIRENE L O KR A % i
T B3-RBIINN 20D, L, TOEITMBENOSMICEH L2
DTHY, TNEDOTR X —FT NA ZZEBIT HHRIROFHEIX DFAFC & (387
%. Hartnig 5[4011%, 7 —AR > 7 v 2% MW= PTL WO B bikFEXJa % &~
vra bk X\IUFTT7 4 THRUEL, 7 v ADOJEEEHIC ZBbRFER
AN E-STWNWDLZEERLE. UL, XBMTIVATT7 013 2 RO FiE
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B LM C& 222, PTL WO ZBLIRFEXILD 3 Wzt z 5 2
LIXTERDoT. WL OO DMEC EF AN SN, ¥ I 21— 3
N KD W E R O M T TV 5 [41]-[44]. LarL, PTL RO A %
HONCT 270D, FEBRRT 7n—F B TH 5.

1.4.2 PEMWE

PEMWE O & 672 5 AL 7= 0121E, k2 i@ N3 H 0, KWl oh
THLT ) — FOWEREBEL 2B S5 Z LICER L. 20702, B
BED AN =X LTSN TIHERDD. ZNETONETIE, 7/ —FK
PTL WL &It L7 B E R IC DWW THRET & T 5. PEMWE O /KERIRFIZ
W2 En L= v [45], 7/ — K PTL OZALEICAB #1720 LC[46], 7/
— NEMEREOBEZIAERELLT L, EMMEREE N ESEHMERD 5.
X DIT, BBREE A W = AL EMRFAT D202, 7/ — RRERNORIE O I
BE[47], 7/ — R PTL N ORI OB ZfRT 5720, ~(4 7 v 7 —%H
W72 PTL OFEE S R = L—3 3 L [48]-[49], HPEAHR[50]-[52]%° X #R[51]-[56] %
HWe7 /7 — R PTL N ORIEDO A b7 E S EIERFIEN E B TE T

—J7, PEMWE Ofit it FF &3 L OHLEa X FORBICEE TH LI H 00 b
59,7/ — K CL Nifhds L OWTE OB FEIZ BT 2 W& IXIZ & A 7R [57].
it OB BN T D &, v A 7 u X7 — /L ORI T 570,
CLEGEOWERET 7 v 7 ANMINT 52 &2 d. 207w, 7/ — Rl
UG DOBEFEGIEA D= A LZHMHE L, 7/ — K CL & PTL OB E % fik
(KT ENEETHDLHEEZLND. FFIZT /— F CLITHETIE, SIKEEE &
EAHRFED 2 DOWEA = XLPHIET DH. WL ONDRATIFIETIE, BT
k%58 L C, PEMWE ©O7 / — R¥WEEES R STV 5H[58]-[59]. 7L
7 VIKEMTIE, B Y — RIBEAT TCOKIADO R ENRZE S, IBAFKEDOIEE
WS STV D60]-[61]. —F, BEMAT CIIEFMENBE I N T2
[62]-[63]. H I HRY TlX, PEMWE (2RI 57T / — Rl 5 O g%
AT = R W% RERHIR L7 1372 0.
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1.5 WF9E H 1Y

BRXALFRICD A T = XL Z 8L, RSz m ESE572012iE, £71R
FEEE SR 2R L2 T e b e n 8B 2 7.

T, KEMGERO T 2T AT LT, < OFERTTHOIRTWDR, i
T D L RIRMEGE R DT AT AT L TR, FERYICAT DAL TV D AFFED
D7pu. KRIZ CL R° PTL ICE B L7EAZEIE, BOELRVIZEA LR . £
ZTC, AW CIRIREME R D Y AT ADOLFE NIRRT B ST 5% B
L9 a1T - 7.

EBIZ, KBEFHT DT AL AT TR, KEZRET LT 34 RCHLE
H3 52 &, IBRMMWEREHSZICEL T, KBEZRLFXF—T AT AZEBNT
LV ARFENRERN TEDHEEXTZ. £ 2T, AR TIIKEFHT A AL L
T DFAFC, KFE#ET NA 2L L TCPEMWE |25 H L THFE 21T - 7=,

1.5.1 DFAFC (2387 A LB #E1E D a0 G- 2. 5 5 25H

i

1.4.1 TR X HITREH D DFAFC N bR FBRIA A 2= i35 2
ETXH DA BICEBER D HAFOBIR IR EE 2 HILDH. LavL, DFAFC IZH
T2 KR L RAR DA IR TEAT RIS 2708, £ D% LR O 530 I
FEHLELDOTHY, PTL NOSMIZET H2MEILH D DHRY Z2u. SE0n
Z LT, HRESORERCGTM 3 LW ER S IR E L TlE, X #R CT o7
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F2E RBREEER L OSERTHA

ARFETIX, DFAFC OFERERIE « £k WbIR BRI oA al R L TREAH L
7~ EEAEFR OZ OO FEBRTVE, B PEMWE O 7/ — Ribfr 55 70258
BECHH L EREESCZ OO FEBR FIEZ DWW TR T 5.
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2.1.1 &/ EhpE S8 (MEA : Membrane Electrode Assembly)

TRk
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PEM & L CTF 2R U8R E&4E o Nafion NR212 25 L7=. %7, PTL I
%, =R ==& U T VRS RO R i BB AR 2L A4 TGP-H-060, 7
—R 7 m 2L LT Etek 18 Cloth A OREXEN 72 % 2 FEE D2 FLUE K A 18
L CHEFEREZI T2, 250 PTL 2 HW-ERE L, ERFEFEEICK
ST, ZA52HED PTL & WG E ORERENR SN, I—Rr 7 nm
ADFTNE Y EWVERBE CHIZATETH D Z ENFHES N TWER, ZOJ
RN EHZRCHERR ST 2o T2 B Th H[30]. 7233, i PTL 35 /K LB A
21O T, BEALZIREEOE ECHEA L. % PTL OWME% % 2.1 12[30], [64]-
[65], ZE4LEAi & X 2.1 IZRT[66]. F7z, X 2224 PTL OEEME 1-FAHK
#i (SEM : Scanning Electron Microscopy) B4 7~d. A5 TiX, PTLIZ CL %
WAh U= 2 U8 M (PTE : Porous Transport Electrode) Z{FH L7=. 7/ —
R AR 130 48 4 BLEERR S AL R T U 0 APHERE 30 wt% D 1 — 7R U ER S
TYU N, B Y — REIIE T EA R TERSHRASHEFE 50 wt% D
J—R AHEF 4 TECI0ES0E Z# [ L7=. Wik CL D7 A 4/ ~—#HE 1T 50
wt% Cod o 72. PEM & PTE %7 XU UIRASH U NUE T L 28§ AH-2003 % fifi
FALT140°C, 1 MPa T3 4MAy AL AL, MEA 1B L7=. UG HEFEIE
1.0cmx 1.0 cm THo7=. 7/ —FR, ZYV—REHIZFEUEED PTL #fFEH L
7o, 71V — R PTL OEEDEVIC XD EL RIS 5720, RWFFETIEH Y
— NI HZ R S8 2 BRI FH 25 0K 1% Citks L7z,
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Table 2.1 Properties of each type of porous transport layer (PTL).

PTL TGP-H-060 Cloth A
(Carbon paper) (Carbon cloth)
Thickness
(Without catalyst layer) 190 pm 360 pm
Porosity . .
(Uncompressed) 78% 80%
Contact angle 130°-140° 130°140°

(Cassie mode)

Anode: 2.0 mg/cm?

Anode: 1.9 mg/cm?

Catalyst loading Cathode: 2.0 mg/cm? Cathode: 2.9 mg/cm?
35
= 30 - ——e—— Carbon Paper
X - ——e—— Carbon Cloth
&> 25F
© =
< E
& 20F
(&) -
o> E
o 15F
g oF
5 10 :
O =
> b5
0: 1 llllllll 1 llllllll 1111
107 1072 10" 10° 102 10°

Pore Diameter [um]

Fig. 2.1 Comparison of pore diameter distribution [66].
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(b) Carbon cloth (Cloth A, Etek)
Fig. 2.2 SEM images of the two types of porous transport layer used in this study.
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2.1.2 ERERR

2.3 IZAMFFE CfEH L 7= DFAFC OIS % ~3". DFAFC N#i%a X fig=
o — 2 WifEik® (CT: Computed Tomography) THrELT 572 DI &=
R7 L — hOMEHZIZ X BB EMEN B WHE D — R RS T 7 1 v —
A G347B ZEH L7-. WMEIIME 1 mm, B3 1mm, U 7iE 1 mm O THEEE
Mg L L7, PTE OEHICRE L, FHBmEN B ASMIRNL W OD T A
v MIE, BT LAY — FEFERH L7, 8 T LY — MIEMRERD»-TH
JEENEDLLZ2NHDOTHY, EI LY — FDOEIIZLY PTL ITH)1DET]
AHE L., BT 4 VAR SHBENRE T 4 VAT VA —)L LLLW %
LT, PTL IZ/)DJESDN 03 MPa (27325 KO IR DOH A v b & H
L7z, Efath DB —AR 2= 3—PTL OE (X 190 pym, H—AR > 7 17 &2 PTL O
JEX1E 220 ym Tho 7o, JEMEHZOMEEIL CT THIE LR, K221TRLE
FEEMREORIE L KELS ED LR ->7-. CL OJEMHBOES % 10um &35 &,
JERER DZEFRRIT A — R = /R—PTL TH 76%, H—R> 7 1A PTL TH
63%& 72 %.
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Porous transport
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Fig. 2.3 Schematic diagram of the direct formic acid fuel cell.

28




2.1.3 FERERIE

7 — RIZAHET 5 FMRITE £ 7 ¢ v SROGHEE TR S5 90 wi%d %
iz 067-00496 % /K TAIR L CfEH L 72, X E&IE Masterflex LB AR 7 7553-
70 ZEHLTH 7 bBVMHE L, RISETICRSTFRRITZ 7R L
BRI ET. 0 7 ORBEIIFBORE LM T DI +07 K& ST, Ehi
%O X ORI DT 03 Wt% 2 o 72, AR LT bR & —iF
\ZH kDI, X7 NTRIR SRR BE S 212, RIS Sz,
1Y — RSG5 g6 O Bl ISl = 27 v 7l 27 —a
> hu—7 SEC-N100 M L CHAEE L=, X L gk OERE XK
Dolo. AR THWEERSM 23K 2.2 1TRT.

HEFPOESE - EIRIIHAKE T TEKRXSHREIRE FAMEE PLZI6AWA
ZAEH L THIE L, siERKRAStfT—27 74Py a va=y F MX100
ZHERLTLOMOY U v Z R CHlE L.

RIERTIZ, BO LERE LT 04V T 1 EMBESE, A EEMESSHR
SHNA =L AT F T A IM3590 % U CaJE T (HFR : High-
Frequency Resistance) ZHIE L7=. Z D%, #ERFAY72 b1 KX 5 R EMERED
K FZFEEIELH72DIT, Zhou HLAHAER28ILTWAH L HIT, BAEFBEN 01V
TR ETHAET /— RIE Lz, ZOFIEEZLFEE & 2 &
9 %. BAEIEKEIE (OCV : Open Circuit Voltage) 7>5 0V £ T-5mV/sec DFF 5|
JECEBIERRSI 21T\, FEERMEZRE U, FEERNE & 475 5 E O IR FED
b5 EEDLNDDT, AERIOFERTIXFE CRFIIEE T 2 #EHO PTL OJIE LT

S77.

Table 2.2 Experimental conditions.

Cell temperature 20°C (Room temperature)
. Concentration 30 wt% (6.5 mol/L)
Formic acid .
Flow rate 45 mL/min
0 Relative humidity 0%
Rygen Flow rate 100 mL/min
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2.1.4 bR T J0 5040 v AL

¥ 2.4 12 X # CT OJFELZRT. AWFETIX, #EH O DFAFC O % I
bF 272D~ FRFERA S = ROTEH X A7 CT %4 1& TDM1000H-11 (2K)
EREFAL7Z. # 23 0 fb &2 R

FEBRFERIE ISR T, [BE T n v A &24T- 7214, mEREEER S LT 0.05
V CTHE LN O AHMbEIT o7z, A bR OEREEZL S HE L. Ak
FC L 0 BSR4 5720, BIREEHE T ERE EiER
EHEFFCX oW, MUNEIETOBIEHIEITHRE L. il T, FORIE =
T R EATW, KBRS E L & LT 10 mA/em? THRE LN S A b 217 - 7=,
AREBRTIL, [IANZWE I OD AWkl s LT, mEiRd X MEERS
FEMEHR AT > TV D72, E By EEIE OBEMEE N EFIZIZEL The<
THIREBRBEERR L BERBEEICENE LD ENEETHDI EEZTND.

Z 2T, 10mA/ecm? T 18 /3[H38&E L= 56 @ R bR 8 O BER A A & I1348) 1.3
em® ThH L DITx LT, PTL OZEROKRFEITA 0.015 cm® TH VY, BlEmARK R
ZERADRFEDK) 100 (5 ThH D728, “ELRFXILIL PTL A TEFITZEL TV
HEEZLND.

O Mg X EGEE Y 7 b =7 Imagel[67]% VW CLER SN2, /A R
EROTTOIZo=200 07 7 4 NVF2EBICEH L. £z, PTL DK
FHE L XBR D X MRIURENEIEEE LWV DT, KISl T ELEC k-
THEBEN O Lz, 7Y — ROWMRBEZERE & U 70 X BRI ER O 7 % F
LT kol Z#RE L.
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Sample

X-ray
X_ray c D X-ray CCD
source image camera
intensifier
Turntable

Fig. 2.4 Principle of X-ray computed tomography.

Table 2.3 Working conditions for X-ray computed tomography image collection.

Tube voltage 30kV
Tube current 200 pA
Number of views 1800/180°
Average number of flames 5
Exposure time 100 msec
Whole scan time 18 min
Boxel size 2.7 pm
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2.2 PEMWE O 7 /J — RAREET R VN S BB 2R

22.1 ERERR

2.5 IZARMZECTEM L7 PEMWE RIH LA /L OIS X3 L O, SRS
DEEZRT. [JAEBIEET 5720, BT 7 UV VRSBV OMIHEIZERE ST
VW5, PEM & LT Chemours #-8! Nafion-115 %, 7/ — Rt & 5 > — Rl
&L CHYP ELREESHRER LA Y v A ELC-0110 & —R U HEFR 4
TEC10E50E % = EHUdH L7z, MEA OFERRITIEIL, FiBS O X[68]1% 55
\ZL7z. 7/ — R PTL (ZI% Bekaert fHHJE X 500 um O H4: A > FBERET Z
AL, 7/ — KFPTL OOV ITE X 1000 pm D4a Ay XU 7 LicH
TAREHWTHIE LIZBRRIA T BIEZT 52 L biTole. BeA v FhEMSET
B URDZEBEA T — T pm A — )L CTdh H[69]. Y — K PTL IZIT R L#R
SR — AR _X—/X—=TGP-H-060 ZfEH L7=. 7/ — FEERIZITASGA >
XEME LT & oE, 1Y — NEERIITRFEREH W, 7 —KeED YV —
ROy RFL—RMIAT UL AB-THD.
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Anode current
collector
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/

Acrylic plate =~ \ Cathode current

collector
Cathode end plate
Membrane electrode assembly
(a) Schematic diagram.
Acrylic Anode
Anode plate current collector

current collector

PTL ‘l : ot
CL 7 % « ¢ : PEM
o &CL
Acrylic brar 1 3488
plate » AF=I10:1

HEE A-A

(b) Drawing
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(c) Real view.

Fig. 2.5 Cell for observation of bubbles behavior near the anode catalyst.
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2.2.2 KIBDEIER N VIR DORIE

SIAOBIERITIE, MMASH T+ b Blong 2 — R AT FASTCAM Mini
AX100, H—YZFARMEMT L2 FY v 2 L2 X APO 85 mm F2.8 SUPER
MACRO 1-5X, #kX&tt=aflor 25329 1) 7 PK-12, PK13, "V
L vy 7 &4t LED FRPA%EE LA-HDF108AA, LGC1-8L1000 % 2 Al f L
7o, PREAE A2 X 2.6 |27 . PTLAMAIEOSKINZBIEE Lo, 15 biuic g oze
M43 fRBEIT 2.9 um Td > 7. ELGA fHEEMI/KZEE PURELAB flex 3 726 BV H
Lok, sRSths 7 2 78R 7 Q-100-VE-P-S & iV C, K E1TH
FNCT = RICHE L2, ERICBOTHBEAN TR TV D L v #idid7e
<, AT oKOBWFBHRICEH L TIFEH L REREBWVTIRNWEEZ NS, £
72, PEMWE TlI 7 4 V2 —LHL « A A4 A3 %l LK 24645 2 & A3
EINTNDLOT, KFOI IR EICH L THARER L EHTIIREENT
RN EEZ NS, KIRIZER (25£2°C) Tho7z. HEJRIZIL Bio-Logic fLH
AL E L SP-240 A L7-.

5 DOEL DKV L TKET R ESRES O 2 R TRIdDRE S 2l
NRPFER, 2 SOWPEEOZEITRE L-KIRO K E SITH L TR 2% K0l T -
72, Lo TRIBDEwENIIMATHD EEZOND T, IO %, Y7 hU =
7 Click Measure[70]Z FHW T, KdDimsh EOEE O 3 SAEEL, MEfrE L
T, ZOMNO¥EEZRE L.

Current
collector

PTL

Shooting image

Fig. 2.6 Correlation of enlarged schematic diagram and shooting field of view.
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222.1.8E55F &2 o PTL Z W=7 ERIA 08152

9, kT ¥ PTL 2 HWT, 7/ — K CL £mIZHfk L7220z EXiao
B2 51T o72. 100 mA/cm? TKEMEZITORPOBIE L. A E ST,
FIR (25£2°C) TITo7. BMIEMAKZMG L2k, Kooz iz 57
D, R TE2EIEL, FKPORLVEZBER L. ¥ 7 L —2 L — Fid 1000 fps
e L7

2.222.77 5 AW A PN T E R Ta 08122

F ERIOBETIE, RO TF % PTL ORARSIZ X 0 KIa 0w
HHIL S BV, £z, T ERFORIIZOWTIE, KILOTF EE 2 IEEITE .
ZDTD, ERFMIC LB EBETHZ LR ICRETH L. —7FF, &k
L7KIA DRI KT T 2 ERSEMF O EBIIRGIBIEZ T nTEh. T
— N CL OXMEIZHEM L TW W IESIEOREL ET 52720, 7/ —FR
PTL OV IZ, EfEME DRI BEA NNy Z Y 7 ahE LTc 777 AR ZHH
LC, T AWROMmEIZATE Li-RiEEzBE L. ZoERTIE, K2.71077
ol 7Xﬁ@@ﬁ&7/~bCLﬁﬁ%fé%ﬁ(l$ﬁﬁ$)%ﬁmﬁﬁ
& LT, BREM CIIMIGHFE % IEMEICEFR T E 2\ oo, BIEHIE CKEMEIT
STo. B EMEET, =|iE (25+2°C) T 1.5V OEJETKEMEITVRNE
BEZZ L=, 7/ — K CL o OHEBEDK 600 um UL BN 7= 58Ik T < ox7@n
7T AMNEN A5 LizT2, CL )5 OFERENK) 600 um LL_EEE 7- s8Ik T
SYARRE Z B Uiz, HINEESCBMKOFRE: EORMFEE X TTW, £D%E
BRI A R 24 1R LT, BT L—AL— NI 60 fps & L=, £7-, Wik 35
ml/min TOFFH R 3.2x108%72 > 7=,
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Current
collector

Glass plate
CL
PEM =~

Fig. 2.7 Line electrode of gold-sputtered glass plate.

Table 2.4 Experimental conditions for the observation of stationary bubbles.

Condition No. Time (s) Voltage (V) | Water flow rate (ml/min)
1 5-60, 120-180 1.5 0
2 5-180 1.5 0
35
3 5-180 1.5
(Flow speed : 20 mm/s)
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(b) i—p characteristics
Fig. 3.1 Effect of the porous transport layer structure

on the power-generation characteristics.
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(b) Carbon-cloth PTL

Fig. 3.2 Effect of the porous transport layer structure on a cross over mechanism.
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. 3.3 Current density change during high current density operation.
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(a) 10 mA/cm?
Channel Rib

(b) About 275 mA/cm? — about 100 mA/cm?
Fig. 3.4 CO2 bubble distribution for the carbon-paper PTL.
The COz2 bubbles are represented by the irregular white patches in the images.
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Channel Rib

(a) 10 mA/cm?
Channel Rib

(b) About 350 mA/cm? — about 130 mA/cm?
Fig. 3.5 CO2 bubble distribution for the carbon-cloth PTL.
The COz2 bubbles are represented by the irregular white patches in the images.
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Channel Rib

P N

Fig. 3.6 Overlaid image of the bubble distribution on an image of carbon-cloth fibers.

The bubbles are shown in yellow and fibers in white.
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Fig. 3.7 Void-fraction distribution showing the bubble emission pass.
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Fig. 3.8 Effect of the porous transport layer structure on the void-fraction distribution.
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Fig. 4.1 Image sequence of ascending bubble behavior.

The dashed red circles in each image are contours of bubbles.
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Fig. 4.2 Growth of ascending bubbles during electrolysis at 100 mA/cm?

without water flow. The solid lines are linear regression lines

obtained using the least-squares method.

Table 4.1 Slopes and intercepts of linear regression lines.

500

Bubble Slope Intercept
2-1 0.00927 42.854
2-2 0.01012 44.957
2-3 0.01158 45.788
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Fig. 4.3 Image of stationary bubbles at the side surface of the glass plate.
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Fig. 4.4 Image of growth of a stationary bubble.
The dashed red circles in each image are contours of bubbles.

56



4.2.1 HNEEZAL 2 9 K0 0 % Rl B2 1L

SR ORM (L Z X 4.5 128 F. B—OEBRIZBWTT /— R CL Rim»
O OBEREA 531 um & 619 um OXIE %, LA 5-1 & 52 & L7, KEIN&ER:
HIMIZHB T 2 EH KT R E 2 & 4.2 12T,

4.5 TIL, HMEEZ 1.5V O 505 60 HoORIZ, T X TORIAIKEH
ELBITRE L. BIEORMNEZ 60 P TEIET 5 &, KIAOEEIX 1 BOA—
A —THEBGBIZEIE L. 120 BBRICEEOHNEZFHRT 2 &, [ISOKEIL 1/
DA —F—TTICHM L. 7o, 42 TiX, BELZHILZV 60 5
120 PORICKIADOREHREME T LTWS., 202 E0nb, [IAOMEHREIT
KEMOHERTHEEZEZHND.

100 L
® 5-1(z: 531 um)
® 5-2(z:619 um)
ad | 00000000,4,
€
3
Tn' 60
> LT I TI AL
©
s
[
o 40
Q
=)
m
20
V=0V
0 1 " 1

0 20 40 60 80 100 120 140 160 180
Time [s]
Fig. 4.5 Bubbles radius change with applied voltage change during electrolysis
without water flow. “z” of legend represents the distance from the anode CL surface.
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Table 4.2 Average bubble growth speed during each applied voltage period.

Average bubble growth speed
Bubble 5-60s 60-120s 120-180 s
V=15V V=0V V=15V
5-1 0.551 pm/s —0.032 um/s 0.150 pm/s
5-2 0.232 um/s —0.005 um/s 0.102 pm/s
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Fig. 4.6 Bubble radius change during electrolysis at 1.5 V.
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z” of legend represents the distance from the anode CL surface.
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Fig. 4.7 The effect of distance from the anode CL surface and water flow

to bubbles growth speed change during electrolysis at 1.5 V.
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Fig. 4.8 Estimated dissolved oxygen concentration distribution.
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