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SUMMARY

This study was directed to establish hydrogen production technology in 
electrolysis of water by means of Solid Macromolecular Electrolyte Method 
that is expected to be more efficient and less costly than traditional 
hydrogen production methods according to World Energy Network 
(WE-NET)” which was started in fiscal year 1993.

In the fiscal year 2000, along with the development of large area electrolysis 
cell lamination (electrolysis area 2,500 cm2, 10 cells), manufacturing of 
electrolysis cell (electrode area 1,000 cm2, 25 cells) for hydrogen station has 
started in connection with the Task 7 (the development of hydrogen supply 
station). Also, the conceptual design of hydrogen production facility in full 
production scale was carried out, and investigation was conducted to 
examine the effect of optimum operating condition on hydrogen production 
cost. In the R & D of high temperature resistance solid macromolecule 
electrolyte film, a few different types of macromolecule electrolytes were 
composed, and their characteristics were evaluated. Additionally, 
literature searches were conducted on the latest water electrolysis 
technology to gather information.
The outline of this report is presented below.

I . Reconsignment Research and Development by Mitsubishi Heavy 
Industries, Ltd.
(Development of hydrogen production technology through Electroless 
Plating)

1. The goal of this study
(a) Studies to improve long term durability
(b) Development of large area cell lamination technology
(c) Trial stacks for hydrogen supply stations

2. Studies to improve long term durability
DSS evaluation test was conducted using a 10 cell stack with a 1,000 cm2 

film-electrode combination at electrolysis temperature 80 deg. C, electrolysis 
pressure 0.7 MPa, and it was found that the energy efficiency remained at 
about 87% up to 220 cycles and the efficiency of better than 85% was 
estimated for the long term goal of 400 cycles, although a drop of efficiency 
from the initial 88% or thereabout to about 87% after approximately 100



cycles of operation was noted.
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Fig. 1-1 Conditions for Durability Test

Fig. T2 Results of Durability Test

3. Development of large area cell lamination technology 
During the surface pressure test using a 10 cell stack, the current 

separator processing accuracy was increased to about 0.05 mm finishing, 
and applying jack pressure of 15 MPa and the bolt torque of 19.6 Nm. As a 
result, excellent sealing characteristics and electrolysis performance were 
obtained by producing a uniform pressure distribution of electrode pressure
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5. Conclusions
(a) Studies to improve long term durability

A durability test was conducted simulating production facility operating 
condition using a 1,000 cm2, cell stack. As the result, an estimation of 
durability was obtained at 400 cycles, which was the goal.

(b) Development of large area cell lamination technology
A trial piece of a 1,000 cm2 10 cell stack was made. When the 
processing accuracy, compression condition, and stack structure were 
optimized, a uniform contact was confirmed during the surface pressure 
test.

(c) Trial stacks for hydrogen supply stations
Using a 1,000 cm2 10 cell stack, ordinary energy efficiency of more than 
85% at electrolysis temperature of 80 deg. C; more than 90% at 100 deg. 
C were achieved. Also, using a 1,000 cm2 25 cell stack, simulation 
assemblies were conducted, and lamination processes were confirmed.

II. Reconsignment Research and Development by Fuji Electric, Co. Ltd.
(The development of hydrogen production technology using hot press 
method)

With the purpose of establishing manufacturing technologies of a large 
lamination electrolyzer using solid macromolecular electrolyte films, 
developments of technologies in the operation of high temperature and 
pressure, in large scale lamination, and in large cell manufacturing were 
carried out resulting in satisfactory conclusions.

1. Development of large cell manufacturing technologies
(a) Studies to improve the characteristics of film-electrode bonded part

i. Improvement in uniformity of electrode weight
Manufacturing method of large area electrode was investigated to 
improve bonding property of electrolyte film and electrode by improving 
later weight uniformity. In the classical method, electrodes were 
manufactured by evaporating moisture by heating after supplying 
iridium dioxide dispersant on a sheet of PTFE, but the weight of these 
electrodes were accurate to within 28.8% and rather inconsistent. To 
improve this weight accuracy, a system to precisely adjust the level of 
the plate where PTFE sheet was placed and a system to uniformly 
disperse the catalyst (Fig. II-1) were used. Then, it was possible to 
produce iridium dioxide electrodes with weight accuracy of 9.1%.



CE
LL
 A
VE
RA
GE
 V
OT
AG
E 

ST
AC
K 
VO
LT
AG
E 

CU
RR
EN
T 
EF
FI
CI
EN
CY
 ENERG

Y 
EF
FI
CI
EN
CY

(V
/C
EL
L)

 
(V
) 

(%
) 

(%
) 92.2

16.1616.01 16.32

1.631.60

900 1000500 600200 300 400

OPERATING TIME (HOUR)

Operation Condition :

Cell Temperature: 80X3 

Pressure: Atmosphere 

Current Density: lA/cm2

Fig. n-5 Performance History of 2,500cm2,10'cell Electrolyzer



CE
LL
 A
VE
RA
GE
 V
OL
TA
GE
 STAC

K 
VO
LT
AG
E CU

RR
EN
T 
EF
FI
CI
EN
CY
 ENE

RG
Y 
EF
FI
CI
EN
CY

 
(V
/C
EL
L)

 
IV
) 

1%
) 

(%
)

100.0

110.0
100.0

CURRENT DENSITY (A/cm2)
Operation Condition :

Cell Temperature: 12(/C 

Pressure: 0.3MPa

Fig. II — 7 Initial Electrolytic Performance of 1,000cm2,3-cell Electrolyzer at 

Pressurized and Higher temperature



CE
LL
 A
VE
RA
GE
 V
OL
TA
GE
 STACK

 V
OL
TA
GE
 CURR

EN
T 
EF
FI
CI
EN
CY
 EN

ER
GY
 E
FF
IC
IE
NC
Y 

IV
/C
EL
L)

 
(V
) 

m 
(X
)

100.0

110.0
100.0

6

5

4

3

2

1.700

1.600

1.500

1.400

1.300

OPERATING TIME (HOUR)
Operation Condition :

Cell Temperature: 120X3 

Pressure: 0.3MPa 

Current Density: 1 A/cm2

Fig. II — 8 Electrolytic Performance of 1,000cm2,3-cell Electrolyzer 

at Pressurized and Higher Temperature



HI. Reconsignment Research and Development by Mitsui Shipbuilding, 
Co. Ltd.
(Economic View on Hydrogen Production Plant)

1. Foreword
Referencing to the conceptual design and cost evaluation of a large scale 

hydrogen production plant (hydrogen production capacity- 32,000 Nm3/h) 
that was planned in the First Phase, and the same nature of study of a mid 
scale plant (capacity: 3,000 Nm3/h) which was conducted in fiscal year 1999, 
an investigation was made on a plant with capacity of 10,000 Nm3/h during 
this fiscal year. Furthermore, overall energy efficiency of a hydrogen 
production plant for water electrolysis by the Solid Macromolecular 
Electrolyte Method was estimated, and this method was compared with the 
alkaline water electrolysis method. From these studies, features of mid to 
large scale hydrogen production plants using the solid macromolecule 
electrolyte water electrolysis method were grasped, and suggestions are 
presented here as developmental parameters to realize such plants.

2. Conceptual Design of a 10,000 Nm3/h Hydrogen Production Plant
(l) Prior Conditions for the Conceptual Design of a Hydrogen Production 

Plant
It is necessary to establish a list of basic prior conditions to make a 

conceptual design of a hydrogen production plant. Table III1 shows the 
basic conditions required to estimate hydrogen production capacity, 
electrolyzer structures, major equipment structures, operating conditions, 
and electrolyzer performance, etc. Currently, an electrode of 2,500 cm2 is 
being developed, but in this conceptual design stage 10,000 cm2 was used 
because it is assumed to be a full scale production plant.

Table E-l Conditions of Conceptual Design
Condition Specification Remarks

Hydrogen Output 10,000 Nm3/h
Electrode Area per Cell 10,000 cm2/cell

Current Density 2.5 A/cm2
Operating Temperature 120 □

Operating Pressure 0.44MPaG *1)
Cell Voltage 1.705 V *2)

Total Number of Cells 976
Number of Cells in Stack 122 /Stack
Total Number of Stacks 8

Number of Rectifier per Transformer 2 /Transformer
Train onfiguration 1 /4 stacks



The total property area for the entire plant is 750 m2, and 320 m2 of it is for 
the buildings. These figures will be used, as will be presented later, to 
calculate the costs of plant construction and hydrogen production.
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Rectifier
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Fig. Ill-2 Plant Layout

(4) Unit Cost to Produce Hydrogen
Hydrogen production cost was computed from the construction cost of the 

basic plant. However, the following considerations were given in addition 
to the elements used in calculating the basic plant construction cost. •

• Electrolyte Film/Catalyst Unit Price: The ratio of electrolyte film/catalyst 
cost to the total cost of electrolyte film was set to 30%, and was treated as 
expendable item.

• Electrolyte Film Life Index: Film life has not yet been established at 
present. Accordingly, it was assumed that the life is a function of current 
density, and it was set as follows:

Current density lA/cm2 ■--- eight (8) year life
Current density lA/cm2 Life is 8/(1/l)n where n=0.5

• Maintenance, Tax, Insurance, Interest, General Management: Figures 
previously used were also applied here.

• Labor Cost: A total of 12 personnel with a shift system was assumed. 
Calculated results using above conditions are shown in Table IIT2.



ignored. The estimated results are shown in Table IIT3.

Table H-3 Energy Balance in Hydrogen Production Plant (120CU 2.5A/cm2)
Item Energy Efficiency of Electrolyzer(l20D)

100% 95% 90% 87% 85% 80%

Heat
Input

Qi 5.8 5.8 5.8 5.8 5.8 5.8
Qs*i) 0.0 57.5 121.0 166.0 192.5 272.9

Qe 1069.6 1148.9 1212.3 1257.3 1283.9 1364.2
Qd 53.5 57.5 60.6 62.9 64.2 68.2
Qp 2.0 2.0 2.0 2.0 2.2 2.8

/Mt 1130.8 1213.7 1280.7 1328.0 1356.0 1441.0

Heat
Output

Q2 -161.5 -103.9 -40.5 4.49 31.0 111.4
Q4 2.4 2.4 2.4 2.40 2.4 2.4
Qs 108.9 108.9 108.9 108.9 108.9 108.9
Qe 1.2 1.2 1.2 1.2 1.2 1.2
Q? 54.7 54.7 54.7 54.7 54.7 54.7

Hydrogen 1069.6 1069.6 1069.6 1069.6 1069.6 1069.6
Energy Efficiency 
of Plant %

94.6
(82.8)*2)

88.1
(81.2)

83.5
(81.0)

80.5 78.9 74.2

Note l) Because Qs is included in Qe, Qs is not included in the sub-total.

Note 2) The values in () were calculated with -Q2 included in the heat input.

Table IIT3 shows the results of calculation for the case of temperature 120 
deg. C, Q2 (circulation water) is a negative value at heat output for 
electrolyzer energy efficiency above 90%. This indicates that the 
electrolyzer internal temperature can not be maintained at 120 deg. C, and 
it is the amount of heat that must be added from outside to the circulation 
water during the plant operation. Therefore, the energy efficiencies 
calculated with Q2 added to the heat inputs are shown in ( ) in the line of 
plant energy efficiency. 4

4. Alkaline Water Electrolysis
In order to compare with the solid macromolecular electrolyte water 

electrolysis method, alkaline electrolysis method currently in operation was 
investigated. As an example plant, it was constructed in Indonesia Plaju 
Aromatics Centre in 1986 by C Co. This is a 100 Nm3/h hydrogen 
production plant, and their electrolyzer specifications are as shown in Table 
IIT4. A flow diagram is shown in Figure IIT6 as a reference.
The biggest merit of the alkaline water electrolysis is its long life, and it is 
guaranteed for over 10 years. It is said that a continued operation is 
possible for 30 years by conducting overhauls. Therefore, from the 
economical point of view, the alkaline electrolysis is an excellent method.



Furthermore, latest alkaline water electrolysis plants have been revised and 
improved. The example of N Co.’s cell structure of bipolar type obtained 
operating temperature 80 deg. C, current density 0.31 A/cm2, and terminal 
voltage l.SV/cell, and the estimated plant energy efficiency is about 75%.

Type. • Mono pole tank type

No.of electrolysis cell : 18

Size. : H 1307 x W 606 x L1118(mm)

Weight(operationXkg) : 1,616

No. of anode per electrolyzer : 7

No. of cathode per electrolyzer : 8

Effective area per electrolyzer (m2) : 10.4

Operating temperature (□) : 65

Operating pressure (KPaG) : 4.4

Cell performance (per electrolyzer)

Current Load (kA) : 14.3

Current Density (kA/m2) : 1.4

Cell Voltage (V) : 2.1

Hydrogen Output (kg/h) : 0.53

Oxygen Output (kg/h) : 4.26

Table HE -4 Specifications of Electrolyzer in Alkaline Water Electrolysis Plant

Cooling
Water

Pure Water

Electric Power

Rectifier

Pure Water T ink

H,:WW

Pressure Regulating Mist Banin** 
Tank Tank

Mist Eliminator

Oroiiaticn Gas Noting Tank
Puip

Oxygen Gas

Hydrogen

Figure HI-6 Flow Chart of Hydrogen Production 
by Alkaline Water Electrolysis Method



5. Conclusions
For four years since fiscal year 1997, conceptual design studies of 

different types of solid macromolecule electrolyte water electrolysis method 
for hydrogen production quantity 300Nm3/h ~ 32,000Nm3/h have been 
conducted in full production scale. At the same time, studies were made on 
alkaline water electrolysis method including existing sights as examples. 
Major results obtained are as follows, and it is suggested they are to be used 
for future realistic development.

(1) It is preferable to select the operating condition of somewhat lower 
cooling temperature from the condition that balance the input output heat 
value for the operating conditions of cell voltage, current density, 
temperature and pressure.

(2) Regardless the plant scale, the utility cost and electrolysis voltage give 
strong influence on the hydrogen production cost. Therefore, improving 
electrolyzer cell voltage (lowering the cell voltage) makes a large 
contribution to improve the entire energy efficiency.

(3) There are optimum values of cell price and operating temperature at 
current densities between 2 A/cm2 and 2.5 A/cm2.

(4) Data of cell manufacturing cost and film life are essential to improve the 
accuracy of conceptual designs.

(5) The entire plant energy efficiency loss is the largest at rectifiers.
(6) For a constant current density, the plant energy efficiency is better at a 

higher operating temperature.
(7) The advantage of alkaline water electrolysis is its longevity. In the 

bipolar method, the cell voltage 1.8 V (electrolyzer energy efficiency 82%) 
has been achieved and actually operated at operating temperature 80 
deg. C. The cell lamination technology and others may be considered to 
be useful sources for future technologies to realize solid macromolecule 
electrolyte electrolysis.

IV. Reconsignment Research and Development by SRI International 
Foundation

(Development of High Temperature Proof Macromolecular Electrolyte Films)

At SRI, we are developing new high temperature proof high strength 
macromolecule electrolyte films to be used in high temperature water 
electrolyzer as a substitute compound for Nation and other Parfluorinated



V. Joint Research with Osaka National Industrial Research Institute
Osaka National Industrial Research Institute contributes to the

advancement of this project by evaluating the performance of water 
electrolysis and high temperature proof macromolecule electrolyte films that 
was developed by SRI International Foundation. In this fiscal year, a film 
thinner (thickness:50.8 -101.6 U m) than that of last fiscal year was 
developed. Ion conductivity and water electrolysis performance were 
evaluated in the temperature range up to about 150 deg. C in pure water. 
The ion conductivities of films with thickness of 91.4 fi m and 66.0 fi m were 
about 0.05 - 0.06 S/cm at 150 deg. C. At the current density of 1 A/cm2, 
electrolyzer voltages for 91.4/1 m and 66.0/1 m films were 1.72V and 1.59 V, 
respectively. For the 66.0 /i m film, the voltage efficiency of over 90 % 
(AHbase) at 150 deg. C was recorded.

In comparison to the last fiscal year, film damaging situations have been 
improved quite a bit, however pinholes and cracks were still developed and 
continued measuring became difficult during bonding process of 
electrode-film and/or making measurement. Thin films exhibited this 
trend more significantly. In the future, it is required to further investigate 
the range of high current density and improve the durability and reliability 
of film including its mechanical strength.

VI. o Literature Search — Water Electrolysis
Water electrolysis has been an important industrial process that has been 

in use industrially from the old days for the purpose of indispensable 
hydrogen production for starting with ammonia composites to chemical 
industries. However, recently this process has been pushed away by less 
costly hydrogen production methods using steam refined gasoline or natural 
gas. However, lately the water electrolysis has been watched as the only 
industrially established method to produce hydrogen, which is valued as a 
clean secondary energy, from water. We think it is very important to grasp 
and comprehend current status of related researches.

Accordingly, we conducted literature searches on water electrolysis 
related references published in recent institute journals and reports. This 
year’s searches covered the materials published in one year from July 1999 
to June 2000, and summaries and important figures or tables are shown 
here. The main purpose here is to grasp the general trend of studies being 
conducted, and as such for details, the original references should be 
consulted.
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# 2.1.1-2 o

m.i.i-2 i (Dcm<b< u umum######
No.

li m
S^WSlA/cm2 #^^3A/cm2

MMMJ£V im* - MMMf±V ##' -

1 75.1 1.530 100.0 96.7 1.639 100.0 90.3
2 76.3 1.532 99.4 96.0 1.659 100.0 89.2
3 72.4 1.527 98.8 95.7 1.635 100.0 90.5
4 73.4 1.528 100.0 96.9 1.64 98.1 88.6
5 74.1 1.533 99.4 95.9 1.646 100.0 89.9
6 72.6 1.529 100.0 96.8 1.651 99.6 89.3
7 73.6 1.535 100.0 96.4 1.653 99.5 89.1
8 74.5 1.534 100.0 96.5 1.647 100.0 89.9
9 74.4 1.533 99.7 96.3 1.647 99.5 89.4
10 76.2 1.529 100.0 96.8 1.642 100.0 90.1
11 75.1 1.535 99.7 96.2 1.65 100.0 89.7
12 76.2 1.526 100.0 97.0 1.638 100.0 90.4
13 75.4 1.532 100.0 96.6 1.645 100.0 90.0

74.6 1.531 99.8 96.4 1.646 99.7 89.7
#@@# : 50cm2, : ?U^:80t;, @E0.1MPa( SDS77MPa)

# 2.1.1-3

2.1.1-3 2 lz£K)M{tLfe~&1M U W2±&VMi®t’t‘Z>\

mm No @ a # m
lA/cm2

m m ® a
2A/cm2

# m ® a
3 A/cm2

1 1.531 1.595 1.648
2 1.529 1.592 1.644
3 1.531 1.593 1.646
4 1.535 1.599 1.652
5 1.533 1.594 1.646
6 1.533 1.597 1.650
7 1.532 1.591 1.640
8 1.536 1.598 1.650
9 1.530 1.592 1.642

10 1.535 1.597 1.649
11 1.531 1.593 1.643

1.532 1.595 1.646
HE fit V 1.536 1.599 1.652
ft/JvfiSV 1.529 1.592 1.640

##m# : 50cm2, ##1^# : M:80"C, EMET
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A. ^6#)
i. i2.1.1-4 EEES7

StifE^S^ 3A/cm2 COdS-niE 0

E 2 T'EE£:ftfcA;ESEia{£;Eo/t=
n.%^^1 a%^A&2 #&A#i VE/7A

##(7)m##S^ 17.4% a 10.5%T&o^AV

2.1.1-4 S®<7)EfN£(7)i£$5

#m^s
ffiSn1#:
tEV

#&A#KD#
###&#
tEV

2 (D

tEV
lA/cm2 #A# mV 1.537 1.535 1.536

#E# mV 1.530 1.526 1.529
E^HE mV 1.533 1.531 1.532
IIS mV 7 9 7

3 A/cm2 #AfE mV 1.660 1.653 1.652
#/J\# mV 1.647 1.635 1.640
E^# mV 1.653 1.646 1.646
IIS mV 13 18 12

2.1.2
(1) g%

2,500cm2

(2) %E(DEv
a. %E(7)Evh7°l/AA&

nyixx^s
EI2.1.2-1, ^2.1.2-1 ^E#, tOE^ m##,

jME^^EKkL <ht)ClkW(D^-hUv^k:-^^18*#A$^TV)T,
3 E, 12 E, 3 E(7) 3ffi<EEEtf b:ftTl^T> E^hEElti: 3 M<D PID 7 >— hd —7tl
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as ft#
Mfeti 150 h >
## SrejimS 2000

mm ior
fW«SB pid mma ^mnyhn-7 ±~f& 3 e
ifiEX/ MAX35MPa

X h □ — X 400 mm
SESXTStoD.M 1200 mm X 700 mm,

A-HEy W1556WX18*
mES#±smms 1200 mm X 700 mm, 

a-Hby W1556WX18*
STS VzL 7J1/5. > 30mmX412mmX H62mm-2 M
UWkU SUS316 2mm X 330mm X 1080mm-2 ISI
E—^ 7.5kW

i.l##, ##%#,

iii. g $ a, b - f o 6 at.

0 0 0

0 2.1.2-1 $6*0^'7 H7VXS
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±#2^70mm Aoimm
SOroMzKk:

*#2^ 90mm h^lxX

#c, 8or(7)mzK[:muT#m$##u:#^m'j^
IsfZo

c.
<.

0 2.1.2-3

E^^#A0LTt), #^#^9%T^UTW^:. 
ii.##M#(7)#^$ : #U%1 ll-13%T%H^^^o/:.

O. ^(7)^#
0 2.1.2-4 lZj±tl$: 1.5MPa £Lfc%&<D^nW$&fa<Dtfitf^ 1£t}& IMPa <

0.3-1. 5MPa

mu, 140"C(7)#^, #^(7)^HOT&o^:o

7fv;/h3?UX@iE Mpa

2.1.2-3
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B6i± 1.5MPa

SEE I.OMPa

7h^h^UX;SS °C

m 2.1.2-4

d. $<!:#)

(4)#m&^mm;%&&# ^ h y K z
a . g%

Ap(D#U(#(D^^< ^«9, #7)^<

El 2.1.2-4 ^^2.1.24

14#(D=iybn-7^#^^i:V^6. #=,:/bn —y^/<^ 
y^j## ^ z 19 aynyyA^zomim^fba^^LTbo
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m COBB] laia [a 
mm mm miam

\/ \/ \/ \/ \/ \/

m s ft #
M J£tS 150 b>

Idim^ 200T2
mm 2r(@i5or)

»]«$
pid 3> hn-^ ETMEffl #7#

MAX 35MPa
7.5kW

>y-
% hn —^

400 mm

60mm X 412mm X 1162mm
tl—PUvi/b —^ 1.5kWXa-14*
-> V 3 >«S5S<b^5X«WaS6
20mm X 412mm X 1162mm

£DEE mm
1200 mm X 700 mm,

§ff»K mm
1200 mm X 700 mim

±TSTS
30mm X 412mm X 1162mm 2 #
SUS316
2mm X 330mm X 1080mm 2 #1

2.1.2-3
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2.2

2.2.1 gto

/l%m(DJ: L-C^^ibEV^6. Zj: 30/% mx50^ m

2.2.2 #m L/c^my

g|2.2.2-l(C^i-j:9W#:. E^^E^^y, mi##E#^L^o
#E#E#yyEEmDE#&#wEaa:EEi$L, i#sE#E^^yE

MJ±^r^ —l6toE'>V yy—
mtl 3,000 h E

^nE@"\h& 600mm X 600mm 

^yyffiE 35MPa

E#M #i% 200MPa

2.2.2-iEm%mway^g

2.2.3.^E@(Dm^^m'j^
3,000 h>(D^E^-e#L^#^, ^EWaE^mf. enx.^. ^Em(DE@K^E^ywy/>y

— i?(DREW (iT^(7)^iLi 0.1~0.2mm^/^LE HI 2.2.3-1 9 C$Ete 4
<9 x E^^StlMWL/c^oTMLlbSM^yS t)<7)

±T^OE#(D^(ClmmX600mmX600mm(D±#
3,000 b^^LEs^mDELEE^oE#^^^^#

^ u^o Hi 2.2.3-2
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g 2.2.4-1

: 250 mmX300 mm ## ; /lm
tlJS^E 1 2 3 4 5 6 7

1 564 572 562 552 539 563 542
2 567 583 578 577 561 562 554
3 558 564 559 549 542 556 552
4 561 569 555 537 539 552 553
5 557 578 555 546 549 562 554
6 558 570 569 561 560 568 555
7 551 561 556 543 545 548 553

TOf® : 558Mm, #±# : 583Mm, #E# : 537Mm, IIS : 46Mm

2.2.5 2,500crn2t;i/m^@#:(Dgm^:^^&(7)^W##

a.

2,500cm21;l%m$5###WS 270 mmT #$^ 1,000mm 3,000 h

C(D/:66, sim

b.
j: 5270mm 1,000mm 5 6nTE$MJF^$

m 2.2.5-1 e> C, TrnnE^(7)±mDEEW^SfflS1E(0.4mmX600mm)<hS(7)WtoilEE
#;C7)i65£l$Sffl<7) 0.95mm £fclX 0.90mm 6DJWS0X<—+h^EV^c =

U.m 1 0g©EM

SS 3,000 h>T'EEE5rTEL 60 fj^lEELfc^, anEt££±#bfco

/\.m2[mBE^m

200mm ^T'b U ntffetl 3,000 h>TiOES$T
P$b 60#^EEL/c(D^, EEE£±#Lfc=

-.m s im~m 5 imBE#^
m 2 3 m#0igb/:.
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c.
^ 2.2.5-1 (h^2.2.5-2

(D^mtMJj tb\Z 570Mm T%<—tEa^^MCj#$T$,o/Co S-fT<hS$ USM+Mm

T&-DT, C(7)-3(D

2.2.5-1
: Mm

t$
F m 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

i 553 574 594 586 588 579 599 600 593 592 582 594 597 583 588 575 604 617 616 585 553
2 518 539 543 548 570 560 569 560 558 562 555 571 566 550 556 553 577 557 568 560 518
3 526 549 535 542 546 562 571 558 568 562 560 578 558 550 556 553 568 568 581 552 518
4 539 568 567 568 570 585 619 586 579 585 594 590 584 581 568 601 598 593 586 578 549
5 563 579 573 565 588 580 614 589 586 588 587 601 604 579 596 594 590 597 598 587 557

563 579 594 586 588 585 619 600 593 592 594 601 604 583 596 601 604 617 616 587 557
#/h 518 539 535 542 546 560 569 558 558 562 555 571 558 550 556 553 568 557 568 552 518

R 45 40 59 44 42 25 50 42 35 30 39 30 46 33 40 48 36 60 48 35 39

#/R R
573 619 518 101 270mm, S£ 1,000mm Bff8 : l,694g/m2 

y'J >y—Mtl : 3,000t

^2.2.52

¥& : Mm

HWt 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
l 540 565 567 574 563 576 577 575 574 565 574 585 577 581 580 589 591 571 558 545 519
2 524 550 581 560 555 565 575 565 560 554 552 574 570 559 572 571 565 549 537 550 509
3 530 545 546 549 558 566 571 579 571 561 566 571 569 565 575 565 572 546 529 539 499
4 566 570 578 572 595 585 583 579 580 580 594 604 585 578 583 588 580 578 555 556 544
5 570 581 590 587 589 584 584 585 580 589 582 600 590 606 598 592 599 579 571 585 564

570 581 590 587 595 585 584 585 580 589 594 604 590 606 598 592 599 579 571 585 564
#/b 524 545 546 549 555 565 571 565 560 554 552 571 569 559 572 565 565 546 529 539 499

R 46 36 44 38 40 20 13 20 20 35 42 33 21 47 26 27 34 33 42 46 65

% R
569 606 499 107

!£f4\f7£:|lJ§ 270mm, fi$ 1,000mm : l,679g/m2

5xU : 3,000t
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2.3

2.3.1

# ^ ^/c#^o T w6^j: 0 l/^o

£fz, Z.<D$*'V&&tf&tlT^fzb(D\Z~D^T\Z 50 c m ^JimcO^M^^Ui^L, 't)l\Zff&&&

2.3.2

IsfZo 
a. ##

\f* ii 1mm X 30mm X 30mm

b. ;#WW:

mmzKcD^'r^^T, ^u^b

Lft0 8 2.3.2-1 12 MM(Df^coUW, #&, E^^/kTo

2.3.2-1
No ## poll

l± m
raiA
r

1 ^V%^y> (PE) LE1080 6 107
2 #u%^k> (PE) HE3040 1 2 124
3 #U7ntfk> (PP) PPW-5 3—7 168
4 ^ U f- b ^ 7;!/%!-[] %^k> 

(PTFE)
MP-1300 9 328

5 S/U * A Z -200 2.1—2.6 1600 J£A±
6 y'J t) BY-001 13-15 1600 m±
7 '>U ts LP 10 1600

8 C/U * E75 1.7—2.9 1600 j£A±
9 N2N (#4^) 6 1200
10 AMT-100 6 1825
11 m^9'y AMT600 30 1825
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-f

LTzo

MMLfco

i .#^(:%7;i/7;i/3-;i/XHTK^j!]|]x.^%l/T<-X

iv.^v hy^-hTML#m#^(7)#^^mA^ia(D^mT^mL^m ###*##&#
KikTa.

d. ####

c c o ^ / 7 j: o

El 2.3.2-1 v^^L/c7^>yci

IMPa <b2 MPa aLTg^(D@m^aH3A/cm2(:m^L/:.

gi 2.3.2-2 u -it-7 6 ummoMaz

(DiizKiiS

^12.3.2-3mw&m

S tl iMt" £ zKl: £ L Zt 0 SSSte 100, 200mmHg, MzKfUSti 25qCtL-Tz0
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JJPE
1 ~2MPa

IDE
1 ~2MPa

2.3.2“1

12.3.2-2

(zkM25r)

El 2.3.2 3



so%RTT&3^o

^<(:PTFE#^^^#L^No7, 8, 9#M#T###(7)6a6&@#l30%^T&3/:.

6 x. e,

&# (^*#W O#^#EEH5.0mV (1 MPa 3A/cm2) T&3^:^

C^U; 0C (>^^3^:. <h < U

^#^^^3^:. #^^^3/c0HNol3T#^@gH69.5mVT^3/:. ^^>##(7)#
fmt:5W#zAx& a j; ^ c z o ±(7)^cn#*^m 5 c L%^ am&m

m(7)%0^A6^l^T&6 3.

(Rmax) &j±g(T^a, &#^105^m^No7^U^h77;i/^O%^lx> 

(n°aS MP-1300 tttMM) ^ 68.3//m, Noll '> U * (ono#AZ-200) ft 52.3/im 

^TjkiytZc

zKM^^WOLT#^:. 200"C#:#T^#L^:^#H,

e. ii

ii
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ft o

NoG^U ynEk>^*W&?8m@
^Bnp, No 7, 8, 9, 10 (7) PTFE Noll '> U Y/^q°nT'£>p it.

iv.## <b LTiiLTfc^-o

2.3.2-2 SitELfcfM3ME^ >#$##$§#(/)&*##

No.

*
&
No

ijp #

x

li^SE
mV

SMffiA
Mm

iizkiiS
ml/cm2/min

25X
a# 1 MPa 

3A/cm2
2MPa
3A/cm2

Rmax Ra 100
mmHg

200
mmHg

1 &&& PE LE1080 7 #E 7.2 4.1 92.3 13.4 245 435
2 {&%'Jt PE LE1080 □ #E 180 5.7 4.1 105.7 13.6 143 218
3 PE HE3040 7 #E 7.3 4.9 99.3 12.9 622 899

4 PE HE3040 □ #L 197 9.2 6.6 93.7 12.1 14 20
5 PP PPW-5 7 #E 13.0 13.4 81.7 11.5 178 311
6 P P PPW-5 p ML 210 8.3 5.3 61.0 8.5 55 128
7 PTFE MP-1300 7 #L 8.5 6.3 68.3 7.5 70 103
8 PTFE MP-1300 o #E 450 7.4 5.1 79.7 11.2 7.0 7.5
9 PTFE MP-1300 ;\ IWA

3-Jl/
12.6 7.6 64.7 10.3 2.4 5.0

10 PTFE MP-1300 — lf)\7)\
n-;l

460 4.4 2.3 65.7 9.4 8.8 13

11 y'J* A Z -200 X * 200 37.7 11.0 52.3 8.7 7.5 12
12 y'JA BY-001 x tK 200 40.4 24.4 84.0 11.7 6.7 14
13 y# LP -—• tK 200 69.5 37.3 63.3 8.0 5.6 12
14 y'J* E75 X * 200 17.2 11.5 70.7 8.8 82 161
15 N2N X tK 200 29.1 14.6 100.0 14.1 253 447
16 AMT-100 »—- 7X 200 5.9 3.2 78.3 11.7 6.2 13
17 mib^y AMT600 X tK 200 31.3 16.8 72.7 9.6 67 108

l) 5.0 4.0 105 14.2 362 565

&) PEi^’JxENX PP : ^>J 7°n t:EX PTFE : ^ V E h 7 7;P:t t3XEl/>
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PE
(# v %

No.l

\ 9,v til
LE1080

No.2

LE1080

No.3

HE3040

No.4

HE3040
PP
(^ u y

No.5: ■• 

■ \

No.6

• y\ 1 4.
'! • {

PPW-5
%ikjeJ?*xf‘ \ ' s ‘ ’ J

PPW-5
PTFE

U ^ 
b v )l 
tnxf 
k»

No.7 No.8 No.9

l
*1.

MP-1300

S ■'

MP-1300 MP-1300

No. 10

MP-1300
S/V;% No.11 No.12 No.14

No.15

N2N
;......

>
No.16

-.)

AMT-100

No.17

4^

AMT-600
m 2.S.2-4
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02 (gmo/YT ^3^#) A™AZ^3mirq- 'fMr^TON

0QT:)?2^$*^^<4^%CI^irA^4^n#::^m#M}M A9GSI fj
mmfj a.4r^02 '^^c.<$a.A6zgi^ir^0^% '3#0zmwi^g#^-Y^ =^c

g-sez^? i-GGZgi^^ ^n^g^/ve

% "i "aos fwsmm e

z rao/Srag
^9

z niD/Srag
^9

Z tno/Srag
#9 ®#

mnz<* mrlz% nir/^Q #M##
2mD/3ni^

v o ^ n > m %:
zmo/8mf

v o ^ n > q; # %
zmo/2mf

?(.!< n y^m- ®m
#g$%#

/^9
Hl$® ^ y^ >F 9

n°N
HU® ^ 6-£^p # 9m^m aaidAON

graooe gmoQS 2raoog mmmu
(##/^^%)irq.go^ ir> z°N 1f3- I°N -----------_____________

Mm#0ir34mT-s-s'z

(ooz-zv#^) ^#4:n<:0 8ON?cm;/



*-No.1-tr;KPTFE)
B-No.2-tZJKv'J*)

52 u m

80°C.EE

2.3.3-1 ^%«£Ef£ £ i Ec 1r/VEE (^]%)

2.3.3-2 ##^5W&E#K: J; 6 E####J^$n^
No.l t/l/ No.2 ir/V No.3-fe/V («*»/##)
No.7PTFEB* No. 11 i/y

E%^
lA/cm2

t/^EE (V) 1.556 1.531 1.529

E#^)# (%) 98.6 99.1 99.2

(%)
93.8 95.8 96.0

2A/cm2
ir/i/EE (V) 1.632 1.590 1.586

Em^b# (%) 100.0 100.0 99.7

(%)
90.7 93.2 93.0

E^t%^
3A/cm2

-k/^EE (V) 1.701 1.641 1.636

E### (%) 99.8 99.6 99.7

(%)
86.8 89.8 90.2

m: 80°C EE E#m# : 50cm2 E#E#*^ : 52fim
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3.1 BM

¥fitc 11 2,500cm210

ET, 80r, *S^a lA/cm2©*frTtC43^T?M»tt(J«E 15.57V. 95.1%T&o

££. X0«)S*f±T5 4 OUtO*fcZmiffiVtz. %A© 50 

~100 BtMwPalTHISE//5 15.86V f ©##EI1 15.8+0.1V ©IEHT66U/t(S

%i6©#E©E#ll##@(^ o'#: tC7KP^l$ ±1-5 E##o!(3f±# L ##%!#© X°n k XK#(± 

A<(STL/zXai:j:0%&L#6*A6±l6. $fc7kSt®B*iSSttteii>S+ ppm T*o tcOtf'-k

I6tc±#v&5ppm tt&iit. 500 #pwi:nm#me##©mi=»#%mm#m/o%L#. c© 
Ig*l3:llBiW$Se*©®SttS7)i+y-T*^okc©T'B'jJDEICj;i3M«e#*l^#:7)ii6jgL^'©EIF/rro 

BBM^efrwesiVT^aiLPt. x©#*. *A#i±E±i&Eift/t/@@iim©@#±)&@T#6ct 

icj: o EBwism<*:©stos6< fMEs ufc, ^©#5M, -t/p@@,p^©#*

Ufc©T#»*eKAXt#Ufc„

x©#&tc,

###u rue©@@, <±i#¥,eR# vic-t/tu-i>£ ©sm£

tiliil 2,500 cm 2©-t>£ 10 -fe/!/#eL±c«Ee®#£K#UOT#tt$m£m#ttl$!lii$: 

*$£U/t. CtitiD, ®S#tt©flS£, tfxtt*. iBg^S. EAMftmttfflffes-

ffo fc.

3.2 2,500cm210t###@##©R#

3.2.1 X*#iB

a 3.2.M i0 3. 2.1-1 5 ####6#©#K#B@#©#Bl:*###£t
/! U—X SMla-a fcEAc-felkS: 10 WSSt-fc 7 4)19- XVXS88S#iS £ LXc„ # 3.2.1-1 l:g$ 

(±tt$rS"r7)1S«t$S$ 1 A/cm2 £ U/tilKIC J; 0 S* 10.4Nm3 ©*S£EiS#-$, X £7)S'T£-E>„

0 3.2.1-2 ICttffiirTXtftJg-e/RflroWBSrTkt". #($@@,©(±#11# 3.1.1-2 IC7RT/)<-fc/l/©S#Hi|iS 

250mm 5$ 1,000mm T, Bfltl 2,500cm2 £ LXc. Z © Ifl (A # At tf! 1 X © £ 7 i: 75 #!: £■ g ,t£ Vl 7i £ 

«*7iS6-t:/l/©eeBfc#$gsn«ay-Sl-J;0%9£V±c**XHjS^A4:51.l:StiiSti5#ifii:7lo 

TH5. C©fci6SK£$e«H#Blc«*©#W£:yX0ti(til£Bta/t#j:, T(@@l:l@##(*e*P 

£P. ±a@l:HIM# (tin £PAS®#K6n/;Kil/:. 

c©#iBro/tid«Rc-&Bftsflv M*©#*e£m#±fx©#m**iix©ao£L/:.

«Sffl®eae«ti;, B|i|iWiS6©£*©(Pi]Blc$>-6'Blt24(B©*-XX:#ffliiT#S8cL/z#1i
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12

DSFtitiStlfco

3.2.1-1 2,500cm210

SiS;
10

-fe;i/^DMBf* 2,500cm2
0~4A/cm2 JXT
5EM lA/cm2#(: 90%JX±
0~41NM3
99.9%^±

.3.2.1-2 2,500cm210
No. ^3 $5 U # tJ* &

1 /N — !7 7l/^“D^ —4^ vX7l//h X§£lll 52umx 305 mmx 1020 mm
-Kft'C 'J y^ABSRUia^SBe 250 mm x 1,000 mm

2 « % 40 mm X 340 mm X1280 mm
3 16 mm X 340 mm X1280 mm

4 !###!%## a&^y *»«#»? j^mttsse 0.65 mm X 270 mm X 1,000 mm

5 ^xy^x-T>yxm##^# 1 mm X 270 mm X 1,000 mm
6 X y S xf A JS S 4 mm X ifig 5 mm ($q#UjO) 

j?$ 3 mmXifig 5 mm (HISrR)
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3.2.2

S 3.2.2-1 \ZEftL/t BiStoS'n1#:©ft# £W$ 50/zm 4 mg/cm2 <h L

3mg/cm2 bL^e^mE(D#@$;^v

52^m L^o #@0A# $ (l#g 250mm, 1,000mm 2,500cm2

tLfco 2.1.1 OEfMLA. iicofi®
hyixx^mv^.

io%(%#) y v SWflg^A$:jbnxE#V/r=

(3)M#@(7)^^

&Lfco

mmA i~2MPa, i4or

1/ALA.

(6)ft_Uf
PTFE '>- h ^fiJUtl&ALMzMlct Qffi&lsfco

^ 3.1.2-1
tm ft#

###^ y\ - A -
(B2)

< A >^ # 
(EW)

1,000

51/xm
Ar£ 305 mm X 1020 mm

Btt teSfl -Kft'f V v”?A»* 
(I r0 2 200B)

4mg/cm2
B# MEfi

@^F# 3mg/cm2
@fl 2,500 cm2
te x ^ $ 250 mm X 1,000 mm

— 69~



3.2.3

*&#####&;&3.1.3-ic^T^

mm^mnmm^f#6^6/c^2.2m(:E#(Dwyk%^mv^cEm^m^mwT immM^

0.55mm (DX^+h-^X b yA°-<hLT 0.65mm if $ HfifcMDI LTlfb Lfz0 \Z,% 3.2-1

(:^TZc)t: Rmax (D^i^mt^] 50 Um Xfo-ofZo # 3.22 \zm$
UticSIuT^ 51—230 li m. $MW$ 67—193 um XfoV t M l^US.Xh'D ft0

BI3.2.3-1
$/:, m 3.2.3-2 CH B#^#6yixX#(7)j#$*m(D^#^^T^

M 3.2.3 3 C0$o##:(D

3.2.3-1
# #

[%] [/im]
x yXlmZ

[/im]
mm

rsewssff ffBE$:se«
mm^fymmi-mfc

65 25—50 Pt 0.5 10

x'xxkxmmwg# 70 12 Au 0.3 10

# 3.2.3-2 ^##J^##:(7)Xl/X##(7)j#$^(D#j^^

±^$:270mmXl,000mm, n=30
7°1/X##2 // m m

o^#
No.

B#8 #± #/J\ R #± #/b R

1 1819 1053 1074 1023 51 642 685 594 91
2 1850 1034 1076 1001 75 637 701 592 109
3 1777 1037 1070 1010 60 608 656 586 70
4 1799 1058 1094 1009 85 627 672 582 90
5 1847 1052 1090 1020 70 642 707 595 112
6 1829 1056 1083 1024 59 639 676 609 67
7 1830 1051 1090 1011 79 623 664 568 96
8 1837 1026 1070 994 76 602 648 565 83
9 1901 1042 1235 1005 230 638 766 573 193

10 1865 1032 1147 994 153 619 684 573 111
IjZj^ 1835 1044 1103 1009 94 628 686 584 102
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3.3.2 2,500cm210

i MPa^@ET##^6^i, ^mETTM^sorc

A/cm2, 2 A/cm2, 3 A/cm2, 0 3@6L,

Lfto
uMfe
i. mferns

@#%E ^t;i/), #m#$, %^zK#m, zK#^ (zK$E#$

#m),
ii

iii.liijftES

121 3.3.1.-2 \ZfefeXolZtmU(D)nimlzmnLfz 12 ^(Dfe—^Mz^n^^H^iMfeLtio

7K^^^#(NL/h) X 96500(^-py) X 2 X 100%
#%%## % --------------------------------------------------------

#^C#X3600(s/ h)- 22.4(NL)

1.48V
= ------------------xi* %

SE(V)

(2)mm@###
8 0"C, #^gl A/crn2&l/@^m^

$rffVx @E, #mw,
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Ei 3.2.3.i

3.4 2,500cm210 

3.4.1
m 3.3.l-i tm 3.3.1-1Jk(D£ 5 

^r—%b^CDt^V>'®iLyt#f4^#^iL/'C0 

(1)®M?S 1 A/cm2 (D#e 

a .SE, #### t

15.74V, @^##100.0%, ^^/ix^-%#94.0%(7)g##^Eim6#^#6^o 

#L,#^i-6 10#O'k/lx(7)^#imEll,Em'1:/i/'r#^^ 1.52V 1.574V

^#E0##lOO%T?&^fLo

b MJ±^

SE^htS 3.3.1-2 IZTjkirm'O'Chotio ^-ir/vcDEElt, 1.574~ 1.592V £)P^Efco fc0,
^c^cDdNoSt/L/T 1.592VC$)o^

c

S3.3.1-3 ^^§r^-f"^SWSli 195-228A 0

^3. 3.1-4 f&g|j:73.7-82.6'C(D^^$)'0^

77-83^

e.zK##^ ^<7)###^

7KS^/^l-ltES^ 482ppm ^^ilTV^/Co

(2)m^C%^ 2 A/cm2 (7)#&

a .EE, <b ##

^ ^ ^ #E 16.69V, #### 100%, 88.7%(D#^^# ^fuf:.
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b.tlEE^
3.3.1-5 ExL^B^'$)0 1.648—1.703V 60^1^$)

o^:. #t)#E^^o/:(DHNo.5(7)-t:;i/T&0 1.703VT&o/:
c

# 3.3.1-3 386—454A (DffllZ&K) fT'-'J) WlE D

d. imSElt?
$ 3.3.1-6 76.6-83.4t: (7) FalE&ofco D SSutffiE 0 1-

IMETte, 43EE 77-83t:(7)^(D#&^L/:o

e. 7K##X4:C###^ 

tKS^X^MS/^' 361ppm ^tlTV^Co

(3)#^t^& 3A/cm2

a. #E,
X^vX#E 17.47V, f%;i/#E 1.747V, #^##100%, %^;l/f-#$84.7%(D#it^#e)

b. SEES
#EE#1^3.3.1-7(:^TaOT&o/:o #t;b(D#EH, ^^0^oTV^T 1.715-1.797V(7) 

#t)#E^^o/c(D^No.5 Otll/T&oT 1.800V

c MtMfttt
S 3.3.1-3 577—685A <7)^# D X — XlWlE D M&-? fclit bfc„

d.'/m ISlES

# 3.3.1-8 76.0—83.8t:(D^(C&o/:o D 2—3t:

79.9—83.8t:(7)^(7)#&^L/:o

7K#EX^H##^289ppm^$tlTV^.

# 3.3.M 2,500cm210

#m®^A/crn2
1 2 3

—#$ % 94.0 88.7 84.7
#m#$ % 100 100 100

X^yX#EV 15.74 16.69 17.47
E^tE#EV 1.574 1.669 1.747

zKSEEESSSppm 4 8 2 3 6 1 2 8 3
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se 100

m 80

15

1.669

t;i/M : 80t
E tl : ±ME

El 3.3.1-1
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1 A/cm2-

3.3.1‘2 2,500cm210

: V )
izll/No.

1 2 3 4 5 6 7 8 9 10 TO
tu 5 1.571 1.574 1.587 1.57 1.591 1.565 1.565 1.572 1.574 1.575 1.574
# 4 1.573 1.573 1.586 1.569 1.591 1.566 1.565 1.571 1.573 1.577 1.574

3 1.572 1.573 1.586 1.569 1.591 1.566 1.565 1.571 1.573 1.577 1.574
E 2 1.570 1.574 1.588 1.569 1.590 1.568 1.565 1.570 1.574 1.576 1.574
ihj 1 1.567 1.575 1.587 1.571 1.588 1.568 1.565 1.569 1.575 1.574 1.574
A TO 1.571 1.574 1.587 1.570 1.590 1.567 1.565 1.571 1.574 1.576 1.574
# 5 1.571 1.574 1.587 1.57 1.592 1.565 1.565 1.572 1.573 1.575 1.574
m 4 1.572 1.573 1.586 1.568 1.592 1.565 1.565 1.572 1.572 1.577 1.574
% 3 1.571 1.573 1.586 1.568 1.592 1.566 1.565 1.572 1.572 1.577 1.574
E 2 1.57 1.574 1.587 1.568 1.591 1.567 1.566 1.571 1.573 1.576 1.574
r^j 1 1.567 1.575 1.587 1.569 1.590 1.567 1.566 1.570 1.574 1.574 1.574
A to 1.570 1.574 1.587 1.569 1.591 1.566 1.565 1.571 1.573 1.576 1.574

3.3.1-3 2,500cm210 ir/l/filB

1,2,3 A/cm2 -

lA/cm2 2 A/cm2 3 A/cm2

##i%E 1 194 386 577
2 206 410 613
3 208 411 615
4 199 399 598
5 222 444 669
6 228 454 685

SHIISM 7 220 441 665
8 195 391 589
9 200 396 594
10 198 396 594
11 208 416 626
12 219 435 655

TO# 208 415 623
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1 A/cm2 -

# 3.3.1-4 2,500cm210

(## : r)

#
m
iWj
$

zAl/—^Na
1 2 3 4 5 6 7 8 9 10 11 TOM

5 75.8 77.8 78.6 78.8 79.0 78.8 78.8 ——- 78.6 78.1 75.3 78.0
4 75.0 78.2 79.1 79.4 79.3 79.5 — 79.0 79.3 78.7 75.6 78.3
3 76.9 79.4 80.1 80.3 80.2 80.8 80.2 80.3 80.3 79.7 79.2 79.8
2 77.4 80.7 — 82.1 81.4 80.6 81.4 81.4 81.2 80.7 78.6 80.6
1 79.5 82.3 82.4 82.6 82.2 82.3 82.5 82.2 82.4 82.5 81.1 82.0

TOM 76.9 79.7 80.1 80.6 80.4 80.4 80.7 80.7 80.4 79.9 78.0 79.8

*
m

$

1 2 3 4 5 6 7 8 9 10 11 TO M
5 76.5 — 78.6 78.9 78.9 78.9 79.1 79.2 78.5 78.0 77.0 78.4
4 78.2 78.8 79.4 79.6 79.5 79.4 79.4 78.9 79.3 79.2 77.8 79.0
3 78.0 79.8 79.9 80.3 81.9 80.2 80.2 80.1 80.0 80.0 78.7 79.9
2 78.9 81.0 81.3 81.4 81.4 81.3 81.2 81.1 80.7 81.1 — 80.9
1 82.6 82.4 82.8 83.2 82.6 — 82.4 82.4 82.3 82.4 81.0 82.4

TOM 78.8 80.5 80.4 80.7 80.9 80.0 80.5 80.3 80.2 80.1 78.6 80.1

m

$

1 2 3 4 5 6 7 8 9 10 11 TOM
5 73.9 77.6 76.5 78.0 78.1 78.2 78.3 78.2 77.9 76.6 74.4 77.1
4 — — 78.0 — 78.3 78.4 78.0 78.4 78.2 77.1 — 78.1
3 — 77.4 78.8 79.1 79.1 79.3 79.0 79.1 78.8 77.9 73.7 78.2
2 — 78.2 — 80.1 80.2 79.6 79.7 80.3 80.1 78.9 — 79.6
1 76.7 80.7 81.5 81.4 81.4 81.1 81.4 81.4 81.3 80.7 76.3 80.4

TOM 75.3 78.5 78.7 79.7 79.4 79.3 79.3 79.5 79.3 78.2 74.8 78.7

# 3.3.1-5 2,500cm210

2 A/cm2-

(#{& : V)
-fe/l/No.

1 2 3 4 5 6 7 8 9 10 TO
Iff 5 1.666 1.669 1.697 1.657 1.701 1.657 1.648 1.660 1.671 1.663 1.669
m 4 1.671 1.667 1.695 1.656 1.702 1.657 1.648 1.658 1.669 1.669 1.669
% 3 1.669 1.666 1.695 1.655 1.701 1.659 1.648 1.657 1.668 1.669 1.669
® 2 1.665 1.668 1.698 1.654 1.700 1.661 1.648 1.655 1.670 1.668 1.669
rHj 1 1.658 1.671 1.698 1.658 1.696 1.663 1.649 1.653 1.672 1.664 1.668
$ TO 1.666 1.668 1.697 1.656 1.700 1.659 1.648 1.657 1.670 1.667 1.669
# 5 1.665 1.670 1.696 1.657 1.702 1.656 1.648 1.660 1.669 1.664 1.669
m 4 1.669 1.667 1.694 1.655 1.703 1.656 1.649 1.660 1.667 1.668 1.669
% 3 1.668 1.665 1.696 1.653 1.703 1.657 1.649 1.658 1.666 1.669 1.668
@ 2 1.666 1.666 1.698 1.654 1.700 1.659 1.650 1.656 1.669 1.669 1.669
# 1 1.659 1.670 1.698 1.655 1.699 1.660 1.651 1.654 1.670 1.665 1.668
$ TO 1.665 1.668 1.696 1.655 1.701 1.658 1.649 1.658 1.668 1.667 1.669
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2 A/cm2 - (#{& : D

$ 3.3.1-6 2,500cm210

Hi]
f'J
#
$

4z/\° lz—^No.
l 2 3 4 5 6 7 8 9 10 11 TO#

5 77.5 78.8 79.1 79.1 79.2 78.9 78.8 — 78.8 79.1 78.2 78.8
4 77.6 79.1 79.6 79.6 79.6 79.5 — 78.9 79.4 79.6 78.4 79.1
3 78.6 79.8 80.1 80.2 80.0 80.5 79.8 79.9 80.0 80.1 81.2 80.0
2 79.4 80.5 — 81.6 81.0 80.1 80.7 80.8 80.7 80.5 80.1 80.5
1 79.7 81.7 81.8 82.0 81.5 81.8 81.8 81.4 81.8 81.9 80.7 81.5

TO# 78.6 80.0 80.2 80.5 80.3 80.2 80.3 80.3 80.1 80.2 79.7 80.0

*
^lj
rA

zAlx—^Noi
1 2 3 4 5 6 7 8 9 10 11 to #

5 78.0 — 79.3 79.3 79.2 79.1 79.3 79.4 78.8 79.0 78.8 79.0
4 79.3 79.4 79.8 79.9 79.9 79.6 79.4 78.9 79.4 79.6 79.3 79.5
3 78.7 80.0 80.1 80.3 82.1 80.1 80.0 80.0 79.9 80.2 79.5 80.1
2 79.4 81.0 81.3 81.3 81.3 81.0 80.9 80.8 80.4 81.0 — 80.8
1 83.1 82.5 82.9 83.4 82.6 — 82.4 82.4 82.2 82.4 80.9 82.5

TO# 79.7 80.7 80.7 80.8 81.0 80.0 80.4 80.3 80.1 80.4 79.6 80.4

#
m
t#
$

Z/Xlx—
1 2 3 4 5 6 7 8 9 10 11 TO#

5 76.6 79.2 78.9 79.4 79.4 79.2 79.1 79.0 79.0 78.7 77.1 78.7
4 — — 79.4 — 79.5 79.3 78.7 79.1 79.2 79.3 15.4 71.2
3 — 79.5 79.9 79.9 80.0 79.9 79.5 79.5 79.5 79.6 77.8 79.5
2 — 79.8 — 80.5 80.7 80.0 79.9 80.5 80.5 80.1 — 80.3
1 79.4 81.6 82.0 81.9 81.9 81.6 81.8 81.8 81.7 81.6 79.4 81.3

¥±M 78.0 80.0 80.1 80.4 80.3 80.0 79.8 80.0 80.0 79.9 62.4 78.5

# 3.3.1-7 2,500cm210 ±)
3A/cm2-

(¥fi : V)
-fell/No.

1 2 3 4 5 6 7 8 9 10 TO
Ifi 5 1.744 1.747 1.788 1.727 1.796 1.733 1.715 1.731 1.751 1.737 1.747
m 4 1.752 1.744 1.786 1.725 1.797 1.734 1.715 1.729 1.749 1.746 1.748

3 1.750 1.742 1.786 1.724 1.797 1.735 1.716 1.727 1.746 1.747 1.747
@ 2 1.744 1.744 1.791 1.723 1.794 1.739 1.716 1.724 1.750 1.745 1.747

1 1.734 1.748 1.791 1.729 1.788 1.742 1.718 1.721 1.752 1.74 1.746
A TO 1.745 1.745 1.788 1.726 1.794 1.737 1.716 1.726 1.750 1.743 1.747
# 5 1.743 1.748 1.787 1.727 1.797 1.732 1.715 1.732 1.749 1.738 1.747
m 4 1.750 1.743 1.785 1.724 1.800 1.732 1.716 1.731 1.745 1.745 1.747

3 1.749 1.740 1.788 1.722 1.800 1.733 1.717 1.728 1.744 1.748 1.747
m 2 1.746 1.742 1.791 1.723 1.795 1.736 1.719 1.724 1.748 1.747 1.747
rWj 1 1.736 1.747 1.792 1.725 1.793 1.737 1.721 1.722 1.750 1.740 1.746
2 TO 1.745 1.744 1.789 1.724 1.797 1.734 1.718 1.727 1.747 1.744 1.747
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# 3.3.1-8 2,500cm210 t/I/MMMW<D 

-®OT;S 3A/cm2-

(## r)
— ^No.

1 2 3 4 5 6 7 8 9 10 11
5 77.6 80.5 81.0 81.0 81.2 80.7 80.4 80.3 80.6 78.1 80.1

m 4 77.5 80.7 81.5 81.4 81.6 81.4 80.3 80.7 81.0 78.6 80.5
m 3 78.6 81.1 81.6 81.6 81.5 81.9 80.9 80.9 80.9 81.3 81.4 81.1
rWj 2 79.2 81.2 82.3 81.7 80.6 81.2 81.1 81.0 81.0 80.5 81.0
£ 1 79.8 81.6 81.4 81.7 81.1 81.4 81.4 81.3 81.4 81.8 80.9 81.3

T%# 78.5 81.0 81.4 81.6 81.4 81.2 81.0 80.9 80.9 81.1 79.9 80.8
— % No.

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0
5 78.7 81.3 81.3 81.4 81.2 81.2 81.0 80.5 80.8 79.6 80.7

* 4 79.7 81.2 81.9 82.0 82.0 81.6 81.2 80.7 81.0 81.4 79.8 81.1
n 3 79.3 81.5 81.8 81.9 83.8 81.8 81.4 81.3 81.3 81.4 80.2 81.4
lib 2 79.8 81.9 82.5 82.3 82.5 82.1 81.8 81.6 81.2 81.9 81.8
5 1 83.8 82.7 83.2 83.6 82.6 82.4 82.2 82.3 82.5 81.5 82.7

¥*« 80.3 81.8 82.1 82.2 82.5 81.7 81.6 81.4 81.3 81.6 80.3 81.5
^No.

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0
5 76.0 80.4 79.6 80.8 81.0 80.7 80.3 80.3 80.1 79.4 76.7 79.6
4 80.6 80.9 80.7 79.9 80.4 80.3 80.1 80.4
3 79.9 81.0 81.1 81.3 81.1 80.5 80.6 80.5 80.3 76.5 80.3
2 80.3 81.6 81.8 81.0 80.8 81.4 81.3 80.8 81.1
1 79.1 82.2 82.8 82.7 82.8 82.5 82.5 82.4 82.3 82.3 78.7 81.8

77.6 80.7 81.0 81.6 81.6 81.2 80.8 81.0 80.9 80.6 77.3 80.6

3.4.2 ^

80r, A/cm"(D#{4=-r 800

ms.3.2-1 1.5 7v-e^^^^\^#c±#L8ooi.ssv
m^##M^ioo%, 100%^#^^.

800 90.1%^^-D^ BI3.3.2-2

0.1^6 0.4%$-C±#L/lo $7tm3.3.2-3(C^#4:C07K##g
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4.

4.1

<Ta c ac j; oo

coj:c,::###mAmoT^6^i6ca

igrno^

co^^^TT,

Z.tlt><D£M&M<DT%%%:&tflt L#@ffift^ 1,000cm2-fc 11/£ 3 *t

L, C0###0#%0#M&#mL;t.

4.2 1,000cm2 3

4.2.1 $X@

S 4.2.11 ^{±#L /:###1,000cm2 0-fc;i/£: 3 ilM*® l/titSii

—yixX^^L/:. |g 4.2.1 gl4.2.1-2(:##%(D^#&^To CO#

m^L/co

4.2.2

52/zm ^$r^66/c 2.1

(2)$&##

2,500cm24r;l/ffl0$^##0g$ £ 1,000mm fr b 420mm CSg/Mfc^ £ LT#f#L/:.

(3) tA]/—^

2,500cm2 -tlVffl (D^n V — 9 0#HS® OipgteloJ \Zfz 7^ $ <hV —zh —11/ 1,000cm2

(4) r\v4">

v#3'A#2:L#L^H0.6mm 6 L/:.
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as©*&*s±#-r-5. p##@i0M%^g#gs0*@e-*t:Ro^0gmm#>y&mKLT#a 

saic.tomDf-aTkttiiseiaiimasMgg'vML^.

8 4.3-1 SiSi*E®eSEm(±8

£ g E #
fi l^i isE '/mS 180%:
SilEtME* l.OMPa
E^mm
rSSOT PID rfjlJfP

MzRffUo

00

# M MiE7 >
if E 2.0MPa
E & d> 139.8 XL380

M>*mmgWs
M M

ZK##J l.Om^ BS#J 0.7m2
^ DtmE O.IMPa
if E 1.2MPa E—7 400W
if # 280%: SCS14

%< v
E^Syft 300-3000A
E^SE 1.0—10V
RE 2.0MPa
Ef£ D154XL575 <J) 24XL4500X1 ^
h — 9 240VX5250WX4 *

ikM WS 38L
ssmwgg ^ pid mm ssretj

?as-t>-y- 6 taffies*
un SUS316 liSE^J 0-0.7MPa

-40-74%:
SUS316, A< P > 

f±tl l.lMPa
E*lt
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tid 1.70

5? 1.50

0 12 3 4

[A/cm2]

##### : l,000cm2/ilil/ lA/cm2

###& 3 0.3MPa

i2ot

04.4.1-1

4.4.2
120"C, 0.3MPaT#ME^^^ lA/cm2 2:LT^LT##$:fT-3/:. 0 4.4.2-1 
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4.5 Igfra

f^ySrSE 1,000cm2 3 120t1 A/cm2 *mSE^'

1.49Vmu, 8orT^%^;i/f-#$^/j\#t

90%T&o A.##E(/)zK#^^Ej#A[]LT 73 10%£A±.\ZU-dTzo rn$TC7)|l|S*m,

mm

[®Mf* l,000cm2/EJl/

##& 3

: mmmm lA/cm2 

E* 0.3MPa

ssi&s 120%:

4.4.2 1
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5.

7^- 5

ffifl^' 1,000cm2iz;l/ffl4.2.2-25

Mom,

6. 290 mmXGOO mmXi mm^ L/:. 6#mOET#{f 50%

89.2%

Elr^M 6.0%

E##E 2.4%

1.2%

KiL^K 1.2%

6. mMmm

6.1 B%

(D#T^^M&^-3TV^o C(D/c&6^,

Gwza/ctT. 50cm2cm^/uTm#^

6.2

&e.2-1 mmmammi Noi

No2 L^:o Nol

$ 52/im(D##Mmcm#6LT-m<b<ui;7A, hyix%^mv^T#^

L^t)(D(hL/:. C^l6(D2#(7)'t:;i/H*$^#^E^ 1 MPa 

80"C, !A/crn2(D^#:TTig^####7)#m$#l^:.

6.2-1
No.l -fell/ No.2 t;i/

its* SSEfn (cm2) 50 50
Ir02 IrC>2

i§ ffi ffi f# It
(mg/cm2)

4 4

B#*wa Pt Pt
##%!##

(mg/cm2)
3 3

MMMS
jp£ (nm)

52 52
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EMJ B^z^y EE57
74—105 \i m

v >###*§

: yU/3 (a#AZ-200)
MMJjfe : zkEM, 200TEE

(mm) 0.5 1.0
$ @ til ct Rmax 
(U m)

8 52

Mfl'J
*0## JHc* (mm) 1.0 1.0

6#i

6.3

6.3.1 No.lt;!/ (7)3$#^#

m6.3.2-lCNoHz;H:OWT80T, #m^^lA/crn2, ±MEETeo^m###m(#^M%^T

1,175 9#^T99%J^±&##LTW/to (l05-149//m) ^m^/t^M#;

(¥E 10 ¥S Til, 1,012 StPelT 98.3% £T{STb/t/I,

74—105/zm6#/)E^E, ^@/)^#<h^^l:5^f#LT&6/t2/),

(2) -t;i/SE

1.535V T & o /t /Il£T J2# V 250 #^T 1.566V T/lo /to t;l/^ 6 

6$e#^&m^L/Tm^#L, t;i/^#m]fLTm(m&R^L/t. t^#E^l 1.538V CT^o/t^ 

fW_L#L 1,175 Btf^lT 1.600V T'&o/to

(3) %^;i/f—

96.4%T&c/t^, t;i/#E(D±#^#V^ViT 210 9$PelTil 94.6% T& o /t 0 250 P#f^

mE^faTL 96.2%(:7lo^o

/t<Z)T 1175 9#fMT 91.6% T/c^o /to

6.3.2 N0.2t;l/

|g6.3.2'2 CNo 2t;W:OWT80T, !A/cm2, ±METTffo/tm###^#^m&^T

/)V #9e^fl:(7)^H^#(7)@OT&o^:o

UWiTMn^f 100%T$)-^/t^1 W* TfSTU 950 9#PHT 99.1% \ZU~dTZo

(2) t/l/@E

m$#^%9#Hl.522VT&o/t^, ^ 70 9#^T 1.545V CmL/to T(D#(D@EE#H#^T,

###(D 290 PtfelTIl 1.550V T&o/to ###, T#E^E#L, 950 #^T 1.590V \Zfc~D

/to

(3)

#a@M#Wl 97.2%T&o/t#V l£ ^ T (S T b 950 9# PbI T 91.8 % E 7l o /t 0
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2. 10, OOONmVh zkS®B7°7 > h

*SBifi-y5>h©tt,»EI+$%#-r6/ti<)lcttS*to^lufe*ffSi8$T5^B7)s'ab 

5. # 2.1-1 l:**KiE|g*, *#@©#5%, EB#3g©#J$, «#*###
$6 2,500cm2 ©SS^M%S#1T©-E)7)i\ flSrtKttT 

10,000cm2 Sr iSJELZi,

2.1-1 «±m:+©**A#
# ft ft # # #

10,000 Nmj/h
10,000 cmEfc/l/

M'ik&S. 2.5 A/cm2
iSGSiS 120 r
jSGE ts 0.44MPa(fr-'XE) &1)
-fe/l/SE 1.705 V &2)
t)m& 976 -fe/1/

122/XX vX
X^ vX^C 8
sstggfM 2 * /EEgg 1
BiSgg 1& /4XXvX

ffil) l20tC©g$sfi$T«AI1S©S*iK$7)Sy-S7>X-r-5E©6ezF±[ll-5EA 

Sto/6.

(¥fiK n¥S68$«e» pH2#M)

2. 2 7"7>

0 2.2-1 IC*SSiSl 10,000 Nm’/h 7"y> h ©7 □ —StRT, 2 $©X S y 7 S 1 XXy 
h t bBE***7tl, 7K**’Xflja»»«8gSIBB U i LTB 4 xxy h Tf§6KT5„ 
S/kti. M7kS®3.7y h, 7-u;©7n
-0SSI:, 6#)$BSICj3tt5#l*©i$nSr7KL/t:b©^0 2.2-2 TS>-5. y< >E© 
##^tiS2.2-2 l:?kL/:#imiR$&CX#'R3g©g+#*§&(W)©&##'t:*l6f tig I: 
SZioTtt# 2.2-1 I27R UfciSItftftSfflbZ:,

-ne.©iait*ft(i*»*fr©p,5, 7k*%2fe«, tii/(%b7>k,m#si$v^T
32,000Nm3/h ^y > h©«SiElt<k|B]-*ff Srl$£LZc„ © © # 5 SftSf 5

:il:=tOtiRiRi, M$7)S|fST#5„ -MtLT. #2.2-1 icSTSttTroitlMSrS: 
Sr# 2.2-2 ICtRT,
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I
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i»-1

1

(4

CWR ! ,T I,-..: -7 L---------
I

Jmm __ _
r™------
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s* -
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2.2-1 10,000Nm3/h 7° 7 > h OlxIf^E

II B S it
1 ZL —

a
32.0 ° C
38.0 ° c
0.49 MPa(^ — yE)
0.44 MPa(^'-vE)

b
fig 20.0 ° C
E*J 0.49 MPa^y—vE)

2
a 7kS:tiX£SB 10,000 NmJ/h

b £l+xt/y>hm 976 Il//> h
c mm 8 m

122 xl/>> h

d WS»$ISBa/xL/7ty h 10,000 cm2

e 98 %

f mteass-g 2.50 A/cm2
25.02 KA

itweas-g 2.50 A/cm2

G ««;Sg 120.0 ° C
H tfXE*)

H2 0.44 MPa^—yE)
02 0.44 MPa(*y—yE)

I 7k(DEmE 1,483.83 MmHg at 120° C
J

mm —

###E 1.704 At 2.45A/cm2

7kro®@¥ 3.0 mol-H20/mol-H

K m@#7kmae$ 10.0

L
7k Mii x 40 ° C

40 ° c
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2.2-2 (#1)

mn 1 2 3 4 5 6 7 8 9 10 11

tt7k «7k ##7k JSiSiflTk

■ji
kg/h Wt% kg/h Wt% kg/h Wt% Kg/h wt% kg/h wt% kg/h wt% kg/h wt% kg/h wt% Kg/h wt% kg/h wt% kg/h wt%

H20(L) 18.015 8,208.4 56,352.8 82,083.8 82,083.8 8,042.5 48,255.0 23,482.0 2,249.0 43,646.5

/Sn'at 8,208.4 56,352.8 82,083.8 82,083.8 8,042.5 48,255.0 23,482.0 0.0 0.0 2,249.0 43,646.5
h2 2.016 899.9 16.3
o2 31.999 7,142.6 75.6 7,142.6 75.6 7,142.6 99.2
co2 44.010
N2 28.013
Ar 39.948
H20(G) 18.015 2,304.3 24.4 2,304.3 24.4 55.3 0.8 4,608.5 83.7

7. -q it Kg/h 0.0 0.0 0.0 0.0 0.0 0.0 9,446.9 100.0 9,446.9 100.0 7,197.9 100.0 0.0 5,508.4 100.0
8,208.4 56,352.8 *8tt Kg/h 82,083.8 8,042.5 48,255.0 32,928.9 9,446.9 7,197.9 2,249.0 49,154.9

%ft M’/h 8.2 58.8 85.9 85.8 2,112.5 1,084.3 2.3 4,225.0
NrrrVh 7,865.1 5,068.7 15,730.2

mm Kg/m3 998.3 958.8 955.5 956.5 992.3
£$ 20.0 99.1 103.5 102.2 120.0 120.0 40.0 40.0 120.0
EEt) MPa 0.44 0.44 0.44 0.44
tm Kcal/kg" c
mum Kcal/h 164,520.2 5,590,242.6 8,502,473.7 8,395,710. 4,504,188.3 1,681,840,9 33,987.4 89,883.7 8,595,438.

0 9
MPa 0.196 0.196 0.0098 0.196
Kcal/h

12 13 14 15 101 102 103 104 105 106

■ft
TkStfx 7kft#a 7k##a

Kl/> UliR 7k
## 7k 

&M11*
#20 7k #8] 7k

7kft#a
#817k #817k 

m%7k
&Si7k
%#7k

kg/h Wt% kg/h Wt% kg/h Wt% Kg/h wt% kg/h wt% kg/h wt% kg/h wt% kg/h wt% Kg/h wt% kg/h wt% 1

H20(L) 18.0152 4,498.0 48,144.4 260,774.6 260,774.6 519,174.2 519,174.2 17,870.2 17,870.2
0.0 0.0 4,498.0 48,144.4 260,774.6 260,774.6 519,174.2 519,174.2 17,870.2 17,870.2

h2 2.0158 899.9 16.3 899.9 89.1
o2 31.9988
co2 44.0098
N2 28.0134
Ar 39.948
H,0(G) 18.0152 4,608.5 83.7 110.6 10.9

it Kg/h 5,508.4 100.0 1,010.5 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
##+ Kg/h 5,508.4 1,010.5 4,498.0 48,144.4 260,774.6 260,774.6 519,174.2 519,174.2 17,870.2 17,870.2
%ft M^h 4,225.0 2,168.6 4.5 50.8 262.1 262.6 521.7 522.8 18.0 18.0

Nm'/h 15,730.2 10,137.5
Kg/m3 992.3 948.4 995.1 993.0 995.1 993.0 995.1 993.0

ss 120.0 40.0 40.0 112.5 32.0 38.0 32.0 38.0 32.0 38.0
K*l MPa 0.44 0.44
tb# Kcal/kg” c

&sa Kcal/h 3,349,483.9 67,965.9 179,767.4 5,425,722. 8,344,862.9 9,902,832.7 16,613,725.4 19,715,476.0 571,852.4 678,616.2

MPa 0.196 0.0098
Kcal/h 1,557,969.8 3,101,750.5 106,763.7
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3. 3
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(%)
(Q2+Q4+Q5+Q6+Q7+*#m#%^;i/f-)

(Qi+Qs+Qe)
(2)

Q2 : —) Q6 : ESXiXjf ^titiUxx.;!/^—

Qs : Q? : 7K##$0§5T(D^X^;i/f-

Q4 : — Qe :

> h A#:l:^LT (2) X7 > hmzK^#mT6Z:
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# 3.3-2

# 3.3-1

/fc y X3a$B :Mw (kg/h) JH?i (m) pjimmti (wi tf>y$im(%) $6.1X1 (W)
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1701.9 50 231.6 60 386.1
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7kSflJ^iP7k7tt>^ 15677.6 10 426.8 60 711.3
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4. 1 7;k%UTK###c#mM
1986 ^-\Z C iilZ Jz ~d X Indonesia Plaju Aromatics Centre ^^ExStlT^zKSMisl 

lOONm^/h 15 ^##77>hT&5^7;i/;% UzK

#4.1-1 h^#7 0-&g| 4.1-1

4.1-1 7Jl/^J U zKllISFfiii^lSE^J

**8iS« : 106 Nm3/h (9.5kg/h)

Type. Mono pole tank type

No.of electrolysis cell 18

Size. Height(mm) 1307

Width (mm) 606

Length(mm) 1118

Weight(operation)(kg) 1616

No. of anode per electrolyzer 7

No. of cathode per electrolyzer 8

Effective area per electrolyzer (m2) 10.4

Operating temperature (°C) 65

Operating pressure (KPaG) 4.4

Cell performance (per electrolyzer)

Current Load (KA) 14.3
Current Density (KA/m2) 1.4

Cell Voltage (V) 2.1

Hydrogen Output (kg/h) 0.53

Oxygen Output (kg/h) 4.26
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7200

181.7m2 (M 114.7

8

□
Control Panel

Rectifier

Electrolysis Cell Pressure Regulating

5700

18500

m 4.1-3

4. 2

7°7 7h

#$(%)

7.KSM1: = 1.48(V)xl8(cell)xl4.3(kAh) = 380.95 (kWh) (1)

ixAS^Js = 2.1 (V)xl 8(cell)xl4.3(kAh) = 540.54(kWh) (2)

= ^^P7K(38T:-32'C)x7200kg/h=43200(kcal/h)=50.2(kwh) (3)
^>70KjA = 1.4(kWh)+2.0(kWh) = 3.4(kWh) (4)

7;i/A UzK@#i#7°7>

7°7>h (i)

(2)+(3)+(4) x 100 = 64%
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1. INTRODUCTION

Electrolysis is one of the best known and simplest methods for producing pure hydrogen, 
either on a small or large scale, from an abundantly available source - water. Water electrolysis 
plants operate with few moving parts, require little space, and are nonpolluting. Further, the 
products of the reaction, H] and O2, are physically separated during their evolution at the 

electrodes. Proton-exchange membrane (PEM) water electrolysis technology is currently based 
on Nation perfluorosulfonic acid membrane or other ion exchange membrane that performs the 
function of the electrolyte. Teflon-bonded finely divided metal electrodes are pressed onto the 
surface of the solid polymer electrolytes membrane to generate an intimate electrode-electrolyte 
contact. During electrolysis, the electrochemical reaction taking place at the anode of the solid 
polymer electrolytes cell is

6 H]0 -----> 4 H3O"1" + 4 e- +O2

while at the cathode the hydroxonium ions are discharged to produce H2 gas as

4 H30+ + 4 e" -—> 4H20 + H2 

The overall reaction is therefore represented by

H2O ------- > 1/2 O2 + H2

Figure 1 illustrates schematically an electrode-membrane electrolyte assembly. Charge 
carriers in the wet membrane are hydroxonium ions which migrate through the solid electrolyte 
by passing from one sulfonic acid group to the adjacent one. The sulfonic acid groups are 
chemically bound to the perfluorocarbon backbone and do not migrate through the membrane, 
thus the concentration of the hydrate ions remains constant within the solid polymer electrolytes 
membrane.

While operating proton exchange membrane (PEM) water electrolyzer, deionized pure water is 
circulated at a sufficient high flow rate (to remove the waste heat) over the anode where it is 
decomposed electrochemically, producing oxygen gas, hydroxonium ions, and electrons. The 
hydroxonium ions move through the solid polymer electrolytes membrane and then recombine 
with electrons, which pass via the external circuit, to form hydrogen gas at the cathode. H2 and 
O2 gases are generated at the stoichiometric ratio at any desired pressure. Depending upon the 

operating temperature and the differential pressure across the solid polymer electrolytes 
membrane, a small quantity of water, coupled with the hydroxonium ions, penetrates through the 
membrane and is finally discharged with the hydrogen gas evolved at the cathode.
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Solid Polymer Electrolyte

4HgO+ + 4e~

(reactant and coo'art)
CV-62C3-3

Figure 1. Schematic diagram of an electrode-membrane assembly.

pressure across the solid polymer electrolytes membrane, a small quantity of water, coupled with 
the hydroxonium ions, penetrates through the membrane and is finally discharged with the 
hydrogen gas evolved at the cathode.
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Most commercial solid polymer electrolytes water electrolyzers operate at about 80°C. 
Temperature plays an extremely important role in improving the performance of a PEM water 
electrolyzer. Thus, at a normally operating current density of 1 A/cm2, an improvement of ~ 150 
mV in the cell voltage can be achieved by raising the operating temperature from 80° C to 149° C. 
Some technical hurdles need to be overcome to allow the operation of a PEM electrolyzer at high 
temperature. This include the following:

(a) The proton-exchange membrane needs to have demonstrated thermal and 
oxidative stability at the operating temperature.

(b) Membrane with low gas permeability need to be used to prevent the diffusion 
of product gases across the proton exchange membrane, thus enhanced 
parasitic losses.

(c) The solid polymer electrolytes mechanical properties need to be superior to 
prevent the membrane creep.

(d) Chemically and mechanically stable materials for use as gaskets, sealant and 
cell frames need to be identified.

Nation®, which has been so far largely used as polymer membrane in PEM water 
electrolyzers, is a copolymer of polytetrafluoroethylene and polysulfonylfluoride vinyl ether 
containing pendant sulfonic groups. To exhibit proton conductivity, Nation® must be pre
swelled with water, usually by boiling it. In this state it has conductivity of 0.08 S cm1. The 
water uptaken into the fluorocarbon sulfonate is for the most part free and unbound and it is 
quickly lost once temperature exceeds 100°C. By pressurizing the system, one can increase the 
operating temperature. However, by the time temperature has been raised to 150° C, the thermal 
stability of the perfluorinated ionomer itself is brought into question. The normally light brown 
or clear membrane irreversibly becomes dark and brittle. Thus one cannot operate the 
electrolyzer above that temperature.

To meet high temperature requirements of PEM electrolytes electrolyzers, SRI is 
developing polymer electrolytes based on engineering polymers. Previous work was performed 
to study the hydrolytic stability at temperatures as high as 400° C for a number of high 
temperature polymers, including polyphenylene oxide, polyesters, polycarbonate, polyphenylene 
sulfide, polysulfone, polyethersulfone, polyketones of variable ether and carbonyl sequence, 
polyimides, polyetherimides, and polybenzoimidazoles. These polymers were tested for their 
thermal stability under steam/H2 and steam/02 at temperatures as high as 400° C. As a

comparison, the thermal stability of Nation® under similar conditions was studied. It was 
quickly found that Nation® is not able to sustain elevated temperatures (i.e., 200°C) either 
under oxidizing or reducing conditions. On the contrary, several engineering polymers,
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especially aromatic polymers, were found to have quite good stability at temperatures of 200° C 
or higher. Liquid crystal polymer, polyesters, polybenzimidazoles, and some polyimides were 
stable at 200°C.

Polyphenylenesulfide, polysulfones, polyethersulfones, various polyketones and some 
polyimides were stable at 300° C. None of the polymer tested was found to be stable at 400°C. 
While the thermal stability of these polymers appears to meet at least in part the requirement of 
high temperature PEM electrolyzers, they do not have any significant ionic conductivity. The 
objective of the work performed at SRI is to develop polymers with high thermal stability and 
high ionic conductivity.
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2. GOALS FOR RESEARCH AND DEVELOPMENT

The use of proton exchange membranes in water electrolyzers offers several advantages. 
Proton exchange membranes combine in one material the function of electrolyte and separator. 
They are readily fabricated in thin flexible films and therefore allow the fabrication of thin 
devices with variable shape. In addition, development of polymer electrolyte membranes 
operating at moderate to high temperature will lead to significant increases in the efficiency of 
water electrolyzers, because the electrical efficiency of steam electrolysis increases with 
temperature, owing to the decrease in both thermodynamic (open circuit) potential and electrode 
polarization (so that the kinetics at the electrodes are considerably faster). Commercially 
available perfluorinated hydrocarbon sulfonate ionomers (e.g., Nafion®) are known to be 
chemically unstable at temperatures higher than 100°-150°C and therefore cannot be used for 
this application.

The ultimate goal of this program is to develop a PEM high-temperature electrolyzer that 
produces hydrogen more efficiently than existing electrolyzers. The basis of this cell is a solid 
polymer electrolyte (solid polymer electrolytes) that will operate at high temperatures (200°- 
300° C). The solid polymer electrolytes performance goals include a conductivity of about 1-2 S 
cm-1, chemical and electrochemical stability for at least 1000 hours of operation at 200° C and 
300 A dm-2, and minimal permeability to hydrogen or oxygen.
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3. RESULTS

We have developed high temperature sulfonate polymer membranes that can be operated 
up to 200° C. The thermal stability of these polymers represents a tremendous improvement in 
comparison with commercially available perfluorinated hydrocarbon sulfonate ionomers 
presently used in electrolyzers, that usually cannot operate at temperatures higher than 80° C over 
a long period of time. During the past year we have developed polymers that can be fabricated 
in membranes with improved mechanical properties. Structures of the first generation of 
fluorinated sulfonated polymers in comparison with the new generation of polymers with 
improved mechanical properties are shown as follows.

O

Fn S03Hv
-Art----- : Al2

n

Fluorinated Sulfonated Polymer

O

SChH

-V,
Fn

Ar2

—1 n
Improved new polymer structure with better mechanical properties

A more detailed description on these polymer electrolytes is reported in Section 1.0 of the 
Part II Proprietary Attachment.

Our polymer electrolytes are based on high temperature polymers, which are selected on 
the basis of their high temperature stability, hydrolytic stability and film forming properties. We 
have synthesized polymers with different degrees of sulfonation and fluorination to optimize 
their ionic conducting properties and membrane mechanical properties. Figure 2 illustrates our 
approach.
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High Temperature Polymer Backbone

SO3- SO3- SO3- SO3- SO3- SO3- 

H+ H+ H+ H+H+ H+H+ H+ H+ H+ H+ H+ Channel Like Proton Domain

SO3- SO3- SO3- SO3- SO3- SOs-

High Temperature Polymer Backbone

Figure 2. Approach to the development of high temperature polymer electrolytes.

We have synthesized several high temperature polymer electrolytes and prepared 
polymer membranes from them. The polymer membranes were tested for their thermal stability 
by thermal gravimetric analysis (TGA) and proton conductivity at variable temperatures by four- 
electrode AC impedance analysis. We have also tested the mechanical properties of the best 
polymer membranes.

3.1 MEMBRANE FABRICATION

Polymer membranes were prepared by solution casting. Casting and drying conditions 
were optimized to produce thin pinhole-free membranes. Polymer membranes as large as 25 cm2 

were fabricated with thickness varying from 100 to 175 microns. More details on polymer film 
fabrication as described in Section 2.0 of the Part II Proprietary Attachment.

3.2 THERMAL STABILITY

The polymer membrane temperature stability was studied by thermogravimetric analysis 
in air. Figure 3 shows the membrane weight as a function of temperature. The membrane was 
initially heated at 100°C and held at that temperature for 2.5 hours for complete drying. The 
initial weight loss, as reported in Figure 3, accounts for the loss of water from the membrane. 
Then the membrane was heated at 150°C and held at this temperature for over 66 hours. No 
significant weight loss was observed. Excellent polymer membrane stability is therefore 
observed for continuous operation at 150°C. More details on polymer membrane characterization 
are described in Section 3.0 of the Part II Proprietary Attachment.
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Figure 3. Thermogravimetric analysis of the polymer film.

3.3 CONDUCTIVITY TESTS

Proton conductivity was tested by four-electrode AC impedance method.

Conductivity Cell

Proton conductivity was tested on a four-electrode cell (Figure 4). The cell has a 
longitudinal geometry in which two Pt foil electrodes are used to apply current to the ends of a 
film sample of about 3 cm x 1 cm. Two platinum probe wires spaced about 1 cm apart were used 
to measure the voltage drop along the film near the center of the sample.
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Figure 4. Conductivity cell.

The conductivity of the membrane was measured in the longitudinal direction, and was 
calculated using the equation

a = 1/RS

where a, 1, R and S denote the ionic conductivity, distance between the reference electrodes, the 
resistance of the membrane, and the cross-sectional area of the membrane. The current is passed 
between the electrodes Ii and h, while AC impedance data are gathered from the potential drop 
between the platinum wire electrodes Vi and V2.

The impedance measurements were carried out in the frequency region from 10 mHz to 
lOOKHz, using a Solartron 1250 frequency response analyzer under computer control.

Experimental Setup

The cell is inserted in a pressure vessel as described in Figure 5, suspended over some 
water present at the bottom of the vessel. The pressure vessel is heated by a heating mantle, 
while temperature is controlled inside and outside the pressure vessel with two thermocouples. A 
pressure gauge allows us to monitor the pressure inside the cell. The cell platinum wires are 
connected to a Solartron impedance analyzer SI 1260 and to an EG&G Potentiostat Mod. 283.

The membrane proton conductivity was typically tested from 80°C to 150°C at 100% 
relative humidity.
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Figure 5. Experimental setup for conductivity tests.

Conductivity Results

Figure 6 compares the proton conductivity of two different polymer membranes, and for 
one polymer membrane (SRI polymer 1) two different degrees of sulfonation. As expected, 
higher degree of sulfonation results in higher proton conductivity. In general, however, proton 
conductivity differences are more pronounced at lower temperatures and tend to level off at 
150°C. More details on polymer membrane characterization are described in Section 3.0 of the 
Part II Proprietary Attachment.
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Figure 6. Proton conductivity as a function of temperature.

3.4 MEMBRANE MECHANICAL PROPERTIES

The polymer membrane showed excellent mechanical properties in the dry state with a 
tensile strength of 21,500 psi and a modulus of 500 kpsi. Both tensile strength and modulus 
were lower after the membrane was swollen in water. Table 1 summarizes mechanical properties 
of our polymer membrane in the dry and wet state. Some of our current membrane development 
work is focused on modifying the polymer electrolyte blend composition to reduce the 
membrane water uptake, while retaining high conductivity. This will allow us to achieve higher 
tensile strength of the wet membrane, and should lead to exceptional dimensional stability of the 
membrane under all expected operating conditions.
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Table 1

MECHANICAL PROPERTIES OF POLYMER ELECTROLYTE MEMBRANES

Polymer
Sample

Break Stress 
(MPa)

Break Strain 
(%)

Modulus
(MPa)

13320-53D 134.10 22.5 3812.12

13320-51D 133.48 25.6 3386.71

13320-51D after 
boiling in water

18.56 41.9 481.94

13230-71E 137.20 32.5 3228.13

13230-71E 119.69 26.7 3582.52

Dry Nafionl 17 
MD

56.68 106.5 929.41

Wet Nafion-MD 46.14 152.9 77.91

Dry Nafion-TD 46.49 333.9 968.02

Wet Nafion-TD 26.35 123.6 318.54
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4. CONCLUSIONS

We have synthesized new high temperature sulfonate polymer electrolytes that can be 
operated at 200° C. The thermal stability of these polymers represents a tremendous improvement 
in comparison with commercially available perfluorinated sulfonate ionomers presently used in 
electrolyzers, that usually cannot operate at temperatures higher than 80° C over a long period of 
time.

During the past year we have successfully developed a new polymer membrane that has 
mechanical properties superior to that of our previous membranes. We have demonstrated that 
the polymer membrane has good flexibility both at room temperature as well as after heating at 
150°C with or without humidification. Improvement of the polymer membrane mechanical 
properties was achieved without compromising proton conductivity. The use of this polymer 
membrane in water electrolyzers promises to lead to optimized efficiency.
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08 Fig. 1, Fig. 2, Fig. 4
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^ v hJl/ Pyrophosphoric acid as a source of hydrogen in cathodic hydrogen 
evolution on silver
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Fig. I. Tafel plots for h.e.r. on silver in pyrophosphate-free 
0.5 M perchlorate solutions in pH range between 1.3 and 
11.9. Rotation speed 2000 rpm.

> 800

log (j ZmAcm5)

Fig. 2. Tafel plots for h.c.r. on silver in 0.5 M perchlorate sol
utions containing pyrophosphoric acid/pyrophosphate at 
dilTcrcnt pH values. Rotation speed 2000 rpm.

-1.0 -

PH

Fig. 4. The diagnostic plot of polarisation at a constant «/ 
(0.288 A dm-2) vs pH. o, experimental values; —, fitted func
tion;-----, possible deviation due to errors in determining rate
constants;....... discharge of hydronium ions.

-149-



#Ei ftM 2

7-i h;i/ Complication associated with kinetic studies of hydous Ir oxide films

Electrochimica Acta

mm 44(1999) 4515-4524

«*

J. Segal, V. I. Birss 
(University of Calgary, Canada)
H. Elzanowska
(University of Warsaw, Poland)

i*lW

Eftti77)I/A©Jp2> pH, MikWWplM
Ltz* $

'fp&tbiz, HCIiJtoft ir(in)^6 ir(rv)E{t:S7i:SS©^{t;t/6^ 

ti> 7 J— Ff-f ©7Vtf—7 Ao
p—:/g§-fc;u£-^trfc#>t::J; t lt

z.nt-%kt%£o\z7)VtiUmi# 

Tti7°l/b°-^ >&i5g£T5 A t(51h EU <, rJigi-s?>

<1

K Iran)/ IrOV)i!g@CDX7''/l/^2-ttE'l4?SE4]

T##}:*UTffiin? & 31 Vi7 £ t#*£>#> ■ofc„ 77- FX 

T--77°TBSE 1.25V 'Dfzt$.9E£L
Tz Ir(V)/ kCVWBH^HfltdiiHL, Iran)^6 IrOV)

^©Eimsisns, ^n\t j/t isnst2

08 Fig. 3, Fig. 8, Fig. 9, Table 3

-150-



Ml/ Complication associated with kinetic studies of hydous lr oxide films

Electrochimica Acta

Fig, 3. Normalized CV rerpoow {}}*) of lr oxide Mm 
(CEP-35), grown and cycled in 0,5 M H2S04 al 10 (—). 20 
(— — -•), 50 (• * • •) and 200 {— • —) mV/s,

Mg, 9. q/t1,1 data for oxidation of two lr oxide films in 0.5 M 
HzSO«. £.-0.5 V and £.-1.25 V (CEF-400 (A). 
CF.F-8S0 (A».

Tabic 2
D mC values for A, oxidation proves* In 0.5 M H2S04

EJV(v». RHE) E.,fV (vs. RHE) 01/2 C (mol s-1'2 cnT1)

0.6* 0.86 0.5 x 10*7
0.68 0.95” 2.0 x 10~7
0.68 0.98 3.6 x 10-7
0.68 1.21 4.4 x 10-7

"fipAi -0.95 V.

1M NO OH

Fig. 8. jji data for oxidation (—) and reduction (—) of lr 
oxide Sim (CEI -850) in (a) 0.5 M HaSO* and (b) I M 
NaOH, using -0.3 Vend £. = 1.2 V.

values increase again when the A2 process commences, 
at ca. 1.2 V for these electrochemicatly formed films. 
In parallel work with sol-gel formed lr oxide films 
[26), it is seen that peak A2 occurs already at ca. 1X) V.
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0* Fig. 2, Fig. 6, Table 2
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CPE}

•>

CPE
-''WvV*

Ra

b)

Fig. 2. Equivulcnt circuits obtained of the NLLS fit procedure 
on ac impedance data.

Table 2
Influence of absorbed hydrogen on the double layer capadluncc C'° of Ni-P(3) electrode

£(V) C°(ml; cm"2) Cm/ (mC cm"2) H:Ni Method Remark

-0.143 6.1 0 0.57 decay j, - <i" -6. i mA cm'2
+ 0.013 6,5 0 0.57 charging
+ 0.150 1.53 104.6 0.34 charging
+ 0.235 0.17 209.2 0.11 charging
+ 0.7 0.064 244.1 0.03 charging
+ 0.9 0.04 258.1 0 charging
-0.26 0.094 decay after 20 s at —6.1 mA cm"2
-0.21 0.13 - decay after 1800 s #1/” -6,1 mA cm 2

Q^/mCcm"2

Fig. 6. Variation of capadluncc C’° with oxidation charge of 
absorbed hydrogen (2h«j-
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ms. Fig. 7, Fig. 10, Fig. 11
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E/VvsSCE

Fig. 10. Typical current reported to the total active layer 
loading venue time curve under oxygen evolution (#? -0.35 V).

Fig. 7. CO experiment typical vohammograme of 20 wt% Ir/C 
active layer after electrochemical oxidation and carbon 
monoxide bubbling (2 mV s ', 1 M HjS04). Thin solid line: 
lint scan; thick solid line: second scan.

nnt

Fig. 11, Qua si-stationary current densities reported to the real 
surface electrode areas versus overvoltage under oxygen evolu
tion in l M H2S04. (■) A1RONF, (#, D) TOIROF reported 
to the teal surface area calculated from our data (•) and from 
Ref. (31} (□).
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BIS Fig. 1, Fig. 2, Table 3
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NaF Concentration (mmol dm4)

Fig. I. Ozone formation at !•'-doped I’M)} anodex in n solid polymer clectrolyle (spe) electrochemical cell: effect of the concentration 
of fluoride on the (), current cflldcncy of and cell potential.

O 2.0

Z 1-8 -

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

LOG I or LOG (Rp"’)

Fig. 2. Tafel plot; for PbC2 and F Pb03 anodes in I M HjS04 at room temperature. Electrode area: l .5 cm3. (A) E vs. log i from 
qunsi-sleady-state data: fBl E vs loe 1/A., from imnedance dm*

Table 3
Results of MNDO calculations using the cluster models given 
in Fig. 4 and showing the effect of fluorine substitution on the 
energy parameters of for Oz evolution assuming the 'oxide 
path’ mechanism

Step A(A//), (kcal mol ')

Pb3(0H)l2(H20)2 Pb,(OH)10F2(H2O)2
(Cluster I) (Cluster II)

S(OH )2 
->S(OH‘)2 + 2e

163.8 167.8

S(OH-)2 170.3 178.0
-»S(0)2 + 2H + +2e
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ia« Fig. 3, Fig. 4, Table 2
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■5
F?

log(f/Hz)

Mg. 3, Typical Bode plot: CuCo2(VKOH I M interface at 25eC (Ni support).

Fig. 4. Typical cyclic votiammogrums in the double layer 
region: CuCo>04 electrode in KOH 1 M at 25*C (Ni support).

Table 2
Electrode kinetic parameters for 02 evolution on MvCo,_ v04 (M — Ni, Cu; OS*510) in l M KOH at 25°C

Electrode Tafcl slope (mV dec”1) E (mV) at /npP (mA cm"2) i (mA cm -2) at E (mV) (Hg/HgO)

650 700

f>\ b2 100 300 Aipp /„ do') pp /„ (102)

Co-,04 57 103 685 766 40 3.1 133 10.3
Ni|).2Co2 g04 57 99 667 714 57 7.9 248 34.5
Nio.jCo2 j04 47 104 667 712 55 7.4 251 34.0
NiCo204 52 80 650 695 102 4.7 324 15.0
Cuq 2Co2 g04 57 121 701 773 29 7.1 101 25.3
Cu0 jCo2i04 60 106 700 756 25 4.8 104 20.4
CuCo2C4 65 103 694 762 34 3.0 114 10.3
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1 2 3
Log Qa/mA cm'2)

tig, 6. Dependence of the fractal dimension on the logarithm 
of the apparent current density of electrodeposilkuv 0.2 M 
NiCl2. NMjCl concentration: (■) 0.25 M; (• >1 M; (♦) 2 M; 
(*> 4 M.
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j / mA cm'

Fig. 5. Tiife! plot for the oxygen evolution reaction on either 
PbOz + CoO, obtained by simultaneous oxidation of Mr 
and Co* * fa) or Pb02 + Co^O^ obtained according to (17j (b). 
Ohmic drop is corrected.

■ E» 0.6 V

[NaOHJ / mot dm*1

Fig. 6. Dependence of the oxygen evolution current density on 
the NaOH concentration.

<0 0.86

120 144

Fig, 7. Time dependence of the potential (continuous line) and 
capacitance (-LJ-) of a Pb02 + C'oOv electrode (Co 15 ar.%) 
during oxygen evolution at y = 100 mA cm 2 from 1 mol 
dm 3 NaOH. The solid circles represent the potential mea
sured just before measuring the capacitance. Ohmic drop is 
corrected.

Progressive electrode number

Fig. 8, Dependence of the oxygen evolution potential (after 30 
min at 100 mA cm 2 in l mol dm ~3 NaOH) on the progres
sive number of the deposit prepared from 0.3 mol dm 3 
Pb2++0.7 mol dm 3 Co2"1 (pH = 1.5) at £=1.5 V and 
(2= 1500 rev min '.
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Fig. 1, Fig. 3, Fig. 6
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i

Time of Electrolysis / h
Fig. 1. Change in the oxygen evolution efficiency of the 
anodically deposited manganese-molybdenum oxide anodes 
with time of the electrolysis at 1000 A m "2 in 0.5 M NaCI at 
30°C and pH 12. The manganese-molybdenum oxides were 
deposited at 600 A m ~1 in 0.2 M MtiS04-0.03 M Na3Mo04 
solution at 90®C and pH 0.5 on irOj-coated plane and ex
panded titanium substrates.

Anodic Deposition Time / min
30 40 50 60

Anodically Deposited

Electrolysis 
at 1000 A m'2 
In 0.5M NaCI, pH 1230 min

30 40 50 60 70 80 90

Anodic Deposition Temperature / °C

Fig. 3. Change in the oxygen evolution efficiency, measured at 
1000 A m" 2 ir. 0.5 M NaCI solution at 30°C and pH 12, for 
the manganese molybdenum oxides anodically deposited on 
the Ir02-coated titanium substrate at 600 A m - 2 in 0.5 M 
NaCI solution at pH 0.5 with deposition temperature (deposi
tion time: 30 min) and deposition time (deposition tempera
ture: arc).

We Am4, K)*C,pH0.l, 4**10

Time of Electrotysts / h

Fig. 6. Change in the oxygen evolution efficiency for the 
manganese-molybdenum oxides anodically deposited on lr02- 
coftted expanded titanium substrate under the various condi
tions with time of the electrolysis at 1000 A m"2 in 0.5 M 
Nad at 30»C and pH 12. The change in the oxygen evolution 
efficiency of (Mn^Moo^X^.u (12] with time of the electrol
ysis is also shown for comparison.
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Ti?Ni a Hoy-containing electrode 

"-O-LaNi49Si0, alloy-oontaining electrode

-containing electrode

log(l ZA cm )

Fig. 3, Polarization curves of three electrodes at 70 C in 30 
wt% KOH.

—O—T\Ni alloy-containing electrode 
-•-MmNiu 6Oou ,bMnC 4AI0a7 alloy 

■containing electrode
-1.00 -

-0.95

Time / hour

Fig. 4. Potential change of electrodes during power interrup
tions.
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Fig. 1, Fig. 7, Fig. 9
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ArtfcPintheNPxaioy

1

0.1

0.01

0.001

0.0001

I
>

Fig. I. The effect of deposition potential and current density 
for the hydrogen evolution reaction on the P concentration in 
a NiPx alloy.

0.00010.00001
CD/(A/cm2)

Fig. 7. Polarisation sweeps on NiP, electrodes with various amounts of deposited alloy, in a I M KOH solution at 25'C with a 
sweep rate of 1 mV/s.

Weight gain mg/cm?

Fig. 9. The amount of absorbed hydrogen as a function of the weight gain due to the deposition Of the NiP, alloys.
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$ 10.0

x 5.0

TIME IN HOURS
Fig. 4. The rate of H2 formation dependence on time: Ti concentration on NAF 0.5 mg/cnv and Pt 0.5 mg cm*: film 

area = 3.75 cm*. (A) Ti02-Pt~NAF sxstem. (B) PPy-TiO:-Pt-NAF FT system.
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• 40 C

▼ 80'C

> 0.10

i / A cm

Fig. 3. Tafel plots in 1 M NaOH for different temperatures
for NiFeZn.

-3.5 *

-3.0 -

-2.5 »

2.8x10 3.0x10" 3.4x103.2x10"

1/ T ( K"1)

Fig- 4. Arrhenius plot from the values of /0 obtained from the 
plots of Fig. 3.

—mild steel

-CD——1>—C)—CD-

Tempo / h

Fig. 5. Potential- time characteristics for (O) NiFeZn in l M 
NaOH at 25°C and (■) mild steel in 6 M KOI1 at 70 C, 
under a cd of 135 mA cm"'2.
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2000 2500

z/ocm

20 40 60 80 100 120 140

Fig. 2. Experimental (circled points) and solid lines calculated from evaluated kt values complex plane diagrams for the HER on a 
Pd-Ni electrode in 0.5 mol dm-1 NaOH solution at 23*C, at several overpotentials.
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Potential voltage ( mV)
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Applied voltage (mV) vs. SCE

-800 -600

200 mV
Fig. 6. Current-potential characteristic of TiO;(ns) under dark and illumination condition in 1 M NaOH.

1 5-0|—

S 10-0

Illumination
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Potential voltage (mV)

-640

-800 -600 -400 -200 0 +200 +4
Applied voltage (mV) vs SCE

+ 800

200 mV
Fig. 7. Current-potential characteristic of Ti02(ns) V02 under dark and illumination condition in 1 M NaOH.

Time ( min )
Fig. 8. Volume of evolved gas as a function of irradition time at an applied bias of (light source-1000 W Xe Hg lamp).
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Table 2
Variation H2 evolution vs irradiation time for 10 wt% (CdS-ZnS)-Ti02( 1:1:1) for the best catalytic systems reported in Table 1

S. No.
Name of 
catalyst

Irradiation 
time (h)

Catalytic 
activity for 
1MS2- 
alone 
(jtmol/h)

Catalytic 
activity for
1MS2-
+0.1MSOl~
Oonol/h)

a
1

CdS-ZnS-TiOj{D)/MgO
5 18.6 206.7

2 10 4.7 84.7
3 15 3.2 28.12
4 20 2.3 2.14
b
1

CdS-ZnS-TiO2(I)/20wt% Li2O-Ca0
5 60.4 209.8

2 15 3.9 14.6
3 20 0.80 10.5
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Fig. 5. Current-voltage (l-V) characteristics of Pt/1 M NaOH Ti02 Ti, PEC solar cell (inset showing short-circuit power charac
teristics).

lio2(ns)- ln2og/Ti

Time (min)

Fig. 7. Hydrogen evolution from the SC-SEP cell in the configuration SCE. 1 M NaOH, Ti02(ns);Ti 5 M H2SO4 Ptw P*c &tid SCE, 
1 M NaOH Ti02(ns) ln203 5 M H2SQ4 Ptw PtC-
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Fig. 6. Influence of deposition CD on Tafel lines for hvdrogcn evolution on Ni—Mn—Fe co-deposits obtained from bath R

■ CD = 30 mA/cm2 
i CD = 60 mA/cm2 
x CD = 80 mA/cm2

E 350
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-o 150-

Fig. 7. Tafel lines for HER on Ni-Mn-Fe co-deposits obtained from bath C.
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-500 -

Fig. 1. Plots of potential vs. pH in buffer solutions for GTWIP (1), 
commercial W (2), and high-purity monocrystalline W (3).

-570 -

Fig. 2. Potential as a function of pWOiJ~ in Na2W04 solutions for 
GTWIP.
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Fig. 1. Cyclic voltammograms, at 5 mV s “ \ of a limited volume (0.2 
pm) palladium electrode (Pd-LVE) in 0.5 M H2S04 solution. The 
potential range of electrode polarization: —0.10 to 0.64 V versus 
RHE. Before the positive scan the electrode was held for 5 min at 
-0.16 V.

“---c

Fig. 2. (a) H/Pd ratios versus sweep rate for palladium electrodes of 
various thicknesses: (1) 0.2 pm; (2) 0.8 pm; (3) 1.6 pm; (4) 3.2 pm in 
0.5 M H2S04. (b) D/Pd ratios versus sweep rate for palladium 
electrode polarisation of various thicknesses: (1) 0.2 pm; (2) 0.8 pm; 
(3) 1.6 pm; (4) 3.2 pm, (5) 6.4 pm. Solution 0,5 M D2S04
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£/V
Fig. 1. Cyclic voltammogram of an aqueous NaN02 solution. 
[NaNOz] = I x 10"3 M, [NaC104]-0.4 M. Working electrode: Pt 
disk (0.03 cm2); v - 0.1 V s“'.

N 0.25

0.0 0.5 1.0 1.5 2.0

E/V

Fig. 2. Cyclic voltammogram of NapH aqueous surfactant solution. 
[NapH] = 5.5 x 10~3 M, [Brij 35] - 2.5 x 10 "2 M, [NaC104]-0.4 
M. Working electrode and sweep rate as in Fig. 1.

Fig. 4. Cyclic voltammogram of NapH and NaN02 aqueous surfac
tant solution. [NapH] = [NaNOJ - 5 x 10" 3 M, [Brij 35] = 2.5 x 
10“2 M, [NaClOJ = 0.4 M. Working electrode and sweep rate as in 
Fig. 1.

0.4 -

1.0 1.5
Amount of NapH / pmol

Fig. 6. Distribution of products in CPE as a funtion of amount of 
NapH consumed. [NapH] = 1.75 x 10 ~3 M, [Brij 35]-2.5 x 10~ 2 
M, [NaNOJ — 2 x 10 ' M, [NaClOJ = 0.4 M. (■) BinapH prod
ucts; (A) 1,2-NaphQ; (A) 1,4-NaphQ; (O) l-NOzNapH; (•) 2- 
N02NapH.
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2 3 4
Photon Energy/ eV

Photon Energy/ eV

Fig. 4. (A) Dependence of the normalized cathodic photocurrent yield 
on photon energy measured with the basal plane HOPG electrode in 
0.25 M KH2P04 (pH 4.5): (x) -0.18 V; (•) £- -0.48 V; (□) 
E= — 0.58 V; (♦) E = — 0.68 V. (B) The same as (A) but the X-axis 
in logarithmic scale.

2 3 4
Photon Energy/ eV

Photon Energy/ eV

Fig. 5. (A) Dependence of the normalized anodic photocurrent yield 
on photon energy measured with the basal plane HOPG electrodes in 
0.5 MH2S04: (0)2-0.62 V; (O) £-0.72 V; (A) £-0.82 V; (x) 
£ = 0.92 V; (O) £= 1.02 V; (•) £= 1.12 V; ( + ) £=1.22 V. (B) 
The same as (A) but the X-axis in logarithmic scale.
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O 200 -

£7 V vs. Ag | AgCl

Fig. 2. (A) Cyclic voltammogram at u sweep rate of 50 mV s 1 in 0.5 
M H2S04 of electrodeposited ruthenium (20,1 pg), and (B) simulta
neously recorded cyclic voltmassogram.

< 200

E ! V vs. Ag | AgCl

£/V vs. Ag|AgCl

Fig. 3. (A) Cyclic voltammograms at a sweep rate of 50 mV s1 in 
0.5 M H2S04 of 20.1 pg of electrodeposited ruthenium with succes
sive shift of the upper limit for 200 mV, and (B) simultaneously 
recorded cyclic voltmassograms.

Fig. 4. Same as Fig. 3, but with further shifts of the upper limits.

be the case. Indeed, our previous thermogravimetric 
measurements have shown that the electrodeposited 
ruthenium layer contained about 50% of water [19]. 
Therefore, the electrooxidation reaction of ruthenium 
can be also written as:
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o.eo-r
0.40-

0.00-

-0.40-

0,15-

0.10-

0.06-

0.00-

-0 06 -

-0.10-

-0.16-

Electrode potential/ v (SC E)

Fig. 2. Successive cyclic vollammogrami of (A) nanocrystalline 
Ti:Ru:Fe:0 (2:1:1:2), and (B) Ti:Tia.Ru:Fe30, (3/2:1/2:1:1/2) in 1 M 
NaOH (scan rate to 10 mV t~'). The tower limit of the sweep was 
made more negative from the first (full line) to the second (dashed 
line) sweep, while the upper limit was kept constant at 4-0.8 V 
(SCB).

1 070-

1.075-

1.060-

1.085-

1.080-
-O- TiitoFeO (2:1:12)
—O— Ti:Ru:Fe (2:1:1)1.085-

1.100-

1.105-

1.110-

1.115-

1000

Time/s

Fig. 5. Decay of open-circuit potential of nanocrystallinc Ti:Ru:Fe:0 
(2:1:1:2) and Ti:Ru:Fc (2:1:1) after 10 min of H, discharge at - 250 
mA cm 2 in l M NaOH.

Electrode potential/ V (SCE)

Fig. 6. //(-corrected polarization curves for hydrogen evolution on 
nanocrystollinc Ti:Ru:Fc:0 (2:1:1:2) in I M NaOH.

—Nanocrystalline 
TI-Ru-Fe-0

-O- Ti:TiO:Ru:Fe:Fe20, 
—a— Nanocrystalline 

Ti-Ru-Fe

Fig. 10. Anodic charge following a potential step from £,«= 
- 1.33 (600 s) to £r.
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« -1.0

/ V vs SCB

— -1,0

Cn(lOO) 
0.5 M H,SO.

Cu(lll) 
0.5 M H-SO.-1.5 —

/ V vs SCEI V vs SCE

i
£

£

Fig. 2. Oxygen reduction on Cu(AW) in 0.5 M H3SO, at 10 mV s- orr on (a) Cu(lll) at 400, 900, 1600 and 2500 rpm and (c) Cu(100) at 400, 
900,1600 and 2500 rpm. The positive (solid line) going sweeps are represented for all rotation speeds and the negative (dotted line) is represented 
for 1600 rpm. Detection of H2Q2 oxidation on the Pt ring (Er = 0.95 V) during the potential scan on (b) Cu(lll) and (d) Cu(100). The insert is 
the comparison of the orr on the Cu(lll) solid line and Cu(lOO) dotted line (e) disk current (f) ring current.

/ V vs SCE /V vs SCE

•1.0 -

0.5 M HjSO, 
0.1 M HCIO.•2.0 - 0.1 M HCK).

0.0 -0.8

£Dllk/V vs SCE f^/Vvi SCB

Fig. 3. Comparison of the orr in H2S04 (dotted line) and HCK), (solid line) solution on Cti(McZ) at 1600 rpm and 10 mV s~ 1 (a) Cu(lll) and 
(c) Cu(l00). Detection of HjOj oxidation on the Pt ring (£, - 0.95 V) during the potential scan on (b) Cu(l 11) and (d) Cu(l00). The inserts show 
the basic voltammetry in 0.01 M HCK), for (e) Cu(l 11) and (f) Cu(100).
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. „ Mech I

Mech. 2''

temperature / °C

100 °C 75

(1077) IK

Fig. 2. Effects of temperature on (a) the loading ratio and (b) the 
overpotential for H absorption into a p-phase Pd|H electrode under 
galvanostatic charging conditions. Current densities are shown beside 
each curve. Mech. 1 and Mech. 2 represent the fast Volmer-slow 
Tafel mechanism and coupled Volmer-Tafel mechanism, respec
tively. The parameters: A + Van -4.13 x 10s s-1, A _vd0 = 1.60 x 
10" s-\ y4 + TA + c/^_c-6.24x 10“ cm2 atm-1 mol-1 s-1, 
A _T= 3.51 x 1025 cm2 mol" 1 s'" *, A + P* 1.25 x 10* cm3 mol -1 
s-1, A _P - 1.58 x 1012 cm3 mol-1 s-1; C/+ v — 94, C/_v — 0, 
C/+t + U + c — 0r_c=27, (/_t■■ 83, (7+p-42, p = 20, U%* 15 
kJ mol~ r = 1, /Hj - 1 atm.

(30.0.1)

(100.0.1)

(100.0.03)

(100,0.01)

temperature / °C

(30,0.1)

(100.0.03)

(100,0.01)

temperature / “C
Fig. 4. Effects of temperature on (a) the half absorption time r and 
(b) the maximum self-stress under galvanostatic charging conditions. 
The current density and plate thickness are shown beside each curve, 
the initial condition is the equilibrium state, the other parameters are 
the same as those of Fig. 2.
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Fig. 2, Fig. 4, Fig. 5, Fig. 6
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£ / V vs. SCE

Fig. 2. SNIFTIR spectra for 0.1 M H2S04 solutions on a polycrys
talline platinum electrode measured with p-polarized light. Reference 
potential (£R) was + 0.2 V vs. SCE, and sample potentials (£s) are 
also indicated. The solutions were saturated with gaseous (a) Ar and 
(b) C02, respectively. Fig. 4. SNIFTIR spectra for solutions containing 1 mM H2S04 + 99 

mM Na2SO„. £„ was + 0.2 V vs. SCE, and Es values are also 
indicated. The solutions were saturated with gaseous (a) Ar and (b) 
COz, respectively.

£/V vs.SCE

Fig. 5. Cyclic voltammogram for a 0.1 M K.C1 solution. Scan rate was 
0.1 V s"1.

2200 2000 1800 
Wavenumber i cm x

Fig. 6. SNIFTIR spectra for a 0.1 M KC1 solution. £r was +0.2 V 
vs. SCE, and Es values are also indicated. The solution was deaerated 
by bubbling Ar.
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Fig. 1, Fig. 3, Fig. 5, Fig. 9
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E / V vs. MSE

Fig. I. Voltammogram of a Ti-disc electrode (STi = 7.85 x 10 3 cm2) 
in aqueous 0.1 M HC104 solution. Scan rate v = 50 mV s~

B/V vs. MSB

Fig. 3. Voltammograms of (A) freshly polished H and (B) Ti covered 
by oxides in aqueous 0.1 M HClO„ + 2 x 10~3 M KaPtCl6 solution 
(Srt - 7.85 x 10"3 cm2). Scan rale r - 50 mV s-1. The voltam- 
mogams were recorded after the electrode was held for 10 s at 
open-circuit potential.

S -3.8

-074-0.72-0.70

E / V vs. MSE

Fig. 5. Tafel plots for the her on Ti/Pt and smooth Ft electrodes in 
aqueous 0.1 M HCIO, solution. (1) Ti/Pt (zd - 2 s); (2) Ti/Pt (<d -=4 
s); (3) Ti/Pt (td - 10 s); (4) Ti/Pt (zd - 60 s); (5) smooth Pt. Current 
densities are referred to the real surface area of the Pt crystals.

Fig. 9. Exchange current density for the her on Ti/Pt electrodes vs. 
time of platinum deposition at open-circuit potential.
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//nA 400 ■

-400 ‘

1st cycle
Activated (after 30 cycles]

E/V vs SCE

1st cycle
Activated (after 30 cycles)-300 -w

-1.4 -1.2. -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

(C) £7V vs SCE

Table 1
Electrocatalytic hydrogenation with LaNi, at room temperature *

Grid Organic
compound

Solvent 7rb/% E/V vs. SCE e

A1 Methyl vinyl 
ketone

HjO 90-100 -0.6

Fe Methyl vinyl 
ketone

h2o 65 -0.9

Ni Methyl vinyl 
ketone

HjO 95 — 0.8 —♦ —0.9

A1 1-Decene Ethanol (96%) 100

0
1T0
1

Fe 1-Decent Ethanol (96%) 10-15 — 0.7 —♦ —0.8
Ni 1-Decene Ethanol (96%) 50-65 — 0,6 ~► —0.8
Ni 5-Hexen-2-one Ethanol (96%) 45-70 — 0,8 —» — 1.0

•7-5 mA. Acetic buffer: 0.2 M CH3COC>-Na++0.1 M 
CHjCOOH.

b nf current efficiency, when several measurements have been per
formed the range of current efficiencies found is given.

c When two potential values are given, the first one indicates the 
potential at the beginning of the experiment and the second the 
potential when the experiment was stopped (typically after 4-6 h).

[2-buUnone] / mol.L-1
u.u#

0.07 -

0.06 • -

0.05 ■ -
■ ■

0.04 ,« ■
■

0.03 ,6"
002

• 2-butsnone

V • — nr*100% theoretical
0.01 .4
0.001 -------- -0 oo W 1 1 "   .....1 ...... 1 —-*■ —l-—■...»

0 too 200 300 400 500

Time/min

Fig, 3. The product formation vs. time for the electrocatalytic hydro
genation of MVK with LaNij on A1 grid in 10 ml 0.2 M 
CH3COOH + 0.1 M CHjCOO~Na+ + H20. 7= 5 mA; K= -0.6 V.

Fig. 1. Voltammograms for LaNis. 25 pm diameter cavity microelec
trode; scan rate - 50 mV s-1; T — 298 K. (a) in 9 M KOH; (b) in 
0.01 M CH3COOH + O.I M CH3COO"Na+ +H20; (c) in 0.01 M 
CH3COOH + O.l M CH3COO-Na+ + ethanol 96%.
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80 min

70 min

60 min

50 min

100 , 200 
Reaction time / min40 min

30 min

313 nm
26 (Cu Ka) / deg.

Figure 3. X-ray diffraction patterns of precipitates calcined at various tem
peratures for 1 h in air.

Wave length / nm
Figure 2. UV-visible spectrum of [lr(OH)6]3"" in NaOH solution after vari
ous reaction time: (inset) time dependence of absorbance at 313 nm of the 
solution.

Heating

0 200 400 600 800 1
Temperature / *C

Figure 4. TGA and DTA curves of the Ir02 precursor.
Current density / mA cm

Figure 7. Terminal voltage vs. current density curves of URFCs. A:lr02/ 
Pt(5(V50) cell. •:Ir02(Wako)/Pt(50/50) cell, 0:Ir02ZPt(0/100) cell.
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Fig. 1, Fig. 2, Fig. 3, Fig. 4, Fig. 5, Table 1
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log(le)i A cm"1
Figure 1. The relation between the cathodic current and the electrode poten
tial obtained on copper in 0.1 N H2S04 + 0.9 N Na2S04,

i, , (mA cm')'"
Figure 2. The relation between the charging function and the square root of 
the cathodic current obtained on copper in 0.1 N H2S04 + 0.9 N Na2S04.

E, V (8CE)
Figure 3. The relation between Ihc hydrogen surface coverage and the elec- Figure 4. The relation between the charging function and the square root of
trade potential obtained on copper in 0.1 N H2SO4 + 0.9 N Na^SO^. the cathodic current obtained on iron in 0.1 N H2S04 + 0.9 N Na2S04.

-0.64 -0.66 -0,68

Ei V (SCE)

0.72

Figure 5. The relation between the hydrogen surface coverage and the elec
trode potential obtained on iron in 0.1 N H2S04 + 0.9 N Na^O, using the 
IPZ analysis and the analysis dcvelopled in this paper which uses polariza
tion data.

Table I. Comparison of the exchange current density, discharge and recombination rate constants, and the transfer coefficient for Iron In 0.1 
N H3S04 + 0.9 N Na*SO„ obtained from the IPZ analysis 35’3* and the above polarization data analysis. The same quantities were also 
obtained for copper using the polarization data analysis.

L (A cm 2) ^(molcm-2*-1) *1 (cm s'1)

Analysis Fe Cu Fe Cu Fe Cu Ft Cu

IPZ
Polarization data

2.0 X 10"6 
2.0 X 10~6 8.0 X I0~*

2.6 X I0-" 
3.0 x 10-S 1.8 X I0"7

13 X I0™6 
1.3 X 10* 5.0 X 10-

0.5
0.5 0.5
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1M NaOH

Current Density (A/dm2)

Figure 2. Cathodic polarization curves for H2 evolution reaction in 1 M 
NaOH at 303 K on a Ni and an electrode obtained from various Ni-Al pre
cursor alloys after leaching.

Pore Radius (A)
Figure 3. Micropore distribution in NiAlj and Ni2AI3 after leaching A1 in 
6 M NaOH at 343 K for 1 h.

Table I. Kinetic parameters of H2 evolution reactions on NI and 
Raney-NI electrodes prepared from various Ni-Al precursor 
alloys in 1 M NaOH at 303 K: e0, exchange current density;
6, Tafel slope; ac, charge transfer coefficient; H 
overpotential at 25 A/dm1.

Specimen (A/dm2)
b

(V/decade)
<*c
(-) (V)

Ni 1.09 x 10"3 0.120 0.50 0.522
Rl3 — — — 0.186
r23 — — — 0.316
R,, 2.55 X 10~3 0.121 0.50 0.475
R3i 9.19 X 10'4 0.115 0.52 0.509

Table II. Relative surface area of Raney Ni electrodes 
determined by ac Impedance in 1 M NaOH at -0.1 V vs. 
RHE. Cd] Is double layer capacitance.

Relative surface
Specimen Q, (pF/cm2) area (-)

Ni 52 1
R$3 836 X 103 12667
R23 617 x 103 9348
Rn 55 1.1
R3I 58 1.1

-211-



l 2 zKS%tiS

Hi/ The Effect of Iodide Ion on the Kinetic of Hydrogen Absorption by 
Iron

BM& J. Electrochem. Soc.

mm 147(2000) 2258-2262

## M. H. Abd Elhamid, B. G. Ateya, H. W. Pickering 
(The Pennsylvania State University, USA)

'f'tXD&WlZ'D^T,
Lfzo B'0\'cm^'^y\irfn

itSQ L /HkSBEElSliJtttiiRSffl tc£;
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Iron
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A SOmM I'

It. mA cm'

Figure 3. Tafel plots obtained on an iron membrane 0.25 mm thick in 0.1 N 
H2S04 + 0.9 N Na2S04 at difTerent iodide ion concentrations.

«0
• 1
A 10
A SOmM T

0.8
VI, mA,n cm-1

Figure 4. Relationship between the steady-state hydrogen permeation cur
rent, L, and the square root of the hydrogen recombination current, Jir 
obtained on an iron membrane in 0.1 N H2S04 + 0.9 N Na2S04, at difTerent 
iodide ion concentrations.

•» 1.2

Figure 5. Relationship between the charging function, ic txM<xFr\tRT), and 
the steady-state hydrogen permeation current, im for an iron membrane 
0.25 mm thick in 0.1 N H2S04 + 0.9 N Na2S04, at different iodide ion con
centrations.

a SOmM I

T,.v

Figure 7. Variation of the hydrogen surface coverage, 6H, with the overpo
tential of the HER obtained on an iron membrane 0.25 mm thick in 0.1 N 
H2S04 + 0.9 N Na2S04, at different iodide ion concentrations.
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Fig. 2, Fig. 3, Fig. 10
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Figure 2. Model for the electrochemical reaction of gaseous hydrogen and 
water at the triple-phase boundary and in the area of the Ni/YSZ interface in 
a Ni-YSZ cermet electrode.

950 890 845

0.80 0.85 0.90 0.95 1.00 1.05 
1000 T '1 /K "1

L Ro

figure 3. Equivalent circuits derived from the miction model Fig 2: (a) eke 
trochemkel reaction controlled by charge transfer and adsorption, (b) elec
trochemical react km controlled by diffusion, (c) overall equivalent circuit ft* 
a parallel arrangement of (a) and (b).

Figure 10. Temperature dependence of W2 T1 at OCP: (O) ;>n2 “ 
0.19 bar, /»HJ0 - 0.05 bar; (□) />H2 - 0.48 bar, pn0 - 0.05 bar; (A) 
pH2 - 0.48 bar,/»Hj0 = 0.12 bar.
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10 12 14 16

-0.20 V

-0.10 V

+0.10 V

- 1 v

+0.54 V

-0.8 -0.4 +0.4 +0.8
PotentiaIAZ

Figure 1. Voltammograms of p-InP in (A) 5 M HNO, and (B) 12 M HN03
(----) with and (---- ) without sulfamic acid. Sulfamic acid cone, in 5 M
HNO3 0.1 M, and in 12 M HN03 sat, <0.3 M. Light source, tungsten lamp 
(0.25 W/cm2). Scan rate (0.02 V/s), initial scan from positive to negative 
potentials.

HNOa Concentration/M
Figure 2. Comparison of onset potentials v.\. HN03 concentrations for 
cathodic currents at (A), irradiated p-lnP and (B) smooth platinum elec
trodes. Onset potentials for p-InP determined from reverse scan, Light source 
tungsten lamp (0.23 W/cm2).
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§,M(D Ni-Mo ± T © 7j< *%£;£: FFD (fractional factorial 

design)£ RSM (response surface methodology)L 

fco pH,Ni/Mo Wmit, £X

ffd

$>&££ o fco Ni - Mo ^ "j 9 X

#( i / q *), #^#4^(7) Mo / (Ni + Mo)l=k^'' 6 ^

TSUS LTZo Response surface contour plots X X 3 ZL £l b CO X

pH = 8, Ni/Mo IfSTPit = 3.3, ^X>EiS$ = 40gf‘

Ni - mo

tOfe-£> ZL t.lfiftti'-otzo

HS Fig. 1, Fig. 5, Table 7
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’« 25

C 20

Levels of electroplating variables

Fig. 1. Main efleets of electroplating temperature (A), electroplating 
current density (B), pH (C), Ni/Mo ratio (D) and sodium citrate 
concentration (E) of the plating baths on the hydrogen-evolving 
activity of Ni-Mo deposits. ( + ) and (-) indicate the high and low 
levels of the these factors, respectively.

0.5

-o. 5

-1.5
0.5-O . 5-1.5

Fix. 5. Contour lines for constant Mo/(Ni + Mo) ratio within Ni Mo 
deposits against the Ni/Mo ratio (,yd) and the sodium citrate 
concentration (\,.) in plating baths.

Table 7. Points of confirmation for Ni Mo deposits possessing the 
maximum activity for hydrogen evolution

Run Ni/Mo ratio Sodium citratc/g 1 1 i/mA cm 2

1 3.3 50 119.37
2 3.3 45 127.89
3 3.3 40 141.53
4 3.3 35 126.41
5 3.3 30 119.89
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Effect of oxygen and titanium contents on the stability of 
h)V nanocrystalline Ti-Ru-Fe-0 cathode materials for chlorate 

electrolysis
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w in milled 
2Ti: 1 Ru : 1 Fe : wO 

v 0.0 
—a— 0.5 
—x— 1.0

800-

750-

700-
—D— 2.0

650-

600-

number of OCP/HER cycles

Fig. 4. Variation of the overpotential for the hydrogen evolution 
reaction at -250 mA cm-2 as a function of the number of OCP HER 
cycles for various nanocrvstalline Ti:Ru:Fe:0 (2:1:1 :w) materials.

y In milled
2-y Ti: l*y/2 Ru: 1*y/2 Fe 

—V'" 0.00 
-□-0.25 
—0—0 50 
—X— 0.75 
—A— 1.00

800-

750-

700-

650-

600 -

550 - x-—X

number of OCP/HER cycles

Fig. S. Variation of the overpotential for hydrogen evolution reaction 
at —250 mA cm-2 as a function of the number of OCP/HER cycles for 
various nanocrysuiline Ti:Ru:Fe (2 - >•: 1 + y/2:1 + y/2).

Table 2. Evaluation of the deterioration of the electrodes after an 
accelerated aging test

Nominal composition Damaged surface’ % Mass loss/%

Ti:Ru:FerO
2:1:1:0 100 ~100
2:l:l:l/2 5 0
2:1:1:1 0 0
2:1:1:3/2 0 0
2:1:1:2 0 0

Ti:Ru:Fe
2:1:1 100 100
1.75:1.175:1.175 90 67
1.5:1.25:1.25 80 57
1.25:1.375:1.375 20 20
10:1.5:1.5 50 43

’The figures indicate the percentage of the surface which appear 
damaged after the test
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120-60-45-5-
h-lsec point

0.10 0.05 0.00 -0.05 -0.10 -0.15 -0.20 -0.25

Tj/V

Fig, 1. Steady-state polarization curves obtained for the HER on 
Ni^Zn^Pza electrode in 1 m NaOH at 70" C in N; atmosphere at times 
after application of a constant current.

-100 -

-200 -

-300 -

Fig. 8. Cyclic voltammograms obtained on polvcrystalline nickel 
electrode at 25 C in 1m NaOH. scan rate 20mVs”!; (1) the first 
cycle in the absence of CO. (2) in the solution saturated with CO, (3) 
after 25 min bubbling with CO followed by 25 min bubbling with N-, 
(4) after 25 min bubbling with CO followed by 100 min bubbling with 
N? or replacing the solution by a new and deoxygenated pure 1 m 

NaOH and (5) the second cycles for all the cases.

Table 3. Charges of CO and Ni electrooxidation and surface roughness obtained on Ni<*ZnwP%) electrode in l M NaOH at 25 °C

Conditions gi/Ccm-:
from a'-b'

&/C cm-' 
from a b

Gt/Goi G2/G02 R R/Rms,

Deoxygenated solution Go, "2.03 Go2~ 1 56 1.0 1.0 4.4 x 10* 0.69
CO saturated 5.70 4.69 2.8 3 6.2 x 10* 0.96
CO + replacing with deoxygenated solution 3.88 3.09 1.9 2 4.2 x 10* 0.66
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Escb/V

Fig. 2. Current efficiency as a function of the applied potential for the 
batch reactor. Thick line: polarization curve of oxygen evolution from 
0.5 M H2SO4, r« 30 eC.

escr/v

Fig. 4. Linearized representation of the fractional conversion data 
according to Equations 17 and 18.

0.10 -

Fig. 6. Mean space time yield as a function of the applied potential, for 
the batch reactor. Full line: prediction of Equation 14 with the fitting 
parameter of Figure 4.

& 0.2

Fig. 7. Specific energy consumption as a function of the applied 
potential for the batch reactor.
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: Holding time* 1.5h

Heat treatment temperaturefC

fie. 3. Coating hydrogen evolution against heat treatment temperature. Key: (A) NiP; (♦) NiP-SiC; (O) N1P-AI2O3-I; (Q) NiP-Al2Oj-S‘; 
(O) N1P-AI2O3-F; (•) NiP B

Fig. 4. Amount of hydrogen incorporated during plating and released by heat treatment: (a) NiP; (b) NiP-SiC; (c) NiP-AliOs-I; (d) NtP- 
A120,-S. (e) NiP-Saffil #-Al20, and (0 NiP-B.

Table 2. Hydrogen content in the A]-6063 substrate and as-deposited 
coatings

Sample Hydrogen content/ppm

Values Average

Al-6063 initial 0.24 0.25
0.25

Al-6063 2nd zincating 0.40 0.36
0.31

NiP 1.81 1.74
1.66

NiP-SiC 1.93
2.03

1.98
Table 3. Hydrogen content in particles

NiP-Al203-I 2.14 2.07
Hydrogen content ppm1.99 Particle type

NiP-AlaOy-S 1.90 2.00

2.10 SiC 3.23 = 0.42
NiP-Saffil &A1A 5.79 5.61 Al'Oy—I 1.52 = 0.27

5.43 AHOt-S 0.57 = 0.20
NiP-B 5.47

5.09
5.28 Sami d AHO,

Boron
1.74 = 0 23
1773 = 18
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electrocatalyst for oxygen evolution / reduction in acid solution
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no !R correct

no IR correct

1/mAcm 1/mAcm
Fig. 2. Cathodic polarization curves (for oxygen reduction) of gas- 
diffusion carbon electrodes loaded with LiMn2-xCo,04 with different 
x values: (1) x = 0.6, (2) x = 0, (3) x — 0.2, (4) x = 0.8, (5) carbon 
only.

Fig. 5. Anodic polarization curves (for oxygen evolution) of gas- 
diffusion carbon electrodes loaded with LiMn2_xCox04 with different 
x values: (1) x = 0.6, (2) x = 0.8, (3) x = 0.2, (4) x = 0, (5) carbon 
only.

no IR correct

no IR correct

1/mAcm 1/mAcm

Fig. 7. Anodic polarization curves (for oxygen evolution) of gas- 
diffusion carbon electrodes loaded with LiMn%_xCox/%Fex/204 with 
different x values: (1) x = 0.6, (2) x = 0.8, (3) x = 0.2.

Fig. 8. Cathodic and anodic polarization curves of gas-diffusion 
carbon electrodes: (1) loaded with 25% UMn1.sCoo.4O4, (2) loaded 
with 25% UMn1.sCoo.2Feo.2O4, (3) loaded with 25% UMn1.sFeo.4O4.
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/-Vi,. 2. (a) SHM micrograph of a Poly HI PR polymer (PHI’) sample at 
a 350x magnification; (h) Sl'.M micrograph of a porous Ni coaling on 
a Ni wire at a 160x magnification; (c) SHM micrograph of the Ni 
coating of the previous micrograph at a 800x magnification.

E/Vv» SCE

E/Vvs SCE

Fig. 3. (a) Voltammogram recorded at a porous Ni coating on a Ni 
wire in a deaerated 0.5 M NaOH solution at a potential scan rate of 
50 mV s”1; (b) same as before but for a smooth Ni disc electrode.

(a) -1.021 V -1.021 V

-1.600 V

-1.200 V

Imposed
potential

5 min 1 min 1 min 1 min 2 mm

1.400

1.350

“ 1.300

> 1.200

- j Z mA cm-2

Fig. 4. (a) Potential sequence for electrode activation during collection 
of steady state polarization data; (b) Tafel plots for hydrogen 
evolution at smooth (□) and porous (A) Ni-coated electrodes.
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Fig. I. Typical SEM morphology of IrO, deposit on lead : the Ir 'Pb 
ratio decreases from region A to region C.

Pb/lrOx Pb-Ag
200 —

150 ‘

.4456----

340mV
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Fig. 2. Polarization curves for various anode materials: Pb. Pb-Ag 
(0.56%), and different IrO, deposits on Pb The percentages on curves 
indicate the Ir content on the surface of the electrodes.

Fig. 3. SEM morphology of lead anode covered with IrO, after use in the zinc electrowinning electrolyte.

E fori Pb-Ag(0.SlB%)

time / hour

Fig. 6. Time dependence of the potential of a lead anode covered with 
IrO,, at i = 55 mA cm-2. Dashed line corresponds to a Pb-Ag 
(0.56%) anode.
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