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Fig.2-1 Redox reaction mechanism for PB.
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Fig.2-3 Sequential cyclic voltammograms of the PB electrode
in 0.1M aniline+0.05M KCl (pH1) solution at the

scan rate of 0.1V s-1.
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vacuum pump .
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Fig.2-4 Schematic illustration of the apparatus.
1, circurating pump; 2, sampling; 3, manomelter;, 4, babbler;
5, reference electrode(SCE); 6, counter electrode(Pt gauze),
7, working electrode; 8,stirrer tip; 9, magnetic stirrer
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Fig.2-7 Cyclic voltammograms for various electrodes in

0.05M KCl solution of pH3.
Electrodes: 1, PUPB; 2, PtPAn; 3, Pt/PB/PAn;

4, Pt/PB/PAn-FeC. Sweep rate, 10mV s-!
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TWhW, TOZLiF F= Y7l X o TRE%E S WFeCEs AT Z DBALFHD
AT NVIZEoTUIR =TSN NI L ZR LTS,

S BLIIPBOE AL S & TEMEAT o 2R £ Fig.2-81/R L72s 4.8mC cm®
DB E Tk, -04VICRONBKEDOREAEIC L 2R ITCE — 7 IZBE S
2o 7205, PBOREREL LTV LI L2 T, BbBERTE — 72530 &
DEBNIz, THIIPBYKEDOEIKAEZREL TE I LERLTEY ., B
BERSZVEEZORPIRENT EERLT VD, ZHUIFEKIZPBO BRILETT
CREZT T by KA VA PANERNZEL THAICHRE I hTwa 2 & )
RLTWA, FEAEOMNEEZNMNOEBMEPTHWE LA (B o BT
B ENBIF L D b COMMD I HARFEREIZ L BETE — 7 BWATKRE KHRT
WA, FDEEOBALY — 7 BHIIGKEREAER SR 2o, T HIZ
COBHNIB W TRBEKREIL CERL T WA I L, BALEICIEZ D BEISHS
HWRLTWDBZEERLTWD, TOIZ EHS COMMT TRRAEKE DERA
RESNTEB), ZOREKENFCOETICHESIN TV EZ b o/, 2
DRERD O ARBACOBITIS N L THEEHEZ o T B Z Lo e o
720 o

2.3.3 BMRITICBT 2 BHIEORHE

EBRGH 2 T MIAT o - FHEREHCT, ERICEREZITo R T
Table2-1I7R L7z, RIIESAE R ONE, EBHPOMLBERQ . £ERHF
()D& AERY OWE % REBE L TERFL2M(SC) 2R L7z, HHK
2 LUTIR L7,

2. C= [CH,OH]+[HCOOH]+2([CH,CHO]+[C,H;OH]+[CH;COOHY})

+3([(CH,),CO]+[CH,CH(OH)COOH]+[CH,CH(OH)CH,])

.21.



/1.
144

(a) (b)
©

[ImA

1 y

08 04 0 +04+07708 04 0 +04+07

E / Vvs. SCE

Fig.2-8 Cyclic voltammograms of PUPB/PAn-FeC electrodes with
different amount of PB film in the 0.05M KCI saturated
with CO4( ) and No(----- ).

The deposited amounts of PB: a, 24; b, 14.4; ¢, 4.8 mC cm2
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ARIIRECHRISNTYE Z EDATRENT, THIEPBAKEAF I LT
NRANZE T G T 5L TRBILBRAKRERELIH L TEZ L 2RLT
W5, COMBREOKELRZBRDICHEHL LT = VI —RIHML w52
ED, PBBIEAT AL -7 —L LTCORERTERELTVWLLEEZONS,
COLEEDFERMIXFMTH o7, PAnE BB LG, ERYO 5MITKE
REALDSRS Nz, RICEBPONEIIKE AL TBY, FICER%2CAER
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EC-CHRBGDIBIEDLIETH ), WAEKFEICL2ETICI A THPEAR L, b L
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HHEARE ST A EILE A, BREERD~DERIRIDRLT VLD EE
AbNb, £72, PANOHEIZ L o GHERIEBA LTW5EH, ZHITHITH TR
72 & 902, PANIZ BRI 2 WA KFAERE R Tnb 70, KEFEEHSIHIS h,
BRI E L TW5 BRSNS, PBPANERBILL - BERTIZER R
{EPUPAn & HRTIR 2 o720 ZHUIPBEDSBAKFEDOEBICHS L, KFERE
PRETVLIEERLTYS, EFWEMENICRTARSL &L FBPFIZERLT
WEDS, LB, TR URELERL TV, ZhiZ%IE EIR L 7ZPYPB, PYPAn
BEERTEILHBOLNTWAIDOTHY . T DL 5HPYPB/PANTESE IR M 45PUPB,
PUPANBEIRD B OB 2R o TV A I E 2R LTWA, &5IZFDEMICFeC
AR EE L7, INEIERE SR L, BERIIREL ZoTWAEH DD,
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FOEIPICEBE, A5 ) —VEREDTVa— V&N, B85 Bl
EREREIEI R, ThdOEBEHRDOIERTH 2 LSRR FEARD Al 5k
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2107,

2.3.4 BREBIC L A BITNDOE

MIEHDOEMRERLD, 70 bV OEMERITTICE o TE LB REKEDOLERED
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CO, + H,05 HCO, + H' = CO,” + 2H'

ZOFHEIIpHIZ X o TRBE) L, pHAVEWIZE A L D &2 b, CORITD INE T
pHIMEWIZERE L, ZOHEMTHAHIIECOETICAFTHS LV b, L7z
%30 TCO,& JLILCO,”, HCO, b 13 #ATE 3", ERRPICHML72CO,Ilk o T
HATT D EEZOND, T LTETICL > THE SN/ZCOITFHOBEIC L -
THHRS S, CO,DIREII RN B A5, BRIEEIZHHCO,DREITE Wiz
OKHCO, AN D 0 b FCORITDOBEIIREL BHLRWVEEX LN,
FVTNROPpHIZBWTHHEEBRIEKREZ ., F =% VI — KUVIZEWER 2R
L7zo BRI 2o TBY, KCADBHE LHRTAEREIRERLT ko
TWEbDEEZLNSE, TNTHFHRITERTALEX O, CIPKEREL
HHL TR HEHAVRIR E iz, SHIICIAERICEREE T 5 2 & TKRESR
AErHHILTws b0 EHREEINS, KHCOMKCIL ) b BITEID 2 VDI,
S OKEFE L > TCOBTMBHHES N TVB 7 DEEL LA,

SO OE L RS 72012, KCl, NaCl2XFFIEE LTHY, RELZE
LSS TEREZITV, TORKRETable2-5127R L7z, HLIFEDOMBEEIZ0.2M, 0.5M
EL7Z0 §5 EKCIDYETIRIREOBW LIV EERBIL T —F VA —FK9)¢
o7, LALNTIEZEOEIZIZE ALRONATELT, Ll3Enaric
LB WEKFZEOWIETIEFHATE 2V, ZNIIPBOBLERITTD A A4 VERMEIC
YB30EEZLNDL, PBEKAF YO F—E U7 L)L, 2 3EWAED
TeOD N FF VFEIZ K o T, BALETHMEIC BN L vy HESH L, P
CHIEPBOBALETCIZBWT I F A VOHMAD 2o TV A Z EIZFBEL Tw
5o PBIZEA T4 MROKEMEFOWEL L TEBY, COKFIZAFF VT
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COBTCHHAT L a0 728 EZON D, ZOIONSIIBITHRRELBLT
K CIEBBEBRENRE L, P=F VI — Kb REeozbDEER NS,

2.3.5 REHEFETT

B RIS TEB LT o R LFig29 IR L1z, @BEENIOCLLT
DFEREM OB TIZELEFWIIFBERTH ), ZOEPOEFDIIHL TN LPRS
Neroize 10CLL Lo MEBE TIEFBEO EREOHIITIIH & ., FLBED AR
BAEIN LAY, 14CHlBERIT ZoMOE R Y, FIT7 2 b OWESHIML
U720 COBICH BEDIRMICRIF S, SO QAU H#ITL TS EER D
&, CORERDSCO,DKFEAIT & o TE §FMh A LR, BEAIZREES T,
LD ERRBICERD N LR END JUCEROFELZ R L T 5, K72 X
¥ =, IF =N EFHEEPSRELZZERY TH ), BEIIZCALE
WTHALIBEN ZLTELIETE M ANLEBRINTWEERAZ ENTEX S,
BHICZEDEED M—=F VhH— KU 2 BERIINLT7U v bT 5 & (Fig.2-10)
WERICH LCTERAWICHALTYS, 202 EIdERILFMICULIET LT
BY. COBBPEEHOEBMICOHZ 5B EERERHFOZ LERLTWS,
F 7B R BAL S B C24Re B DTSR 24T o 7-45F % Table2-6, Fig.2-111IR L 72,
OB TIZ-0.2VE Vo THRZBMIZBWT S BERERY ORI FHERTE 7,
— R EBRNEAR TIZER OMEIZ X 505-2.0VE WV o Z2FEF IR R BAL T2 W
& COETCITHETE T, AW ICO. FMEEL Vo R REERWHBEE 2o
Twb, CHICO,BRTCDBEEIHCDOPERTH Y, 208 b KFER
VRGOS L % B0 EFITE, LA LIOBEBTIE-02VEV o2 H 2E
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Fig.2-9 Relationship between the amount of the products and
electric charge passed during the electrolysis at -0.8V
vs SCE.

Products: lactic acid (&), formic acid (@), acetone (O),
ethanol (»), methanol (O), 1-propanol (m).
Electrode: Pt/PB/PAn/FeC.
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Fig.2-10 Relationship between the total carbon of the

products (2Ct) and electric charge passed

during electrolysis on the Pt/PB/PAn-FeC
electrode.
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Fig.2-11 Relationship between the amount of the products
and the electrolysis potential.
Products: lactic acid (A), formic acid (@), acetone
(0), ethanol (A), methanol (O), 1-propanol ().
Electrode: Pt/PB/PAn/FeC; electrolysis time, 24h.
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Fig.2-12 FT-IR spectra of the Pt/PB/PAn-FeC electrodes before (a)

and after(b) the electrolysis in the 0.5M KCI solution
saturated with CO,.
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E/V vs. Ag/AgCl

Fig.3-1 Growth CV of the Pt/WQO, electrode in 0.1M aniline containing
0.05M KCI(pH1) at the scan rate of 0.1V s™.
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Fig.3-2 Schematic illustration of the apparatus.

1, working electrode; 2, counter electrode(Pt black); 3, babbler;
4, reference electrode(A g/AgCl); 5, capillary
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Detector : IR beam

Fig.3-3 Schematic illustration of the spectroelectrochemical cell
for in situ FTIR reflection absorption spectroscopy.

a, cell; b, window; ¢, working electrode; d, counter electrode; e, reference
electrode(Ag/AgCl); f,g, o-ring; h, electrolyte; i, teflon cylynder; j, gas
inlet; k, gas outlet; I, to potentiostat
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Fig.3-4 Schematic depicition of the normalized spectrum.
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Fig.3-5 Cyclic voltammograms of (1) PYWO;, (2) PUYWO3/PAn,
and (3) PYWO3/PAn-PVS modified electrodes at the scan
rate of 0.1V s-1 in a 0.5M KCl solution.
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Fig.3-6 In situ FTIR reflection spectra of PUWOj5 electrode in a

0.1M KClI solution of pH4. The potential was stepped
from +0.25V (base potential) to until -0.4V.
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Fig.3-7 In situ FTIR reflection spectra of (A) PUWO3/PAn, and
(B) PUWO3/PAn-PVS electrodes in a 0.1IM KCI

solution of pH4. The potential was stepped from
+0.25V(base potential) to until -0.4V.
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Fig.3-8 Ex situ FTIR reflection spectra of poly(vinylsulfate) powder.
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-0.4 0 0:4 0.8
E/V vs Ag/AgCl

Fig.3-9 Cyclic voltammograms of PYWO3/PAn-PVS electrode in
0.5M Kl solution of pH4 saturated with N,(a) and CO,(b).
The electrode was precathodized at -0.6V for each time prior
to the measurement of the CV curve: Imin( ), 2(———),

10(—-—), 40( ), 60( ). Scan rate, 0.1V s-1,
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Fig.3-10 Relationship between I,' and the cathodizing time.

The electrode was precathodized at -0.6V in 0.5M
KCl solutions saturated with N,(@®) and CO4,(O).
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Fig.3-11 Relationship between I,' and the cathodizing time.
The electrode was precathodized at -0.6V in 0.5M
KClI solutions of various pH's saturated with CO,:

pH, 2(A); 2.5(0); 4O).
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1 1

-0.4 0 0.4 0.8

E/V vs. Ag/AgCl

Fig.3-12 Cyclic voltammograms of Pt/WO3/PAn-PVS electrode in
0.5M KHSOg4(a) and 0.5M KCI(b) solutions of pH4 saturated
with N,(——-) and COy( ).

The electrode was precathodized at -0.6V for 5min before
measurement of the CV curve. Scan rate, 0.1V s-1.
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1.0

I/mA

Fig.3-13 Relationship between I, or I, and the cathodizing time.

The CV curves were measured with fully mofified electrode
in 0.5M KHS Oy solution of pH4 saturated with CO».
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Fig.3-14 Ex situ FTIR reflection spectra of a fully modified electrode
before(a) and after(b) electrolysis in 0.5M KClI solution of
pH4 saturated with CO,.
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Fig.3-15 Schematic representation of the catalytic reduction of CO,
at a Pt WO3 PAn-PVS electrode.
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mediated electrode
i glass filter

Fig.4-2 Schematic representation of a functional
gas-diffusion electrode.
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Fig.4-3 GC/MS total ion chromatogram of catholyte(a) and mass
spectra at 5.7min(b) and library data of acetone(c).
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Fig.4-4 GC/MS total ion chromatogram of catholyte(a) and mass
spectra at 6.0min(b) and library data of 2-propanol(c).
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Fig.4-5 Negative-ion electrospray ion chromatogram (a) for the
catholyte (0.5M KClI, pH3) in which CO, was reduced at
-0.8V, and the mass spectra (b) taken at the retention
time of 3.4min. (c) is the mass spectra of the standard
lactic acid.
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Fig.4-6 Negative-ion electrospray mass spectra for the
electrolyte (a) which was taken at the retention time of
2.9 min in the total ion chromatogram, and the mass
spectra for the standard formic acid (b).
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Fig.4-7 Relationship between the amount of total carbon and
the paused time every 1 hour in the electrolysis on
the gas diffusion electrode.
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Fig.4-9 Relationship between the amount of products (2C))
and the electrode potential in the reduction of CO,
with a functional gas-diffusion electrode.
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Fig.4-10 Relationship between electric charge and the
electrode potential in the reduction of CO, with a

functional gas-diffusion electrode.
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Fig.4-11 Relationship between the amount of products
( 2.Cy) and the electrode potential in the reduction
of CO, with a functional gas-diffusion electrode.
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Fig.4-12 Relationship between the electric charge and the
electrode potential in the reduction of CO, with

a functional gas-diffusion electrode.
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Fig.4-13 Relationship between the amount of products (= C)
and electric charge in the reduction of CO, with a

functional gas-diffusion electrode in a solution of
0.5M KCl and 0.5M KCl + 10% propylene carbonate.
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Fig.4-14 Relationship between the current efficiency and
electric charge in the reduction of CO, with a

functional gas-diffusion electrode in a solution of
0.5M KCl and 0.5M KCl + 10% propylene carbonate.
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Negative ion electrospray mass spectra for the catholytes in
which 12CO,(a) and 13CO,+12CO,(b) were electroreduced.

Both spectra were taken at the retention time of 3.4min in
the total-ion chromatogram.
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Fig.5-2 Negative ion electrospray mass spectra for the catholytes in
which 12CO,(a) and 13CO,+12CO,(b) were electroreduced.

Both spectra were taken at the retention time of 2.9min in
the total-ion chromatogram.
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Relationship between the change in the electric charge
(AQ 2=Q-Qp) underneath the first (a) and second (b)
anodic peaks and the time when Pt/PB/PAn electrodes with
©) and without (@) the Fe-C complex were pre-electrolyzed
at -0.8V vs SCE.

Q, and Qg mean the electric charges for the pre-electrolysis
time of t and 0, respectvely.
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Fig.5-5 In situ FTIR spectra obtained on a FeC-fixed
Pt/PB/PAn-modified electrode in 1M KCI solutions
saturated with CO, (a and b) and Ny(c).

The potential was varied from +0.1V(base) to -0.8V.
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Fig.5-6 In situ FTIR reflcction spectra of a PUPB/PAn-FeC
electrode in the solutions saturated with CO,(a) and

N,(b). The potential was stepped from 0 V (base) to
-0.1~-0.8 V vs Ag/AgCl.
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Fig.5-7
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In situ FTIR spectra of a FeC-fixed Pt/PB/PAn-
modified electrode in 0.1M KCI solutions saturated
with CO, (—) and Ny(---- ).

The potential was varied from -0.8V(base) to +0.6V.
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Fig.5-8 In situ FTIR spectra of a PUPB/PAn-modified electrode
in 0.1M KCI solutions saturated with CO,.

The potential was varied from -0.8V(base) to +0.6V.
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Fig.5-9 In situ FIIR spectra of a Pt/PB/PAn/Fel. electrode
obtained on the anodic polarization process after
electrolyzing at -0.9 and -0.6 V for 20 min in 1.0 M KCI
solutions of pH 3 saturated with CO,. The base spectra

were taken at the electrolyzing potentials.
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Fig.5-10 Schematic representation of the catalytic reduction of CO,
at a FeC fixed Pt/PB/PAn electrode.
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Fig.5-11 Reaction route for the formation of all products.
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