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H,O — H,+ 1/20, 5 H, | NaH 1/3N,, + H, — 2/3NH,
it P ! S8
AH-AG’ AH
o S| Reactor = -30 kJ molL-H,
= 286_237 SO ~500°C A Go
= 49 kJ mol-*-H I Lo 25-35MPa
a 2 HO— Compressor = -11 kJ mol-*-H,
o_ PEEC
(A,G’=1.23 V) < 100°C N, H,
AR ERL — 1.48V  SOEC L NH,
H,O: Lig. >800°C
EE7 E-T7EREMK M ER — 1.32V
IR &
AH-AG’
= 255-226
=29 kJ mol*-H,

1/3N, + H,0 — 2/3NH, + 1/20, (A,G’=1.17V)
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NH; N,+3H, < 2NH,
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BRE o EERECC
s S8 eoo-1000
EAERAL P BaCe,,Y,0; (BCY) 500

(H* {=&]) BaCe, ,Z,0, (BCZ)

PEL g - LICI-KCI, 450
FEEES (RABHEX) LiCI-KCI-CsCI

) BRIE TS CsH,PO,, CsH:(PO,), 200~250
H {zE57 Fluorine-type (Nafion) <100

KBR& HCIO,, LiCIO,, KOH RT
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200~250°C

0.1~0.7 MPa

u catalysts

| Pd-Ag
membrane

Electricity —

CsH,PO,-based
electrolyte This figure is reproduced

from K. Imamura, J. Kubota,

. .

+

| Pt anode

| Py e Nt Sustainable Energy & Fuels
Wl 3 (2019) 1406-1417 with
permission of Royal

@ Chemical Society.
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MFC
Ar+H,0 TP

Stainless steel + |

Compression

cv Ar chamber
Ny |~ coil spring
!9 | N / Carbon
!
H,O

Elements / thickness (mm) ~ paper
Pt/carbon paper /0.2 —__| |- Gore gasket
CsH,PO,/SiP,0; electrolyte / 2.0 — T S
Pd-Ag membrane / 0.1

Electrochemical NH, cell

Anode Cathode

: Exhaust Sintered metal powder plate / 2.0
Ru catalysts / 1.5
Stainless steel mesh / 0.5 Heater
SP 250°C * | N
Heater >
N, NH, + H,
1 mM H,SO, Botiom

BPG?. 100°C < 50 mm -
BPV Oven
Exhaust RU CatalySt | Pd‘Ag | CS H2PO4/S|P207 | Pt

PS

N, : 1~7 cm3 4 min-t  Absolute pressure : 0.1~0.5 MPa
Ar: 10 cm3 4p mint  Current density : 3.2~10 mA cm??
H,O : 1 pL lig. min't  Cell temperature : 200~250°C

This figure is reproduced from K. Imamura, J. Kubota, Sustainable Energy & Fuels 3
(2019) 1406-1417 with permission of Royal Chemical Society.
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 Ru-Cs*/MgO (0.6 g)
* Ru/CeO, (1.0 9)
* Ru-Cs*/CeO, (1.0 g)

Loading of Ru on supports

Ru,(CO),, - Stirred at RT
THF e Dried at 40°C
Metal oxides e Calcined at 400°C

for 2 h in vacuum

Addition of Cs*

Ru/Support . Stirred at RT TEM image of 5 wt%-Ru/MgO
CsNO; ag.  Dried at RT
(Cs/Ru=1 mol/mol) | * Reduced at 400°C

for 2 hin H,
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Rate of NH, formation / nmol s cm2

0 1 1 1 1 I [ [ Ll I 1 1 1 L I 1

0 10 20 30
Current density / mA cm

20

S
Current efficiency for NH, formation / %

250°C

Ru/Cs*/MgO 0.4, 0.3 g

0.7 MPa, 3.2~30 mA cm2

N, = 1~10cm3_g;p min-t (H,/N,= 0.07)

This figure is reproduced from K. Imamura, J. Kubota, Sustainable Energy & Fuels 3
(2019) 1406-1417 with permission of Royal Chemical Society.
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250°C TIKEEBRENLTUEZTZEAMENDERILFELIIL
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BIREAN O, SE A
& * ArH0 = ArGo+ T ArSO HZO: ||C|U|d

H,0 —>| K= #E = 237 + 49 kJ molL-H, = 286 kJ mol1-H,
< 100°C -l H, ®X123v 1l 1#8 =£TEXE51.48VRPIUEL)

CO, >(b“/ \T»fI}iFL'T)T) CH,

MR AH=-63 k) mol'-H, ,

.
Y - -
BEHCHLIVEODREDEEANTRBFICITAITHEHER
EEBRARERK
C02 + 4H20 — CH4 + 202 + ZHZO > :2?:5“/77_9\/775‘\52‘2
&
ArHO = ArGo+ T ArSo > E 0) %—C% U j]u liq:r‘b{
= 205 + 18 kJ mol1-H, = 223 kJ mol-1-H, — DD TEIELENE S,

EHK106V 1 1® 2TESHSLI6V(EDLER) > ’g‘ﬁﬁ%wll‘fﬁ*ﬁ*‘/xﬂxﬁ
=,




KECO, DAV DEESR I

Direct conversion without storage of H,
LNG network

>

Current efficiency:
~1.9% for H,

~0.4% for CO
~93% for CH,
Ru/TiO,

Pd-Ag

Thermal power plants

CO,
Steel plants —
Garbage incinerators
etc.

This figure is reproduced from J. Kubota, T. Okumura, Sustainable Energy &
Fuels 5 (2021) 935-940 with permission of Royal Chemical Society.
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CH,& Rifitif DRu/TiO,DTEM{E

L

30~50 nm®DTIO M FDREIZ. ~2 nmDRUEEHF ML E

This figure is reproduced from J. Kubota, T. Okumura, Sustainable Energy &
Fuels 5 (2021) 935-940 with permission of Royal Chemical Society.
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Rate of formation / nmol cm2 s-!

ZREORufitiE% ALV -H,0LECONODEHIZLDCH,E
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~ Ru/ZrO,

o (¢]
B
> Ru/AL,O,

CH,
formation

Jiome

I S T formation

_ll ) I 1 1 1 I L1 1 1 I S S | I 1 1 1 l 11 1 I X\ Co
210 230 250 270 formation

Temperature / °C

Ru/ZrO, > Ru/Al,O4 > RuU/TiO,

-—
N (2] 0] o
o o o o

N
o

Current efficiency for CH, / %

ORu/ZrO2 o

Ru/ALO,

é_ _'+CO r-)H2A _______ 2 .:--:'. il
o _‘J.n.—_—:':__-‘?*_ ‘H 4
P e
SRTIN IR T T NN (TN T AT SN NN U T T T NN TN T T WY S WY A O SN S A A
210 230 250 270

Temperature / °C

Cathode: 0.055 cm3g1p mint CO,

Anode: 10 cm3gr, min't Ar + 10 uL mintH,0

Catalyst: 10 wt%-Ru/oxides
Current density: 10 mA cm-2

BlEKFEOERIE <5%
AR DERNE >95%

This figure is reproduced from J. Kubota, T. Okumura, R. Hayashi, Sustainable Energy &
Fuels 6 (2022) 1362-1372 with permission of Royal Chemical Society.
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CH, &R DE R T HIRILFE

Total pressure of 101 kPa

100 10.008
=3 - : .
~_ 99F : =
el - : 5
2 E : o
o 97F : S
i 10.004 O
G 96F : 5
s f : G
7 o . 9
o - > 10.002 5
c N d E
8 %4t / 18

93F 30.000

210 230 250 270
Temperature / °C

This figure is reproduced from J. Kubota, T. Okumura, R. Hayashi, Sustainable Energy &
Fuels 6 (2022) 1362-1372 with permission of Royal Chemical Society.

R R B



Current density / mA cm-2
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1

0.0 0.5 1.0

1.5

Cell voltage / V

2.0

2.5

3.0

Cell voltage / V

Time / day

—g 12.0

110.0

8.0

6.0

4.0

2.0

00 YT TR T (N T T T Y NN T U T N TN WO T A WU T W AT SO ST W (N S A A 00
0 2000 4000 6000 8000
Time / min
Cathode: 0.055 cm3g1p min't CO,

Anode: 10 cm3gr, min't Ar + 10 uL min-

Catalyst: 10 wt%-Ru/oxides
Current density: 10 mA cm-

This figure is reproduced from J. Kubota, T. Okumura, R. Hayashi, Sustainable Energy &
Fuels 6 (2022) 1362-1372 with permission of Royal Chemical Society.

Current density / mA cm™
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