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ABSTRACT

Herein, by using chemical methods such as successive ionic layer adsorption
and reaction (SILAR) and spin coating we have demonstrated a novel strategy
for the synthesis of ternary hybrid to study photoelectrochemical (PEC) per-
formance. To the best of our knowledge, for the first time we have represented a
case study of achieving optimum SILAR cycles for Ag nanoparticles decoration
on ZnO nanorods and a discussion was made on a role of multi-walled carbon
nanotube (MWCNT) as a top layer over Ag-ZnO nanostructures for better PEC
performance. Firstly, Ag nanoparticles loading over SILAR grown ZnO nanor-
ods was varied for different SILAR cycles to optimize better photocurrent. This
Ag-ZnO hybrid showed higher photocurrent density of 0.45 mA/cm? at 1V
bias (vs SCE) and photoconversion efficiency (PCE) of 0.21% (0.45 V vs SCE).
Thereafter, MWCNTSs were garnished by using spin coating as a top layer on
Ag-7Zn0O hybrid leading to the formation of ternary hybrid of MWCNT-Ag-
ZnO for further enhancement of PEC activity. We believe that top layer of
MWCNT plays a vital role of electron and hole transfer and bridges Ag deco-
rated ZnO nanorods together leading to well-connected conducting pathways
for efficient charge collection and transport. The appropriate band bending of
MWCNT-Ag-ZnO hybrid leads to the formation of active interface helping out
in charge separation leading to excellent photocurrent density of 0.56 mA /cm?
at 1V bias (vs SCE) and photoconversion efficiency of 0.26% (0.45 V vs SCE).
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Enhanced light harvesting, higher donor density, appropriate band bending,
lowest charge transfer radius of C—-Ag—ZnO hybrid signifies that efficient charge
transfer and restriction to charge recombination leading to the enhanced PEC
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Introduction

Tremendous consumption of conventional energy
sources causes their fast depletion demanding search
of novel ways of energy generation and storage [1, 2].
In the hunt, one of the green energy sources and most
promising techniques is water splitting for hydrogen
generation with the assistance of sunlight [3]. Since
the past few years, several metal oxides such as TiO,,
Fe;O;, NiO, BiVO, and ZnO are being utilized for
efficient water splitting [1, 4]. Among all of them,
ZnO is a widely used semiconducting material
because of its advantageous properties like high
surface area, effective light harvesting, good mobility
of electrons, lowest charge transfer resistance, etc. [5].
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Such properties can be tuned by molding ZnO into
diverse nanostructures like nanopencil, nanorods,
nanoflowers, branched nanorods, urchin-like struc-
tures, etc. [5-8]. Under light illumination, electrons
from the valence band of ZnO get excited to the
conduction band. Since reduction and oxidation
potentials of water stand exactly within band edge
potentials of ZnO leading to an interesting alignment
of Fermi levels. This results in faster electronic
transport from ZnO to water leading to reduction of
water and flow of photocurrent.

However, the band gap of ZnO is 3.37 eV so that it
can absorb only ultraviolet (UV) part of electromag-
netic spectrum and nearly 97-96% of the solar spec-
trum remain unabsorbed [5]. Additionally, ZnO has a
high recombination rate and charge transfer



J Mater Sci (2021) 56:8627-8642

resistance limiting the photoelectrochemical (PEC)
performance of ZnO. To overcome such drawbacks, it
is coupled with other materials to enhance its PEC
performance. In the hunt, different strategies were
reported to combine ZnO with other materials.
Incorporation of dopant in ZnO gives rise to higher
light absorption and increment in carrier concentra-
tion leading to better conductivity [9]. Owing to
surface plasmon resonance of noble metal nanopar-
ticles, their decoration over ZnO can boost visible
light harvesting and increase photogenerated charge
carrier separation [10]. ZnO is coupled with other
visible light active semiconductors like CdS [11], CuO
[12], Fe;O5 [13], etc. to absorb major part of visible
light and better photocurrent. Sensitization of ZnO
nanostructures by nanocarbon for finer charge
transport and therefore enhanced PEC performance
can be achieved [14].

Several previous reports mentioned that Ag deco-
ration and doping in ZnO enhances the photoactivity
and photoactivity performance found to be varied
with respect to the morphology of ZnO nanostruc-
tures, the concentration of Ag precursors, etc. [15-20].
Further increment in PEC performance can be
attained by the formation of ternary hybrid (e,
merging of two such aforementioned strategies). The
ternary hybrid structure possesses huge potential in
PEC and attracted great attention of scientists due to
their astonishing properties like increased absorption
of visible light, reduced electron-hole recombination,
appropriate band bending for effective charge trans-
fer, improved charge separation and low onset
potential. Such various ternary nanocomposites like
ZnO/rGO/Ag [21], g-C3N4/Pt/ZnO [22], CdS/
ZnO/graphene [23], MWCNT/ZnO/GaN [24], CdS/
MoS,/ZnO [25], etc. have been reported in recent
years.

It is noteworthy that the incorporation of multi-
walled carbon nanotube (MWCNT) over semicon-
ducting photoanode demonstrated significant
absorption of visible light, high mechanical and
chemical stability and enhanced charge transport due
to higher conductivity than semiconductors [14].
Generally, nanocarbon is utilized as the bottom layer
(in firm contact with the substrate) and over it other
semiconductors are deposited; thus, nanocarbon
helps to increase overall conductivity. Sometimes
composites of metals or semiconductors are being
synthesized with nanocarbon for PEC studies. How-
ever, to the best of our knowledge nanocarbon like
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MWCNT as a top layer in ternary hybrid and its PEC
studies are not reported yet. In this report, we have
garnished functionalized MWCNTs over optimized
Ag-7n0O hybrid and those MWCNTs form connec-
tion between Ag-ZnO nanorods leading to the effi-
cient hole transport resulting in excellent PEC
performance.

Successive ionic layer adsorption and reaction
(SILAR) is used to synthesize a variety of nanos-
tructures due to its advantages like cost-effectiveness,
scalable and feasibility of low temperature deposition
on any complex shape substrates, etc. [8, 26]. In our
previous report, we have demonstrated seed layer
free deposition of ZnO nanorods thin films by using
hydrazine hydrate as a source of hydroxyl ions [6].
We concluded that ZnO nanorods deposited for 120
SILAR cycles turn out to be best for PEC performance
and selected for present work as hosts for loading of
Ag nanoparticles using SILAR method. We have
varied SILAR cycles for the deposition of Ag
nanoparticles and optimization was done for better
PEC performance. MWCNTSs were garnished as a top
layer over the Ag-ZnO hybrids by using a spin
coating method which resulted in superior PEC per-
formance. MWCNTs act as photosensitizer by
absorbing light and helps electron and hole transfer.
The well-connected conducting pathways of
MWCNT are advantageous for efficient charge
transport.

Experimental section

MWCNTs, silver nitrate (AgNO3), zinc nitrate
(Zn(NO3),), hydrazine hydrate (N,H;.H,O) and flu-
orine doped tin oxide (FTO)-coated glass substrate of
surface resistivity ~ 10Q/sq and dimensions of
100 mm x 100 mm x 3 mm were procured from
Sigma-Aldrich, India.

SILAR method for deposition of thin films

In contrast to other chemical methods, heterogeneous
growth is expected in SILAR method since reactions
occur only on the substrate between adsorbed
growth species [27]. Generally, the substrate is
sequentially immersed in several precursor’s solution
for certain time, the deposition process is schemati-
cally represented in supplementary information Fig
S1. The deposition occurs via the following steps.
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Step 1 Adsorption: the ions from the precursor
solution are adsorbed on substrate and form a liquid
layer. Step 2 Rinsing (I): in this step, excess loosely
attached or detachable ions are rinsed away from the
liquid layer. Step 3 Reaction: the counterions from
second precursor solution reacts with pre-adsorbed
ions from the first precursor’s solution on the sub-
strate to form a thin film on substrate surface. Step 4
Rinsing (II): In the last step, the surplus unreacted
species, loosely bound molecules and other reaction
byproducts are removed.

ZnO thin film deposition

SILAR deposition of ZnO nanorods thin films is
discussed in details in our previous report [6]. In
brief, deposition procedure is as follows : Aqueous
solutions of 0.01 M Zn(NOj3), and 0.02 M N,H,.H,O
were prepared in separate beakers and kept at 75 °C.
FTO-coated glass substrate was chosen as substrate
and cleaned properly. The clean substrate was
immersed successively for 10s in Zn(NOj3), and
N,H,H,O precursors solutions. Between the
immersions, the FTO substrate was also rinsed in
double-distilled water (DDW) for 10 s to remove
loosely adsorbed species which was also kept at the
same temperature as mentioned above. In this way,
four successive immersions completed one cycle.
Such 120 cycles were performed to deposit well
adherent thin films. Furthermore, these thin films
were annealed at 350 °C for 4 h in the air atmosphere
to improve the crystallinity. All deposition parame-
ters are mentioned in supplementary information
Table S1.

Loading of Ag nanoparticles on ZnO thin
films

Ag nanoparticles on ZnO nanorods were loaded by
SILAR deposition method as reported elsewhere [28].
This deposition was carried out at room temperature.
Aqueous solutions of AgNO; (0.01 M) and N,H,.H,O
(0.1 M) were used as precursors. The ZnO nanorod
grown FTO substrate was inserted in AgNOj solution
for 10 s and N,H,.H,O solution for 120 s. Meanwhile,
it was rinsed in DDW for 15 s after each immersion to
remove loosely adsorbed species leading to the
completion of one cycle. In this way, 1, 2, 5 and 10
cycles were performed and samples were named as
1-Ag-7Zn0O, 2-Ag-Zn0O, 5-Ag-ZnO and 10-Ag-ZnO,
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respectively. All deposition parameters are men-
tioned in supplementary information Table S1.

Functionalization of MWCNT

MWCNTs were functionalized as per procedure
given below. 0.2 g MWCNTs were well dispersed in
acidic solution that consists of 5ml nitric acid
(HNO;) and 15 ml sulfuric acid (H,SO,) (3:1 ratio) by
using a magnetic stirrer. The solution was kept at to
60-80 °C with continuous stirring for 1 h, and the
supernatant was separated. Thereafter, it was washed
several times with DDW and dried overnight in an
oven at 120 °C which gave black-colored powder of
functionalized MWCNT.

Garnishing of MWCNT on Ag-ZnO thin
films

Among all Ag-ZnO thin films, best PEC performing
Ag-7ZnO thin film (2-Ag-ZnO) was chosen for the
MWCNT garnishing for further enhancement in the
photocurrent. 5 mg functionalized MWCNTs were
dispersed in 50 ml isopropyl alcohol and ultrasoni-
cated for 4 h to make a well dispersed MWCNTSs
solution. The garnishing of functionalized MWCNTSs
was done by using spin coating at 1000 rpm on Ag-
ZnO thin films for 5 cycles. The formed hybrid thin
films were named as C-Ag-ZnO. We have restricted
ourselves up to 5 spin coating cycles because for
more than 5 spin cycles MWCNTs were tended to fall
down rather than being anchored to the surface of
Ag-7n0 thin films due to poor adhesion. Such films
were not suitable since electrode material get peeled
off during electrochemical studies.

Characterization

X-ray diffraction (XRD) of the hybrid thin films was
carried out by using Bruker D8 advance X-ray
diffractometer in 20 range between 20 to 80° with the
help of Cu Ka X-ray radiations (Ag, = 1.5405 A). The
surface morphology studies were performed under a
scanning electron microscope (SEM) JEOL JSM-
6360A Japan at 20 kV electron energy and field
emission scanning electron microscope (FESEM) Carl
Zeiss. Diffuse reflectance spectroscopy (DRS) studies
were performed on JASCO V-670 UV-Vis-NIR
spectrophotometer by using barium sulfate (BaSO,)
as reference. Raman studies were performed using in
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-Via micro-Raman (Renishaw) spectrophotometer
with 5% of 60mW power of 532nm laser excitation.
X-ray photoelectron spectroscopy (XPS) was per-
formed on PHI Versaprobe III by using Al Ko X-rays.

PEC studies

PEC performance of hybrid thin films (working
electrode) of area 1 cm” was recorded using a three
electrode system, where saturated calomel electrode
(SCE) and Pt were used as reference and counter
electrodes, respectively, in 0.5 M sodium sulfate
(NaySOy) electrolyte solution. PEC studies were per-
formed by focusing simulated light of 150 W from
xenon lamp (PEC-LO01) of illumination intensity of
100 mW/cm?> (AM 1.5) by using potentiostat
(Metrohm Autolab PGSTAT302 N) under the varia-
tion of applied potential from — 0.5 to + 1.0 V (vs
SCE). For the determination of donor density and flat
band potential, Mott-Schottky plots were recorded.
Electrochemical impedance studies were carried out
in a frequency range of 10°~10"" Hz where AC volt-
age amplitude was of 5 mV.

Results and discussion
X-ray diffraction (XRD)

Figure 1 shows XRD patterns of ZnO, 1-Ag-ZnO,
2-Ag-7Zn0, 5-Ag-Zn0O and 10-Ag-ZnO thin films. In
accordance with JCPDS card number 361451, all thin
films consist of well crystalline zinc oxide with a
wurtzite crystal structure. ZnO thin films possess
orientations along (1010), (0002), (1011), (1012),
(1120), (1013) and (1122) with preferential orientation
along (0002) plane. We have plotted intensity in a log
scale in the XRD patterns to identify the presence of
any impurity; however, no peaks correspond to any
impurities, hydroxides or secondary phases were
observed. Incidentally, no significant changes in the
intensity or peak position of ZnO peaks in the XRD
patterns were seen due to Ag decoration. Moreover,
after Ag decoration small peak corresponding to
(200) plane of FCC Ag crystal structure (JCPDS card
number 040783) was emerged and its intensity
increased with an increase in decoration of Ag by
more SILAR cycles. It is noteworthy that XRD results
reveal that Ag is present in the metallic form.
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Figure 1 XRD patterns of a ZnO, b 1-Ag-ZnO, ¢ 2-Ag—ZnO,
d 5-Ag—ZnO and e 10-Ag—ZnO thin films. The peaks correspond
to FTO-coated glass substrates are denoted by asterisk (*).

Morphological studies

Morphology of the nanostructure is one of the prime
aspects for PEC studies because orientation, align-
ment, shape and size of nanostructures play essential
role in the light absorption and establishment of
conduction channel for charge carriers. Thus, we
have performed detailed study of morphological
features of all thin films. Figure 2 illustrates SEM
images of ZnO, 1-Ag-Zn0O, 2-Ag-Zn0O, 5-Ag-ZnO
and 10-Ag-ZnO thin films with two different mag-
nifications. Nanorod morphology is clearly evident
from all SEM images. As shown in supporting
information (Fig S2), pristine ZnO thin film shows a
network of nanorods over the entire substrate area
without any overgrowth. Figure 2a, b depicts 1-Ag-
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Figure 2 SEM images with
low (10000X) and high
magnification (60000X) s of a,
b 1-Ag-Zn0, ¢, d 2-Ag—Zn0O,
e, f of 5-Ag—ZnO and g, h 10-
Ag—ZnO thin films.

ZnO thin films consisting of nanorod morphology
which are almost similar to the pristine ZnO thin
films. Variation in the shape was found for the 2-Ag-
ZnO thin films as shown in Fig. 2c, wherein magni-
fied image (Fig.2d) exhibits growth of few Ag
nanoparticles over the ZnO surface shown in circles.
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However, for a more detailed understanding of
2-Ag-7ZnO thin films we have performed FESEM
studies. As seen in FESEM images many rods were
found to be grown perpendicular to the sub-
strate whereas few ZnO nanorods were inclined to
the substrate (supplementary information Fig S3a).
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Magnified FESEM image (supplementary informa-
tion Fig. S3b) shows the conformal coating of the Ag
nanoparticles on the ZnO nanorods wherein many
Ag nanoparticles were found in ~ 20-30 nm size
range. However, few bigger particles are also grown
because of agglomeration of smaller ones. With an
increase in the SILAR cycles, the particle size of Ag
nanoparticles increases (as seen in SEM images).
Accordingly, 5-Ag-ZnO thin film SEM image
(Fig. 2e) illustrates oddness in the hexagonal shape
with deviation in the perpendicular orientation of
ZnO rods and large-sized Ag nanoparticles shown by
circles are grown on the ZnO surface (Fig. 2f). The
morphology of the 10-Ag—ZnO thin films was found
to have most deviated from hexagon-shaped nanor-
ods, and many rods are aligned obliquely to the
substrate as shown in Fig. 2g. Moreover, due to the
agglomeration of Ag nanoparticles overgrowth
(Fig. 2h) was observed leading to the formation of
larger-sized particles shown by circles. Variation in
the morphology (size and coverage) of Ag nanopar-
ticles on ZnO nanorods is similar to our previous
report of Ni nanoparticles [29].

ZnO is amphoteric so that it has tendency to show
chemical reactions with high acidic and basic condi-
tion. Previously, we observed that variation in con-
centration of OH™ ions results in a significant change
in the morphology and the crystal orientation of ZnO
nanostructures [30]. Similarly, preceding reports
suggest that higher time or pH exposure (even slight
change) to ZnO nanostructures gives rise to variation
in their crystal orientation and morphology [31-33].
As compared to the pristine ZnO nanorod deposition,
decoration of Ag nanoparticles over ZnO was done
with a higher concentration of hydrazine hydrate
solution (i.e., 5 times higher concentration of OH™
ions) and substrate was also immersed for a pro-
longed time (i.e., 12 times higher time) in hydrazine
hydrate solution. Therefore, we believe that higher
concentration and immersion time of hydrazine
hydrate bring out slight variation in crystal orienta-
tion, alignment and morphology as we have seen in
XRD patterns and SEM images.

Diffused reflectance spectra (DRS) studies

To identify exact band edge positions and study
absorption range of thin film DRS is considered to be
a vital tool. DRS were recorded from 350 to 800 nm
for all thin films as demonstrated in Fig. 3 where a

8633

s ZNO

= 1-Ag-ZNO
s 2-AQg-ZNO
s 5-AQ-ZNO

e 10-Ag-ZNO
N C-Ag-ZnO

Absorbance (A.U.)

400 500 600 700 800
Wavelength (nm)

Figure 3 DRS of ZnO, 1-Ag-Zn0O, 2-Ag-Zn0O, 5-Ag—Zn0O and
10-Ag—ZnO thin films.

distinct variation in light absorption was observed for
each film. Pure ZnO thin film revealed sharp
absorption at ~ 370 nm which can be allocated to
the intrinsic band gap of ZnO. It is well known that
Ag nanoparticles give rise to absorption of visible
light due to localized surface plasmons resonance
(LSPR) phenomenon; consequently, all Ag-loaded
samples show absorption around 430 to 450 nm [28].
Moreover, with the increase in SILAR cycles
absorption due to LSPR was found to be amplified
because of increment in Ag nanoparticle decoration.
Moreover, band edges slightly shifted toward higher
wavelength with an increase in Ag nanoparticle
decoration as shown by dotted lines which is in
accordance with previous studies [34]. C-Ag-ZnO
thin films demonstrated superior light absorption as
compared to all films owing to synergetic effect of
multiple light scattering centers of MWCNTs and
their visible light absorption, Ag nanoparticles and
UV absorption capable ZnO nanorods. Such light
harvesting considered to be effective for the pro-
duction of electron hole pairs leading to huge
enhancement in the photocurrent [24].

X-ray photoelectron spectroscopy (XPS)

XPS studies were performed to recognize the oxida-
tion states and elemental constituents of C-Ag-ZnO
hybrid thin films. Survey spectrum is demonstrated
in supporting information Fig S4. The scanned sam-
ple comprised of C, Zn, O and Ag, and no impurities
were found in the survey spectrum. Figure 4(a—c)
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shows individual core spectra of Cls, Zn2p, Ag3d
and Ols elements, respectively. The intense peak at
284.5 eV is due to sp® hybridized carbon atoms as
seen in the core Cls spectra (Fig. 4a). The minor
intensity peaks at higher binding energies of 285.6
and 288.8 eV correspond to the sp® hybridized carbon
atoms at the CNT surface due to attachment of
functional groups like carboxyl and hydroxyl group
[35]. Zn core spectrum (Fig. 4b) demonstrated that
two peaks at binding energies of 1021.4 and 1044.6 eV
corresponded to spin—-orbit doublet of Zn 2p3,, and
Zn 2py /5, respectively. This is indication of 2+ va-
lence of Zn present in ZnO. Similarly, Ag 3d spin-
orbit coupling is apparent from Fig. 4 ¢, where two
distinct peaks observed at binding energies 367.5 and
373.5 eV attributed to Ag 3ds,, and Ag 3dj,s,
respectively. The 6 eV difference in the binding
energy between Ag 3ds,, and Ag 3d;,, confirms the
presence of the Ag in the metallic nature over the
surface of the ZnO nanorods [36]. We have noticed
that as compared to the standard bulk Ag (368.3 for
Ag 3ds,, and 374.3 eV for Ag 3ds,,) doublet peaks
were shifted to lower binding energy [37]. The sig-
nificant shift of 0.8 eV in Ag spectrum toward lower
binding energy is attributed to electrons trans-
fer from metal Ag to ZnO which leads to the
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formation of Ag-ZnO hybrid nanostructure [38].
Incidentally, deconvolution of individual asymmetric
spectrum of Ols spectrum revealed two peaks at
530.4 and 532.2 eV as shown in Fig. 4d. The peak at
lower binding energy was due to O*~ ions bonded
with Zn in ZnO crystal structure, whereas oxygen
deficiencies or presence of hydroxyl group due to
surface defects group was responsible for a peak at
higher binding energy [37].

Raman studies

Identification of molecular vibration and chemical
structure can be easily done by using Raman spec-
troscopy; hence, to confirm the formation of C-Ag-
ZnO ternary hybrid nanostructures it is a useful
technique. Figure 5a demonstrates the Raman spec-
trum of C-Ag—ZnO thin films. According to the
group theory, phonon modes such as 2E,, 2E;, 2A;
and 2B; are Raman active for the wurtzite crystal
structure of ZnO [30]. In this work, E, (high) mode at
435 cm™! due to non-polar optical phonons repre-
sents the characteristic peak of the wurtzite crystal
structure of ZnO, whereas another peak at 332 cm ™!
aroused due to 2E, mode. A hump at 580 cm™' of
E,(LO) attributed to the defects formation like oxygen
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Figure 5 a Raman spectrum and b deconvolution of asymmetric
broadening of G band of C—Ag—ZnO thin films.

vacancies and zinc interstitials in the ZnO. Moreover,
peaks at higher Raman shift aroused due to MWCNT
decoration over ZnO corresponds D, G, D’, G’ and
(G + D) bands. The peak at 1344 cm™'of D band
arises due to the presence of defects and disorder
triggered by sp> hybridization, whereas G band peak
at 1576 cm™ " attributed to the planar configuration of
the sp” hybridized carbon structure [39]. The higher
intensity of Raman peaks of D band than G band (i.e.,
evolution in the ratio Ip/Ig) proved that some dis-
order or defect has announced to MWCNT because of
their structural modifications by sidewall function-
alization and Ag nanoparticles interaction [40]. To
understand asymmetric broadening of G band, Lor-
entzian fitting was performed (Fig. 5b) and two peaks
were fitted. The first peak at 1576 cm™' corresponds
to the G band, whereas the second peak at 1640 cm ™!
is ascribed to D’ band. The past report displayed that
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the presence of heteroatom like Ag on CNT was the
reason behind origin of D’ band [40, 41]. The G’ or 2D
is second-order band at 2686 cm~' which is an
overtone of D and peak at 2930 cm ™! attributed to the
(G + D) band. Overall, the presence of characteristic
Raman modes of ZnO and CNT and broadening in G
band represents interfacial interaction between C-
Ag-ZnO hybrid structures.

ZnO nanorods are totally covered by the Ag
nanoparticles; therefore, direct contact between
MWCNT and ZnO nanorods is prohibited. Similarly,
Ag nanoparticles and MWCNT are in firm contact
between each other wherein three types of interac-
tions namely covalent bonding, electrostatic interac-
tions and van der Waals forces are plausible. Firstly,
ZnO nanorods were loaded with Ag nanoparticles,
and afterward, MWCNTs were garnished, so we rule
out covalent bonding possibility between Ag
nanoparticles and MWCNT because in XPS results
Ag 3d peaks shifted toward lower binding energy
due to charge transfer between Ag and ZnO. On the
other hand, sidewalls of MWCNT are functionalized
with functional groups like carboxyl group and
hydroxyls group lead to the production of the
charged surface. Therefore, we believe that Ag
nanoparticles interact with MWCNT electrostatically
which reinforces the presence of D’ band in the
Raman spectra. XPS and Raman spectra support
interaction between MWCNT, Ag nanoparticles and
ZnO nanorods leading to the confirmation of forma-
tion of C-Ag-ZnO hybrid.

PEC performance
Optimization of SILAR cycles

It is well known in SILAR method with change in
cycles, diverse morphologies and variation in the
shape and sizes of nanostructures can be easily con-
trolled [8, 26, 30]. Similarly, in our previous report we
have varied morphologies and sizes of ZnO nanos-
tructure as well as tuning of Ag nanoparticle size was
achieved for better performance in corresponding
applications [6, 28, 30]. Optimum decoration of Ag
nanoparticles with appropriate size over ZnO
nanorods is mandatory to bag better PEC perfor-
mance. In order to fulfill this requirement, we have
decorated Ag nanoparticles over ZnO nanorods
under variation of SILAR cycle and their
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photochemical properties were studied. By consid-
ering better photocurrent and photoconversion effi-
ciency, we compared all thin films of Ag-ZnO
hybrids. We found where 2-Ag-ZnO thin film
showed improved PEC performance among all
(supporting information Fig. S5, S6 and S7); thus,
2-Ag-7Zn0O thin films were selected for further mod-
ification. Therefore, MWCNT decoration was per-
formed on 2-Ag-ZnO thin films only and its
performance was compared with pristine ZnO and
2-Ag-7nO0 thin films.

Figure 6 illustrates linear sweep voltammetry
(LSV), i.e., photocurrent density vs sweep voltage
plots of ZnO, Ag-ZnO and C-Ag-ZnO thin films
under light and dark conditions. During dark con-
ditions, the minor current was observed due to
applied potential, whereas under light illumination
large enhancement in the current was observed due
to generation of electron hole pairs. Moreover, dis-
tinct variations in photocurrent were found for all
thin films of ZnO, Ag-ZnO and C-Ag-ZnO. The
photocurrent values were hiked at each value of bias
potential. However, for comparison of all thin films at
1V SCE bias photocurrent was found to be hiked
from 0.19 to 0.45 and to 0.56 mA /cm? for ZnO to Ag-
ZnO and to C-Ag-ZnO thin films, respectively.
Interestingly, onset potentials were found to be shif-
ted toward negative potentials as shown in Fig. 6.
The calculated onset potential were -0.29, -0.27 and -
0.24 V vs SCE for ZnO, Ag-ZnO and C-Ag-ZnO thin
films, respectively. Such a shift in the onset potential
proved superiority in photoactivity of ternary
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Figure 6 Liner sweep voltammetry (LSV) plots of ZnO, Ag—ZnO
and C—Ag—ZnO thin films in 0.5 M Na,SO, solution under light
and dark conditions.
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photoelectrode of C-Ag-ZnO. The exact mechanism
behind improved photocurrent will be discussed in
detail in coming section.

It was intriguing to understand more details about
donor density and flat band potential of all pho-
toanodes so that further electrochemical studies
could be performed. The Mott-Schottky (M-S) plots
(e, 1/C* vs V) signify several semiconducting
properties like flat band potential, type of semicon-
ductor, donor density, etc. All photoanode demon-
strated positive slopes as shown in Fig. 7. According
to the literature, n-type semiconductor like ZnO
demonstrates such kind of behavior [42]. The M-S
equation explains the relation between capacitance
and electrode potential as follows [21]

1 2

c - eeeoNg {(V_ Vi) _?} m
where e is the charge of the electron, ¢ is the per-
mittivity of ZnO (here we considered it as 10)[43],
C is the capacitance of the space charge region, ¢, is
the permittivity of the free space, Vg, is the flat band
potential, & is the temperature dependent term and
V is the bias at the electrode material. Moreover, flat
band potential (i.e., x-axis intercept) can be calculated
by the extrapolation of straight line portion at
1/C* =0 in M-S plot. All SILAR grown thin films
showed a positive shift in flat band potential and the
determined flat band potential values were —0.29,
and —0.27 and —0.22 V vs SCE for ZnO, Ag-ZnO and
C-ag-Zn0O thin films, respectively. Such positive shift
in the flat band potential is considered to be essential

14
121 & C-Ag-ZnO
—e— Ag-ZnO
< 104 —e—2Zn0
£
(3]
S 8+
L
(-]
o
~ 6+
~
Q 4.
=
24 ‘/./‘,1
0 Ll _I 7777777 —
-0.8 -0.6 -0.4 -0.2

Potential (V vs. SCE)

Figure 7 Mott-Schottky (M—S) plots of ZnO, Ag-ZnO and C—
Ag—7Zn0 thin films in 0.5 M Na,SO, solution.
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for efficient charge transfer at photoelectrode/elec-
trolyte interface. Positive shift in the flat band
potential effectuates an upward lift in valence band
leading to the transfer of photoinduced charges and
improvement in the oxidizing strength of light-in-
duced holes; thus, finally efficient water oxidation
takes place [44, 45].

Furthermore, the slopes determined from M-S
plots give an estimation of carrier density (Ng) and it
can be calculated as per following formula[6]

2 [d (1\]"

" [W (@)] @)

It is well known that the higher values of carrier
densities are beneficial for achieving better PEC per-
formance [6, 44]. The calculated carrier densities were
2.2 x 10%',1.99 x 10*? and 3.01 x 10** cm™> for ZnO,
Ag-7ZnO and C-Ag-ZnO thin films, respectively,
which are higher than previous reports [46]. As
compared to the pristine ZnO films, Ag—ZnO thin
films demonstrated an enhancement in carrier den-
sity by almost an order of magnitude. This is attrib-
uted to the electrons transfer from Ag to ZnO for the
alignment of the Fermi levels during charge equilib-
rium process[44]. Moreover, incorporation of highly
conducting MWCNTs further enhances the carrier
density in causing synergetic effect of charge transfer
at interface of Ag nanoparticles and MWCNTs.
Increment in the photocurrent and more negative
onset potential are the outcomes of a positive shift in
flat band potentials with enhancement in carrier
density, thus resulting in the predominant perfor-
mance of C-Ag-ZnO thin films.

The photoconversion efficiency is the ratio of
maximum energy output to the energy supplied in
the form of simulated light and can be calculated by
the following equation [5]

]P (Erev - Vapp)
I%n

n% = x 100 (3)
where E.,= standard reversible potential, ], = mea-
sured current density under simulated sun light,
Pi, = incident power density of the illumination of
simulated sun light (100 mW/cm® and V,y, =
applied bias potential. The maximum photoconver-
sion efficiencies for pristine ZnO photoanode, 2-Ag-
ZnO and C-Ag-ZnO were found to be 0.08, 0.21 and
0.26%, respectively, at 0.45 V (vs SCE) as shown in
Fig. 8. In short, as compared to the pristine ZnO,
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Figure 8 Photoelectrochemical (PEC) efficiency plots against
applied bias of ZnO, Ag—ZnO and C—Ag—ZnO thin films.

2-Ag-7Zn0O photoanode exhibited 2.46 times, whereas
C-Ag-Zn0O photoanode displayed 3-fold increment
in PEC performance.

To understand the charge transfer process at the
photoanode/electrolyte interface electrochemical
impedance spectroscopy (EIS) is one of the best reli-
able method. In the Nyquist plot, it is notable that
smaller arc radius reflects the effective charge trans-
fer at the photoanode/electrolyte interface. As shown
in Fig. 9, the arc radii of photoanodes were related to
each other as C-Ag-ZnO < Ag-ZnO < ZnO which
indicates pristine ZnO is highly resistive as compared
to other films. The decrement in the arc radius was
found to be half or less than that in Ag-ZnO and C-
Ag-ZnO as compared to the pristine ZnO. As
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Figure 9 Nyquist plots of ZnO, Ag-ZnO and C—Ag—ZnO thin
films.
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Figure 10 Schematic of PEC mechanism of C—-Ag—ZnO thin films.

compared to other thin films, lowest charge transfer
radius of C-Ag-ZnO signifies that effective transfer
of photogenerated holes at photoelectrode/elec-
trolyte interface due to conductive and dense net-
work of Ag and MWCNT over ZnO leading to
enhanced water splitting [45].

Proposed mechanism of PEC performance

As compared to the pristine ZnO thin films,
improved PEC performance of C-Ag-ZnO thin films
is mainly due to superior light absorption by
MWCNTs and LSPR of Ag nanoparticles and higher
donor density, appropriate band bending and mini-
mal charge transfer resistance at electrode /elec-
trolyte interface. However, its detail mechanism is
given below to understand reasons behind remark-
able PEC performance. The decoration of plasmonic
Ag nanoparticles over ZnO nanorods causes aug-
mented light absorption and scattering, which aids to
the creation of large number of light-induced elec-
tron-hole pairs, and additionally, the powerful local
electric fields formed in the vicinity of Ag nanopar-
ticles strengthen the segregation of the electron-hole
pairs at the interface of Ag—ZnO [47, 48]. In a similar
manner, in addition to the LSPR effect of Ag

@ Springer

nanoparticles, garnishing of MWCNT over Ag—-ZnO
nanorod helps in the increase in the unevenness in
hybrid structure which gave rise to increment in light
path length due to multiple/high-angle scattering
centers leading to efficient light harvesting in C-Ag-
Zn0O hybrid structure.

On the other hand, previously vertical arrange-
ment of ZnO nanorods was turned out to be sup-
portive for charge electron transfer [6]. Moreover,
garnishing of MWCNT forms bridge between many
ZnO nanorods which leads to the formation of con-
ducting channel and provides as a network which is
favorable for charge collection and transport [49].
Such structural advantage of MWCNTs brings out
higher photocurrent and carrier density in C-Ag-
ZnO hybrid than Ag-ZnO and pristine ZnO thin
films. Moreover, as observed in EIS studies, C-Ag-
ZnO hybrid structure offers minimal resistance due
to the formation of an active interface between pho-
toelectrode and electrolyte. In addition to that, C-Ag-
ZnO hybrid is effective in charge generation, sepa-
ration and transfer due to phenomenal alignment of
band energies whose details are explained below.

It is intriguing to recognize that type of interface
formed between different components of nanomate-
rials due to their band potential energies which
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significantly influence light-induced electrons/holes
transfer and final PEC activity. The conduction band
potential was measured by using the Mulliken elec-
tronegativity theory [48, 50].

Evg = X + E® + 0.5E, 4)

where X is the absolute electronegativity of the
semiconductor and for ZnO it is 5.76 eV (vs NHE), E,
is the band gap energy of the semiconductor, Eyg is
the valence band edge potential of semiconductor
and E° is the energy of free electrons and it is ~ 4.5
eV (vs NHE). Additionally, Ecg represents the con-
duction band edge potential and calculated by the
following equation:

ECB = EVB — Eg (5)

The calculated values of valence band and con-
duction band potentials were 2.86 eV (vs NHE), i.e.,
—736 €V (vs Eyacuum) and -0.34 eV(vs NHE), i.e.,
—4.16 €V (vs Eyacuum) [61]. Moreover, the work
functions of Ag and ZnO are 4.3 and 5.2 eV, respec-
tively; thus, the transfer of an electron from Ag to
ZnO is favorable [52]. The work function of func-
tionalized MWCNT is 5.1 eV. [53] Moreover, it is
proved that MWCNT acts as photosensitizer by
absorbing light so that they excited to higher energy
level (MWCNT?*) leading to electron transfer [54, 55].
Figure 10 demonstrates proposed PEC mechanism of
C-Ag—ZnO hybrid structure thin films. The exposure
of simulated sun light to MWCNT leads to the for-
mation of an excited state of MWCNT* resulting in
electron transfer to Ag nanoparticles. It is proved that
strong interaction between Ag nanoparticles and
MWCNT rises overall conductivity leading to a boost
in total charge carrier concentration as we have
observed in carrier density calculations [56]. Mean-
while, upon light exposure, due to LSPR surface
plasmon states will be occupied by Ag leading gen-
eration of hot electrons. Furthermore, hot electrons
get transferred in the conduction band of the ZnO by
crossing the Schottky barriers at the Ag-ZnO inter-
face which also helps in restricting electrons from
returning to Ag nanoparticles. Moreover, the transfer
of an electron to ZnO leaves a hole in Ag nanopar-
ticles. The electrons from the conduction band of ZnO
transferred to the Pt counter electrode via conducting
substrate and sent to external connection leading to
the water reduction with the help of an external
potential. On the other hand, holes formed in the Ag
nanoparticles supplied to electrolyte solution leading
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to oxidation of water. Previously, in PEC photoelec-
trode hole acceptor mechanism of MWCNTs is also
reported [14, 57]. Similar kind of mechanism might be
possible in our case also, where MWCNTs may
accept holes from Ag nanoparticles and deliver them
to the electrolyte solution. To the best of our knowl-
edge, this is the first report wherein top layer gar-
nished MWCNTs electron and hole transporting role
in ternary photoelectrode is discussed. In overall,
appropriate band alignments in ternary photoelec-
trode of C-Ag-ZnO amplifies separation of light-in-
duced charges with enhanced electron lifetime and
facilitates charge transport leading to improved PEC
performance.

Conclusions

We have successfully optimized Ag nanoparticles
decoration by varying SILAR cycles over ZnO
nanorods for the better PEC performance. Further-
more, on Ag-ZnO hybrid MWCNTs were garnished
by using spin coating leading to form ternary hybrid
nanostructure of MWCNT-Ag-ZnO verified by the
Raman and XPS studies. As compared to the pristine
Zn0 thin films, 2-Ag-ZnO photoanode exhibited 2.46
times increment in PEC performance whereas
MWCNT-Ag-ZnO photoanode displayed 3-fold
increment in PEC performance. The MWCNT-Ag-
ZnO photoanode exhibited superior light absorption
due to the LSPR effect and scattering via multiple
reflection centers of morphological architecture.
Positive shift in the flat band potential, higher donor
density, appropriate band bending and lowest charge
transfer radius of MWCNT-Ag-ZnO hybrid signify
that effectual charge transfer and restriction to charge
recombination lead to the enhanced PEC perfor-
mance, as compared to the pristine ZnO nanorods
thin films.
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