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ABSTRACT

A printed circuit board (PCB), or a printed wiring board (PWB), is
used to mechanically support and electrically connect electronic
components. Japan, United States of America, Mainland China (and Hong
Kong), Taiwan, and Germany. are top. five among the major PCB
manufacturing nations in the world. To develop new electronic products in
this highly growth industry, the requirement of surface treatment
technology (including anti-oxidizedtreatment, circuit protection, and
conductivity enhancement) on PCBTis higher and higher. The ENIG
(Electroless Nickel and Immersion Gold) process, which is commonly used
in PCB industry, is one of the best solutions to do surface treatment.
However, the manufacturing cost of ENIG is very expensive, and the
further wastewater treatment is very difficult due to high concentration of
COD and Ni ions in the wastewater. The chemical precipitation method is
the most popular one used in the treatment of Ni wastewater. However,
large amount of sludge is generated after the treatment and Ni can not be
recovered directly. The major objective of this research is to investigate
how to efficiently recover Ni from Ni wastewater using electrolysis process
and reduce the loading from the wastewater treatment system.

This thesis focuses on the feasibility study of using electrolysis



process to recovery Ni from Ni waste liquor in PCB industry. The
conditions of electrolysis recovery are optimized by modifying several
parameters including pH, the cathode material, current density and
electrolysis time. Experimental results show that the recovery efficiency is
different by changing the pH and the current density in electrolysis process.
However, the electrolysis efficiency is limited for the cathode material,
which can be demonstrated from the investigation of copper and stainless
steel. The selection of cathode material is based on the convenience in
obtaining the material and the cost of the material. Thus, cooper is selected
based on easier to obtain as the cathode material in all following
experiments. From the experimental results of pH effect, Ni almost cannot
be recovered via the electrolysis process when the pH is at 2~5. However,
the recovery efficiency is better in higher pH; and the recovery efficiency
attains 99% at pH 9. In the experiments.-about current density effect, it can
be seen that the higher current density, the better recovery efficiency. The
96.95% of recycling efficiency can be obtained when the current density
attains 15.3 mA/cm®. Furthermore, the recovery efficiency even can be
improved to 99% while the current density is 23 mA/cm?.

According to the above experimental results, the optimal conditions
are combined to evaluate the economic effectiveness. It can be seen from
the results of bench-scale reactor, the highest Ni recovery benefit can be
obtained after 4 hours of electrolysis. However, in full-scale electrolysis
facility, the cost efficient timing for the recycling efficiency is 10 hours.
Therefore, for a daily recovery capacity of 1000 L waste liquor, the
estimated payback time is 0.67 month.

After the electrolysis treatment, the Ni waste liquor will be added to



the on-site wastewater treatment plant. To evaluate the effect on effluent
quality, some jar tests were conducted by simulating the adding ratio to
understand the change of COD and Cu after the addition. Based on the
experimental results, the effluent COD and Cu can meet the effluent
stand when the Ni waste liquor dosage is below 400 mg/L. It indicates that
the Ni waste liquor after electrolysis can be added to on-site wastewater

treatment plant.

Key words: Electrolysis, recovery, electroless Ni, current density
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TRERER

THRERY I EH2AER Ed T HFE I NT T TG LR
vHESET REEAI T IFARARF R A B ERNEENTIEFS
CER-B28 ZHAATNEFRBE D TRERBRET T > 54 M
THTF ST LY TR VTR SBE o BT B
Bl bfsd BT FE > T RERE S - R F2REL 71t
TELRBEG BT BRRLEFLnE CRRE o E TR 2 ¥
FRBZsp a I F P jee TR e AR R KRR T
B F w24 (v 5 2006)
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anode cathode
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- ATV ITE BiERY > KBRS RE 4 N E R REP o
=1 -

M™ +ne — M

2H" +2e  — H, (Ft %)

2H,0 + 26~ — H, + 20H (¥ & &%)
i -

o3 LA +COz+ne

H,O — 1/2 0, + 2H™ +2e (& 14)

20H — 1/20, + H,0 + 2e_. (%, 1+ & & %)

M F R enBgds 4 (driving force)r o K p R F R 4 > REHF
Fled g2 sfant g B E2L ¥ 2 (Faraday’s Law) » d 2 £ %
T 3 % — z_t=(Faraday’s first-law of electrolysis )¥ & v » AL 7 (2
TR FAIF BTSSP THEMEE N HTEQ 11 » T35

m=ZQ=ZIt

#d Z=EF-maz 2 25 hFRQ) Z5 " FF5 2 27 EGT

R AR e A F AT A S 4 e E (g coulomb > Q% ¢ £ (coulomb) > 1%

|k

Ti(A)L BT AR 2 FREt(sec) Pk ff " EZF & FR2bs i 2
% 96500(coulomb & &) -

g TR TRAP N TR RATE R T BTE TR
WHTF TR RST o T MR E L EQe R F TR
At WwEE L s (Current efficiency) - -

T A= b TR T T BEQelg i T2 T B Qrx100 %
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10 BB (E 7] 3 SR HoNT HEEAY
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26 %RERL BT R
Gl £V ,%;&;J_nhbks%gg;t"]-a-;mg 2E§KQﬁiiﬁjﬁéi§: o — A @
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BRETGBECEAY CAAFTIES RN THE ko A
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gl
L 33587
TRFRY O HBEAZT F2IIAERLAF FBT

B - % F BT AR > PIAREEA 4 o AN LS
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3)

2. Wt R E B
Biad o %~ > 7 %%
ERl B RARER R e

3. JERILE gAML

FEHBEAES 5 AR

—_
P
3N

B e Lyt

B
(=t
\;q
-»-\
C“\ﬁ‘
~e
e
o
palbe
F5
_7-\'
S
H\

o

¥
4, FHE PRI M
BlaEHEEF AP ERBEAETE PH T 4P

=3 K,ért e o

TR

EAER SR T I
FEBERARLE DB AALEL G FUEBLTE > TR
B7P R4 T RDFTmL 5 ok RiEF o BRE & FPF - B4

TiRATH RPN E R eI

ke
B
=
IR
fis
3
g

ERRRDT RS B Rt RE R §RFL LR TN
»z% > (Scottetal. - 1988)1¢ * Ag-Pb L I51& 455 te2 TH 7
TR RERT IR LA BERERR i kR
55g/LT > Rtk T B o sx% T ® & 100~650 A/m? o R
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4
H\

e I Y + = . RN . 2 s 4% 2, 40 .z
T F T R AT TR T IR R LERETEE
e B

3f 4% - Campbell et al. » (1994) 9] * T 45 X

6534

FTiim A ATfEv el BRI MR
CREFHRET R ARARA > TR B K ISR

I
2 EpETRAL - Tricolietal > (1992)1 7 & 5 R4 0 &7 &

T2 DR E AR BRI fo b TRk Sk
TRTPRR LFERBRF BT RAEZBREFENM

~ b
ey
ne

&

TIRBA 0 RiRRF LIED X AL R Ak P

®
BEMTIRARNT B hEF Mg AL R s

= =

&3
5

PH 5 kipir ® TR RAR IR pH B¢ B FE F22 37
o BREm o EF 2t RREE BE R

SRR R T DAc £ R R B ER S AR 28 & &
EDTA 2. 488k ¥ » pH THEDTA & 2
Rk B A BpH B EDTA S & Fd

o
= »
oo

d

W 4
F_*

o5
:«»»

Mugd$+f#ii£%4$%
2 b o EDTA f-kizd i 5 f 47 kA8 adgs > 2pH &
i - TP o doBI2-947 A o F pH A3 T S
T > EDTA 22 & a5 cngt s » S8 & 33 B &
4 deHsY s HyY s HsY™ ~ HgY? (Y : EDTA) &p

‘_"-
[
i

H &4
PR s x5 et H Y B HY Y S A G A o prpEE A

=+
i

2.
|
»

Wy
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by R 2 & RS A4 kR T - PIEDTA § ¥
E AR A 4oYY e B12-10 4 (5] 0 2001) 4] ¢ it B T i gl
MINEQL £ % frpH T » 4F 22 EDTA 5 &2)fi ch% “ B » o

BI7 5 O %) ApH<2.5pF » 5 #ic gy 33 A & s & s pH3~pH 8pF -
5 i CU-EDTA A & Al ende 8 &0 @ apH>9pF » A5

Cu(OH), *4l & -

1.0 | ! A |

B12-9 7 pH &7 EDTA ¥ &4 i % B
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Percentage(%)

—— Cu(2+) —B— Cy(OH)3 - CuOH + Cu(OH)2 AQ
—#—2:CuOHEDTA- —*— CuHEDTA —+—CuEDTA — TOTAL Cu

®2-10 # FpH,E T 4+ 2 EDTA & &3] i % * B
5) B & :
BRI CEERIPEAL T FHETEF o -
?*ﬁ&@%%ﬁﬁﬂﬁﬁ@iﬂi’ﬂk¢§$€$¥*%?
i TIH 4o &R @ Parthasaradhysa = 3 4e i3 i Jk & 2
BRE/RBFE VT FRUT IR > G R TR
(Parthasaradhy > 1998) -
6) #a-
B AE AT R MBI B R R F T R 28 iR
Bo-¥* 335 g HEE B HE - BEETES -

Bl R IRFER Y " AR IR R VR R m,ﬁ oA sg v
eF S SEEFTRRRF BN E 0 B DT RIERET T

Al el &g =~ IR iR o 8 2 2R o
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2.7 BRI R BAF 2 Bk P8 R g
- BERTRFERZELES P QBRI R REFRILL ZEEE
Br o Y £ AV BIREEKE > AR BOK P B bRk B
TR RAERPH & R AR £ 2RI B E § I nK S
be vl A3 % o Tt BRI E Y o RBEB B A B E o acdk
R ES ] U EMERR T A Ak AL LT R M o TR AT g
| & B E B 2o kR 0 S IC B U tE (S A M R GER] 0 B e A IV R GERIS R (T
TR RA AR LR IR E B L 2R R TR
HR sz p o
BN B R R WA S R AR 3 R 2 AR G A
B s RS  a%ds - Desmear 2 PTHAR » - ~ = =0 484F 51 ~ 7§

i gAY P BTk ARAS FEERHZ R FFY
NERNFEEFLAYF > A RERARD R o 2245757 L4 A
TR L REARE SRR KRR

P
>m
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£ 2-4 THA L RUER R KR 2

WAzH ~ | WS> % %k B (mg/L)
CcoD cu®* Pb**
1B ik 10~50 50~1,000 i
HE B (H2S0y)
o i~o%mma
Nk B | BE 10,000~ 15,000 i i
MR AT (N2,CO5)
% i 4 (CuCl : 50,000~ 100,000 i
M| wu  (Cucl,)
¥ 1t 45 (FeCl) i 40,000~90,000 i
P E] 2 ES 4%T F 4
20,000~30,000 i i
A4 | 4% |(NaOH)
i 95 7 A 1,000~5,000 10~50 i
CL N N S
; 2,000~20,000 i
. (H2S04/H,0,)
i W ligl24 3 4 |130,000~200,000 i i
£ 1L r—g ﬁiﬁéﬁ‘@ = ~ =
* (KMnOy) 30~50
Gh BRI 300~~1,000 1,000~2,000 i
M s cde gy ~ ~ -
. f L/Fg; kﬂk 20,000~ 35,000 10~50
ﬁ'f nlﬁj/i 35 7K _ 2 ~2 _
5 (SO0 ,000~20,000
g |BFLFL(SPS) i 2,000~20,000 i
g E a4 (APS) i 2,000~20,000 i
PHT Py
g e |ONCR 200~500 20~100 i
2 i (HC)
£ 1t 4 (PdCI,) -
S L 1L ~ ~ -
2 PR 500~ 1,000 1~10
(SnCl,)
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e (H2S0q)

feig v )T 100~550 - -
3, PRap
- =X 4 v &4 |Fipadr ~ ¥ g ~| 30,000~100,000 1,000~4,000 -
AL A
P ﬁ’i']“i‘}fa“ A 3,0000~5,000 500~2,500 -
FrfslEF ok - 2,000~20,000 -
(H2S04/H,05)
VoA i A pa 4 (SPS) - 2,000~20,000 -
i A s 45(APS) - 2,000~20,000
TR |L0%E ik 10~50 500~6,000
i (H2S0y)
‘BB k. |1~2%mpisr | 10,000~15,000 i _
(Na,COs3)
%Py ﬁiﬁ'ﬁ_‘}% | 3,000~5,000 500~3,500 -
iRl oK = 2,000~20,000 i
(H>S04/H,05)
- =hF |k | RrpL4(SPS) : 2,000~ 20,000 i
R L) |40 4% § 4| 20,00030,000 - ]
(NaOH)
h R A% 4R % % (NH, OH) ~ 5 ’ 100,000~150,000 ]
it 4n (NH4CI)
21 457 42 2|47 45 |& -K4%~ pPEE | 20,000~25,000 1,000~1,500 (10,000~
22 TN 15,000
SRR B . |L~2%med | 10,000~15,000 i _
(N&2C03)
“ﬁ 4 ik S%F e 10~50 15,000~20,000 i
(H2S0y)
ARG E\"L~]7L 3B i 50,000~100,000
% i )
S 2 A Bx(HNO3) 3,000~5,000 15,000~25,000 {2,000~
20,000
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AR A PROKBET A S - FE KPR RS B KRR Bk
Feite (5 BT AR IR0 % B 4 LS B 2000) o Gk R - ek

Bl gk Aok A LR 54 AR Fik A S F R G
WO HE WA TGP ERY TR B RAE AR A
T kp AR R L TN FRE 2 ERHT 2 G
s FRMEEHFEE L ZE Aok BT 2580 %1 F eCOD 54 € - -
B R R R BORR  HE BROKAERIE S N ARLERERRRE ER
- ek g e ok AR R OB I B REBE RN TCER

FURIL kST o 3 3 (8 2 B R A i R de £ 2-5 .

#. 2-5 T RIT BAF T ER KR gk R R

78 B pH COD(mg/L) | Cu®"(mg/L) | SS(mg/L)

R

3~4 200~300 200 300
(B k)

Al 6~9 120 3 50
(Gzii-K)
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g fi] % B9 (Printed Circuit Board ; PCB) = {425 # A 4 iz 3% @
#2(dry process) % j& 5% £z (wet process) ; d »MiB WAL HE ~ehd F AR
RO S ik s iRl B X Fla @ B R R B RS
kXA TICOD 2 £ £ Bdd 24 o B BRI X RERF 4 F A e &
it B ouhikiE o
MR R BIRs B HOBCOREES
el it o
Mk sk (B3 ok 4)

- i}ti-ﬁ-i}i%&’}\(‘?fa kifesk)
B3 S e (B TV kB
“F AR -

~\

o o &~ w npoE

2. BIERRPM S kPR
REN: HCE 7SR TSI N SR L e S Sn RIS I A
P e o
Mk B (Frpa s k)
AR R R Ao N B BRI R > SRR R
A TR RF RAILE > xR EHIFEE LR B

AR VRSN
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4. B AR
fait 2 i* BIREITKZ > RJLRILGHA R 2 pHiEd B Kbk
Hﬂﬁi&ﬁ’ﬁ%%ﬁﬂﬁﬁﬁﬁﬁﬂ&*ﬁ“’éiﬁ
O™ AR = Ak en & g
i%mﬁ# %ﬁ*m@@é% T EEE o BT A MR iR
BeCOD 2.5 4 kR -
5. I Eapmik
— TR R D G GARE HEITHE c BAARIEIRY 25
B2 FENEAY G B N EREN o AR kR I A R AR N
ﬁk§m¢mﬁkﬁ’ﬁ%$ ﬁf?’%ﬁ$+ﬁ$%@
A2 TR EE o RS E Ba it o A 53 g
Boeo Y B 4F BOR BB RE IS 0 #F 8 TR 0 PRV AR
Siiﬁﬁﬁ&$£%@ﬁ§%ﬁ&ﬁmﬁﬁmaﬁ@ﬁm
2 ARR R FIA LRI A AR W7 AAIOH) s ¢ 3w

_4.\
P
S
b
2
&
X
3
v
>_\.

B ¥ IR EET RIFE -2 2 ALOgE F o Rk 0 Tk i
o ts g i SR E R R 2T B ORI E AT
(2 F+i- Fywg) > 1A fad g ACOD 5 % = 4 « # Bk
T AR o @) 2-11 o
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= AT E

i

-
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\ 4
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g
- 24

B12-11 - Er ful e e ok 1K e o A% 18]

o &R ST R AL Mg LR E S e T

-_\
o
N
aul
s
s
£}
N
e
-
c I~

P TRl s REA Y S BB R R K LB T o
doE R TR R F AR a T - RER A £ 4
R i 0§ R0 Aok @ 4o NaOH ~ Ca(OH), # il > 33 1 pH
i Ak EEBME TS A BHEF M’ﬁ“—‘ R R
KB B BAET R B L F BT 5 e UM A T
B H{VE R K SR ARILE doB) 2-12 o
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FZR R R HEZ G2
3.1 ?,‘%m‘-

AP E PR AN TR R A AR KRS R4
ERARZ ELR P ERREEAEFTCEERRZ AN P BRTFES
PARER R DR GREARY R PR ITRE T AT M B 12
FTRENEETIRED  RITRAES G A REFEM

(1) #eR it

(2) =%

(3) zx%pH ix 2

(4) s T jRRER

AR ERIGE T R IR (S 2NE M AR R g 2 TV BR R R A
T o M kR 7R A 4740 0 COD ~ & LBMAN 2 ST 2
R o FIAPM BRI MR 0 X E IR A A
Eaxi KR o b oh ) BB TR R P e BAGCE TR 0 BV v T &

BEHTR2Z 44771 3002 22 G0 o BRI Ao B3-1 -

36



16 80 B R

l

A6 80 B R 57 T
EAS E
T e A pH{k 4 AR 1

T

!

T

l

W B &k 54
53 5 410

l

v

JE KR I A
R 7 7

|

PR B o R R

B3-1 F shirAed)

37




32 REmE R

A SRR A 47 E R
1) &% -k (& 091g/ml)
2) % parednor A (R & 440=1:100)
3) EDTA %%  0.05 mol
B. =X L Bapadh kB A 17 Z A
1) @pe1:1 (6N)
2) A% A% 0.1 mol
3) Hiedp A 1 1%
4) Fr i Eipisr o 0.1 mol
C. Jar Test 4 47 % |
1) @ feo&
FF 4 NaOH > #E45% » 1 %
Fepe 1 H,SO, 0 #R50% > 1 %%
2) R R
F 1° 548 0 10 %~12 %
3) %524 (Polymer)
B pibeth g
D.COD 4 +5 % 4|
1) Ak E AT FAk
2) Frfak AT o
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3) EaEEa R R 1 0.0417 M
4) Fi ik 42358

5) 2R ttdp T A

6) Frfik 37 44%F T3 1 0.25M
7) COD %#75 i%

8) * %
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1. 2 /' 7 k=& B (Laboratory .D.C. Power Supply) @ & 7 f#
F R TRATE 2 ik o
CRFEFRER AT R TR TESF R KEHT
R4 F B F R L267E S -

(2) pH Meter :  Suntex pH/Temp- Meter, Model SP-701
(3) B F s
(4) S8+ 1Tk A

1. 48755y,

2.25ml # i #

3.2ml # % §

4, T
(5) #gir & (Jar test) :  Phipps&Bird 7790-400 Stirrer » #:# = [l =
0~300rpm

(6) CODHw iRl &
1. ik B 1 v e 24/40 2 500mL & 250 mL A& v [ &5 > 30 cm
£ 2B ASNIRAL G o
2. e B KR o
3. FEHF W -
(7) % &% & 3:*MODEL : DR/2000 HACH/U.S.A
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34 R

341 R EHE KR

B AR KR SRR TR A AR B B
WL BT RGBT AT R FF R MR AL
A 17 By e £ 3-1 o

%031 M EHER AT

LE- &9 P H#iP|IE P
COD 70:680 mg/L
pH 4.9
Ni®* 5.9 g/L
% TR A GRR#) 43.7 g/L
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342 TiEw L™ &

v R g% 3 (40 mmx100 mmx2.0 mm) i e 0 4F B F F 44 S
(40 mmx100 mmx2.0mm) 3 I54& > 34T R ER BT R FH7A F
TR T B e o F TR 18 0 MBS g R ARE L o
FHFEZAFTIBRPERLRRIETE HFHLBERYH I EEFRT 2
B %> BI3-25 A BHRPTIREE o

O 0
CF & e
999 999
AMP VoItAMP
00 90 oL
PR e E Wi E

B 3-2% 2%

2
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343 &5 %

(1) &8~ ~ 47
BT fRE S 2t s o MEDTA S &iF 252 AT RGBT IER - 3
F S FIRIER B3 g e

(2) i+ &8 Z 3% 4~ +7(NIEAW517.50B)
AR AR B FF RGPS 2 B LA e R 0 BT
2ok A b r B E 2 EERE BRI FlRL LS
RGBSR RF L AL LR R T REFkEY 20
% % (Chemical Oxygen Demand - f§# COD) - 12 & 7 ki ¥4k
stz

(3) & s~ & 47
Y2 Rk R 3R AR AR ML RIRE 2 (Hach)ie 70k R RIGE o
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\

MR HFF e (DpH ~ QBEEH T - QR R R ~ (AT fE
R

S (k£ 320 B4Rt 4 At i T o

% 3-2 R 4

7+ g 3 iE - 4 k- T -~
1.pH 2~9 H = E e
4 B gk
21 Pk By T a7
1.5~46~92-
SRARR AT AL 15.3 ~ 23 mA/cm? RS
& 2 hr 4
TR H Z HE CEd “A}ﬁt—tﬁ
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v

35.2 3R fe 2 Sk F
Fo B AR RN TR L B SRR AR R

22 AR v o PRI IDTIEHLY 2R R REFEFIE 2R o

3.5.3 BR-kEIR s Sk i it s
S RILEIS 2 SRR BB R 2 ICF R BT A
BRIEiE T AT F)p & IR A T T fRE S 20 BRIk A A 4o COD ~pH -~
B EBIERZE X TAAREER o Jar test™ SV HCER Y BURGE K sz AR S
D FEELE Y E AR E 18 Baskiiiok R ARG B B ROR TR iR
MR AR F TR IR o B COD - =t LA B AT R
CARE e T
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Fri B85

FHARRARATRERT %

AEELF AT PSS T e S R R RER G
BOER MM 2 F LR FCRPH BT R LR S
FiEE AR CREY N THERBRIRTIRLFE RG> T EE
PR RS R o AR R LT A e £ TR TE

T B

411 7 b pH 4§ v e F2

d Nernst equation g pH EE R f2 42 2R = 3 F24 23
THRF Y EE2REFF > FUNEREHPH 2 FF %Y o FHARR
B2 pH 4.9 4% pri g R ik (7B A > %P %A L8 (pH d 2~9) -
HuFehisityeT
TRELI5V
N R A
T 2B R WA 0 267 mL
TIEPER 1 24 hr

A w0 N

H T fE24hr 2 16 cdg 3+ R R F % % % A Bl4-1 -
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7 A R R (g/L)

B4-1 T At a3 kB 2rpH 2 B (%)
d PRI HIR o FpH EARE B AR Bk AxE o hpH B S ORF
TR B AL R Y 5909/l TINDGE R 2 PR 5 0.059 /L) -
o B R B BVEREGERY EH7 20 1 & Bk
4e ~ NaOH = Ca(OH) 233 & H g kpH &> @ g kP € £ Hap3 )= 72 3 14

§ «fﬂ' (e .ﬂ JAITHLE i —\ Av\é}ﬁii fL *ﬂ,,wﬁ,\ (Dean et al. » 1972) o I:F] "
;i;’%%pH Wi %’-@ E’—p:ui gﬁ-}%‘ni’&@é_il //"H a3 it 48 > i&m B
HERIER AT ARHKT HEEARE D FpH A e R % o ¥ B

AT RR > A AR R cR4A-l Vaadndled? > BT ER

2

\

TRERPETE > DRRY X RS AL D T ApH ARF 0 T RS

0

XB2HEIBEFEE T MREARRTREL K LaEREN S o Y
P+ e R RS ARG GF LIRS oA T EE A AR F LA
A o

F

1
h

(&4_
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412 3 bR R ok 2 B

THRERFRY EF2A2 KBV IREADRIF B L AEE
TEAL E F 2B A RErREFHER FE L F RET R
AL2 G B oS AR R T A BT AR o R E F AR S 4D

ARG JN IR o F L 7 o 2415 AR A BHEH ST §
SN R B ATERTREET IR MG TETRElogi F 1
FPDEREA R EA BRI AT AEET ST L BT RRC
BEAEEF 0 FLRARS B F

URAESRUREC S N R e o R A RS IR L
FRAEZ > 7 384 3 HF o TREB2ATESTLHE 2 § 12
P RLEARE TN ERE T Al Bl AR KRN TR
Yo ga st FREEHTHTEZLREF HAer kpHT™ > - f
ettt B AT fE24hr 2t s R R B % A Rl4-2 -

2 4-1 & 8240 5 ik

nA=a+blogi - i (amp/m?) » T=20°C

L a(Volts) b(Volts)
& 0.63 0.14
£ 0.17 0.12
& 0.39 0.21
4 0.69 0.12
23 0.79 0.12
& -0.02 0.11
2 0.16 0.12
47 0.55 0.11
= 0.7 0.12
4 0.24 0.12
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e a4 kR (gL)

NA
A

pH

d P BIF Ao @ F 4 P R4 Y RS

BT P LR F BT T T a7

s 43 ) A 2
—E;%KZ <o Fp i g

&
F
3
—7~
Sk
ﬁ N
L
94

(w,

b

=

49
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B H G rd B2 T on(Current) » 5 T 0w % & (Current
density) > H H = % Alcm* (& mA/cm?) o Tin 2 B % | 7 0w g v ok
2o T ARG o L FEERT A RARASGE BT cF LM ik
HRTRISEVEZ 2@ A w501-03-06~10215A k& 4
100 mmx65mm > LRI E SN BF VP EBRZTED &

3.0
|—0—ﬁ%&’p::ri)%/§ |
2.5 A
)
8 2.0 1
RESy
;j% 1.5
3—“ 1.0
=
<
0.5 +
0.0 T T T T ®
(o] 5 10 15 20 25
T o % A (mA/cm?)
Bl4-3 2 F R iR REHAET LR M GH
A ERINBRT D24 S8 EREScB4-3 F TIARRH
T E24hr "EFTRBAAFET I BRERATEFRF T AT

BERARE  RFRESFFR T %A E15.3 MACME H 43T
F#170.18g/L> ptpEw fzk e 1£96.95% 0 F TR AR E 12 mA/crm?

Wofe T e E0% o Fp @arw ek §EF TR AR e 4B o Tn

I
W
1%
-

CHL M GERIr R4 e EFJEETIABRRALE 0 L

50



L T e T TP < I PRIgY S S O T S S R
— AR T B o T R HT kTS o

TR(V) (A =i i A (mA/em’) ¥ e 5 (%)
1 0.1 15 62.03
2 0.3 4.6 56.61
3 0.6 9.2 65.93
4 1.0 15.3 96.95
5 15 23 99

g 4% 5 :65cm’
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414 TR FR T T 2L M G

THRFFzZLEe Tt s Hhr v kFOHETF
B+ AARER B- BB EFERZ R IOLF 0 X EFE AR AT
E2 TERER o

“
%

*i T' Ei P:\.‘)

TR EK A
A TREZ:5V-Tl5A
B. &M &
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