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Abstract This paper presents an integrated photochemical reaction system (i.e., an artificial leaf) that uses
earth-abundant catalysts for artificial photosynthesis with a carbon dioxide (CO») fixation process. The performance
of the system was investigated in terms of the energy capture and conversion capabilities. A wireless configuration
was achieved by directly doping cobalt oxide as an oxygen-evolving catalyst for water splitting reaction on the
illuminated surface of a photovoltaic (PV) cell, as well as molybdenum disulfide (MoS,) as an efficient catalyst for
CO; reduction on the back substrate surfaces of the PV cell. The system produces hydrogen and carbon monoxide
(CO) as sustainable fuels (i.e., synthesis gas) at around 4.5% efficiency, which implies more than 75% catalytic
efficiency at the cathode. The process of solar-driven CO; conversion and water-splitting reaction is contained in one
system, which is one step closer to the successful realization of artificial photosynthesis.

Keywords : Artificial leaf, CO, conversion, Molybdenum disulfide (MoS;), Photovoltaic (PV) cell, Solar to fuel

efficiency

1. M2 o S AR o FETH1]. olistEAs A Ao
BRE ZH3 § Aok ikl Adskr, ek
AT 2xkske] FRIl oiksteiAE V] EHEE 2T 88 B 4438 gstEd 2 wdsle, o]agei
aol AQAEAZ A A3 R A ST e e Aol 4 Ak WAL o AABAE A3t ¢
STk 7] F olbetea wEe AN 50 wo WA wkEo] Agals o] ofaksbeka Azt FpH oY,
a7 7kt ed, dEste W7o AR 94 sk uhee =3 Wshibdo] (&S 9XT 4 9]

2 Qlste] 206017421 oF 5007171 Eo] o]AbstetATt = el oz

B =i AFA ST (2016141034) 4 ol o] sto] 23 E 92

*Corresponding Author : Kibum Kim (Chungbuk National Univ.)

Tel: +82-43-261-2446 email: kimkbl1@chungbuk.ac.kr

Received October 16, 2017 Revised (1st November 24, 2017, 2nd December 13, 2017)
Accepted January 5, 2018 Published January 31, 2018

63



Farely| &oksl B A9 ALS, 2018

r

= Aol A vS mEAoln shehA mgk Y ol A
AT B 7ed e IARE Aoy, B2
A7t B g ojiksteta: WEE v ol 6]
S Y Tl ATl AvH2,3]. Hisket A
oz olitsteas ditsteaz WEkelr] Hsfd

q

o
[

ol Bostgiont
(EMIM-BF4)

F}O
2

Rosen et al., & L(Ag)}—‘z’ﬁ% o]
AR g o iksleha Bg Al 2H
2170 MV "0 Ag
[4]. o] &3} oA} wel 4
RS IHA(COre— COy) A
(complex)2] F474-S 3 %L/Hﬂ'
A7] wEoleh. 2 g AR
& Qlsto], o]ibsteta AES “H'?‘
tH4]. whAol, Mohammad et al., > %(Ag)%‘“ﬁ o2l
MoS, 9} 22 Holad: tzaA o=
S S AHstelA =8 oibstEkA A

Tgh MoS, = 7I1E Wis, =, &
Hl3) gho] AHe EA=EH &3}
ATk 1B EE MoS, S o]AkslE s
2 ARESThE, 7] Ao ﬂ%—
Bara] A 2~Elo] o] Abalera
o} Ak ARl B S BAL
IgEt opjet ojqksieka
whaba] 2 04‘?01]/3, &9 e} o]ikst

o

SRR R

=]
=
3}
=
Q
Al

o T
o AL mu

o _YE ox, Mo

)
_IZ£

4
32
=
il

Fslﬂj__l'
2

o i

=2

o

om0 o
it
2 4
fo
o

£O e b b
=)

3
.

rEE
i
Y
o
o
N
)
e
HE _b‘
%0 of

ol

-

)

e

om
ol

=

o
2

o
®
& Lo
o

l‘

ko
o
i

)

u
o
[~ i

patsl
o
>,
o
il
=

n.qo
a
-
les]
N—
e
>
[>
T
1o

N
P

re
OHl
o
o

x
=
[>

Ju

3!

aQ

rlo
2o
=2

o2
2
B

s
Moo gy T

&

o
— ol

A%
6, 1.4 eV)S 7HA a1
okt AA BT} oF 10%)] ﬂ =88
A

"“(a-Si/a-SiGe/a-SlGe)ibﬂ 3

Ul—O Hl o
= x=

= ™ g oF
(A > W
f
o £
=

ol
ol
3
= 5
O,

O

o moh X oy X &
N L e | ¢

e

=

x
Kl
30,
T
L
u
el
ki
2
ESZ

64

e 32 @ol-’ o= AR 2 af9-7)

7}7}

H|&(fill factor)
2.12 V, 6.8 mA/em2, 59%°]H, A9 T8
5%0]t}. 34 K (Overpotential) S & e u, sk}
d2] o] A BFAIER= At (Potential) 2] #17]
olxkslEka WMk vke-S 9ls) Hast sk
(Thermodynamic potential, 1.34 V):.U} 7 oksl

|

N 00

)

r
r-{m
=

Z olg%

_&szlomrgkur%ﬁj&_lgrlojz
Lo

T le) Bl 9AE A Adste) weol U
Zd%.‘% AT HEF A0 Aol Abshardt
= #2K(Electrodeposition)d}] ¥=(Anode)o] <&
3, 4h2 WA WHS(OER)S] WA Bl 1A
(&=, Cathode )oll = MoS; Ui A =33}
ojtstekA o] WSk whgo] AT
Gas Chromatography
Detector —
MoS, ~|
\/\/ hv
CO,+2e+2H*DCO+H,0
2e+2H*DH,
A
2H,0>4e +4H*+0,
Co
— Nafion Membrane
EMIM-BF+H,0 — | Kpi, pH=7

Fig. 1. A schematic of artificial leaf

O

EHO

O
E‘

WA 9} o] 1w (Nafion 117)& o3}

o)
TP ANE F BNSFFE DO e,
ol KPi W3 =8990.071 M, pH=7)3} S=4o]
10% EMIN-BF4 (1-ethyl-3-methylimidazolium

tetrafluoroborate) =84 0.2 9]t} o] whure o}
2 Ml o] £3HE AS W, dEiolA i A4
WHS(OER) T A E Fagol&(H )] Hhehd 53]
SRR o538 Hof MoS, EvolA o]ataleta A
T kgl FelskA gk

,2 Sun)olw 137}492@ 3912300 W Xe
AHEEE) AL, EETRO] @ E(Thorlab) & ©]&-



o
=
)
I

b
&
e
1

ol Zetd QlE Fd Aled

sto] Wle] A712 BAsATE QlE BT AlzElo)A
WAEE 7haE 7ha AubE 28 Z(SRI 8610C)E
o]-g3to] ZARSIATE B Yd-A= W TE(SFE)S 2
(O3 #Zol, §k& Al T dRdEe] o, A
FUEE AAA(CHIC0)S o]-&3te] =459
e jx1.34 n

Uy

A(MIA j(mA/em®)i= AFE =M, u, (mW/em?)
= FF 499 A7leltk Fig 2+ ¥ A9 A X
Fh7 QAT FRA Aldl, AAA aEa vk A
rtE 1 Z(GO)R A= ik

HU

Light_sources '
Photo- Electrochemlcal Cell

7hno] ARntERS BojFt] Fig 39 24 Ay}

A Qaste s Savel 44EE I 5 gom, o
=
h=

i glo] Felol =EHUS o, gF

A= 3AE Fete] @ e dede vtk A
B3 AR 2 R Ao (dE) I R
ML oFste] Fufol A wka-ol Fojgiv} gl
B A71RE7E dofut Ak atel 4 gol2o] WA
ah, Sl okstekas WE wkgah 4 A ukg
(HER)°] ottt S=olx whAlehs F vhg-e 35
Ask(ald)s dafde] A pH)dl wet Gkt
[5]. Fig. 32 1% 394 Al=gle] =l wAst
s

2

oo 200 30 500 600
Time (Sec)

Fig. 3. Hydrogen and Carbon monoxide peaks obtained
with Gas Chromatography

7}é-'4 %ﬂ—\ =

X*%%‘ - g7l 7+

t=tiu A, Mg
N = [y, @
g o E,
g B AR Bges Thag e Bt

5]‘— 3}

i o

o

o A7) (u, (mW/em?)), Fv BH(A,,(m),
SEF®} Whg-AIztel v #s, Tl 7h=e] of X
HE(E (Jmol)ll HHEIF) Fig. 4. & Aol
o Q1 R Alagl e F3ke] by wskel A

160

o
g 1200 " -
§ ol = 3
S eof ><'\- %
g 4o / \-\ 3"
o 20 L] g

0~ =<9 U8 U7 05 05

External Bias (V)

Fig. 4. Pressure change and current density as a
function of external bias

A2s5) A S F7b) EAlehE B7) A% Ao
ARAE o §3to] Wohilm SIFEHAN WgoR W

65



P71 E8 8= A Al19d AllE, 2018

gk Tl Qafel del ol&ole] )70l ol
so] grele] Wslel N e AAtsier) hele] Wah

w 3ol A7l ue tEns 47k e F

A7l we Ml Fig. 50 JeRAAT
160
|
& 1201
(9]
2 []
©
5 8ot
2 i
£l o«
05 10 15 20

Solar Irradiance (Sun)

Fig. 5. Pressure change as a function of sun

Fig. 49} 59 vloJE1& o]&3te] F5 4] Al7]el
02 AF U9 Fig 60 LA8ATE w3 Fig. 6
Absterael A0 sy do] £&& HolEth vhEe
2 Ae 7 b 282 dyde] a8E 1l &
ATk F=olA BAEHE T kg (o] akslEk A A 7HEE,
i A WSS Skl w5 ukgo] g
=), Ate] w5 wl= olqkstebA Azhakg-o] $-Als|
AH, dgte] oW W= g4 A vkgo] AlE) X

T B A7 EE B AR A AE=
HSe] =L 125t 01&3'2}%& A7kg-o] §-A|3)
Aikstghao] Hejdo] g0l F/HE & 4 vk #
Ao A7 s dAatsteae] s do] &2 it
5%241:0]1;]_.

9 80
8 170
T+ /7
6 160
% 51 / 507
=1 S [
3t A FE.CO
of :74‘\’\. 130

p—\

0 05 10 15 20 2£°
Solar Irradiance (Sun)

Fig. 6. Calculated F.E. and extracted current density

Fig. 72 49 Al7lol wE gld ds ¥ 58
< HolFEh A1) ol&ste] Atess W, £&2
Bt 4.9%° o]Eth. wdk 2(2)9] Ao TS

66

il

e
=
a
o
HU
e
Son ;
:g
>,
49
4
[N
lo,
%
b
e
o
E
B fr
oo

5} o] xkslEkAe] 7] 8}e]
4 Folsof @
oF 6%0l| P2 B
= A0 g3iel 839
n) g,

Nsr = Nl er 3)

71, nge HEE WA G&olaL, gy Fle]
&5 ougtt

to ¥ o i
(o

©

Sl W3 7 Lol

©

o r|r

12

m

9

8 —m— Approach 1
[ —@— Approach 2
7L

PV efficency

86— ———————————
%5» P . =
4t ¢ y
3t

2=05 10 15 20

Irradiance (Sun)

Fig. 7. Solar to fuel efficiency measured using two

approaches

“—Yl



HEere A4 SFEZ A FAEES & % 9
o ol W FRAAE 4 A e EE] o
ofuhl, A% a AR G Azbo] Aol wheh 7ha
s,
F100
F90
80
F70
60
150 im
r40 =
[30 =
20
t10
- ) ) ) .0
50 100 150 200 250
Time (mintues)

Fig. 8. Stability test of the artificial photosynthesis
system
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Fig. 9. Optical images of illumination surface of solar
cell before (A) and after (B) photochemical
process. (C) The zoom in image of corroded
region using scanning electro microscopy.
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