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Abstract

We report the photoelectrochemical performance of Si-doped ZnO nanorods (NRs) synthesized via two step sol-gel and
hydrothermal technique. In the X-ray diffraction patterns the prominent (002) peak confirms the hexagonal wurtzite phase
for all samples. In addition to this, the Field Emission Scanning Electron Microscopy images also confirm the hexagonal
shape of the NRs with the inclusion of this group IV dopant. The absorption spectra clearly indicates the increase in absorb-
ance in the visible region after doping Si as compared with the undoped ZnO NRs. Bandgap tuning has been noted to be
possible after doping. With the insertion of Si*" ion into the ZnO matrix, the oxygen defects acting as recombination centers
are reduced, as observed from the photoluminescence (PL) spectrum. We obtain a photocurrent density of 1.101 mA cm™
values (approximately 4.5 times higher than the ZnO sample) at +0.438 V in presence of 0.1 M NaOH electrolyte solution
under visible light illumination (AM 1.5G) for the 8% Si-doped ZnO NRs sample. We attribute this enhancement to the
reduction in recombination centers causing suppression of electron—hole recombination due to the reduced oxygen defects
as observed in the PL spectrum. The enhanced absorption along with higher surface area of the NRs also promoted the
increase in photocurrent value for this Si doped sample. The stability tests conceived that the doped ZnO NRs samples can
better behave as a promising photoelectrode material for further generation of clean green energy.

1 Introduction

The increased quest for renewable energy has attracted
immense attention of numerous researchers for efficient
conversion of solar energy into some useful form of energy.
Storing solar energy in the form of chemical bonds is one of
the most preferred approaches to solve the energy crisis in
the similar fashion as done by nature in case of photosyn-
thesis [1]. In view of this, photoelectrochemistry has been
considered to provide a unique and efficient way for the con-
version of solar energy into preferred chemical energy [2].
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By means of photo-induced electrolysis of water, hydrogen
can be produced at semiconductor/electrolyte interfaces,
which can later be used as fuel. This concept has been privi-
leged because of two important facts i.e., firstly the abun-
dance of sunlight, essential for carrying out the process and
secondly the formation of water, the only by-product after
combustion of hydrogen. Photoelectrochemical (PEC) water
splitting cells are thereof best known for their ability in the
conversion of solar energy to consumable fuel by splitting
water into nascent hydrogen and oxygen. Moreover, a liq-
uid junction PEC cell owes a special interest in research as
it provides a quite simpler way to assemble the cell upon
insertion of the semiconductor electrode in a solution [3].
Typically, it consists of a semiconductor photoelectrode to
generate electron—hole pair upon illumination along with a
reference and counter electrode.

Till date, several materials have been reported for their
best suitability in solar water splitting applications [4].
In view of the above, oxides are always preferred for this
purpose due to their environmentally benign nature. Some
oxides like ZnO [5, 6], Cu,O [7, 8], TiO, [9, 10], WO; [11,
12], BiVO, [13, 14],a-Fe,05 [2, 15] etc. have been proven
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most reliable for solar water splitting applications. Proper-
ties like nontoxicity, cost-effectiveness, stability have given
preference to these materials for photoelectrochemical appli-
cations. But some drawbacks like structural defects, limita-
tion in light absorptivity, poor stability in aqueous medium
and enormously short recombination time are associated
with these materials which result in reduced efficiency [16].
Among the above oxide materials, ZnO has been noted to be
widely investigated due to its superiority over others. It is a
well-known n-type material with a wide bandgap of nearly
3.2 eV, direct band structure, large exciton binding energy
of 60 meV at room temperature. As a photoactive mate-
rial, properties like high electron mobility, electron transfer
efficiency along with abundant morphologies, simple tailor-
ing of nanostructures and favorable environmental compat-
ibility proves its strong candidature. Beyond this ZnO has
also wide range of applications in optoelectronics, sensing
devices etc. [17-19]. Its suitable band positions i.e. conduc-
tion band minimum at — 0.31 V and valence band maxi-
mum at +2.89 V (both values were measured w.r.t Normal
Hydrogen Electrode (NHE)), proves its credibility for water
oxidation (1.23 V vs. NHE) [20].

Despite of these physical and chemical properties, ZnO
has several drawbacks that makes its candidature feeble as
a photoactive material. Firstly, being a UV active material
it is able to use only 4% of the solar spectrum which is very
less as compared with visible light (43%) [21]. Secondly,
the photocorrosion of ZnO in case of long-term photocat-
alytic reactions also put hurdles in its commercialization
[16]. Besides this, the fast surface recombination rate of pho-
toinduced electron-hole pairs also restricts the efficiency.
For suitable photoactivity, a material should be capable of
efficient charge collection followed by separation and trans-
fer to the surrounding medium. In case of nanorods (NRs),
their large surface area-to-volume ratio takes the advantage
by providing a large interface area to the surrounding elec-
trolyte medium. This helps the minority carrier to diffuse
through the interface making an efficient charge separation
possible. Not only this but also in order to achieve high pho-
tocurrents, the hole should leave the interface easily so the
diameters can be controlled which may suffice the hole diffu-
sion length [22]. Therefore, these one-dimensional structures
have emerged as a reliable candidate for photoelectrochemi-
cal efficiency enhancement.

Several synthesis techniques, like chemical vapor depo-
sition [23, 24], magnetron sputtering [25], pulsed laser
deposition [26], atomic layer deposition [27], electrodepo-
sition [28], spray pyrolysis [29] and hydrothermal [30]
have been reported till date for the fabrication of ZnO
NRs. However, in light of its simplicity, cost-effectiveness,
large area deposition, and flexibility in the compositional
modification, the hydrothermal method has pervasively
being used for commercialization. Besides this the use of

low temperature for this report was desirable in order to
avoid any other secondary phases.

ZnO being a wide bandgap metal oxide semiconductor
suffers with the loss of photoactive electron hole pair due
to recombination and causes adverse effects on the pho-
toactivity [31]. Incorporation of several dopants into the
ZnO host matrix have proved beneficial for enhancement
of better physical properties [32]. In view of the chemi-
cal stability issues of photoelectrodes, basically two types
of approaches are followed in real photoelectrochemical
systems. Firstly deposition of a conductive as well as pro-
tective layer to tackle the issues with corrosion during
reaction and secondly the development of new methods
such as surface modification, formation of heterostruc-
tures etc [33, 34]. Several groups have reported the use of
metal oxides such as SiO,, TiO,, Al,O5 as capping agents
for the ZnO nanostructures in order to gain better chemi-
cal stability [16, 35]. We believe that with the inclusion
of Si in ZnO nanostructures, better photostability can be
conceived for the one dimensional nanostructures. Si has
been a notable dopant and occupies the cation site in I[II-V
semiconductors for enhancement of both optical and elec-
trical properties. Not only this could help in enhancing the
physical properties but also it will prove its usefulness in
Si-related devices. An intermediate phase of Zn,Si0O, is
obtained upon insertion of Si in ZnO mostly at high tem-
peratures [36], as both Zn and Si possess several similari-
ties in terms of electronegativity (1.65 and 1.9) and atomic
radius (0.133 and 0.117 nm) [37]. Thus it has remained a
challenge to use Si as a dopant for ZnO NRs.

A very few reports are available with ZnO NRs doped
with Si [38, 39]. Minami et al. have reported that by using
Si; a group IV element as a dopant causes a decrease in
resistivity and increase in transmittance of the films [40].
It has also been reported earlier that with substitution of
Si in ZnO lattice, it can more likely happen that Si will
replace Zn owing to the low defect formation energy and
acts as a n-type semiconductor [41, 42]. Here in this article
we have doped Si via a low cost, solution based approach
which showed improvement in doping percentage along
with physical properties as compared with earlier reported
literature [43].This can be further helpful in the fabrication
of solar cells to serve as a bottom contact. In this study, we
for the first time have investigated the photoelectrochemi-
cal performance of ZnO NRs after doping Si. This result
can help to fabricate suitable photoelectrodes for applica-
tion in PEC cells. Owing to its resistivity and transpar-
ency, it may also prove beneficial for tandem structures in
light of solar water splitting as well as other photovoltaic
applications. Furthermore, the stability of ZnO NRs after
doping is investigated which can help in further fabrication
of stable photoelectrodes.
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2 Experimental details
2.1 Materials

Zinc acetate dihydrate (Zn(CH;COO0),-2H,0, 98% purity),
Monoethanolamine (C,H,NO, 98% purity), Zinc nitrate
hexahydrate (Zn(NO5),-6H,0, 98% purity), Hexamethylene-
tetramine (CgH,N,, 99% purity), Sulphuric Acid (H,SO,,
Emparta ACS grade, 98% purity), Acetone (C;HzO,Emplura
grade, 99% purity), 2-propanol (C;HgO, Emplura grade, 99%
purity), Hydrogen Peroxide (H,0,, Emparta grade, 30%
purity) from Merck Chemicals; 2-Methoxyethanol (C;HgO,,
99% purity) and Tetraethoxysilane (TEOS) (CgH,,0,S1, 99%
purity) were purchased from Alfa Aesar Chemicals respec-
tively and used as received without any further purification.
The entire process was carried out with deionized water (DI
water) wherever the experiment necessitates.

Standard procedure was followed for substrate cleaning.
The glass substrates were cut with an area of (1 x 1) cm?.
These were ultrasonicated with different solutions during the
cleaning process with specified time duration. In the begin-
ning, Piranha solution (H,S0O,:H,0,::3:1) was used for 02 h
to create a rough surface for better deposition of thin films.
Subsequently, the substrates were treated with acetone and
ethanol followed by DI water after each successive step for
20 min. These glass substrates were further dried in a hot air
oven for a duration of 03 h. Finally, the samples were treated
with nitrogen gas for 10 min before coating.

2.2 Synthesis of photoelectrodes

All the ZnO NRs samples were synthesized via sol-gel, spin
coating and hydrothermal method as reported elsewhere
through a two-step procedure [44, 45]. First is deposition of
the seed layer on cleaned substrates and in second step NRs
are grown by dipping the seed layers in growth solution.
All the growth conditions including the growth temperature
were kept at 90 °C for 5 h as per our earlier reports [45].
Tetraethoxysilane has been used as a Si dopant precursor.
A separate solution was prepared for each concentration by
dissolving Si precursor in DI water as required, ranging from
2.0 to 8.0 molar %. Finally, the dopant solution was added
dropwise into the growth solution containing hexamethyl-
enetetramine and zinc nitrate hexahydrate as per the desired
concentration. The Si-doped ZnO NR arrays were prepared
in the similar fashion as mentioned earlier for undoped ones.
Finally, the prepared films were rinsed with DI water fol-
lowed by drying at room temperature. The samples grown
with several doping percentages i.e. 0, 2, 4, 6 and 8%; are
hereafter named as ZnO, 2SZ0, 4SZ0, 6SZ0 and 8SZO
respectively.

@ Springer

2.3 Characterization techniques

The crystallinity of all the nanostructured samples were
examined via a X-Ray diffractometer (PANalytical Empy-
rean model) using monochromatic CuK,, radiation
(A=1.5406 A). The surface morphologies of the NRs were
visualised by using Field Emission Scanning Electron
Microscopy (FESEM) (ZEISS Supra 55 model). The opti-
cal parameters of the nanostructures were enunciated from
the absorption spectra by means of an UV-Vis-NIR dou-
ble beam spectrophotometer (Agilent Cary 5000 model).
Photoluminescence and time-resolved photoluminescence
measurements were carried out by using a Cary Eclipse flu-
orescence spectrophotometer (Agilent Technologies). The
Hall measurements were carried out by using a Hall Effect
measurement set up (Ecopia Model) at Inter-University
Accelerator Centre (IUAC), New Delhi, India. For photo-
electrochemical measurements, a customized three-electrode
cell configuration consisting of a Pt sheet, an Ag/AgCl (satu-
rated with KCI) and grown nanostructured thin films as a
counter, reference and working electrodes, respectively have
been used. An aqueous solution of 0.1 M NaOH has served
the role of an electrolyte. The electrode potential was varied
from — 0.5 to + 1.0 V using a potentiostat (Princeton EG &
G Applied Research). In order to create suitable light and
dark conditions, the samples were illuminated by using an
Oriel AM 1.5G filtered Xenon arc lamp with the intensity
set to 100 mW cm™2.

3 Results and discussion
3.1 Structural properties

Figure 1 depicts the X-ray diffraction (XRD) patterns of
all the hydrothermally grown doped and undoped ZnO
NRs. From the diffraction patterns, the characteristic dif-
fraction peak (002) of the ZnO NRs can be clearly seen
which verifies the hexagonal wurtzite structure (JCPDS
card n0.36-1451, space group P6;mc) [15]. The prominent
diffraction peak observed for (002) plane in ZnO NRs were
stronger than those from other planes. Thus the crystal
has growth along c-axis based on the strongest, character-
istic (002) diffraction peak, and is also in suitable agree-
ment with earlier reported literature [15]. The shifting of
(002) peak towards higher 20 values has occurred for an
increase in dopant concentration and clearly represented
in Fig. 1. Due to the substitution of lower ionic radius Si**
(0.04 nm) as compared to Zn”* (0.074 nm) in ZnO host
lattice, the crystal plane spacing shrinks causing reduction
in cell volume as well as shifting of (002) peak towards
higher angle side [27, 46, 47]. The average crystallite size
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Fig.1 XRD patterns of as-prepared ZnO NRs and Si-doped ZnO NRs along with the magnified XRD pattern representing the higher angle shift-

ing of (002) peak with increase in doping concentration

was calculated using the Debye—Scherrer’s formula rep-
resented in Eq. (1). The dislocation density was estimated
from the Eq. (2).

_ 09
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5= D2 (2)

The lattice constants were calculated using the follow-
ing equations as reported earlier [28, 47],

A
a= ——
\/5 sin 6 )
A
~ sin O @

where 4 is the wavelength of CuK,, radiation used
(=1.5406 A), and @ is the angle of diffraction. The variation
in length of c-axis of the ZnO NRs are attributable to Si**

ions occupying the Zn sites in the wurtzite crystal structure.
It can be better understood as, when the Si** ions tries to
replace 7Zn?*, it creates cationic vacancies due to the elec-
trical neutrality of ZnO crystal (as given in the mechanism
below) [48].

2Zn* - Sitt + Vit

®)

Thus the reduction of c-axis length as well as higher angle
shifting of the (002) peak position indicates that Si** ion
has occupied the substitutional positions of Zn>* leading
towards structural deformations and stress within the ZnO
host matrix. The stress induced in the ZnO matrix by the
incorporation of Si** ion was estimated using Eq. 6 and rep-
resented in Table 1.

where cis the lattice constant obtained from the (002) dif-
fraction peak and ¢, is 5.205 A for bulk ZnO. It was also
observed that the doping has caused an increase in the
FWHM values of (002) peak as compared with the undoped
ZnO NRs sample. Thus it can also be conceived that the

G = —453.6 X 109{ o-° ©)

Co

Table 1 The structural

Sample 20 at (002) plane (°) ¢ a Crystallite ~ Stress ¢ Dislocation
parameters calculated from A) A) size (m)  (x10°) density (x 1073)
XRD (N m™) (nm)~2

ZnO 34.3136 0.522259 0.301535 92.86 —0.667546  0.115955

2870 34.38006 0.52128 0.30097 60.35 —0.865369 0.274596

4570 34.34635 0.521776  0.301257 90.31 —0.773865 0.122606

6SZ0 34.37274 0.521388 0.301032  59.03 —1.111995 0.28702

8SZ0 34.3656 0.521493  0.301093 89.26 —0.679746  0.125513

Crystallite size was calculated using Debye—Scherrer’s formula
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crystallinity of the NRs decreases upon doping. Among all
the samples only 2SZ0O shows an exception of excess shift-
ing of (002) peak. It can be better conceived that stoichio-
metric modification of the film with Si addition or existence
of lower oxidation state of Si are the prime causes for this
shift concluding with variation of c-parameter [49]. Mean-
while the tetravalent impurity after being integrated into the
host matrix has caused in the rise of asymmetric peaks in
case of some samples. As reported by several groups the
asymmetric nature may would have occurred due to the
anisotropic shrinkage of lattices, which leads to lattice dis-
tortion [50, 51]. Furthermore, Chason et al. suggested that
during the growth of nanostructures, there occurs transition

from incremental tensile to compressive stress even if the
growth rate is assumed to be constant which was observed
to be in agreement with our experimental results [52].

3.2 Morphological properties

Figure 2a—j represents the top view and cross sectional view
field emission scanning electron microscopy (FESEM)
images of undoped and Si-doped ZnO NRs. All the FESEM
images were analyzed using ImageJ software. From the top
view images all the samples were observed to be well con-
tained with vertically aligned hexagonal NRs in a regular
manner on the substrate. The effect of Si concentration on

Fig.2 Top view and typical cross sectional view FESEM images of
(a, b) ZnO NRs, (¢, d) 2SZ0, (e, f) 4SZO, (g, h) 6SZ0, (i, j) 8SZO
samples at 500 nm and 1 um scale respectively; (k) Graph showing

@ Springer

variation in diameter and length of all the samples along with change
of Si doping concentration
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Fig.2 (continued)

the morphology can be clearly visualized in the images.
Upon doping Si with ZnO, all the sampes showed an
increase in the diameter as compared with the undoped sam-
ple (221 nm). The diameters of the nanorods were observed
to vary within the range of 220-630 nm. As TEOS (Si
precursor) is easily soluble in water and forms SiO, along
with methanol so we cannot completely neglect its pres-
ence during the syntheis procedure. Due to the stability of
Si0, it remains inactive within the growth solution and the
number of dopant ions available to replace Zn** decreases.
We understand the random variation in the diameter val-
ues of SZO samples has occurred because of these charge

carriers. The variation in the diameters are caused due to the
replacement of Zn** by the Si** ion at the interstitial posi-
tions. These results were also in agreement with the carrier
concentration values obtained from Hall effect experiment
and described in Table 2. Because of this possible reason the
4570 sample shows out of the trend behaviour as compared
to the other samples. With the addition of Si, the hexagonal
structure has been maintained for all the sample. But with a
subsequent increase in concentration the shape of the rods
becomes prominent.

It can also be clearly noted that the NRs density (defined
as number of nanorods per unit area) has decreased upon
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Table 2 The average diameter as well as length were calculated from
FESEM. The carrier concentration was measured from the Hall effect
set up

Sample Average diam-  Length (um) Carrier concentra-
eter (nm) tion (crn)’3 (X 1015)

ZnO 221 1.902 0.5523

2570 490 2.794 76.85

4S70 360 3.038 66.17

6570 610 3.244 108.6

8570 624 3.583 131.14

increase in doping concentration. Not only this but also the
lengths of the NRs were found to be increased after doping
Si. Figure 2k presents the variation in diameters as well as
length of the NRs with change in Si doping concentration.
It has been reported earlier that the higher values of diam-
eters shows absence of surface effects at least for minority
charge carriers in n-type semiconductors [22, 53]. It can
be proved advantageous as the surface recombination has a
significant impact in reducing the photocurrent. Besides this

(a)

Absorbance (a.u.)

(b)

Wavelength (nm)

L] L] L] LJ LJ L) L]
350 400 450 500 550 600 650 700 750

the enhancement in the morphological parameters causes a
significant increase in the surface area leading towards bet-
ter photophysical properties by absorbing most of the solar
energy as compared to its undoped counter part [54, 55].
Thus better photoresponse can also be obtained for the NRs
with higher diameter and lengths. Only from these results we
cannot rule out the presence of surface defects. So in order
to get a better clarity regarding the defects as well as their
impact on the solar light driven processes, photolumines-
cence (PL) and photocurrent experiments were carried out.

3.3 Optical properties

The absorption spectra of all the synthesized NRs samples
investigated within the spectral range 350—750 nm is rep-
resented in Fig. 3. The bandgap values were enunciated
from the absorption spectra by means of Tauc’s plot and
the results so obtained were summarized in Table 3. The
absorption band edge for undoped ZnO NRs was obtained
at ~390 nm. It has also been observed that the absorption
percentage is less in the visible light range. Due to the
addition of Si, a slight increase in the absorbance values

{achv)?(ev cm™)2

L] LJ
305 310 315 320 325 330 335 3.40
Energy (eV)

Fig.3 (a) UV-Vis absorption spectra and (b) Tauc’s plot for all the grown ZnO NRs films

Table 3 The optical band gap, absolute electronegativity and conduction band and valence band level, refractive index, high frequency dielectric

constant, static dielectric constant from absorption spectrum results

Sample Optical band  Absolute electro ~ CB level (eV) VB level (eV) Refractive High frequency dielec- Static dielectric
gap (eV) negativity (x) index (n) tric constant(eoc) constant (€,)

Zn0O 3.240 5.792495145 —0.327504855 2.912495145 2.4028 5.7735 8.5408

2S70 3.268 5.796518978 —0.337481022 2.930518978 2.3976 5.7487 8.45456

4S70 3.250 5.800545607 —0.324454393 2.925545607 2.4010 5.7646 8.51

6SZ0 3.220 5.804575033 —0.305424967 2914575033 2.4065 5.7914 8.6024

8SZ0 3.189 5.808607258 —0.285892742 2.903107258 2.4123 5.8948 8.69788
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in visible range has been observed. Tunable bandgap prop-
erty of the as-grown nanostructures has evolved because
of replacing Zn>* ion by Si** ion. With 2% Si-doping, the
bandgap value showed an increase from 3.24 to 3.268 eV.
But afterward as we go on increasing the concentration a
constant decrement is observed (shown in Table 3). The
conduction band, as well as valence band levels, were cal-
culated theoretically in case of all the ZnO NRs samples as
reported earlier [47] and summarized in Table 3. The incre-
ment in bandgap values observed with the 2SZO sample can
be explained by Burstein- Moss (BM) effect [56]. It states
that in an intrinsic semiconductor, the fermi level lies below
the conduction band and upon an increase in the concentra-
tion of charge carriers it gets shifted above, which causes a
blue shift of bandgap. With the increase in the addition of
tetravalent impurity further a clear reduction of bandgap has
been observed, which has been considered due to the new
ion (Si*") energy level formed within the valence band and
conduction band. Further the increase in the concentration
of carriers is also being clearly indicated by the interstitial
zinc atoms or oxygen vacancies at room temperature. Along
with the increase in electron concentration due to subsequent
doping of Si**, charge carriers move randomly as well as
gets scattered upon striking with ionized impurities. This
causes in modification of electronic states, which plays the
major role in decrease of bandgap. Thus many body effects
like exchange and Coulomb interactions overcomes the
Burstein—Moss effect [57].

The refractive index (n) and dielectric constant (€)of a
semiconducting material play an important role in determin-
ing the optical and electrical properties. The refractive index
of all the samples was calculated using Moss relation [58].

E,n* =108eV 7

Both static and high-frequency dielectric constant values
were further worked out for all the samples using the follow-
ing equations and represented in Table 3.

€ =17 ®)

&0 = 18.52 - 3.08E, ©)

It can be clearly concluded that the polarising ability of
8SZO is highest as compared with the rest samples. Further-
more, the static dielectric constant values indicate that at a
low frequency or constant electric field the highest doped
sample gives better results.

PL spectroscopy provides a wide scope for the analysis of
the essential radiative processes (recombination or separa-
tion) of the photogenerated electron—hole pairs being carried
out within the semiconductor. More or less the PL spectra
of ZnO consists of two major peaks. First one is the UV
emission, also named as near band edge (NBE) emission

centered approximately at 390 nm and the second one is a
broad peak also called as the deep level emissions (DLE) in
the visible range [59]. A detailed analysis of this has been
reported earlier [47]. Figure 4a represents the room tem-
perature PL spectra of all the SZO samples as a function of
concentration with excitation at a wavelength of 320 nm.
All the samples were observed to possess a broad peak in
the visible range, ranging from 475 to 675 nm. This is usu-
ally attributed to the singly ionized oxygen Vacancies(Vg)
and considered responsible for green emission in DLE.
From Fig. 4a, it can be clearly inferred that the Si dopant
percentage is inversely proportional to the PL intensity of
green emission peak and subsequently for 8SZO attended
the lowest value. These variations in intensity can also be
seen as the effect of successful incorporation of Si** ion
into the ZnO host matrix. The weak emission as seen from
the PL graph for the 8SZO shows that the sample is in pos-
session with the lowest surface defect as compared with
the other doped samples. Furthermore, lesser the defects,
fewer recombination centers are present causing a better
electron flow pathway [60]. Due to the wide unavailability
of recombination centers, which acts like energy barriers
at the interface causes the photoelectrons and holes to stay
separated for a comparatively longer duration. Subsequently
resulting in efficient charge separation leading to increment
in current density values and hence improvement in the PEC
performances. In order to study the role of oxygen vacancy
on photoelectrochemical efficiency, all the nanostructures
were treated in a similar electrochemical environment using
a three-electrode system under appropriate dark and illumi-
nation conditions. Figure 4b represents the time-resolved
photoluminescence spectra of all the ZnO and SZO samples.
To elucidate the carrier life time, the decay curves were fit
monoexponentially (shown in Fig. 4c—g). After fitting the
curve, a better carrier lifetime of 0.09427 ms was observed
for the 8SZ0 sample as compared with ZnO (0.05314 ms).

3.4 Photoelectrochemical properties

In order to evaluate the photoperformance of each photo-
anode the photocurrent density generated was measured by
irradiating from the front (semiconductor to substrate) side
of the film while being immersed in electrolyte solutions.
Figure 5 represents the photoelectrochemical behavior of
all the samples (photoelectrodes), observed in both dark and
illumination conditions by means of a three electrode pho-
toelectrochemical cell (PEC) in presence of 0.1 M NaOH
(pH=13). For undoped ZnO NRs a photocurrent density
value of ~0.245 mA cm~ was observed as compared with
0.0038 mA cm™ (in dark) at +0.438 V (vs. Ag/AgCl). Fur-
ther, upon illumination the photoresponse values showed
notable enhancement along with increase in the dopant
concentration. The highest photocurrent density of nearly
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Fig.4 (a) The photolumi-
nescence spectra. (b) Time-
resolved photoluminescence
spectra of undoped and
Si-doped ZnO NRs films. (c—g)
Monoexponentially fitted decay
curves for all the samples

1.101 mA cm™2 was observed for the 8SZO photoelectrode.
Further an enhancement factor of nearly 350, 110, 77 and
32% were obtained for the undoped ZnO (0.245 mA cm™>),
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2SZ0 (0.525 mA cm™2), 4SZ0 (0.622 mA cm ™) and 6SZO
(0.829 mA cm™?) samples respectively as compared with
the highest obtained photocurrent for 8SZ0O sample. Among
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Fig.5 Photocurrent density (mA cm™2) versus applied potential (vs.
Ag/AgCl) measurements of undoped ZnO NRs and Si-doped ZnO
NRs films under dark and visible light illumination at room tempera-
ture in 0.1 M NaOH electrolyte solution

all the samples, the immediate photocurrent generation at
lower potential values of 8SZ0O sample indicates the superior
PEC properties. It can be clearly remarked that the increase
in photoabsorption as well as reduction in surface defects
have supported the increase in photocurrent density after
the insertion of Si in ZnO host matrix. Furthermore, the
separation of photogenerated electron—hole pairs also occurs
more effectively at the semiconductor/electrolyte interface.
This infers that, there is a decrease in the recombination
probability, which is also in agreement with our PL results
(shown in Fig. 4a). Again the inclusion of Si, has more likely
caused the increase in surface area, and a better photocon-
ductivity as well.

The photoconversion efficiency (PCE) (n) for photo-
anodes was estimated by using the Eq. (10). Though the
equation is meant for the two-electrode system it has been
assumed that the same current—voltage behavior is observed
for our three-electrode system, relying on this concept we
have used this for qualitative explanation in a similar way as
done by earlier reports [2].

Total power output — electrical input

% ) = x 100
n%) Light power input
(123 -V
= ol oo x 100 (10)
Piight
where V, (V) is the applied external potential, J, is the

externally measured current density (mA cm™2) at Vpp and
Pj;ondds the power density of the incident source of light (mW
cm™2). Figure 6 presents the PCE of all the SZO films along
with variation in molar concentrations with reference to the

Applied Potential (V vs. RHE)
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Fig.6 PCE (%) for undoped ZnO NRs and Si-doped ZnO NRs films
under dark and visible light illumination at room temperature using
0.1 M NaOH as an electrolyte solution

undoped ZnO NRs sample. The PCE values estimated for
all the samples were represented in Table 4. A significant
increase was observed after Si doping on ZnO NRs and for
8SZ0 sample maximum PCE of 0.8738% was observed,
which is approximately 4.5 times higher as compared to
undoped ZnO NRs film electrode (0.19404%). The PCE
was found to be increasing with subsequent increase in the
concentration, which is also well consistent with the photo-
current results.

Furthermore, the stability along with the enhanced photo
performance of the photoelectrodes are considered as the
critical evaluation factors for industrial application. In
regard to this photostability of ZnO has ever remained as a
challenge without use of sacrificial agents [31]. ZnO reacts
with both acid as well as base due to its amphoteric nature
[61, 62]. Again, taking into account the acidic electrolyte
medium the etching rate is faster than that of the later [63].

Table 4 Photocurrent and photocurrent density values along with
enhancement percentage (8%) due to illumination from LSV meas-
urements. Photo conversion efficiency of Si-doped ZnO nanorods

Sample Photocurrent density (mA cm™2) at +0.438 V. PCE (%)
from LSV curve
Dark (Jpp) Ilumination (J;) 5 (%)
ZnO 0.00379 0.245 349.388 0.194
2870 0.00259 0.525 109.714 0.416
4570 0.00449 0.622 77.010 0.493
6SZ0 0.0331 0.829 32.811 0.656
8SZ0 0.00501 1.101 - 0.873
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ZnO as a photoanode suffers with two types of decomposi-
tion. Firstly the cathodic decomposition and second one is
the photoanodic decomposition [61, 63].

Cathodic decomposition:

ZnO +2¢~ +2H" - Zn + H,0 (1)
Photoanodic decomposition:
27n0 + 4h* = 2Zn** + 0O, (12)

In this present case, we have focussed on the cathodic
decomposition of the samples. In order to study the photo-
electrochemical stability of Si-doped ZnO NRs, the samples
after PEC measurement under dark and illumination con-
ditions (described earlier) were examined under FESEM.
Figure 7a—d represents the top view images of the SZO
samples at several scales after the experiment. After a typi-
cal scan and tested under illumination conditions within
the potential window of —0.5 to + 1.0 V (vs. Ag/AgCl)
in presence of 0.1 M NaOH for 30 min, the images were
collected. For a better understanding, an attempt was being
made to collect the images containing both the untreated
as well as electrolyte-dipped regions. In all Fig. 7a—d the
variation can be clearly observed, where the NRs struc-
ture is moderately maintained even if after the experiment.
All the samples were found to possess moderate stability.

Ve I %
- a = & 4 - 42

o

i e e e o e

All the aforementioned samples faced a minimal damage,
which can be better treated as stable photoelectrodes. This
highlights the stability of the prepared samples upon inser-
tion of Si. The robustness can also be better investigated
with other suitable parameters of electrolyte, which is cur-
rently beyond the scope of this context. Based on the present
study obtained so far the 8SZO sample can be considered
as the best one owing to its stability in alkaline medium and
highest PEC efficiency (as compared to the other fabricated
nanostructured samples).

4 Conclusion

We have described the systematic study of Si-doped ZnO NR
samples, synthesized by using low cost facile sol-gel hydro-
thermal technique. Both XRD and FESEM images were in
well agreement with the fact that no structural changes occur
for the ZnO nanorods upon doping with Si. The variation in
bandgap also provides a scope for bandgap tunability with
this dopant. Using Si** as a dopant caused an enhancement
of the photocurrent values due to the more number of elec-
trons reaching the conduction band. A PEC efficiency of
0.87% was also obtained for the 8SZ0O sample due to the
increased photo-absorption owing to its increase in surface

5 AN M ed g 4 (b)
Unexposed P ol . —/}17"; Exposed [S/AANC
E R

500 nm

Fig.7 Top view FESEM images of the all the Si doped ZnO NRs samples after PEC measurement in presence of 0.1 M NaOH in sequence as

(a, b) 2SZ0, (¢, d) 4SZO, (e, f) 6SZO, (g, h) 8SZO
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e

Fig.7 (continued)

area as well as reduction in surface defects. Finally, the pho-
toelectrochemical stability of this amphoteric metal oxide
was discussed. The study revealed that 8SZO sample can be
further used with regard to their PCE efficiency and stability
to aqueous media.
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