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ARTICLE INFO ABSTRACT

Keywords: Despite its abundant, nontoxicity and photochemical stability, titanium dioxide shows low solar water oxidation
Titanium dioxide performance due to low photogenerated carrier transport and wide optical band gap, which results in sub-
Codoped stantially low photogenerated carrier density that impair the solar to hydrogen conversion efficiency. Herein,
Photoelectrochemical water oxidation highly enhanced water oxidation performance of high-aspect-ratio TiO, nanorods doped with dual heteroatoms,
f\;g‘:gen sulfur and nitrogen, for photoelectrochemical solar water oxidation is demonstrated. The codoped TiO, NRs

have shown enhanced optical absorption coefficient due to the induced impurities energy states near to the top
of the valance band and result in a red shift in the optical absorption edges. Consequently, a 2.82 mAcm ™2
photocurrent density at 1.23 V vs. RHE is obtained from the sulfur and nitrogen codoped TiO, nanorods, and
pristine TiO, nanorods photoanode shows 0.7 mAcm 2. The applied bias photon-to-current conversion effi-
ciency and external quantum efficiency of the codoped TiO, nanorods are 1.49% and 97.0% at A = 360 nm and
0.69% and 19.1% at A = 370 nm for pristine TiO, nanorods, respectively. Our study offers experimental and
theoretical evidence for codoping of sulfur and nitrogen improve the optical and electrical properties of TiO, for
efficient photoelectrochemical solar water oxidation.

the optical properties of the TiO, nanostructure and show a red shift in
the optical absorption that enhances the charge generation efficiency of
the photoanode [7,8]. Similarly, doping of anions such as N [9-13], C

1. Introduction

Titanium dioxide is one of the most researched semiconductors for

solar energy conversion devices, including solar water splitting (SWS)
[1-3]. Although efforts have been made to tune the optical and elec-
tronic properties of TiO, in order to enhance the charge generation,
transport, and transfer efficiency without suppressing the photo-
chemical stability, TiO, is yet at the rear position in the race of n-type
semiconductors for solar water splitting due to a slight improvement in
the aforementioned drawbacks of TiO, [4,5]. Various routes and me-
chanisms have been developed to regulate the optical and electrical
properties of TiO, for efficient photoelectrochemical solar water oxi-
dation [4,6]. For example, thermal treatment of TiO, under high
oxygen deficient environment results in oxygen vacancies and form
shallow donors of energy levels which are near to the conduction band
of TiO,. The intentionally introduced impurity energy states can tune
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[14], S [15,16], or cations e.g. Cu [11], Nb [17], W [18], Fe [19], Co
[20], Cr [21], Mn [22] and surface coating with precious metals [23],
can improve the optical, electrical properties and the photoelec-
trochemical performances of TiO,. Furthermore, dual heteroatom
doping of TiO, with carbon and tungsten has shown improved photo-
electrochemical (PEC) water oxidation performance due to the en-
hancement of the photogenerated charge carriers transport and transfer
efficiency of the host material [18]. However, a substantial enhance-
ment of the photocurrent density at the 1.23V vs. RHE was not ob-
served from co-catalyst free TiO, photoanodes due to the high surface
and bulk recombination of photogenerated carriers, low photo-
generated charge carrier separation and collection [18,24].

The theoretical calculation and experimental studies have shown
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Fig. 1. (a) Schematic of expected density of state (DOS) for pristine and codoped TiO, NRs with sulfur and nitrogen. (b) Schematic illustration of hydroxide ions
adsorption on the surface of (i) pristine TiO, NRs with titanium ion, (ii) codoped TiO, NRs with sulfur ion, respectively, and (iii) activation energy for oxygen
evolution reactions for pristine TiO, NRs (red curve) and codoped TiO, NRs (blue curve). (c) Optical image of synthesized TiO, NRs codoped with different
concentration sulfur and nitrogen. (d) Optical image of a prepared photoanode for photoelectrochemical measurements. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

that the codoping of TiO, with nonmetals can tune the optical and
electrical properties of TiO, imposing impurities energy states near to
the top of the valance band [24-26], as shown in Fig. 1(a). The optical
band gap narrowing of TiO, codoped with sulfur and nitrogen could be
due to the mixing of the partially filled N 2p and S 3p with the O 2p
states and/or forming local states [27]. Nitrogen can be a substitutional
(No, nitrogen replace oxygen) and/or interstitial dopant in the TiO,
[28]. Sulfur can have several different charge states in the TiO, such as
$72,8** and S°*: the most probable anionic sulfur (S~2) when the
sulfur atom substitutes the oxygen atom, the cationic sulfur ($**) when
the titanium atom of TiO, is substituted by the sulfur atom, and the
cationic sulfur (S®) when the formation of sulfate occurs [29]. Both
the anionic and cationic sulfur states can act as optically active centers
and catalytically active surface sites in the TiO, [30]. Fig. 1(b) shows a
schematic for the adsorption of hydroxide ions (i) on the titanium and
(ii) sulfur atoms at the surface of TiO, in the alkaline solution. Proton
can transfer from the photoanode to the hydroxide ion with the lower
activation energy for TiO, doped with sulfur than pristine TiO,, as
shown in Fig. 1(b) (iii), since the sulfur dopant can act as an effective
adsorption site for the hydroxide ion in TiO, [26]. Likewise, the optical
absorption edge of S doped TiO, could shift toward the visible light
wavelength due to intentionally induced energy states. However, there
are no experimental and theoretical studies that substantially verify the
impact of codoping sulfur and nitrogen in the optical, electronic and
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photoelectrochemical water splitting properties of TiO,.

Therefore, this work demonstrates the influence of dual heteroatom
doping sulfur and nitrogen in the optical, electrical and photoelec-
trochemical properties of TiO, using both experimental and theoretical
calculations. The details hydrothermal facile synthesis procedure is
presented in the method section and illustrated in Fig. S1. We have
studied the impact of codopant precursor concentration in the photo-
electrochemical performance of TiO, (S, N) NRs photoanode and
identified the optimum dopant precursor concertation.

The photoelectrochemical performance of codoped TiO, (S, N) NRs
is found to be larger than the pristine TiO, NRs photoanode. Moreover,
the linear sweep voltammograms (LSV) measurement shows the op-
timum current density 2.82 mAcm ~? for the codoped TiO, (S, N) NRs
photoanode at 1.23V vs. RHE, which is much higher than the pristine
TiO, NRs photoanode, 0.7 mAcm ~ 2. The outperform PEC performance
of codoped TiO5 (S, N) NRs over pristine TiO, NRs is attributed to the
improvement of optical charge carrier generation and charge carriers
transport in the TiO, (S, N) NRs photoanodes. Additionally, the mea-
sured chronoamperometry of codoped TiO, photoanode at 1.23V vs.
RHE for ~47 h has confirmed that the photochemical stability of TiO,
is not impaired by the dual heteroatom doping of sulfur & nitrogen. To
corroborate the experimental findings, theoretical calculation was
conducted using first-principles density functional theory and verified
the effect of N-doping, S-doping and (S, N)-codoping in the TiO,. The
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theoretical calculation reveals that dual heteroatom doping can de-
crease the dopant formation energy and enhance the optical absorption
coefficient of TiO5 NRs. Therefore, our study of codoped TiO, NRs with
sulfur and nitrogen can contribute to the rapidly growing research field
of the development of efficient PEC photoanode for solar water oxida-
tion.

2. Experimental

2.1. Synthesis of codoped TiO, NRs on FTO/glass and photoanode
preparation

The codoped TiO, NRs have grown on the FTO/glass using hydro-
thermal synthesis method with precursors DI-water, HCI and tetrabutyl
titanate solutions with the amount of 25 ml and 25 ml, 0.8 ml, respec-
tively [31]. Different amounts of sulfamic acid from 5mg to 15mg as a
source of nitrogen and sulfur were added. The precursors were added
sequentially as follows: DI-water, HCI, sulfamic acid and tetrabutyl ti-
tanate to a glass beaker and stirred vigorously using magnetic stirrer
until the cloudy color changed to colorless as shown in Fig. S1(a).
Subsequently, the solutions were transferred to a teflon beaker (100 ml)
in which the FTO/glass was placed at the bottom keeping the active
side faced up as shown in Fig. S1(b). The teflon beaker which had the
precursor solution and the substrate, FTO/glass, was inserted into the
autoclave and sealed properly as shown in Fig. S1(c). Subsequently it
was cooked for four hours at 180 °C in an oven and kept inside until the
temperature reached room temperature as shown Fig. S1(c). The syn-
thesized codoped sample was removed from the teflon and rinsed re-
peatedly using DI-water and subsequently annealed at a temperature of
350 °C for half an hour in the ambient air condition. The temperature
for annealing was ramped up at the rate of 5 °C/min until it reached the
final temperature of, 350 °C. The sample was kept inside the furnace
until the annealing temperature reached 140 °C and then was removed
from the furnace.

Additionally, N-TiO, NRs by adding 5.0 gm urea to the solution
containing TiO, precursor and S-TiO, NRs by sulfurization of TiO, NRs
using tube furnace and 5 mg sulfur powder were synthesized.

We have prepared six different TiO, NRs photoanodes, four with
different amounts of sulfamic acid precursor, as a source of both sulfur
and nitrogen, to identify the optimum codopant concentration of
H3NSO; and designated as: sample one (pristine) which contain 0.0 mg
of sulfamic acid, sample two (SN1) a 5 mg, sample three (SN2) a 10 mg,
and sample four (SN3) a 15mg, and the remaining two photoanodes
were N-TiO, NRs and S-TiO, NRs to identify the effect of individual
element to the PEC performance of TiO, NRS. Afterward, all the syn-
thesized NRs using a blade from the FTO/glass substrate except
~10.0mm? area were removed. A copper wire was connected using
silver past to the conductive side of FTO/glass for the collection of
majority charge carriers. The conductive part of the photoanodes except
for the tail of the copper wire and a 9.74 mm? photoactive part, i.e., the
area that was exposed to the electrolyte, repeatedly covered by trans-
parent nail polish. To cure the TiO, (N, S) NRs photoanodes which were
covered with nail polish are kept in the ambient air for a couple of
hours, then the photoanodes become ready for PEC measurement as
shown in Fig. 1(d).

2.2. Materials characterization

The morphologies of the synthesized pristine and codoped TiO» NRs
were investigated using field emission scanning electron microscopy
(FESEM: MERLIN compact, JEOL). The phase crystallinity of both
pristine and codoped TiO, NRs was observed with high-resolution
transmission electron microscopy (JEM-2100F, JEOL) and X-ray dif-
fractometer (Bruker Miller Co., D8- Advance). The codopant distribu-
tion and elemental mapping were analyzed with high resolution X-ray
photoelectron  spectroscopy  (Kratos AXIS-His) and scanning
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transmission electron microscope coupled with energy dispersive X-ray
spectroscopy (JEM-2100F, JEOL). To measure EDS line scan, thick TiO,
(S, N) NRs were synthesized [32] and a nanorod was cut at an arbitrary
position to obtain the distribution of sulfur and nitrogen in the bulk and
at the surface of TiO, NRs. The EDS line scan data of TiO, (S, N) NRs
were obtained from the cross section of the cut nanorod and the EDS
line scan was measured by FESEM. To identify the consequences of
codopant, nitrogen and sulfur, in the optical properties of TiO, NRs,
UV-vis absorption spectra were measured with wavelengths ranging
from 300 nm to 800 nm. To measure the electrical properties of the
synthesized samples a shadow mask with a hole diameter of 200 pm
was taped on the top of the samples and subsequently, a silver metal
contact was deposited using an electron-beam evaporator (KVE-
E2004L) at the surface of the masked samples as shown in Fig. S5(a)
inset. The current-voltage measurements were conducted at room
temperature using a probe station with two probe tips. Afterward, the
conductances of pristine and codoped TiO, NRs samples were calcu-
lated.

2.3. Photoelectrochemical measurement

The photoelectrochemical properties of both pristine and codoped
TiO, NRs were measured using computer controlled potentiostat
(IVIUM Technologies, nSTAT). All the PEC measurement were per-
formed with NaOH electrolyte (pH = 13.6), single compartment cuv-
ette and three electrodes configuration such as, the prepared photo-
anode, Ag/AgCl electrode and graphite rod were used as working,
reference and counter electrode respectively. A Xe arc lamp was used as
a light source and calibrated to 100 mWcem ~? using a standard silicon
photodiode at the sample location. In all of the linear sweep voltam-
mograms measurements, the photoanodes were anodically polarized at
the scan rate of 20 mV/sec during both illumination and in the dark
measurement. The measured potential V vs. Ag/AgCl were converted to
reference hydrogen electrode (RHE) using the following Eq. (1),

Veee = E + Epg/ager + 0.059 X pH o)

where E is applied potential vs. Ag/AgCl and Eag/agci is 0.21 V vs RHE
and Vryg is the applied potential vs. RHE.

The IPCE, which is equivalent to external quantum efficiency, of the
samples was measured at applied bias potential of 0.23V vs. Ag/AgCl
using computer controlled monochromator (MonoRal50) and an am-
plifier for photocurrent detection. The electrochemical impedance
spectroscopy (EIS) was measured at 0.23 V vs. Ag/AgCl with respect to
open circuit potential (OCP) and sweeping in the frequency range of
350K Hz-0.1 Hz with an AC amplitude of 10 mV. The EIS Nyquist
curves were fitted to equivalent circuit using Zplot 2x software. To
obtain the carrier concentration of the synthesized TiO, NRs, Mott-
Schottky (M-S) measurements were performed at frequency of 1kHz
with a sweeping bias potential of 0.0 V-0.8V vs Ag/AgCl using the
same electrodes and electrolyte presented somewhere above. The car-
rier density was calculated using a M-S Eq. (2),

1 1

kT
T
CSC EI—E()A eNp (S

(2)
where Cg. space charge layer of the sample, ¢, relative permittivity of
the sample, ¢, 10, is 170 [8], €, permittivity of free space, A is active
surface area of the measured sample, e is an elementary charge, Ny, is
carrier density of the measured photoanode, E is applied potential, Eg, is
flat band potential of the measured material, k and T are Boltzmann
constant and temperature, respectively.

The applied bias photon-to-current conversion efficiency (ABPE)
measurement was performed using two electrodes, the prepared pho-
toanode and platinum wire without any sacrificial donor/acceptor and
single compartment cuvette. The bias potential (V) was applied be-
tween the working electrode and the counter electrode (Pt wire). The
resulting ABPE value were obtained using the following Eq. (3),
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IJ(mAcm~2)| x (1.23 — [Vu1)(V)
I(mW cm™2)

ABPE = ( ) X 100 %

3
where J is the photocurrent density, I the incident illumination in-
tensity (100 mWem ™ 2) and Vy, the bias potential, 1.23V is a thermo-
dynamic water splitting potential.

2.4. Theoretical calculation

Vienna Ab initio Simulation Package (VASP) [33] with projector
augmented-wave (PAW) potentials is used for the density functional
theory (DFT) calculations. We employ the generalized gradient ap-
proximation (GGA) for the exchange-correlation function. The energy
cutoff of the plane-wave basis set to 400 eV and the 3 X 3 X 4 Mon-
khorst-pack k-point sampling is used for primitive cell of rutile TiOs.
For the defect calculation, we use 144-atom supercell with I'-only k-
point which corresponds to same k-point density compared to primitive
cell. The dopant formation energy is calculated using following Eq. (4),

Eror (doped, q) = it (doped, q)—Eit (perfect) + Y Nigt, + q(er + evpm)
)

where Er,, is the formation energy of dopant, E,, is the total free energy
of supercell, q is the charge state, N; and y; are the number and chemical
potential of the chemical species i, and ep is the Fermi energy with
respect to the valence band maximum energy (eysm). Ecorr iS the cor-
rection energy to remove spurious electrostatic interactions among
image charges in the repeated cells. For E.,,, we use FNV correction
considering the anisotropic dielectric constant [34,35]. We use con-
ventional DFT calculation for the calculation of defect formation en-
ergies, so the band gap is underestimated. For optical-property calcu-
lations, we adopt HSE06 hybrid functional with 0.25 of the fraction of
Fock exchange which result in the band gap of 3.16eV. We use the
2 X 2 X 2 Monkhorst-pack k-points and large number of unoccupied
bands are included to obtain well-converged result. The frequency de-
pendent dielectric matrix is obtained from the calculation and absorp-
tion coefficeint is calculated using Eq. (5),

i
Jei +ei—¢g

k@)= \/ 2 ®)

+ E corr

2wk (w)

Xabs =

where a,,s is the absortion coefficient, w is the frequency, k(w) is re-
fractive index, c is speed of light, and ¢; and ¢, represent real and
imaginary part of dielectric function. The partial density of states are
obtained by PAW projector using the result of optical propery calcul-
cation.

3. Result and discussion

The optical image of the synthesized samples with different amount
of sulfamic acid (H3NSO3) (see method section for detail) such as
0.0mg, 5.0mg, 10.0mg, 15.0mg for pristine, SN1, SN2 and
SN3specimens are shown in Fig. 1(c), respectively. The color of the
synthesized TiO, NRs specimens has slightly changed from dull white to
light yellow while the amount of codopant precursor has increased.
Fig. 1(d) shows the photoanode with the active area encircled by the
red dotted line, and the details preparation of the photoanode is pre-
sented in the method section. The pristine TiO, NRs and codoped TiO,
(S, N) NRs have an average length of 6.7 ym and 150 nm in diameter as
revealed by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) shown in Fig. 2 and Fig. S2. The high aspect
ratio (length/diameter) nanorods have short photogenerated carrier
diffusion length than planar TiO, [36]. The TEM and selected area
electron diffraction patterns (SAED) measurement reveal that the
crystalline phase and the lattice parameter of both pristine and codoped
TiO, NRs do not show any noticeable difference as shown in Fig. 2. It
was found that both pristine and codoped TiO, NRs are a rutile phase.
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The lattice plane of {110} and {001} for both pristine and codoped
TiO, NRs were clearly visible and the plane spacing parameter d was
calculated for both samples.

The lattice spacing dyx are found to be dgo; = 0.296 nm and
di10 = 0.325 nm for (001) and (110) planes, respectively, as shown in
Fig. 2(c) and (g). It is plausible to assume that the low concentration of
the codopant in the TiO, specimens and the negligible difference in the
atomic radius between the codopant and oxygen atom will show in-
distinguishable crystalline phase and lattice parameter [9].

Crystallinity and growth habit analysis of the synthesized pristine
and codoped TiO, NRs was conducted using X-ray diffraction mea-
surement. All samples were found to be a rutile structure of TiO, (as
confirmed by TEM analysis) with different lattice plane peak intensities,
i.e., (002) > (101) > (110) as shown in Fig. 2(e). The intensity differ-
ence suggested that the preferred growth direction could be [001] for
both pristine and codoped TiO, NRs. Moreover, the intensity of (110)
facet for codoped TiO, NRs is smaller than the intensity of (101) facet
while the intensity of (110) facet for pristine TiO5 NRs is greater than
the intensity of (101) facet.

The reason could be that the codopant in the TiO, NRs can exist in
that facet and discourage the growth in the [110] direction while mo-
tivating the growth in the [101]. Energy dispersive spectroscopy (EDS)
analysis revealed that nitrogen and sulfur dopants are uniformly dis-
tributed in the entire TiO, NRs, as shown in Fig. 2(i) and Fig. S3. The
concentration of oxygen in the codoped TiO, NRs sample is slightly
lower than that of pristine TiO, NRs as shown in Fig. S4. The observed
low oxygen amount in the codoped TiO» NRs could be a result nitrogen
and sulfur, which substituted the oxygen atom in the TiO5 NRs [13].

To unveil the chemical states of the codopant (nitrogen and sulfur)
in the TiO, NRs, high-resolution X-ray photoelectron spectroscopy
(XPS) measurements were conducted as shown in Fig. 2(j)-(m). The
deconvolution of the spectra shows that nitrogen has two peaks in the
TiO, (S, N) NRs at the binding energy of 399.3 eV and 400.9 eV. The
two N 1s peaks arise from a Ti-N and N-O bond due to the substitution
of nitrogen for oxygen (No) and the existence of nitrogen atom in the
interstitial sites, respectively, and these peak positions correspond to
previous studies [37,38]. These peaks also observed in the Ti 2p and O
1s spectra. The interstitial nitrogen in the TiO, may serve as a potential
recombination sites for photogenerated carriers [11]. Likewise, the S 2p
spectrum has two peaks at 170 eV and 172 eV of binding energy; these
two peaks may be attributed to the oxidation states of $** and $>~ for S
atom in the TiO; NRs [15]. The anionic sulfur peak arise when the
oxygen atom is substituted by the sulfur atom (Sp) and the cationic
sulfur peak suggests the substitution of titanium atom with the sulfur
atom (Sty).

The PEC performance of pristine and codoped TiO, NRs was mea-
sured and the LSV curves of all samples are presented in Fig. 3(a). It is
known that the pristine TiO, NRs show low current density at 1.23 V vs
RHE due to no absorption of the visible light wavelength and low
charge carrier transport properties [10,39]. Similarly, our pristine TiO5
NRs show a current density of 0.7 mAcm ™2 at 1.23 V vs. RHE as shown
in Fig. 3(a) (purple color). The obtained photocurrent density of pris-
tine TiO, NRs is less than the theoretical predicted current density of
TiO, [40]. However, all the codoped photoanodes samples, Fig. 3a (red,
blue and green curves) exhibit an excellent PEC performance for water
oxidation with current densities of 2.82, 2.45 and 1.7 mAcm ~2 at 1.23
vs. RHE (V) for the SN1, SN2 and SN3 photoanodes, respectively. The
SN1 photoanode has the highest photocurrent density among of all
photoanodes, and more specifically it has four times higher photo-
current density than the pristine TiO, NRs photoanode at 1.23 vs. RHE
(V). The possible reasons could be (i) the rate of charge generation has
dominated the recombination rate (ii) the sulfur dopant provides cat-
alytically active surface sites and facilitate the rate of adsorption and
desorption of reactant and product, respectively. Furthermore, in gen-
eral, the multi-element doping can employ to manipulate the density of
photogenerated carriers and carrier kinetics of the host material; and
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sectional TEM image for pristine TiO, NRs (c¢) High resolution TEM image for a pristine TiO, NRs. The inset is a magnified image for the selected region. (d) Selected
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web version of this article.)
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Comparing our result with recently published results. The green mark in the dark red bar (our photoanode) indicates the amount of photocurrent difference from the
dark blue bar. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

this work has confirmed the effectiveness of codoping sulfur and ni-
trogen pairs to enhance the performance of the TiO, photoanode. The
chronoamperometry of all samples was measured with chopped light
with a 0.3s time interval. The photocurrent curve behavior in the
transient measurement is highly dependent on carrier accumulation
and the rate of carrier recombination. While the light source was off,
the photocurrents in all codoped samples, SN1, SN2 and SN3, were
slowly reducing to zero as shown in Fig. 3(b). Therefore, the slow
turnoff of current density in the codoped photoanodes attributed to the
enhancement of carrier diffusion length.

Moreover, to verify the individual dopant, S and N, contribution to
the PEC performance of TiO, NRs N-TiO, NRs and S-TiO, NRs were
studied by doping a 5mg of each nitrogen and sulfur containing the
precursor to TiO,. The LSV curves of the N-TiO, NRs and S-TiO, NRs
were compared with SN1 and pristine photoanode as shown in Fig. S6.
It has been observed that individual element can enhance the current
density of the TiO, NRs photoanode, however, the codoped TiO, NRs
photoanode is yet superior. The current density at 1.23 vs. RHE (V) of
pristine TiO5 NRs, N-TiO, NRs, S-TiO, NRs and SN1-TiO, NRs were 0.7,
1.1, 1.71 and 2.82 mAcm ™=

The electrochemical impedance spectroscopy (EIS) of TiO, NRs
photoanodes was measured to elucidate the charge transfer in the in-
terface between electrode and electrolyte (Rrio2); and between the
synthesized TiO, NRs and FTO substrate (Rtio2,/rro)- The corresponding
Nyquist plots have shown a single semi-circle which began at the origin
as illustrated in Fig. 3(c). The fitted equivalent circuit element of the
obtained Nyquist data consists of R, Rrios, Rrioz/Fro and constant
phase elements (CPE). The corresponding analyzed circuit element
values are presented in Tablel. Despite the slight variation of Rg value
of the photoanodes, such as pristine = 17.1, SN1 = 12.4, SN2 = 13.84
and SN3 = 13.8 Qcm?, the obtained series resistance (Rs) values have
confirmed that the excellent photocatalytic performance of TiO5 NRs.
The charge transfer resistance at the electrode-electrolyte interface
(Rrioz (Qcm?)) in the SN1, SN2, SN3 and pristine photoanodes are
216.06, 362.33, 424.7 and 676 Qcm? respectively.

Moreover, the charge transfer resistance at the TiO, NRs-FTO

Table 1
Fitted charge transfer and transport resistance.

Photoanodes R, (Qcm?) Rrioz (Qcm?) Rrioz/rro (Qcm?)
Pristine TiO, NRs 17.1 676 383.63

SN1 12.4 216.06 127.9

SN2 13.84 362.33 192.85

SN3 13.8 424.7 229.7

interface (Rrioz2/Fro (Qcm?) for the SN1, SN2, SN3 and pristine are
127.9, 192.85, 229.7 and 383.63 Qcm?, respectively. The codoped
samples have smaller Rrio> and Rrioo/rro than the pristine TiO, NRs
photoanode. Likewise, the electrical conductance of the TiO, NRs was
found to be 6.23 x 107 '%,3.9 x 1078, 2.65 x 10, and 2.35 x 107 '°
Sm~! for the pristine, SN1, SN2, and SN3 samples, respectively, as
shown in Fig. S5(a). The Ryijoo and Rrioz,rro Were increased and the
conductance was decreased while the amount of codopant concentra-
tion increased these could be due to the enhancement of lattice and
impurities scattering in the codoped TiO5 NRs [41].

To analyze the ability of the photoanodes to convert the input
photons into output electrons, we measured the incident photon-to-
current conversion efficiency (IPCE) of the photoanodes at a wave-
length of 300 nm to 800 nm at 1.23 V vs. RHE as shown in Fig. 3(e). The
IPCE values of the photoanodes are 19.1% at a wavelength of 370 nm,
97.0% at a wavelength of 360 nm, 75.7% at a wavelength 350 nm, and
65.1% at a wavelength of 370 nm for pristine, SN1, SN2, and SN3, re-
spectively. The IPCE onset wavelength of the codoped samples, SN1,
SN2, and SN3 is ~430 nm, shown in the inset of Fig. 3(e), corresponds
to the optical band gap of 2.88 eV for codoped samples. The enhanced
IPCE efficiencies in the UV region (wavelength < 400 nm) are highly
related to the decrease of charge transfer and transport resistances in
the TiO, (S, N) NRs photoanodes. Therefore, the photocurrent densities
of the codoped samples partly accredited to the improvement of the
carrier kinetics in the specimens. The UV visible absorption of all four
samples was measured to identify the contribution of the
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photogenerated charge carriers to the IPCE values of the photoanodes
and it was found that the optical absorption of all codoped samples
have shown a slight improvement of the entire wavelength of < 450 nm
relative to the pristine TiO, NRs sample as shown in Fig. 3(d). It implies
that the concentration of photogenerated electron-hole pairs is higher
in the codoped samples, which has a role in the enhancement of IPCE
value for the codoped samples. The calculated optical band gap of TiO,
NRs using a UV visible absorption data and Tauc plot is 3.1 eV for
pristine and 2.88 eV for all codoped TiO, NRs samples (SN1, SN2, SN3)
as shown in Fig. S5(b), which is highly aligned with the estimated band
gap using the IPCE onset wavelength. The decrease of the optical band
gap of TiO, from 3.1 eV to 2.88 eV for codoped samples attributes to the
formation of new defect energy states to the top of valance band of TiO5
NRs due to the presence of nitrogen and sulfur.

In comparison with the current densities at 1.23 vs. RHE (V) of
recently reported TiO, photoanodes without co-catalysts, in which their
performance was improved by doping anions or/and cations [18,42],
Au decoration [3], heterojunction [32]. Hydrogen treated [43], and
morphology and surface engineering [1], and the current density of our
codoped TiO, NRs photoanode is plotted in Fig. 3(f). The TiO5 NRs
photoanode codoped with nitrogen and sulfur was found to be superior
to those photoanodes, particularly the SN1 photoanode has a 11.4%
higher current density (which is indicated by green mark on the dark
red bar) at 1.23 vs. RHE (V) than the hydrogen treated TiO, photoanode
[43], which is considered as the best photoanode from co-catalyst free
TiO, based electrodes that have been reported for PEC water oxidation.

The Mott-Schottky (M-S) measurement is performed to determine
the effect of codopant in the carrier density of the TiO, NRs specimens.
Consequently, the inverse squares of the capacitance of the space
charge (Cs.) of the nanorods versus electrode potential V for all samples

(a)
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were plotted as shown in Fig. 4(a). The slope of M-S plots for all
samples are positive and this suggests that the synthesized TiO, NRs
samples are n-type semiconductors. Furthermore, the calculated carrier
density of the TiO, NRs specimens are found to be 8.6 X 10'7, 6.9 x
10'® 5.6 x 10'® and 3.68 x 10'® cm ™3 for the pristine, SN1, SN2, and
SN3 samples, respectively. From these values and the lattice parameters
of TiO, crystals, it was confirmed that each dopant occupies a sub-
stitutional site per each 10 unit cells. The distance between the dopants
is estimated to be about 4.4 nm along the a and b axis and 2.7 nm along
the c axis. Because the distance between dopants is too close to each
other, we could not observe the exact distance between dopants in the
TEM-EDS analysis. But the dopants are uniformly distributed
throughout the entire TiO2 nanorods based on the TEM-EDS images in
Fig. 2.

The increment of carrier density in the codoped samples implies the
improvement of charge carrier kinetics in the photoanodes. This is
manifested by the enhancement of IPCE in the UV region and chopped
light chronoamperometry measurement. Another main cause for the
improvement of carrier density in codoped samples could be due to the
red shift in optical absorption edge from UV (400 nm) to visible region
(430 nm) that enhances the charge generation efficiency of the samples.

The applied bias photon-to-current conversion efficiency (ABPE) of
the best performing photocathode, SN1, and pristine TiO, NRs were
measured using the two electrode configuration experiment. The ob-
tained current density using the two electrode configuration is lower
than the three electrode experiment as shown in Fig. 4(b). The decrease
in photocurrent density during two electrode experiment is attributed
to the enhancement of the thermodynamic water splitting potential
[40]. The calculated ABPE using Eq. (3) for pristine and SN1 was found
to be 0.69% at maximum power point potential of, Vi, = 1.35V vs.

(b)
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Fig. 4. Mott-schottky plot and Photoelectrochemical efficiency of the photoanodes. (a) Mott-schottky plot for pristine and codoped samples (SN1, SN2 and SN3). (b)
Two electrode LSV curves of pristine and SN1 samples. (c) Applied bias photon-to-current conversion efficiency of pristine and SN1 samples. (d) Chronoamperometry

measurement of the SN1 photoanode for long period of time.
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Fig. 5. (a) Calculated formation energies of defect complexes (solid line) compared to sum of each isolated dopants (dash line). Chemical potentials are determined
from the assumption that chemical potential of oxygen is E(O5) — 1.5 eV, which is arbitrarily chosen for the good visibility. GGA functional is used for the calculation.
(b) Light energy versus absorption coefficient by HSE06 hybrid functional calculation. Absorption coefficient is shown in log scale. The region in the dashed square is

magnified in the inset figure.

Pt electrode and 1.49% at 0.71V vs. Pt electrode and illustrated in
Fig. 4(c). We measured chronoamperometry of SN1 samples for an
extended time to verify the photochemical stability of the codoped
samples. The measured photocurrent density versus time curve shows
that the SN1 sample is stable for more than 47.4h without any no-
ticeable degradation as shown in Fig. 4(d). The photoelectrochemical
oxidation of water from codoped samples for an extended period of
time confirms that the codoping of nitrogen and sulfur can’t impair the
intrinsic photochemical stability of TiO».

To gain a further understanding of codopant atom interaction with
the host atoms and with each other a density functional theory (DFT)
calculation were employed to discuss the dopant formation energies,
optical properties and partial density of state (PDOS) of N-doped, S-
doped, and (S, N)-codoped TiO, specimens (See Experimental Section
for more computational details). The dopant formation energy calcu-
lation shows nitrogen is found to prefer oxygen substitutional site (No)
while the cation substitutional site is very unstable. Interstitial nitrogen
requires much higher formation energy compared to No in low oxygen
partial pressures, but it becomes comparable to N as the formation
energy of No increases with O, pressure. In the case of sulfur, both
anion substitution and cation substitution can exist depending on the
chemical environment. In high O, pressure region, titanium substitu-
tional sulfur (St;) is dominant while oxygen substitutional sulfur (Sp)
takes the majority in oxygen deficient environment. These results well
agree with our XPS analysis.

Therefore, the resulting defect chemical reactions, while both sulfur
and nitrogen doped in the TiO,, could be presented using the conven-
tional Kroger-Vink notation (i)-(iii), Which fulfills the required con-
servation of mass, charge, and lattice site stoichiometry. While the N3
substitute the O lattice site in the TiO, one may describe the elec-
tronic defect as (i) and

N —2, TiTi0 + NO' + 1/2000 + hO o

TiO2 o o "
S— Sy + 200 (ii)
S —22, 5.0 + Tig? (iii)

the charge has to be balanced by the addition of a hole. While $*-
and S** substitute oxygen lattice site (0?) and titanium lattice site
(Ti**) in the TiO,, respectively, the corresponding electronic defect
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chemical reaction can be described as (ii) and (iii).

To identify the codoping effect in terms of dopant stability, we
compare the formation energy of defect complexes with the sum of
isolated dopant formation energies as shown in Fig. 5(a); both defect
complexes of No with Sp ([No-Sol), and N with St; ([No-Sti]) are more
stable than sum of each isolated dopants. Especially for No-St;, the
formation energy is lowered by 0.62eV as N and Sy; interact when
they are next to each other. This means codoping of nitrogen and sulfur
can enhance the dopant stability and higher dopant concentration can
be obtained compared to when they are doped separately. Since the
binding energy gain of [No-So] is much smaller (~0.07 eV) than for
[No-Stil, the concentration of [No-Sp] in the TiO, NRs expected to be
smaller. We note that the chemical potentials are chosen in Fig. 6(a) to
provide better visibility for each defect complex, but the relative for-
mation energies can be reversed depending on the chemical environ-
ment.

To compare the light absorption efficiency in visible light region,
the absorption coefficient of each doped-TiO, are calculated in
Fig. 5(b). Each absorption coefficient is calculated using the defective
supercells containing each defect or defect complex, corresponding to 1
~ 2 at. % of dopant concentrations. The charged states of each dopant
or dopant complex are determined by assuming that the Fermi level is
within the upper region from the mid gap position since undoped TiO,
is an n-type semiconductor. First, it is shown that So° significantly in-
creases absorption in the visible light region while No' ~ and S;° show
almost no contribution in the energy window below 3 eV. However, in
the case of [No-Si]1*, the defect complex from codoping makes sig-
nificant increase of absorption coefficient in the visible light region,
unlike the monoatomic (sulfur or nitrogen) dopant. This is because the
interaction between Ng and Sy; creates deep and localized states in [No-
Sti1'~ which facilitate the optical absorptions. On the other hand, the
[No-Sol*~ does not show a significant difference from that of Sp°. As
already shown in Fig. 5(a), the interaction between neighboring No-So
is weak, so the increase in the visible light region should be mostly
contributed by So°.

These features also can be explained by the partial density of states
(PDOS) of each defect configurations as shown in Fig. 6. The defect
states of No' ~ and Sy;° are lying near the VBM while So°, [No-So]'” and
[No-S;1* form the defect states around 1 eV above VBM. We confirm
that the localized state above the VBM of [No-So]'” is mostly composed
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Fig. 6. (a) Dopant configurations and partial density of states (PDOS) (a) No' ™, (b) So°, (€) Sti°, (d) [No-Sol' ™, and (e) [No-Syi] . x-axis represents relative energy
level from the VBM of bulk TiO, and grey-dashed line indicates the highest occupied levels of each defect. For (d) and (e), isosurface of highest occupied orbitals is

shown in the dopant configuration.

with S 3p with negligible hybridization with N 2p that is also shown in
the isosurface of the defect state in Fig. 6(d). Unlike [No-Sol*, the
defect state of [No-Sri]'” is made by hybridization of No!" and Sty° as
shown in Fig. 6(e). Since both $% (So”) and S$** (Sr°) are present in our
sample, both [No-St;1'" and [No-So]* contribute to the enhancement of
the PEC performance of the photoanode.

The related photoreactivity of SN-TiO, NRs/FTO photoanode is
demonstrated in the Fig. S7. The theoretical calculation confirmed that
between the band gap of TiO, the hybrid localized defect states of S 3p
and N 2p are observed. The enhanced current density in the SN-TiO,
probably because the excitation takes place from the localized defect
states of S 3p and N 2p using visible light as shown in Fig. S7. The
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photogenerated hole from the localized defect states of the S 3p and N
2p, and O 2p state of TiO, reduces the OH- ion and produce water and
oxygen gas [44].

4. Conclusion

We studied TiO, NRs codoping with sulfur and nitrogen for PEC
water splitting. We found that codoping nitrogen and sulfur can en-
hance the photocurrent density of TiO, photoanodes without suppres-
sing the photochemical stability of titanium dioxide. The out-
performance of codoped TiO, NRs photoanodes is due to the
intentionally formed impurity energy states at the top of TiO, valence



D.M. Andoshe et al.

band and enhanced charge transfer and transport properties of the host
material. The PEC performance of codoped TiO, NRs photoanode is
highly dependent on the concentration of codopant precursor. The PEC
perforce was decreased when the codopant precursor concentration was
increased. The optimum amount of codopant concentration nitrogen
and sulfur, in the TiO, NRs shows a 2.82 mAcm 2 current density at
1.23V vs. RHE, which is four times higher than the pristine TiO, NRs
photoanode, and 1.49% of applied bias-to-current conversion effi-
ciency. Moreover, the codoped TiO, NRs photoanode can convert the
incident photon to current with 97% efficiency in the UV wavelength
region. The theoretical study suggests that the interaction between the
dopant atoms (S, N) and the host material can enhance the dopant
stability in TiO, due to the low dopant formation energy for the [No-
Stil defect complex. All codopant complex either [No-Sti] or [No-Sp] in
TiO5 can enhance the optical absorption coefficient in the visible light
region. We have also demonstrated the partial density of states for all
possible dopant configuration in the TiO, specimens to corroborate the
optical absorption coefficient enhancement. Although our study only
focuses on the codoping of nitrogen and sulfur in TiO, NRs, this ap-
proach can be extended to other codopants such as acceptor-acceptor,
acceptor-donor and donor-donor pairs in the titanium dioxide photo-
electrode to enhance the PEC water splitting performance.
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