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Abstract: The conversion of carbon dioxide to value-added compounds has been attracted to
solve the environmental problems due to the climate change caused by greenhouse effect in
addition to recycle the abundant and renewable carbon source. For utilizing carbon dioxide to
useful compounds, the development of catalysts and optimization of experimental conditions are
indispensable since carbon dioxide is the most stable one among carbon compounds and the
a certain amount of energy is required for the carbon dioxide conversion. The technologies
developed for the electrochemical carbon dioxide conversion were reviewed in terms of elec-
trocatalyst which can be electrode material, inorganic complex, and enzyme. This field should
be developed further since no good catalyst having selectivity, efficiency, and stability all
together.
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Fig. 1. The concentration of carbon dioxide in the air and global fossil carbon emmision. [adapted from Global

Warming Art, Ref. 2,3]

L AR AAGA 30400 FolE= 550 ppmol] ©]=
2 gAlYge] A4 FE U Foz g QUohh

oo
TS LAk B Are 2 3 A F
2HE BFo] Aol gtevltY ollslgas
TFA5H= Bl AAARE Ao r E8d=
71Ed HT B2 WS won Ayt M= 9l
o210 A o7 Foll 380 ppm AL EASHE o4t
seas

FAZ gatsld sjeFEog 8 x 10! Eof
sgai=t ol AA AAlA

FRIE Afufdal
12229 wjgy) vwsls R B oFA®t oyt
ARG 5 TR 7] SOR wiEEER A|&HHo R AL
Vet 7P We RO vradoltt. wEkA olits)
GaE SRtER WeAY)7] A% A7 1) 247
ZF(Reduction of greenhouse gas), 2) X424 &8 715
Sk EFA9l(Sustainable carbon source)®] -8, 3) A&
T Erpx7F 23 815E(Value-added chemicals)]
Age] i olo] 5o ZHaHE e EokEA
SAEA S A W ollEt w@Aade] AjEgold &
oA 72 Fasith

olg]gh olitstetAe] f-8-3F sletER] Aee
BaslRhE 5 7P QP olikslekAE v 8%
SR M7= 7]%0]7] wiite] U9l F{io]
rAolar aFARQl ASS flste] Fujo] pE gl
AAE 9k 2719 o] Aol oY
OF AN 7FsE AL h, WE 59| g8teuyx] 1
B gL, A7 UA| 1310 Foz 7} Fof Wa
B A7t A= gk 2 ods esitke
P B etE 7 7] e o w4t ZhiEkA
FRE a&Holn §-83 Fujo] /Ms 7FsA & A
o= =] aL Yok B FAoME 1 B3t A71F9
NUAE FYste] o]isttiE WA 8-S
tiste] Aejstn ko Hr|setatEe] olsksieiad
A3 710 7198 = e BEolt o AEo] eA
AES He 2g 5o At

h

=4, B, ®O) \
3 ol LA XI

Ol &2t EFA ﬂ

- 2atA
- Eiagl

-2a%A RS
-RHE XSS BARCE #E

Fig. 2. Schematic illustration of conversion of carbon dioxide
and importance of technology.
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Table 1. Representative results for electrochemical CO, reduction at solid and gas-diffusion electrodes.
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Fig. 3. The current yields of CH, ( @ ) and CH;COOH ()
obtained from two series of copper single-crystal electrodes
Cu(S)-[n(111)X(111)] and Cu(S)-[n (110)X(100)]. The current
yields are plotted against O, the angle between the crystal
surfaces with reference to (110). The electrode potentials are
also given. (111), (554), (332), (221), (331) and (110) belong
to Cu(S)-[n (111)X(111)]. (110), (650), (540), (430), (320) and
(210) belong to Cu(S)-[n(110)X(100)]. (adapted from Ref. 29)

24,25)

Electrode Electrolyte Potential RE Product N(%) Ref.
Cu TBABF,/CH;0H -23 Ag CcO 87 32
Cu CsOH/ CH;0H —3~—4 Ag/AgCl  CH4,C,HyH, 8.3,32.3,23 33
Cu-mesh Neutral solution -1.8 Ag/AgCl  C,Hy Hy 80,9 34
Cu(GDE) KOH -3.0 Ag/AgCl  CyHy 69 37
CutAu 0.1 M KHCO;; -2.0 Ag/AgCl  CHg4,CH,y 56.9,17.1 36
0.1 M K,SO4
Ag KOH/ CH;OH —6.0 S.C.E. CO 90 26
In KHCO;/H,0 -1.1 Ag/AgCl  HCOOH 108 35
BDD TBABF4 CH;0H —4.0 W (6(0) 42 24
Pt(GDE) KHCO; -1.93 Ag/AgCl  CHy 39 38
Ni/ACF(GDE) KHCO; -1.6 SCE CO 67 39

Abbreviations: BDD(boron-doped diamond), n(Current efficiency), RE(reference electrode), GDE(gas-diftfusion electrodes),

TBABF4(tetrabutylammonium tetrafluoroborate).
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Fig. 4. (a) A gas chromatogram of CO, reduction on 99.9+% Cu(Eurofysica) without electropolishing. Galvanostatic operation at
2 mA/cm?* (1.65 V vs. Ag/AgCl); after passing 720 C through the cell. (b) Corresponding relative weight fractions of each

of the products formed.(adapted from Ref. 31).
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Fig. 5. The structure of cyclams.
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Fig. 6. Cyclic voltammograms of Ni cyclam** (10~ M) in
0.1 M KCIOy, (pH 5) (a) under N, and (b) in the presence
of a small amount of CO,. (adapted from Ref.40)

Table 2. Electrochemical reduction of CO, with Ni-cyclams

Complex E Product 1 Solvent Ref.
(Vvs.SCE) (%)
N _125 €O 03  H,0 41
+
(cyclam) 14 COHCOO- 24,75 DMF
~15  CO,HCOO- 49,52 DMF
16 CO,HCOO- 65,38 DMF
Nip , -l4 COHCOO- 1668 DMF
h +
(biscyclam)™ 15 O, HCOO- 24,48 DMF
~16 CO,HCOO- 65,38 DMF

H HN NH HN
H H

N NH HN

Biscyclam
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A4 olikstekae] gk Fu AF7F A=
[Ru(bpy(CORI" & FHi= olrlsetae] x71sleh] Skl
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BT, ol A7 51%, 35%° ek AF
F&o|tkFig. 8).

Meyer 7-%10]] oJaf) Rh} Irg<s sl oJgh A+
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Zu| 5 o]83}] CH;CN £ol|A —1.55V (vs. SCE)
AR oA E AR A EEA] 80%
ool HAFEEE AHES RIS

3.3. Metal-porphyrin € O|E8t O|MS|EIAQ]
M7|sEr HE

metal-porphyrin 3}31&2] 79~ Sakata A%l o]s}
Co-, Fe-, Zn-, Cu-, Ni-, Mg-, H,-TPP(meso-tetrapheny-

C.0 —-1.0 —2.0
SCE

Fig. 7. Cyclic voltammograms of (a) [Ru(bpy),(CO)CI]*
() [Ru(bpy)(CO),*(5.0 x 10*mol dm™) in DMF containing
n-Bu,;NC10, (0.10 mol dm™>) as a supporting electrolyte
under N, (-) and CO, (- - -) atmosphere, using an Hg
electrode (sweep rate = 0.10 V s"). (adapted from Ref. 44)
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Fig. 8. Plots of the amounts of products vs. the coulomb
number consumed in the electrolysis (—1.50 V vs. SCE) of CO,-
saturated H,O/DMF (1:1, v/v) solution containing [Ru(bpy),
(CO),](PFg)x(5.0 <10 mol dm3) and LiCl (0.10 mol dm™
as a supporting electrolyte at 303 K. (adapted from Ref. 44)
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E(vvaScCE)

-1.0 -1.5

Fig. 9. DMF and 0.1 M Et,C10, at a hanging mercury
drop electrode: (a) in the absence of CO, and CF;CH,OH; (b)
in the presence of 1 atm of CO,(0.235 M) and the absence
of CF;CH,0H; (c) in the absence of CO, and the presence
of 5.7% (0.78 M) CF;CH,OH (dashed line) and of 10.7%
(1.47 M) CF;CH,OH (full line); (d) same solution as in e and
f but in the absence of porphyrin; (e) in the presence of 1 atm
of CO, and 0.78 M CF;CH,OH; (f) in the presence of 1 atm of
CO, and 1.47 M CF;CH,OH. Scan rate: 0.1 V/s. Temperature:
20°C. Similar results were found at a glassy carbon disk
electrode. (adapted from Ref. 47)
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(MDH)E ZHi2 3 o] &8 74+ PQQE HA
A= ARRSle] 0.8 V(vs. SCEAHS HolFe
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2o B AFANA = Moorella thermoacetica
(Clostridium thermoaceticum)Z5-8 FZ% Carbon
Monoxide Dehydrogenase(CODH)E ©|-&3}] &%
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Table 3. Electrochemical reduction of CO, using various enzymes as a biocatalyst

Enzyme Product E (Vvs.SCE) Mediator m(%) Ref.
Isocitrate dehydrogenase Isocitric acid -0.95 MV 100 48
Fomate dehydrogenase formate -0.8 MV 89-91 50
Methanol dehydrogenase & Formate dehydrogenase methanol -0.8 PQQ 89 50
Carbon monoxide dehydrogenase CO —0.8 MV>*  95-100 51
2t CODH CO
/ MV red 2
Electrode /2 ¢ € ©

MV*

Scheme 1. Electrocatalytic Reduction of CO, by CODH

CODH,, Co
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Fig. 10. Cyclic voltammograms of (A) 1.0 mM MV*" in
0.1 M phosphate buffer (pH = 7.0) and (B) 1.0 mM MV**
containing 1 atm CO, saturated 0.1 M phosphate buffer
(pH = 6.3) with 0.5 mg/mL CODH at 50°C. Glassy carbon disc
(3 mm diameter) is used for working electrode and scan
rate is 10 mV/sec. (adapted from Ref. 51)
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Fig. 11. Electrolysis of CO, at —0.57 V vs. NHE in the
presence of 0.50 mg/mL. CODH and 1.0 mM MV?' in
1 atm CO; saturated 0.1 M phosphate buffer (pH = 6.3) at
gold flag electrode (16 x 6 mm) at room temperature. ( O )

Accumulated charge ( A ) CO production. (adapted from
Ref. 51)
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Table 4. Electrochemical reduction of CO, catalyzed with electrocatalysts

Catalyst Electrode E°co,/? Products TOF(h™") Refercences
Fe(0)Porph Hg  -1.5V vs SCE in DMF 60~70% CO 10 Saveant et. al. Ref. 47.55
Formate
Fe(0)Porph 96% CO 30~40  Saveant et. al. Ref. 55
(add, weak acid)
Ni(IT)chclam Hg -1.0VvsSCEinpH=5 99% CO 32 Saveant et. al. Ref. 40, 41, 54
(E0C02/00 = '041V)
FDH GC -0.80VvsSCEinpH=17.0 90% formate 40~300
MDH GC -0.80VvsSCEinpH=7.0 90% Methanol 1.4 Yoneyama et. al. Ref. 50
ICDH GC -095VvsSCEinpH=7.0 99% isocitrate - Yoneyama et. al. Ref. 48
CODH Au  -0.57VvsSCEinpH=63  90~100% CO 700 Yoneyama et. al. Ref. 51, 52, 53
Bare Au -0.80 V vs NHE 77% CO 3.7 mA/cm? Yoneyama et. al. Ref. 56
10% H,
10% formate
-0.98 V vs NHE 92% CO
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