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Enhanced VisibleL ight Photoelectrocham ical
Performances with Nitrogen Doped TiO,
Nanowire Arrays

LV Xiao-jun', L1 Yueming, ZHANG Hao', CHEN D4,
Jennifer Hensef , Jin Z Zhand ™, L I Jing-hong”
(1 Deparment of Chamistry, Tsinghua U niversity, Beijing 100084, Ching;
2 Deparment of Chenistry and B iochemistry, U niversity of California, Santa Cruz California 95064, USA)

Abstract: Self-organized anodic anatase TiO, nanowire arrays doped with nitrogen have been successully fabri-
cated and their photoelectrochemical (PEC) properties have been characterized and found © be substantially im-
proved campared t undoped nanowiresor commercial P25 nanoparticles Photocurrent measured with monochro-
matic incident light showed that the incident photon-to-current efficiency ( IPCE, %) values of nanowire array
electrodeswith or without N -doping were obviously higher than that of commercial P25 nanoparticle electrodes,
and nitrogen-doped TiO, nanawire arrays (NTNA) had noticeable absomption in the visible region The NTNA
electrodes showed the highest photocurrent density and power conversion efficiency under 100 mW /am’ visible
light illumination A maximumolphotoconversion efficiency of O 52% was achieved for the NTNA sanple at an
applied potential of 0 09 V versusAg/ACl (saturated KCI) electrode under visble illumination, much higher
than that of the undoped nanowire and commercial P25 nanoparticle electrodes These reaults damonstrate that
NTNA thin films are pramising for enhancing the photoregponse and effectively mproving PEC perfomances of
nanostructured TiO, in the visible region for different gpplications including $lar hydrogen generation

Key words: nitrogen doped; TiO, nanowire arrays visible light, photoelectrochemical perfomances photocar
talysis
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TiO, asawide bandgap n-type metal oxide smi-
conducior has been extensively investigated for water
plitting due to its good stability, nontoxicity, low

cost, and high catalytic activity ™.

Recently, there
have been extensive studies on nanostructured TiO,,
uch as noanotubes, nanowires and nanorods, as the
electron trangort materials due o their unique physi-

cal properties and wide range of gpplications .

Received date: 2009-06-17, A ccepted date: 2009-06-17

Campared o nanoparticles, one dimensional (1D)
nanostructures such as nanowires and nanorods have
better charge trangort propertieswhile, in the mean-
time, they have larger surface area in comparion O
bulk or vo dimensional (2D) nanostructures Thus,
TiO, nanowires and nanorods are considered as highly
desired structures for both photowoltaic and photoelec-
trochamical gpplications Different strategies have
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been developed for synthesizing TiO, nanowires and
nanorods, including ol-gel ', chemical vapor depo-
siton (cvD) ', olvothemal method ', anodiza-
[*) and glancing angle deposition (QAD) ™.

Among these strategies, electrochanical anodization is
relatively smple and provides a facile and direct gp-

proach for producing TiO, nanowireswith high surface

tion

area and longwire length "',

Deyite the pranising properties of TiO,
nanowires mentioned above, the wide bandgep of
TiO, (3 0 ¢V for rutile and 3 2 &/ for anatase) limits
its photoregponse mainly to the UV region, which ac-
counts for only 5% of wlar gectrumolenergy.
Much effort has been made o narronv the effective
bandggp of TiO, while maintaining its superior charge
trander and trangoort properties and photocorrosion
stability It has been shown that nitroge-doping (N-
doping) is an effective method to narrow the bandgap
of anatase TiIO, and thereby increase the visible light
(2% For example, N-doping of TiO,
nanotubes has been demonstrated using pure NH;"**'.
TiO, nanowire arrays (TNA) , esecially when doped
with N, are considered as promising for photoelectro-
chamical applications because of the cambination of
expected enhanced visible abomption and better
charge trangort along long nano wire However, ©
date the study of TNA or N-doped TiO, nanowire ar-
rays (NTNA) has been very Iimited

In the present work, N-doped <lf-organized a-
nodic TiO, nanowire arrays (NTNA) have been fabri-
cated using a simple electrochamical gpproach Opti-
cal and phoelectrochamical studies have showvn that
the NTNA electrodes had substantially enhanced visi-
ble light photoregponse and improved photoconversion
efficiency compared © TNA and nanoparticle elec-
trodes These mproved properties are expected o be
useful in gpplications including lar energy conver-
sion, water Plitting for hydrogen generation, aswell
as photelectrochemical degradation of pollutants

1 Expermental Section
1 1 Preparation of TIO, Nanowire A rrays

absmption

TiO, nanowire arrays (TNA) were prepared by a

modified method developed by Choi et al . Typi-
cally, the polished Ti foil (Q 25 mmolthick, 99. 38%
purity, fromol Beijing General Research Institute for
NonferrousM etals) was pretreated by rinsing in an
ultranic bath of acetone, alcohol and deionized war
ter for 5 min in turn, then chamically etched by im-
mersing in amixture olution of HF, HNO; and H,O
acids in the ratioof 1 4 5 (byVol ) for30 s rinsed
in an ultraonic bath of acetone, iwpropanol and
methyl alcohol for 5min in tum, and finally rinsed in
deionized water At the end, the obtained aubstrate
was dried with N, at roomoltemperature

The anodization process was carried out at ro-
amoltamperature using a direct current pover upply
(DahuaW ireless Instrument Ca , Beijing) in a wo-
electrode electrolytic cell, with the pretreated Ti foil
rving as the anode and Pt foil serving as the cath-
ode The anodizing woltage increased gradually framol
0 to 50 V with an increasing rate of 100 mV /s and
was then kept at 50 V for 10 h The electolyte was
15 mL of ethylene glycol (EG) wlution containing
NH,F (Q 25%, bymass and 5004 L deionized wa-
ter Generally, a snall anount of water in the EG -
lution is esential for the fomation of anodic TiO,
nanowires at a high potential After the anodization,
the obtained substrate was mmediately rinsed with
deionized water and dried with a N, stream. Then,
in oxy-
'
convert the anomphousphase o the anatase crystalline
phase

the anodized substrate was annealed at 450

gen for 3 h with the cooling rate of 2 - min’

The process of introducing the nitrogen dopant
was carried out in a tube fumace The obtained TiO,
nanowireswere immersed in Q 5mol- L' hexameth-
ylenetetranine (HMT) wlution for wo days Subse-
guently, the gpecimenswere put in quartz tube, and
the dopant was carried out by tube furnace at 400
for 1 hwhere N, acted as the carrier gas After heat
ing, the sample ramained in the furnace until natural-
ly cooling down o roomoltamperature

1 2 Characterization
Powder X-ray diffraction (XRD) was perfomed
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on aB ruker D8-A dvance X-ray pownder diffractometer
radiation A =0 15406
m). The ® range used in the measurements was
fran 20° t 80° X-ray photoelectron gectroscopy
(XPS) sudiesof the fimswere carried out on an X-
ray photoelectron gpectrameter (PH | Quantera SXM )
using a non-monochromatized Al KX X-ray surce
(1486 6 /). The energy relution of the pectrom-
eterwas st at 0 5 ¢/, and the binding energy was
calibrated using a C 1s (284 6 &/) opectrun of a

with monochromatized KX

hydrocarbon that ramained in the XPS analysis chan-
ber as a contaminant SEM mageswere acquired on
a field emisson (FE) scanning electron microsoope
(JEOL J9 -7401F) operated at3 0 KV. Mott-Schot-
tky (MS) gectra were measured with a three-elec-
trode cell, using the TiO, -based samples as the work-
ing electrode, a platinunolwire as the counter elec-
trode, and a standard Ag/A¢Cl in saturated KCI as
the reference electrode The electrolyte was 0. 1 mol
. L' KNO, agueous ®lution Mott-Schottky (M S)
Pectra were obtained with a PARSTAT-2273 Ad-
vanced Electrochemical Systamol ( Princeton Applied
Research) controlled by a computer.

1 3 Phowelectrochanical M easuraments

Photocurrent action gectra were measured in a
tvo-electrode configuration, hame-built experimental
gystamn, where the sintered TiO, photanode served as
the working electrode with an active area of about 1
an’ defined using Teflon tgpe and a platinumolwire
was usd as the counter electrode The generated
photocurrent signal was collected by using a lock-in
amplifier (Stanford Instrument SR830 DSP) synchro-
nized with a light chopper ( Stanford Instrument
R540). Photocurrent density vs bias potential char-
acteristic was conducted with a three-electrode cell,
using the sintered photbanode as the working elec-
trode, a platinunolwire as the counter electrode, and
a standard Ag/ACl in saturated KCI as the reference
electrode Photocurrent density vs biaspotential char-
acteristic pectrawasobtained with a PARSTA T-2273
Advanced Electrochemical Systemol ( Princeton Ap-
plied Research) contolled by a computer A 500 W
Xe lanp with a monochromator and equipped with

AMOL 1 5 filter (filter off lightswith wavelength shor-
ter than 400 rm for 100 mW /an’ visible light meas
urements) repectively, was used as the light source
The electolytewasQ 1 mol- L™ ' KNO, agueous -
lution A ll measuranentswere carried out after bubb-
lingN, for 20 min and controlled automatically by a
camputer

2 Reailts and D iscussion

2 1 Structural Propertiesof N itrogen

Doped TiO, Nanowire A rrays

Figure 1 dhows typical FESEM images of the
mormhologies of TNA and NTNA. A s shown in Figure
1la, the TiO, nanowires were more than 10 m in
length and 60 M in diameter, and there ramained the
TiO, nanotubeswith a diameter of about 100 rm un-
demeath the nanowires Figureslb and c show differ-
ent magnificationsof TNA. Figure 1d shows that, af-
ter nitrogen doping, the momhologiesof TNA did not
obviously change, indicating that the N-doping
process had little effect on the nanostructures of the
asprepared TNA. The momphologies of the TNA at
lov magnification were just like blooming flovers
(Figures 1b and 1c), which sened © follow the

10 .
[ ie,

bamboo-plitting nanowire fomation mode
highly organized TiO, nanotubes firstly formed in Ti
foil at the beginning of the anodization, and the nano-
tubeswere then vertically lit off into several parts by
the electric-field-directed etching The litting led ©
the fomation of NTNA on the entire TiO, nanotube
arrays

Figure 2 showvs the XRD pattemns of fabricated
TNA, NTNA and Ti foil According o the XRD re-
aults, the diffraction peaksof Ti foil could be indexed
into hexagonal phase ( ICDD-JCAFDSNa 44-1294).
The diffraction peaksof TNA hown in curve b in Fig-
ure 2 could be indexed intb anatase phase ( ICDD-
JCPDSNa 21-1272). A's shown in curve ¢ in Figure
2, the peaks of N-doped TNA showed no obvious
change campared with those of TNA, which means
the N-doping process did not change the phase of
TNA.

The N - bonding infomation and the effect of
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Fig1 FE-SBM imagesof (a), (b) and (c) different magnified TiO, nanowire arrays, (d) N-doped TiO, nanowire arrays

a. Ti foil
b. TiO, Nanowire
c. N doped TiO, Nanowire

Intensity / a.u.

20 25 30 35 40 45 50 55 60 65 70 75 80
20/ ()

Fig 2 XRD pattemsof (a) Ti foil, (b) TiO, nanowires and
(c) N doped TiO, nanowires

nitrogen doping on the optical properties of NTNA
were identified by the XPS technique From Figure
3a, it can be sen that theNTNA contained Ti, O, N
and C, and the binding energiesof Ti 2p, O 1s C
1s andN lswere459 7 ¢/, 530 2 &/, 400 2 &/
and 284 9 e/, regectively Figure 3b shows the
XPS gectraof only the nitrogen binding energies from
396 &/ 1 412 &/ with three peaks at 398 7 &/,
400 2 ¢/ and 405 eV, regectively The XPS gectra
of Ti 2p;;, and O 1s peaks are shown in Figure 3c,
which verified the substitution of N forO in TiO, crys
tals'*®.

A sFigure 3b showvs, the peak at 400 2 &/ oor-
responds  molecularly chemisorbed nitrogen § N,)

at the surfacd™ ™' or N atoms from N—N, N—H,
O—N or N-containing organic compound aborbed on
the surface ™', It has been reported that the N 1s
features gppearing above 400 &/ isdue b Ti—O—N
linkage '**! , suggesting that sme nitogen atom swere
doped in the interstitial sitesof TNA lattices In addi-
tion, the intense peak at 405 3 &/ could be origina-
ted from nitrite ions'*' | and the peak at 398 7 eV
was assigned © nitrogen atomswhich substituted forO
and doped into the crystal latticesof hanowires to fom
the Ti-N bonds ' *!,

Asfor the Ti 2p;;,, apesk is located at 458 9
&/ for NTNA (Figure 3c), which was significantly
lower than that of P25 TiO, powders (459 7 &/) %
and TiO, nanowires (459 3 &/) '*"! | al® indicating
the nitrogen incomoration into the TNA. And the Ti
2p., at 463 5 &/ peak was characteristic of the Ti"
oxidation state "', The lower binding energy of Ti
2ps, in the NTNA shawed that the electronic interac-
tion of Ti with anionswas significantly different from
that of TiO, nanoparticles and nanowires, where the
interaction was betveen Ti and O rather thanN. It is
known that the lower electron negativity of nitrogen
compared with that of oxygen resulted in a decrease in
percent ionicity and electon density around the
N anion, causing the increaxe of the Ti electron
density %',



. 436-

2009

70000f a "
60000 ¢
50000+
40000},
30000L

20000
10000

0.
1000866500

Intensity

600 400 200 0
Energy / eV

Intensity

18000
c Tizp3z 489

16000 -
14000+
12000
10000
8000+
6000
4000
2000+

Intensity

2 14000}
2 12000
10000 |

0..

450 454
Energy / eV

458 462 466 470

750t

700

650

550

402 398 394
Energy / eV
530.2

410 406

20000
18000
16000

d Ols

8000

6000 |

4000

522 526 530 534 538 542
Energy / eV

Fig 3 XPS gectra of N-doped TiO, nanowvires a elemental survey, h N 1s ¢ Ti2p;,, d O 1s

The O 1s peak gppeared at around 530 2 &/
corregonding o Ti—O in Figure 3d, whichwas smi-
lar © that for the TIO, nanowires”! | indicating that
there was no discernible change in the chanical envi-
rorment for oxygen In addition, broadening on the
higher bonding energy band for N-TiO, at 531 4 &/
could be found The appearance of this additional
peak was attributed o the nitridation process This
feature was previously assigned o the presence of an-
other kind of oxygen in N-Ti0,'”?). On the basis of
the above reaults and analysis, XPS reaults indicate
that N doping into the crystal mainly reaults in Ti—N
or N—Ti—O bonding
2 2 Mott-Schottky (M'S) Studies

Figure 4 shows Mott-Schottky (M'S) measure-
ment reaults, whichwere used  detemine the differ-
ence in electronic properties of the TNA electrodes
with or without N-dopind** *!. A's is clear fram Fig-
ure 4, reversed signoidal plotswere observed with an
overall shgpe consistent with that typical for n-type
samiconductors And the reproducible flat-band po-
tentials could be obtained from the intercepts of the
linear region” . TNA electodes showved a large

\O

i

060 030 000 030

Applied voltage / (vs.Ag / AgCl)

Fig 4 Mott-Schottky plots of for P25 nanoparticle films (a) ,
TiO, nanowires(b) and N-doped nanowires(c) elec-
trodes M ott-Schottky measuranents were done at the

8

1/C*10"%(1F?)
S o —~ N WH Lo 9

frequency of 1 kHz in the agueous lution of @ 1 mol
- L 'KNO;, pH 7. 5

positive shift of the conduction band as compared with
the P25 nanoparticle electrodes, and NTNA had more
positive flat-band potential than TNA electrodes

It is well knovn that the presence of a large
nunber of wurface states can lead o a considerable

[} In most cases a

change of the band position
large number of aurface statesor oxygen vacancies are

present in the P25 TiO, nanoparticles, whereas TiO,
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nanowire structures have a lower density of surface
states or oxygen vacancies that can lead o a change of
the band position Furthemore, in the case of NT-
NA, N atoms could substitute for same oxygen vacan-
cies and reduce the recambination centers of charge
carriers, leading to the much higher photocurrent
density observed in comparion o the P25 nanoparti-
cles Mott-Schottky results show that the NTNA elec-
trodes have lower density of surface states and thereby
improve charge trangort properties, which are useful
for enhancing photocurrent density.
2 3 Photelectrochanical
Characterization

Photocurrent measuranents with monochromatic
incident light of P25 TiO, nanoparticles and TNA with
and without N -doping were perfomed without bias in
a tvo-electrode configuration The illumination area of
the photoanode was about O 12 an’. The incident
photon-to-current efficiency ( IPCE) was calculated
using the following equation *' ;
IPCE/% =

(1240eV - ) (photocurrent densityd A /an’)
& rm) (irradianced W /an®)

x 100 (1)

500 600 700
A/ nm

Fig 5 Incident photon-to-current efficiency ( IPCE) sectra
with monochramatic light at different wavelengths of
P25 nanoparticles(a) , TiO, nanowires(b) and N-
doped TiO, nanowires(c) as photoanodes in Q 1 mol

- L ™" KNO, @lution under Xe lanp irradiation

A's shown in Figure 5, themaximum IPCE (%)
values of NTNA and TNA electrodes reached 7. 2%

and 9% at 380 ”rm, regectively, obviously higher
than 4% measaured for P25 TiO, thin film electrodes
at 340 rm. The NTNA electrodes al© showed notice-
ably higher photocurrent in the visible region, exten-
ding all the way t about 675 nfm. In contrast, the
undoped TNA and TiO, nanoparticles exhibited little
or no photoregponse in the visible region NTNA and
TNA electrodes showed an gpparent photocurrent
maximumolat about 380 rm, while the P25 TiO, layer
electrodes shoved a photocurrent maximum at about
340 rm.  The positions of the photocurrent maximum
are likely related o bandgep aswell as the effective
light absomption and scattering of the nanostructure
fims The bandgep of anatase TiO, is at 387 rm or
32/,

The higher IPCE (%) valuesof NTNA and TNA
than P25 TiO, nanoparticle electrodes could be attrib-
uted o the different pace charge layerwithin thewire
*"). Compared © random structures, the ordered
nanowire array structures could al® allow for reduced
<cattering and enhanced photoabomption
to photonic crystalsor gratings In addition, the high-

wal
smilar

er crystallinity of TiO, nanowires could al® enable
more efficient electron injection and trangort within
the array electrodes,
time and diffusion length in TiO, nanowires compared
0 nanoparticles®’. It isclear thatN doping isan ef-
fectiveway o mprove the visible aboption of ana-
tase TIO, by decreasing the effective TiO, bandgap
with N-TiIO, as a reault of either mixing O2p states

leading 10 longer electron life-

with its2p stated® or creating i®lated N2p states a
bove the valence band maximumolof TiO,! . And
nitrogen doping into TiO, substituted oxygen and de-
creased the surface oxygen concentration in TiO, crys
talline structure leading o lover maximun peak of
IPCE of NTNA than that of TNA.

Figure 6 shows that the photocurrent density asa
function of applied potentials for the NTNA, TNA and
P25 electrodes in 0 1 mol- L' KNO, ®lution under
100 mW /an’ visible light irradiation The dark cur-
rent density was found to be negligible, and the pho-
ocurrent density of nanoparticle electrodes was very
lov in the visible However, the photocurrent densi-
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ties of the NTNA and TNA electrodes were much
higher in the visible; and, furthemore, the photocur-
rent density of the NTNA electrodeswas about three
times asmuch as that of the TNA electrodes Consid-
ering the reqults in Figure 4, this result is consistent
with the expectation of enhanced photocurrent density
for the NTNA electrodes

0.00 ek . A= DN P
00 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1.0
Applied voltage / V(vs.Ag / AgCl)

Fig 6 Variation of photocurrent density vs bias potential for
P25 nanoparticle fims(b), TiO, nanowires(c) and
N-doped TiO, nanowires(d) in Q 1 mol- L' KNO,
Dlution under visible light illumination

The photoconversion efficiencyn of light energy
to chamical energy in the presence of an external ap-
plied potential could be calculated according o the
following equation*?' ;

n (%) =

otal pover output - electrical powver output
light power input
v, - |E
x100 =j, ( ) x 100 (2)

lo
where |, is the photocurrent density (mA /am’) , b
(En,) isthe otal paver output, j | Ex, | is the elec-
trical powver input, and |, is the power density of the
incident light (MW /an’). E., is the standard revers
ible potential (which isl 23V for the water-glitting
reaction) , and |Ey, | is the abolute value of the gp-
plied potential E,,, which isobtained as

Eqp = (Eness = Eogp) (3)
where E, . is the electrode potential of theworking e-
lectrode at which j ismeasured under 100 mwW /an’
visible light illumination, and E,, is the gpplied po-

tential at open circuit under the same illumination at
which } ismeasured in the same electrolyte lution
Eneas @nd E,,, are with repect o the same Ag/AClI
(saturated KCI) reference electrode

Figure 7 shows that the photoconversion efficien-
cy as a function of goplied potential for the different
photanodes studied A ccording o Eq 2, amaximu-
molphotoonversion efficiency of O 52% was obtained
for the NTNA electrodes at an goplied potential of
0 09V versus Ag/AgCl (saturated KCI) electrode
under 100 MW /am’ visible light illumination Howev-
er, under the same condition, a maximum photocon-
version efficiency of Q 2% was observed for the TNA
electrodes at an goplied potential of 0 15V, and a
maximum photoconversion efficiency of O 05% was
achieved for the P25 nanoparticles at an goplied po-
tential of 0 17 V. The reaultsclearly indicate that the
NTNA electrodes could harvest visible light more ef-
fectively than the TNA electrodes and P25 nanoparti-
cle electrodes under the sane irradiation The effi-
ciency for NTNA in the visible caompares favorably
well with obviously reported efficiency of Q. 27% for
TiO, nanotubes doped with boron'*'.

e
=)

(0.52%)

e
[

<
FY

e
¥}

Photoconversion efficiency / %
=) =
— w

(0.05%)
a

I —

00 01 02 03 04 05 06
Applied voltage / V(vs.Ag / AgCl)

0.0

Fig 7 Photoconversion efficiency as a function of goplied po-
tential inQ 1 mol- L * KNO, slution for P25 nanop-
article (a), TiO, nanowire (b) and N-doped TiO,
nanowire(c) electrodes under visible light illumination

3 Conclusions

In smmary, <elf-organized anodic anatae TiO,
nanowire arrays doped with nitrogen have been suc-
cesdully fabricated and systematically investigated
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using a cambination of FESEM, XRD, XPS, Mott-
Schottky and photoelectrochemistry techniques The
structure of NTNA has been found © be in anatase
phase Nitrogen doping into the TiO, lattice reqults in
a red-shift of abomption and enhanced photocurrent
reponse in visible region relative o undoped TiO,
fims Photocurrent measured with monochramatic in-
cident light showed the IPCE (%) values of NTNA
electrodeswere obviously higher than that of conmer-
cial P25 nanoparticle electrodes Furthemore, NTNA
electrodes diplayed a clear increase in its saturated
photocurrent density under 100 MW /an’ visible light
illumination than the undoped electrodes A maxi-
mum photoconversion efficiency of O 52% for NTNA
electrodeswas obtained, which wasmuch higher than
that on TNA and cammercial P25 nanoparticle elec-
trodes The results suggest that N-doped TiO, nanowi-
re arrays have good progect for olar energy and other
goplications due o their mproved optical and photo-
electrochamical perfomances
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