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Abstract >> Holmium-doped TiO, nanotubes (Ho-TNTs) were manufactured
through anodization treatment and electrochemical deposition, and optimization
experiments were conducted using various Holmium doping concentrations and
time as variables. Surface as well as electrochemical characteristics were ana-
lyzed to study the prepared photocatalysts. Ho-TNTs were found to exist only in
anatase phase through X-ray diffraction analysis. Ho-TNTs with 0.01 wt% 100
seconds shows a photocurrent density of 3.788 mA/cm2 and an effective pho-
to-conversion efficiency (PCE) of 4.30%, which is more efficient than pure TiO,
nanotubes (pure-TNTs) (at bias potential 1.5 V vs. Hg/HgO0). The photocatalytic
activity of the aforementioned Ho-TNTs for hydrogen production was evaluated
with the result of -29.20 pmol/h-cm2.
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(erbium [III] nitrate pentahydrate, ErffNOs;-5H,0) &
WS AlRste] Thefet = Alte] whek A A9
st olF &9l AR gt Fehtol=
(Ho, Tb, Eu, Yb, Er) <2 A A-ollA AAH Al
7o g T35t on 1= holmium TiO, nanotubes
(Ho-TNTs)9] <=4 HFA-80] 90.13 pumol/em’h,
2} f-8(photo-conversion efficiency, PCE) 2.68% (0
V vs. reversible hydrogen electrode [RHE])Z pure
TiO, nanotubes (TNTs) TiH| oF 8.74}, 2F 9.8u)] &7}
519 th(Table 1)”.
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2.1 HAza|

Ti foil (%7 025 mm, %=% 99.6%; Goodfellow,
Cambridge, UK)& 2x5 ecm’ 2 Auslal, Z24di wa-
ter), ethanol (Duksan Pure Chemicals Co. Ansan, Korea)
£OoR 28T NS B 2087 TAY BeEe
A AL o] 3]4]% hydrofluoric acid (HF; Duksan

Pure Chemicals Co.)2 oAl 7,5 o|&3) =

Table 1. Characteristics of lanthanide metal doped TNTs?

H: evolution | Photo current | PhotoConvers
Sample rate density ion

( umol/hr-cmz) (mA/ sz) Efficiency(%)
Pure TNTs 10.28 1.03 0.29
Ho-TNTs 90.13 23.6 2.68
Tb-TNTs 25.18 8.15 1.55
Eu-TNTs 71.33 18.6 221
Yb-TNTs 68.91 14.6 2.19
Er-TNTs 26.95 7.21 1.59
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A2 E Ti foil anode, 2x6 cm” Fe foil S cath-
ode®2 3}1, AEL 0.5 M ammonium fluoride
(NHF, &%= 97% o)A}, Junsei Chemical Co., Ltd.,
Tokyo, Japan), 2 vol% ZF< 9 ethylene glycol
(CGHeO,, =% 99.5% ©]A}; Duksan Pure Chemicals
Co.) &&= ARl eH, 2 A= Al2dlor 3y
SFT
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2.3 Holmium &£X

o

FaAtet 37 & AleE 4% TNTs =2 anode
(working electrode), Pt mesh (5x5 cm’, &% 99.9%;
Goodfellow)E cathode (counter electrode), holmium
o] 7 AFA(Ho[NOsps-5SH20, =% 99.9% ©]4;
Merck Ltd. Korea, Seoul, Korea) -89-S A& = 3}
of 7718kt B2 F3 Ho-TNTs A& A5}
th A3 =99 AL 0.1 mAlem’E 75kl Ags)
gon, HAFE 9]8f Table 29} 2L B4 5o
Aot

AzE AES BHez AXT 5 A2 250)

Table 2. Conditions of Holmium doping in TNTs
Variable

Condition

Doping time (sec)
(Conc : 0.01wt%)

Doping concentration
(Wt%o)

0 (Pure), 50, 100, 200, 500, 1000

0 (Pure), 0.005, 0.01, 0.02, 0.03, 0.1
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3 X-4l E337|(energy-dispersive X-ray spectroscopy,
EDS)7} A2He A W& FAF HAF dvl7(field emis-
sion scanning electron microscope [FE-SEM], S-4800;
Hitachi, Chiyoda City, Japan)& AR3-3lo] #H|5 A
Zof oe) U Uk 2HE ATk BHAE 60
kV, 300 mA % 20 <] 20-80°0| 4] Cu Ko AL
=0.15418 nm) 2.2 X-A 3]&(X-ray diffraction [XRD],
D/MAX-2500pc; Rigaku, Tokyo, Japan)S E3}o] &

Ao,

o

2,5 Hrlstety =4

A 7|3}8HEL A 7|(ZIVE; WonATech, Seoul, Korea)
£ olgalo] 3 4 AATAA Theke 20 A
718kt B4E AW $4 3 AT Aswe 4
o JAst Ul =9 Ba) AxE AT AT
3 7pgAels H2E Ao EUREA, 1x1 o)
= AM|g3}o] working electrode® AM-3}%1 1L, Pt wire
2} Hg/HgO reference electrode (1.0 M NaOH inner
solution) & ©]-8-5}4] counter L reference electrode=
o]-g-3t%. o™, 0.1 M Na,SOs & #af A= AR89t

Aol A= FH A7) 282 FE HAL
A(UM320; Minolta Co., Chiyoda City, Japan)S AN
3}o] 44 mW/em® (at 360 nm)2 Z AT} A=
713}t B-4-8 open circuit potential, linear sweep
voltammetry, chronoamperometry, photo-conversion ef-
ficiency =22 2385}t Working electrode A
273}, FY 9 = 242 PEC E+al A3 ofA
A8 A FAsHA Aysk
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Fig. 1. XRD patterns of pure TNTs and Ho-TNTs
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Fig. 2. SEM image of pure TNTs and Ho-TNTs
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Table 29| 2710 whe} A|2%H Ho-TNTs H=5-2 ©]
gato] 4 A AP Yt

3.3.1 24 Azt

Fig. 4= %3 X|7bo] WHE Ho-TNTs Aj%e| B
=2 AP E(hydrogen evolution rate)} A5+ w(average
current density)E Ve O, 1002 AZ HAEg =7}
2 FAEE A Felsknh 1002 MEe] 4
HET B AFEUEs 72} 2734 pmol/hr-cn’,
3.17 mA/em’o]H, pure (0%) AZ2 7+7F 17.68 p

mol/hr-cm’, 2.68 mA/em’ 2 ©F 1.544)], 1.184] Z7}5}
Table 3. EDS analysis of Ho-TNTs
Element Wit% Atomic %
o 47.98 73.83
Ti 50.46 25.93
Ho 1.56 0.23
Total: 100.00 100.00
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Fig. 4. Photocatalytic efficiency of Ho-TNTs: hydrogen evolu-
tion and average current density (condition: doping time, con-
centration: 0.01 wt%)
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Fig. 5. Photocatalytic efficiency of Ho-TNTs: hydrogen evolu-
tion and average current density (condition: doping concen-
tration, doping time: 100 sec)

Journal of Hydrogen and New Energy <<



A 3HAR iz 4= glon Ul 24} A] Fg=Fol|A]
sl W 9, B ke olF W, e
ol = faxe) Ko A9Atel vl 9% S et
& 4 Aok, wheb ocvE FEule) FAA st
el WEE Wi, Fig 6@e| A% 27 4
#glo] pure TNTsH Tk B =& OCV uk% A st=
AL HolFn, 1% 1002 =3 A 0585 V (vs

Hg/HgO) &= AA| A= 5 71 —:LE}

Fig. 6(b)= & U3t A7]3Fs} Aol A A H A
A}2] o5k AFgoll o3t Asteh 282 UERdlTt
o= 49 {3 540)7] wiZo] OCVel At

= (chronoamperometry, CA)2 -GAFSH AdkS 1}
etk 1.5 V (vs. He/HgO)oll A 60% 7HA 02 79l

zZAr off 7 SZufjof] SA4H FAFUEE B9
ok 4= Qloh EHRh A= whE guhgat QHg A<l
Adds UeEbf ek

Fig. 6(c)= Az A= AE FAF A9 (linear
sweep voltametry, LSV) £4] A3 YelYict LSV
AL A59] BNk S whsi, lﬂﬂg i
1.5 V (vs. HyHgO)ol|A 3359 AFde
holmium 100 =3 A] 3.788 mA/eom’2 7} E9ko.
o, pure TNTs thH] oF 1.13u] S7}sllct FAFY

mlo

il

—Pure TiO,
— 50sec Ho doped
tight on — 100sec Ho doped
— 200sec Ho doped
— 500sec Ho doped
— 1000sec Ho doped

0.584 —— Pure TiO,
—— 50sec Ho doped
100sec Ho doped
- 200sec Ho doped
- 500sec Ho doped
> ——1000sec Ho doped

068 messuramont

02 0545
- oses__

Photocurrent density (mA/cm?)

Potential(v) vs. Hy/HgO

ahto
dark ghton Tightoff dark

60 80 100 120 140 160 10,0 0 400 50 o
Time (sec) Time (sec)

(a) (b)

—Pure TiO,

— 50sec doped

— 100sec doped

— 200sec doped
500sec doped

— 1000sec doped|

-
S

Pure TiO,
50sec Ho doped
100sec Ho doped
—— 200sec Ho doped
——500sec Ho doped
—— 1000sec Ho doped
1.0 05 0.0 05 10 15 -0.25 0.00 025 0.50 075 1.00 125
Potential(V) vs. Hy/HaO Potential (V vs RHE)

(© (d)

Photocurrent density (mAcm-2)
Photo-conversion efficiency (%)

Fig. 6. Photoelectrochemical characterization of as-prepared
samples. (a) Open-circuit voltage (OCV), (b) chronoamperometry
(CA), (c) linear sweep voltammetry (LSV), and (d) photo-con-
version efficiency (PCE)
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Fig. 7. Photo-conveision efficiency formula'®

Table 4. Open-circuit voltage (OCV) measurement, maximum
current density and photo-conversion efficiency (PCE) of the
samples, obtained from electrochemical analysis

Maximum Photo-
Sample OCV (Vvs. curre.nt conversion
He/HgO) (riil/scltrr}llz) efficiency(%)

Pure-TNTs 0.584 3.336 4.02
Ho-TNTs_50sec 0.545 3.291 4.13
Ho-TNTs_100sec 0.585 3.788 4.30
Ho-TNTs_200sec 0.559 2.991 342
Ho-TNTs_500sec 0.490 2.865 3.36
Ho-TNTs_1,000sec | 0.525 2.518 3.12
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