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Improvement of Photoelectrochemical Properties of CuO Photoelectrode by Li Doping
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Abstract: We fabricated a Li doped CuO photoelectrode by doping CuO with Li to improve the
photoelectrochemical properties of the CuO photoelectrode. The fabricated Li doped CuO photoelectrode was
optimized by experimentally investigating Li doping concentration, annealing temperature, and spin coating
deposition cycle. It was confirmed that Li doped CuO had increased light absorption, decreased energy band
gap, and improved crystallinity. The Li-doped CuO photoelectrode had a porous surface, unlike the bare CuO
photoelectrode, and had a low charge transfer resistance as well as a high flat band potential. The Li doping
concentration experiment demonstrated that the 2 at% Li doped CuO photoelectrode had a superior
photocurrent density value compared with a bare CuO photoelectrode. In the annealing temperature
optimization experiment with a 2 at% Li doped CuO photoelectrode, it was found to have the best photocurrent
density value at 500 °C. In experiments with various spin coating deposition cycles of the Li-doped CuO
photoelectrode, the light absorption, energy bandgap, crystallinity, and electrical properties were affected by
changes in the film thickness of the photoelectrode. In particular, we confirmed that a sample deposited with
4 spin coating cycles had the lowest interfacial resistance between the photoelectrode and the electrolyte, and

the highest flat-band potential value. Consequently, we were able to obtain an improved photocurrent density
of -1.68 mA/cm? compared to the bare CuO photoelectrode using the Li-doped CuO photoelectrode under the
optimized conditions of Li 2 at%, an annealing temperature of 500 °C, and 4 cycles of spin coating depositions.
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Fig. 1. PEC performance of CuO photoelectrode according to Li doping concentration: (a) current density (b) photocurrent density at -0.55

V. (vs. SCE).

doped CuO FHF ADS 98 A7A g0z | M
copper acetate monohydrate (Sigma-Aldrich), Li nitrate
(Sigma—Aldrich) 42229} 2-methoxyethanol £1]E o] &3}

T ATA Lol wuk A] follo] SR EE AL WR|F)
-r] 3 oFYA = mono-ethanolamine (MEA)S ARR-3}ITH.
2o} g 283 SHYAIE 7L Hlo|A ¢l YL 50 °Ce
A 3N7F ek wHke AAEGT) mate] By ¥ A=
B (spin coater, ACE-200; DONG AH TRADE CORP)
& °]&ste] FTO 713 ol A4l 82 4000 rpme=
30% 5o X339 A7 BL o] &3}d]

E_‘A_L‘O‘

115°C, 10 &< A=Hge {égé}gﬂq A7A Lol =
Tz} Az FPe Ay FE 22 35wk R A6

T E
gepion Li £ & st 2 S 9—’? Hsh dEe

500°C, 40802 75T A THS AP
Li doped CuO 3=¢] Fefsty, 284, 724, 4

714 54 2 By SA4S BYe] H8l field-
emission scanning electron microscopy (FE-SEM,
Quanta 200 FEG; Fei Company), UV-visible (UV-vis,
S-3100; SCINCO), X-ray diffraction (XRD, X'Pert PRO
MPD; PANalytical,
Materials of Dongeui University),

at Core-facility for Converging
electrochemical
ZIVELAB),
Digy-
Ivy)S ARE3SI%TE EIS ¥ three-electrode potentiostat=

impedance spectroscopy (EIS, ZIVE SPI;
three-clectrode potentiostat/galvanostat (DY2111;

diidsoR aetulelE w), 7EAFO9E = saturated
calomel electrode (SCE), 28|32 AAAFozE B A
oA A& bare CuO ¥ Li doped CuO MEE AR
319 TE. Mott-Schottky =% A0 g2E A7FAY -0.1V
~-0.7V (vs. SCE) oA & 10mV ¥ F3 1
kHzS 702 T3 HE ZASHA] & Ao =3
Sk AR U= HE 300W A= YIZE o]gsto]
l-sun illumination (AM 1.5 filter, 100 mW/cm?) 273}
oA 0V FE -0.8V (vs. SCEVIA AE ¢l7fete] oA

< current-voltage (I-V) curveS ©]&3fo] #2J&}ch.
Mott-Schottky % three-electrode potentiostat X7 3l &

2 1 M KOH €9& A-g3alit).

oY 1& Li =% Ll 2
A7ekek 545 UrE}Lﬂ Aotk 18 lae A
HZE vERle, 29
< Li doped CuO J*ﬂ
Zoltt. 19 1b8 BW Li =%
at%e® S7Hel met AR dE el %7}—8}1 2 at%
01“94 M e AR D o] Haske A

m
,

BA
F otk B Aela= 2at% Lio] ©9% Cuo ZA
:L°ﬂ7\1 -1.65 mA/em2e] 713 =& sAE A% 7kS et

e Ae eld 5 ok =, A4 Lie Cu0 FA
o] =3 o ZH bare CuO FHFol vlsf 4 3
AR 9% #3e 45 &+ dve As & F ok
I3 25 IAg] &% WHale| wE 2 at% Li doped CuO

FATe] B85 B JER Zlolt. 28 2a



580

~
()
~

2.5

eE4 - A 583 A A0 AT (2022 89)

204

-1.54

-1.04

bare CuO 500°C
——Li-Cu0 400°C
——Li-Cu0 450°C
——Li-Cu0 500°C
——Li-CuO 550°C
——Li-CuO 600°C
——Li-CuO 650°C

-0.5

0.0

Current density (mA/cm’)

0.5

0.0 -0.1

T

-0.5

02 03 04
Potential (V vs. SCE)

-0.6

(E) 168 @-0.55V

& ) -0.55

- i

8 | — |

= -1.641

£

-’

£ 160

w

=

D

=

= 156

@

I

Tt

g -1.52

=1

g

=]

=

A 1484 . . . . .
400 450 500 550 600 650

Li-CuO Annealing Temperature (°C)

Fig. 2. PEC performance of Li doped CuO photoelectrode according to annealing temperature: (a) current density (b) photocurrent density

at-0.55 V. (vs. SCE).

~
&
-

-2.5

Current density (mA/cm’)

bare CuO 4cycle
| ——Li-CuO 2cycle

| =——Li-CuO 5cycle

——Li-CuO 3cycle
—— Li-CuO 4cycle

-1.04
-0.54
0.0+
0.5 T T T T T
0.0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6
Potential (V vs. SCE)
©
-2.0
o @-0.55V
8
= -1.84
< -1.68
é 6
-1.64
£ 7
2
= -1.44 131 /
=
@ -124 /
o
=
S -1.0- /
S
£
A8 %
bare CuO 4 cycle  Li-CuO 4cycle

~ 70 @-055V

& W=V, 33

- Q

K

>

£ 1.65

z

w

=

U

=

-

5 -1.60-

-

T

=

<

S

=]

=

A& 155 . : . .
2 3 4 5

bare CuO 4cycle Li-CuO 4cycle

2pum

Fig. 3. PEC performance of Li doped CuO photoelectrode according to spin coating deposition cycle: (a) current density, (b) photocurrent
density at -0.55 V. (vs. SCE). (c) photocurrent density (d) tilt and cross view image with and without Li doping.

FEE a2g2E Jep, 28 2be= -0.55 V] A7 A

oM S8 R

doped CuO F3H=9]

400 °Coll41 500 °CZ

U 3e JeRd Felth 2 at% Li
AR 4R e gAY exvt

gl mek S7kskaL 500°C ] F-

oAt el ewrt B wet gk 43 Uet

ok, drbe o, dxg]

2w P A B4 2

-

FIFE T 0= FeA Urk 2Rl = BA
AAAFT 8] AAFS Folal PEC SA4S /A~
Ak A Ak [27-29]. EAE &% AP A, 2
at% Li doped CuO FH=2 IA- &% 500~550 °C H
o 7P =2 BHF e TR As ]l
a8 32 29 5" S Sl sl i 2 at% - 500°C

e ox

=

=i s
=21



=)
==
oX,
e
o
oX,
)

a
( ) 350
300 4
£
£ 250+
4
d
2
=< 200
2
=
= 1504 1
IR
]
*/
bare CuO 4cycle
0= = = = = = = = = e oo
T T T T
2 3 4 5
Li doped CuO 2% 3 & 314
(©)
1.0
bare CuO 4cycle
——Li-CuO 2cycle
S ——Li-CuO 3cycle
E ——Li-CuO 4cycle
E Li-CuO 5Scycle
S 054
X
=)
=
8
0.0 e T T
1.3 1.4 1.5 1.6 1.7 1.8
Eg (eV)

R - o] U 581
(b)

1.254 bare CuO 4cycle
—— Li-CuO 2cycle
——Li-CuO 3cycle

—_ .

3 1.00 9| ——Li-CuO 4cycle
K ——— Li-CuO S5cycle
@

< M,

=

s

=

=

°

4

=

<

T T T
400 450 500 550 600
Wavelength (nm)

@
1.58
bare CuO 4eyele
1.56
1.54 4
s
&)
~. 1.524
= [ !
\.
1.50 TT—
\-
1.48 4
T T T T
2 3 4

Lidoped CuO 2% 3 F% 24

Fig. 4. UV-vis data of Li doped CuO photoelectrode according to spin coating deposition cycle: (a) thickness, (b) absorbance, (c) plot of

(athv)? vs. hv, (d) optical energy band gap.

Li doped CuO #H=9] #x7]sl8H4] 54
44 Uehd Zlolth 18 3ae AFEE 1
W 28 3be -0.55 Vel 207F Al
9] FHF{ Ee s veRd ot 2=A
TE 28] 432 FUIge wet FHR
7¥etaL o] 53] S 27N e FHF

RE R

b
ogh
fu)

l% e,
2 [k
il

£ o

A

Ay
O
o

2y
ot

52 ofy ot
L

(]

N —
~

H

BroofN e w1

iz}
b

L
B
o

2o
rfo
b
wn
()
S q
S

o

8

o

o

o

@)

TS

4l o

lo d

ofd 2
o MM 82

at% Li doped CuO FH= %

F 2% 3 29 3col WERITH F, 500°C
8 9 Ay Y 43] FERS TS &t
3 AA ool e FHF dE

at% Li doped CuO %
°F 28% I &

hﬂlﬁ,
£

=
d JH
1 rlo
o
8
2l
X
© =
oY &
o
P
9,
=z &
E0)

ol
2

=
T

-
Ll
0% ol
Ry
oy
PR vl
H o
0,
oA
g
i
3
-y
2 N
O b
Lo
2
)
© I
g ox

AFe] g E 713 FelE 2 & A dutdos
ok Fxe] BT Aaldst v WHo] Yolx))
o)

w ol FAF Ux Zhe] 7
T} [32]. W, ¥Ho] ohd
A% Azt 2 FH7]

s}
SEM oA & &ke1sl Az, upat
kel

R4

A Peths AL T
A

2k Sl4 WSt WE 2 at% Li
o 7 B B3 54
S Uehd Aol @ FE-SEM ©|vx & 53] 4 7
AEZE2] F7 data® 28 4a°l] A|AEFTE. Bare CuO
4 cycle A& Li doped CuO 2, 3, 4, 5 cycle AEE

o
S

S

o

o

(@)

o

o
)

o

E

@)

o

o
) 4
=
4



Of

582 ke s

i

~~
&

3x10*
4 :SnO, peake : CuO peak
* (T11
2 ( 3 ) (111 o
& ° e o * N
£ 2x10'4
@n Li-CuO 4 cycle
£
=
Li-CuO 3 cycele
o X —Ld. \ Y :
g 1x107
A M 1 Li-CuO 2 cyele
I~ A
- l I l bare CuO 4 cycle
0 : : , o ;
20 30 40 50 60 70 80
20 (Drgree)

1312 A60A A8 (20224 8Y)

3004 bare CuO | Li doped CuO —a—(T11)
-— — —=—(111)
S 250 E
& '
& h
£ 200 :
= '
3 H
E 1504 H
.x 1]
« (
@
A 100

50 T

:
2 4
PCETEL TP

Fig. 5. XRD data of Li doped CuO photoelectrode according to spin coating deposition cycle: (a) XRD spectra and (b) peak intensity.

& Zz} 99, 116, 136, 147, 237nme] 712 7} T}
BT 29 FY FF 57 7R w2t FAE =
AA = AL AT + AUk 29 4be Li doped
CuO ¥ bare CuO FHF9| FF=E Yephdct dubyo
2 FA=e] FAVE T wE SRR A F71st
E Aoz 4#HA dut [30]. B AFeld= FHTe F
A7F St w2y FeErt S7teke AEE JERRL
Ao, 2 at% Li doped CuO FHFo] Li& =3 31K
S bare CuO FHFHT FAZE T4 S5
golst 4= 9t} Silan et al. ITEHE Ni =
w2l CuO FH=e] 77 Hspt vehte A
vl itk [33]. & AFolM= FACL 7P FA
2F2 at% Li doped CuO FZ=o] 7Hg =&
TR AL R & & Ak 7 4ee &
g1~ w2 Li doped CuO #A= 2 bare CuO
e olgste] 73 (ahv)’ vs. hv
A, B 229 545, hv: 3
Bt oA MEA), I8 4cE
AR M= Fhe 27 4doll Y
Y F& 5Tt UV
5 A oux] Mieglo] Thasks 7S eIt o
T o g F=e] FAE S ] weEl oA wiEg]o]
7asi, e FE oyx MENS e FHES
7B HE ggHoE FT & Ao dEA A
[31]. Li doped CuO Fd=F EF bare CuO FHFo]
Hjg W FatA oA MERS Ve g

Mo ol

o 2 o 7|
ot Y o do ol rlt

Eor
R o Fo

o

T

4
lo
E[Olv

Yool ofN b oMb O b oA g2
o|\
X,
>

g g0
2|, E
ol-gate] L

@ E
)

il
Y
1o, o

F S} B Ao E 5L 23 IH 3 3¢ 24
doll= B3} Lig =33 CuO FH=o] bare CuO
FAF vj5] G2 oyx] W= S 7= AL Feld

[ h=

T ok ol AFEoIZl Li doped CuO 3=

bare CuO F=ol vl A7} F4aL
wjitol] olefst 59 JFgS wol
YellEe Ao wokert

a9 Se 23 3" $F 35 sl
CuO % bare CuO FAFe 124 EAHS 7
th. 19 Sa= Li doped CuO % bare CuO F7=<]
XRD spectraZ YERN Atk CuO (111) 8= (111) ¥
o] digsl= XRD (ISCD card No. 00-005-0661) 3=
A7} 35.55%F 38.73%IA4] ZHzb AFE T 29 She &
A =" 337 3l Wsle] W& Li doped CuO 352
XRD 3= Al7] 3+ YeRJZ Stk XRD spectras %5
&l AFE (111), (111) BE F (111) Ho| RE A
ZZ004 (111 ") Hl&) o & 93 A7E 7RE A
< AT & S} olYe A7E BAS W Li doped
CuO FdFo] (111) Aoz oM A" Zo=w 7
T dRkdo g I3 AYle WY W ze] 4
=S 7 ST e 9=
A717F S7keke A B0 & k. FYst 23 3

=2k 34 249 Li doped CuO A= 2 bare CuO

wE Li

e o

i)

o1

BF=e] v= Al71E vlwslE 23 Li doped CuO 3

S5 SR Wl cuodl diEEhE (111) = Al
717y AR = AL IRlsin

% 6a%t 6= ¥ Y FE 310 WE Li doped
CuO ZA=F2] CuO (111) XRD ¥|=oA 9] full width
at half maximum (FWHM) % A} Z7|(grain size)E
Yepd Zelth Li doped CuO Fd=9] 23 38 S+
SE Z7 70 Wl FWHM ol 74Asta Ak =27]
7} F7Vehe @S UERATh UREX OS2 FWHM 3ol



=)
==
oX,
e
o
oX,
)

0.35

(111) FWHM
o
£

0.33

0.32

2 3
Li doped CuO &

re
kU
om +
[V} ]
2

~
o
~—

25.5

25.0

24.5

24.0

(111) Grain size (nm)

235 : . r
2 3 4
Li doped CuO 2% 3R 5% 3

.

0344
0.341

0.337
03364

(111) FWHM

0.3284

0.320

bare CuO 4cycle Li-CuO 4cycle

(CY)

25.64

24.8 1

24.44 244

(111) Grain size (nm)

bare CuO 4cycle Li-CuO 4cycle

Fig. 6. XRD data of Li doped CuO photoelectrode according to spin coating deposition cycle: (a) FWHM, (b) comparison of FWHM with
and without Li doping, (c) grain size (d) comparison of grain size with and without Li doping.

SEE ST e 2R frsitke A vt
e AAs TR BHSS 3EE Aol dat
TE 545 MAAA FR7EeE 54e FARITL

S ol LT Ao} oso Ews FAR 2=
el AR FFE FHaL dEA Y [34].

BA
g 6b2} 6dol Li doped CuO
FWHM 3 JA=71E 247) vlatsioltt. A3 43] S4

=
4 Atk CuO FHFol| Ni2 =33 el w=w
Cu*"o] 23} Ni*'o] W74 xjol& <lal] YJxk=717} ws)a}
3 AR WsE veRstia BaE vk glet [33]. &
AT ES vVIAIR Lig =3 32 W grain size®l
W7 vepa 478730 wshE veld 1S 91
AUTH o]F A&7t FHF W] S0jA HY ]
73] o= QA=A WSS Fof A4
the 2 SRlg = Utk B35k 3= &9

o
A\

g Wslx: AT AP FFE = F Utk
Mageshwari et al. 97 ©2 CuO #d5 &7 &

2~
T

sHoEZN FHFe| FAE FAYA L AgA el -3l

e AL st [35]. = b

sl AAA o] A" AL FEHen o

L = ko3
= T
27 38 FF 35 Hst A9e Bl U e A%

A& 7IAE Li doped CuO ZAFE A& 5 AT
a9 72 29 58 $F Sl ©E Li doped CuO
9 bare CuO BH=9] 714 545 vephd Zojth 1
¥ 7a= Mott-Schottky plotS YERNH, flat-band
potential 7S ¥ 7bol] YERN AT} Flat band potential
%2 Li doped CuO Fx=e] 23 38 37 3571 2
3lollA 43|12 FTIgtel wet Frlshes A4S vERT 5
3] 52 20N Aishke A4S Rt 53], Li
doped CuO 43] F2 A1Z°] ¢ Li doped CuO A&
ZFollA 7 =2 flat band potential #ts 7HAH &
st S+ 315 7IX]= bare CuO AZol vl vl =
e THE AL ERIF F Ak Iy oE flat-
band potential #ol S5 FAGE o7t dLsH
1

oled vk e 7HIAL AL o FXF 54

flo we



584 o g
(@
1.4x10° —s=—bare CuO 4cycle
. —=— Li-CuO 2cycle
1.2x10"7 —=—Li-CuO 3cycle
—=—Li-CuO 4eycle
— S| J
B 1.0x10 =—Li-CuQ Scycle
-
g 8.0x10" 1
o
-
% 6.0x10"
o
= 4.0x10" 4
2.0x107
e ———— e
0.0 T T T T T T T
0.1 0.2 03 0.4 0.5 0.6 0.7
Potential (V vs. SCE)
©. .
-3x10
—=— bare CuO 4cycle
—— Li-CuO 2cycle
—a— L1-CuO 3cycle
2x10°A —=— Li-CuO 4cycle
—a— Li-CuO 5cycle
]
=
N k10
0-
T

T T
40000 60000

Z'(Q)

T
0 20000 80000

& A58k A Al60H A8E (2022 8Y)

~
o
~

0.265

0.260

0.255

0.250 4
bare CuO 4cycle: 0.248 V

Flat-band potential (V)

0.245 " . r T
2 3 4 5
Li doped CuO 23 3¢ Z% 314
d
d 500
b ) vele: 474.4 kQ
qrs{Pare QuOdeydler 4744 kR
g 450 & p>
= 3007
250
200

150 T T T
2 3 4 5
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