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Formation of High Proton-Concentration-Reaction Field by Antimony-Doped Tin Oxide
Electrode with Ammonium Ions and Its Application for CO, Electrochemical Reduction Cell
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The electrochemical cells using fluorine-doped tin oxide (FTO) and antimony-doped tin
oxide (ATO) as the working electrodes were fabricated, and the effect of ammonium (NH,*)
ion on the CO; electrochemical reduction was investigated. The cathodic current for CO,
reduction increased with increasing NH,* ion concentration. Characterization of the
electrode after the electrolysis clarified that the surface of SnO;, was partially reduced to Sn
nanoparticles to form Sn/FTO. In CO; electrochemical reduction using a two-compartment,
three-electrode cell, carbon monoxide and hydrogen increased in proportion to time. The
coexistence of NH,* ions significantly increased the cathodic current and the rates of carbon
monoxide and hydrogen produced, indicating that the function of NH,* ion as a promoter of
CO; electrochemical reduction. The adsorption properties and { potential measurements of
FTO nanoparticles for NH,* and HCO3" ions clarified that NH,* ions work as a reservoir for
CO; on Sn/FTO and as mediators of proton-conjugated electron transfer from the cathode to
CO..
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WIS 2 EBRAKRBICHEML TWwb, 512, 8F T 2 iEEONH) SO,
([(NH4) 2S04]) Z & 0.1M Na;S0,4—0.1M NaHCO; /KB % Fv T, 30 73D CO, N T
) ¥ 7tk LSVl %47 - 72 (Fig.2b,c) o #ICEITIEZ. 100mM i O #ipH < [ (NH,) SO,
DI AIZOoNTHIML TWb, BIS212, NHy 4 F Y IZBEALF IR UL % F L
CARHET HAEHEA & L THBEL T 5,
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00-004-0673) ™ (200) 3B X OV (101) A S ORISR T L H L VWE— 2753260 =30.65°

(A) (B) (®)
0.004 0.004 0.004
a
-0.40 -0.504 -0.50
"2 -0.801 b " .1.00] ~_1.001 at -0.84 V vs RHE
<20 < § 1.50
£ -1.604 £ -1.501 _ ?3':::“ N
~ .2.004 = 200 — 25 mM 5-2.001
c 50 mM -2.504
-2.40 -2.50- — 100 mM
-2.80 I -3.004
-1.0-0.9-0.8 -0.7 -0.6 -0.5-04 -0.3 -1.0-0.9 0.8 -0.7 -0.6 -0.5 -0.4 -0.3 0 10 20 30 40 50 60 70 80 90100

E/Vvs RHE E IV vs RHE [ (NH,),S0,]/mM

Fig.2. (A)FTO B & 2 Wi B HHE (a) CO, % 30557 /N 7)) > 7 L 72 0.1M Na,SO, AKEHH (b)
Ar % 30 53N 7 Y 7L 72 0.1M Na,SO4-0.1M NaHCO; K&, (c) CO, & 30 /N7
) ¥ 7 L720.1M Na,SOy - 0.1M NaHCOs Ki#Fii . (B) CO, & 30 /N7 ¥ 7 L7z, £
NZNOWE D (NHy) 2S04 % 5T 0.1M Na, S04 - 0. 1M NaHCO 3 K H T FTO I &
LHAEWEMMA, (C)CO, #3007 7 Lz, ZNFNOEE® (NH,) S0, & &
0.1M Na;SO, - 0.1M NaHCO; /KiEifiH TD, E=-0.84V vs RHE (2B 1) 2 BREE(]) &
(NH,) 2SO 8 & D42, Reprinted from Ref.7 with permission from Royal Society of Chemistry.
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Fig.3. (A)E=-0.9VvsRHE T 30 % &f# % 17> 7-Ri £ ® FTO & XRD /$% — >, (B)Sn 3d #LiE D
XPS A% hb, B EMET. 7 :0.1M NaySO4-0.1M NaHCO; K& H T 30 S EMAEH. A
0.1M Na;SO4-0.1M NaHCO3-0.1M (NH4),SO, /K& T 30 - Ef#EFZ. (CO)F >~ T VDEE,
a) BAEFT. b) 0.1M Na»SO, - 0.1M NaHCO; /K& T 30 73 Eff %, ¢) 0.1M Na,SO,-0.1M
NaHCO;-0.1M(NH,) 2SO K H T 30 408 f##%. Reprinted from Ref. 7 with permission from
Royal Society of Chemistry.

a) b)

Fig.4. 30 SEM 1%, a) Ef#Hi. b) 0.1M NaSO,4 - 0.1M NaHCO; KEW T 30 40 EfF%. ¢ 0.1M
Na;S0,4-0.1M NaHCO; - 0.1M (NH,) 2SO /K C 30 4% f##%. Reprinted from Ref.7 with
permission from Royal Society of Chemistry.

BLU32.02°12HNTWA, Fig.3bix, &% ¥ 7V ® Sn-3d #{liED XPS A2 ML %
RY o FTO &, HAMT A )X — (Ep) 487.6 & 496.1eV IZZFNZF1 SnO; ® 3ds,2 & 3ds)»
BB LAY — R ONG, BISEITo 720 7V Tld, Ez=485.5 & 493.9eV
W7 =N ENENEEA XD 3ds2 & 3ds3 LEIZ L B E =71 RIBEB I NS,
COHImE—21F. (NH) SO BMRADO I K E L oo Twb, Fig.3c (X EMEITHI
BOY T IVOBEEERLTBY VEMBEICICE D RBICERT LI Ehbh b, Figdid,
KW v TN OFKM SEM 1£% /79, FTO OfEOEMIZ, 200nm FEED F /R T2 S
NTWBEZ ERNb2rb, DEofEIE, FTO KA —EHEITEI N, &/ A XD F KT
BB EN-Z ERRLT VD,

3.3 BRILFHCOZBTRIG

CO, BIRRICEAT) 728, 79 v ¥ —H—K>10.1M (NH,) HCOs aq. | Nafion | 0.1M
(NH,) HCO3; aq. | FTO, Ag/AgCl#lo 2 X} 3 FEMt V2 EH L7z, 7. D70,
W R AW % 0.1M NaHCOs aq. & L2 oV 2 ER L 72, WEMREHER%Z CO, T
30 53N 7)) ¥ 7 L7z, 100mL min! TNX7'Y ¥ 7 &l F 72 KE T, -E=-0.9Vvs RHE T
BRRICEIT o720 HAZUT NI T7THRELZEZ A, T ARER WX, Hy & CO
DA TH 720 Fig.5a 1, 0.1M NaHCO; KixH =z B EBRWE Lizcknick b ra /)7
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Fig.5. (A)0.1M NaHCO; /K& % BfFE W E LT E=-0.9V vs RHE TEMEILZ 1T B0 RO
70T rNRay g N E N RRERY O AR EORRZEL, (B)F&EMFICBIT5 COBLUH,
D7 777 =83, (C)0.1M (NH,) HCOs KiE# % BFFEIER & LT E=-0.9V vs RHE
THEMBEITCEToZBORD 0 ) 7 rRay S5 n L7 ZIRERY O LR ORKEZ{L, (D)
FIZ&HFI2BI75 COBIUVH KD 7 777 —%%, Reprinted from Ref.7 with permission
from Royal Society of Chemistry.

vRu7 7 ABLON Hy & CO DAL EDOREFELZRT . RICERIZMID 0.7mA cm?
MPOEAIZHML, 1M T1.3mA cm? &% 5720 CO & Hy IZEFRICILE L CHIm L,
A EE 1, 28mmol h! & 45mmol h! TdH - 72, Fig.5b ik, ZhFNhd 7 7 5 7 —%% (FE)
Y, BROSHIZ, FTO £HIZ4E Sn F / KF 2 HE ENTW5S, CO D FE i3,
30%FEETIZIT—E A% Hy D FE 1X.58% %5 44% 1K T4 5, BBRZEWC 12, EF
HixiE 0.1M(NH) HCOsaq. £ 5% 2 & T, BICEIRDPEZ I AT 5 (Fig.5¢). #1i
D 1.7mA con2 53 CUIHEIM L. 0.5 BE LI T 2.4mA em? & % > 72, [AERIZ, CO &
H, O RGEE X, 51mmol h'! & 95mmol h! IZ#K L 72, CO & H, ® FE i, ZIF—%ET
30% & 55% T - 72 (Fig.5d) o Ul EOKERE L Y, BREEG~D NHy A F ¥ ORI X
0. CO, DEMFEICBIMIMRESNDL ZEDRHSNTDH 5,

3.4 PUERZILLFVORE

CO, EfE#EICICBIT A, NHs A & ¥ ORERIRZH O 22T 5720, FTO +/ k+%
AR L. NHy A 4 > OWEEZME L7z, Fig.6aid. WM s X OF Langmuir 7
T v h%&/RY, Langmuir 7’0 v MIEF2EMEAMRZR L. WS Langmuir € 7012
LB Ebhb, BANAREIZ 0.248mmol g! THh 5. WV E R 1.23 x 10 M!
W) REREZ/RLNHy 44 > & FTO OB EAEHPGFET 52 E 2R LTWh,
EHIT, SFSEREWED (NHY) 2SO, KB #E 72 FTO F 2 K10 B %
L 72 (Fig.6b)o pH6.1 ®KHTiZ, FTO (2-10.4mV @ { B Z/” L. [(NHy) 2SO 4] A
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BEDF 7 B (NHy) 2SO, KIEHIC B S 272 FTO F / W70 { AL & K79 4 Xo Reprinted
from Ref. 7 with permission from Royal Society of Chemistry.
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Fig.7. (A)REDR % % (NH,) HCO; KiEii T NHy £ 4 > 2 s S8 72 FTO F / K1 O3 UL S
FT-IR AXZ M, (B) 20mM (NH,) HCO3 KA & 20mM NaHCO; KiE#IZ & ) HCO3- 14
F v &R WA 72 FTO F / K1 O LS FT-IR A X7 b )V, Reprinted from Ref.7 with
permission from Royal Society of Chemistry.

RKT2IZONT, TOXAFAOKRMEMOMFEHSILT LT b, [FHEEIC,
[(NH,) 2SO 2SR T 5L, BEICLD 2WKTOH A4 AR Twb, FTO £,
FFEMEERICE ) NHy A+ V2B L TWDEZEDPHLNTH S,

X512, NHyf 4 F v ORAERKRZH S 2235720, (NH,) HCO; KB TS 21T
572 FTO F / R F-OHUS FT-IR A2 bV &l L7z (Fig.7)o NHy 4 F ¥ oW
I2& 0. 1440em I NH, OB I SN b 7a— F AR =738 Twb, Iz <.
1695cm™ & 1362cmt 12, E/ 77— M TG L7z HCOs A F & Ok Br & xh B 12
JFEEINLE—DBR LS, BLIREWES 12, NHs 4 F w3459 %5 2 & ¢, HCOy
AFDE=7 5% >THBY, NHy A+ Y HHCOs 4 F Y OWHEZERELTWE S
ENHLNTH A,
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Schemel. FTO &z 72 CO, BFEICIIBITAS NH A F+ » OFE A 1 = X 4, Reprinted from
Ref. 7 with permission from Royal Society of Chemistry.

DiEOFEFRE LD, NHy A A AEHE CO, R ITD A 1 = X A1k, Schemel D X 9 12
EZoNDe TI9 ==KV HY— FTEIKOBLAH#ITL, Beke 70 b UK
35, —H. NH A4+ 2i&, FTO ICHEMAEMERICL DB WE SN 5, KIsoHZ
FTO ®—&BAsE L ST, K2 Sn F / KT 29 E N5 (Sn/FTO). Sn/FTO 1ZKD
HICH A e LTl X, %ﬁ’ﬁ?i*?%i&b\:hﬁﬁvfuy7?%’kfmf
SYDBERT A, INEWATL T, FTO RED NH4+ 1 F ¥ L DKRERHE &I
FTO I CO. 25 SN b, Hiwv T, BRALFEN 70 bk~ ,\%E?é,?ﬁﬁbﬁ‘l_ﬁbf\
CO; 7225 CO & HyO AT 5o AL NHs3 IS Ta b &5 EHwT, NHy A
T v EHAET 5,

4. #ER

BIFEBEBEAD NHy 4 F Y ORIMZ L D, Sn/FTO 4V — F_ET® CO, B ICKIG
PWRIBICREEINEZEZWLNII L2 2OV AT A TR, FTO EHIZWAE SNz
NH,* £ 4 Y 2SHCOs 4 4 » OWeE #58fb L. Sn/FTO Ld CO, Y F—3— & L THRE
LTWh, 512, NHs 44 viE, mEIGEWERERRTPc7a b it54KTHh ). &
V=56 CO,~ND7u VY IFEBFBEORAT A T —F—L bl ENWLNLELR ST,

5. HigE
AWFFEIE. A0 3 AEPE (5 43 101) H AP 48 LB e 2 O e8Ik & 21 THT - 72
YDOTH Do BRI OE ) EHEB L ETFIT,
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