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ABSTRACT: Highly oriented arrays of C, N, and S surface
functionalized/surface doped ZnO Nanorods (NRs) were
fabricated by a simple chemical bath deposition followed by
wet chemical method. Surface functionalization significantly
improved both the photocurrent and photostability of the
ZnO NRs electrodes under visible-light irradiation along with
the reduction in onset potential for water oxidation. The C-
ZnO, N-ZnO, and S-ZnO NRs photoanodes exhibited 6.5, 5.5,
and 3 times increase in photoelectrochemical water oxidation
efficiency, respectively, as compared to that measured for pure
ZnO NRs under visible-light illumination (10 mW·cm−2,
wavelength >420 nm, 0.5 M Na2SO4). Surface engineered
ZnO NRs also exhibited enhanced visible light harvesting efficiency and significantly quenched electron−hole recombination
leading to greatly enhanced carrier separation. Surface doping remarkably tuned the electronic structure of the photoanodes
changing the band position and band bending at electrode−electrolyte interface leading to low electrical resistance and fast
charge transportation of the device boosting the PEC property. The study demonstrated that the surface functionalization could
be a facile and general approach for oxide semiconductors to achieve an effective solution for high performance solar light-driven
water splitting.
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■ INTRODUCTION

Renewable and green energy sources like solar energy have
earned considerable research focus as the world is facing
tremendous challenges because of the fast depletion of fossil
fuels and the ever-increasing buildup of carbon dioxide in the
atmosphere.1−3 The successful implementation of photo-
electrochemical (PEC) cells to produce hydrogen fuel by
water splitting and the fixation of CO2 into hydrocarbons by
using clean and abundant sunlight are promising approaches to
face this energy challenge.4−6 For solar water splitting, the
semiconductor based photoelectrodes have drawn intense
attention, where the electrode can be used as anode/cathode
for the water oxidation/reduction through the oxygen evolution
reaction (OER)/hydrogen evolution reaction (HER). Oxide
semiconductors like Fe2O3, TiO2, ZnO,7−10 and their
composites (oxide−oxide and metal−oxide composites) as
well as doped metal oxides have been extensively investigated as
photoelectrodes for PEC water splitting.11−21 Among the oxide
semiconductors, ZnO has emerged as a promising photo-

electrode material as the position of conduction and valence
band of ZnO is suitable for solar water splitting, although the
wide band gap of ZnO limits its application in the UV region
only.22 However, in general, an ideal photoanode should
possess the following characteristics: efficient solar light
absorption for charge carrier generation, charge carrier
separation, i.e., the low recombination rate of electron−hole
pairs, carrier transportation/mobility, and photostability during
surface chemical reactions.23,24 Considering all these parame-
ters, different strategies have been adopted to improve the solar
hydrogen synthesis efficiency of the ZnO based photo-
electrodes. Formation of heterojunction or core−shell type
heterostructure is one of the most effective techniques
implemented by researchers, where the outer material generates
charge carriers absorbing solar light and subsequently transfer
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the charge to the other material, facilitating the charge
separation and suppress the carrier recombination.25,26

Secondly, the introduction of the surface passivation layers or
catalyst layer can also help to achieve better water splitting
activity in ZnO by reducing the surface defects (recombination
centers) and helping in charge separation, where the catalyst
layer acts as a hole acceptor to speed up water oxidation
process.26−29 Furthermore, doping in ZnO has also found to
improve the PEC activity of the same by introducing defects
within the band gap which improves light absorption efficiency
and carrier mobility.9,30−32 However, the uniform doping in
materials could also enhance the probability of electron−hole
recombination via the defect states introduced by dopants and
as a result doping could effectively reduce the PEC perform-
ance of the electrodes.
In this context, we have attempted a novel technique and

designed the only surface functionalized or surface doped (C,
N, and S functionalized/doped) ZnO nanorods (NRs) arrays
photoanode to achieve better visible light absorption, low
electron−hole recombination, separated charge transport, and
photostability for enhanced water splitting. In photoelectrodes,
only the outer surface is exposed to light illumination and it is
also in direct contact with the electrolyte. Hence, by proper
surface functionalization of the ZnO NRs with C, N, and S
dopants, it is possible to tune the light absorption property of
the photoanodes. Furthermore, the surface engineering would
also tune the band structure and induce band bending at the
electrode−electrolyte interface. Most expectedly, the surface
functionalization would also tailor the surface carrier density,
defect states and eventually the carrier separation and mobility
in the photoelectrodes. Finally, the unique one-dimensional
morphology of NRs having large surface area is an efficient
platform for efficient solar light harvesting and photo-
electrochemical reaction. Here, as expected the C, N and S
surface engineered ZnO NRs photoanodes, fabricated by
solution deposition followed by wet chemical route, exhibit
better visible solar light absorption for electron−hole pair
generation, better carrier separation (reduced electron−hole
recombination), enhanced charge conductivity/mobility, and
photostability boosting visible-light photoelectrochemical prop-
erty. Surface modification in ZnO also tunes the electronic
structure changing the band position and band bending at
electrode−electrolyte interface leading to low electrical
resistance as well as fast charge transportation of the device
boosting the PEC property. The study of the mechanism of
inherent PEC characteristics of the photoanodes opens up a
new possibility to effectively tune the solar water splitting
property of the oxide semiconductors.

■ EXPERIMENTAL METHODS
Substrate and Reagents. FTO (fluorine doped tin oxide, Sigma-

Aldrich) substrate, zinc acetate dihydrate (Zn(CH3COO)2·2H2O),

hexamethylenetetramine ((CH2)6N4), ethyl alcohol (C2H5OH),
thiourea (CH4N2S), urea (CO(NH2)2), and dextrose (C6H12O6). All
the reagents were of analytical grade and were used without further
purification.

ZnO NRs Synthesis. ZnO NRs were grown on the conducting
surface of FTO substrate by two step aqueous chemical bath
deposition method. At first, the FTO substrate was thoroughly
cleaned by means of ultrasonication, respectively in acetone, ethanol,
and DI water, for 10 min each. Afterward, a seed layer of ZnO was
deposited on the FTO glass substrate by spin coating (rpm ∼2000, for
1 min) of 0.1 M solution of zinc acetate, prepared in ethanol. This
process was repeated five times, and after each deposition, the
substrate was dried under IR lamp. Finally, the substrate was rinsed
with ethanol followed by DI water and then dried in air flow before
subjecting to heat treatment in air at 350 °C for 2 h. In the next step,
the FTO substrate containing ZnO seed layer was immersed into a
chemical bath containing an equimolar aqueous solution of zinc
acetate (20 mM) and hexamethylenetetramine (20 mM) and was kept
for 2 h at 90 °C, under continuous magnetic stirring to grow vertically
aligned ZnO NRs. Then the sample was rinsed separately in alcohol
and DI water for few minutes.

C, N, and S Functionalization of ZnO NRs. The surface of the as
prepared ZnO NRs arrays was functionalized with carbon, nitrogen,
and sulfur. For carbon functionalization, the pristine ZnO NRs sample
was dipped into 1 M aqueous dextrose solution for 24 h. For nitrogen
and sulfur functionalization, the pristine ZnO NRs samples were
dipped into 1 M aqueous solution of urea33 and 1 M aqueous solution
of thiourea34 for 24 h, respectively. Afterward, all the samples were
annealed separately at 450 °C for 2 h in an argon atmosphere. Scheme
1 shows the schematic illustration of the proposed method to synthesis
surface functionalized ZnO NRs based electrodes.

Material Characterization. The morphology and the superficial
structure of the pristine ZnO NRs and the surface functionalized ZnO
NRs were studied by the field emission scanning microscope (FESEM,
JEOL JSM 7600F and FEI Quanta-200 Mark-2). The elemental
composition of the samples was probed by the energy dispersive X-ray
spectroscopy (EDS, Oxford Instruments and EDAX) equipped with
the FESEM. The crystal structure of the materials were investigated by
grazing incidence X-ray diffraction pattern (GIXRD, Panalytical X’Pert
Pro diffractometer) using the Cu Kα line (λ = 1.54 Å) with a step size
of 0.15°. The morphology and crystal structure of the NRs were also
studied using a high resolution transmission electron microscope
(HRTEM, JEOL JEM 2100). Besides, the ionic states and the chemical
compositions of the samples were determined by X-ray photoelectron
spectroscopy (XPS, VGMicrotech VGX 900-W, beamline: Mg Kα,
resolution 0.9 eV and vacuum level 2.2 × 10−10 mbar) analysis. The
UV−vis−NIR absorption spectroscopy (PerkinElmer Lambda 1050
UV/vis spectrometer) and photoluminescence spectroscopy (PL,
Horiba, FluoroLog-3) were also employed to study different electronic
transition in the NRs.

Photoelectrochemical Studies. Here, we were interested in
visible light driven photoelectrochemical properties, for this purpose a
visible light source (λ > 420 nm, intensity 10 mW cm−2) was used and
the linear sweep voltammetry (LSV), i−t amperometry, Mott−
Schottky (MS), and electrochemical impedance spectroscopy (EIS)
studies were performed with the help of a software controlled three
electrode electrochemical workstation (CHI660E, CH Instruments).
Here, the ZnO NRs samples on FTO was treated as the working

Scheme 1. Synthesis of Surface Functionalized ZnO NRs
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electrode, platinum wire as the counter electrode and Ag/AgCl as the

reference electrode in a cell containing 0.5 M Na2SO4 aqueous

electrolyte of pH of 6.5.
LSV was measured in the potential window 1.4 to 0 V at a scan rate

100 mV s−1 under the chopped light illumination and photo switching

activity (i−t curve) of the samples were measured at a bias voltage 0.5

V vs Ag/AgCl with consecutive on and off of the light source at a

sensitivity of 10−3 AV−1. EIS measurements were done in the

frequency range of 1 MHz to 10 Hz with a dc voltage of 0 V vs Ag/

AgCl and MS were studied in a potential window −0.8 to 0.4 V at 1

kHz frequency.

■ RESULTS AND DISCUSSION

The FESEM micrographs of the as prepared one-dimensional
dense array of ZnO and C, N, and S surface functionalized ZnO
NRs (C-ZnO, N-ZnO, and S-ZnO), grown on FTO are shown
in Figure 1a, b, c, and d, respectively. The typical dimension of
the NRs is about 75−80 nm. The as grown ZnO NRs have
uniform hexagonal morphology (Supporting Information
Figure S1), which are deformed a bit after the surface
functionalization processes. The GIXRD patterns of the
samples, as shown in Figure 1e, clearly indicate that the ZnO
NRs are polycrystalline in nature, still the preferential growth
direction of ZnO NRs is (002), which also suggest the

Figure 1. FESEM micrographs of the as prepared (a) ZnO, (b) C-ZnO, (c) N-ZnO, and (d) S-ZnO NRs arrays. (e) XRD pattern of the NRs
photoanodes. (f) TEM, (g) HRTEM, and (h) SAED pattern of the as prepared ZnO NRs.

Figure 2. High-resolution XPS spectrum of the (a) Zn 2p of ZnO NRs, (b) O 1s of ZnO NRs, (c) C 1s of C-ZnO NRs, (d) N 1s of N-ZnO NRs,
and (e) S 2p of N-ZnO NRs.
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hexagonal wurtzite structure of the ZnO NRs (JCPDS file no.
89-1397) with P63mc space group symmetry. The TEM
micrograph of the mechanically broken single ZnO NR is
shown in Figure 1f, which again indicates that the diameter of
the NR is ∼80 nm. The HRTEM image (Figure 1g) shows the
highly crystalline structure of ZnO NRs where the spacing
between adjacent lattice planes are 0.26 and 0.28 nm
correspond to the distance between two (002) and (100)
crystal planes of ZnO, respectively. The selected area electron
diffraction (SEAD) pattern obtained from the same area of
measurement also clarifies the presence of (002) and (100)
crystal planes of ZnO. The EDS studies (Supporting
Information Figure S2−S4) on the arrays of surface function-
alized ZnO NRs clearly demonstrate the uniform presence of
the doped elements (C, N, and S) on the surface of the NRs.
Furthermore, the surface sensitive XPS investigations have

been conducted on the surface functionalized ZnO NRs to
probe the chemical composition and the ionic states of the
constituent elements of the C-ZNO, N-ZnO, and S-ZnO NRs.
Figure 2a shows the high-resolution XPS spectrum of Zn 2p
core level of ZnO NRs sample, which consists of a doublet
positioned at 1044.91 and 1021.86 eV, having the energy
difference of 23.05 eV between the two spin−orbit
components, corresponds to Zn 2p1/2 and Zn 2p3/2 states in
ZnO.35,36 Moreover, the binding energy values of Zn 2p spin−
orbit components and their difference clearly indicate the +2
oxidation state of zinc.35 It is to mention that similar results are
also found for the rest samples. The O 1s peak of ZnO NRs
sample (shown in Figure 2b) has been deconvoluted into two
Gaussian peaks centered at 529.80 and 532.30 eV. The 529.80
eV peak corresponds to the −2 oxidation state of oxygen in
Zn−O bond37 while the 532.30 eV peak might be correlated to
the presence of oxygen vacancies and/or OH− species due to
the adsorption of moisture at the material surface.38,39 Figure 2c
shows the multi-Gaussian curve fitted XPS spectrum of C 1s in
the C-ZnO NRs sample. The peak centered at 284.8 eV

represents the adventitious carbon and the sp3 hybridized
carbon (C−C) due to the carbon functionalization.40 The peak
situated at 283.7 eV can be attributed to the Zn−C bond.41 The
peak located at 286 eV arises due to the Zn−O−C bond.37−41

Multi-Gaussian fitting of the XPS spectrum of N 1s core level
(Figure 2d) shows four peaks positioned around 403.45,
400.80, 397.60, and 395.25 eV. The 403.45 eV peak may be
attributed to N−N bonding.42 The 400.80 peak generally
represents to the N−H bonds which are supposed to be formed
by the combination of acceptor nitrogen (NO) and interstitial
hydrogen atoms during the synthesis of N−ZnO nanowires in
hydrogen-existing condition.43,44 While the 397.60 and 395.25
eV peaks correspond to N3− in Zn−N bond.43−45 The S 2p
XPS spectrum, shown in Figure 2e, indicates a single distinct
peak centered at 162.3 eV, which corresponds to Zn−S bonds
of the S−ZnO NRs samples indicating the S doping at the
surface of the ZnO NRs.40

Photoelectrochemical Studies. The visible light driven
PEC water splitting/water oxidation performance of the arrays
of ZnO, C-ZnO, N-ZnO, and S-ZnO NRs grown on FTO has
been subsequently tested in the PEC cell under light
illumination (10 mW·cm−2, wavelength >420 nm). Figure 3a
shows the representative chopped-light current density vs
potential (J−V) curves for various ZnO NRs based photo-
anodes obtained by linear sweep voltammetry (LSV) in the
potential window of 1.4 to 0 V at the scan rate of 100 mV·s−1.
The increase in photocurrent density of the electrodes with the
increase of positive applied bias, suggests the standard n-type
nature of the electrode materials. In all these photoanodes, the
increase in the photocurrent density with illumination suggests
the photogeneration and conduction of carriers. The photo-
current densities of all surface functionalized ZnO NRs
electrodes exhibit an enhancement compared to the pristine
ZnO NRs arrays, which is ascribed to the increased visible light
absorption due to surface functionalization/doping, as evident
from the adsorption studies conducted latter. The C-ZnO NRs

Figure 3. (a) Photocurrent densities vs applied potential and (b) photocurrent density vs time plot of the ZnO, C-ZnO, N-ZnO, and S-ZnO NRs
electrodes measured at 0.5 V vs Ag/AgCl under chopped visible light illumination (10 mW·cm−2, wavelength >420 nm). (c) Photocurrent stability of
different photoanodes measured at 0.5 V vs Ag/AgCl. (d) Photoconversion efficiency of different photoanodes under same visible light illumination.
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photoanode is found to exhibit best PEC performance with a
photocurrent density of 14.8 μA.cm−2 at 0.3 V vs Ag/AgCl,
which is significantly (18 times) higher than that of the as
prepared ZnO NRs arrays (0.8 μA·cm−2). The sharp increase in
the photocurrent densities observed for C-ZnO and N-ZnO
NRs compared with S-ZnO and pure ZnO NRs, in the whole
potential scan range, clearly suggests the efficient charge
separation in the C-ZnO and N-ZnO NRs upon illumination.
Moreover, the photoresponse of the NRs photoanodes over
time have been investigated by performing amperometric I−t
studies. The I−t curves obtained from the different NRs
photoanodes with visible-light on/off cycles at 10 mW·cm−2 at
0.5 V are shown in Figure 3b. Here the dark current is found to
be as low as 0.2 μA·cm−2. Upon the illumination of visible light
on the C-ZnO, N-ZnO, and S-ZnO NRs the photocurrent is
found to increase in a spike and reaches the steady state very
quickly. The C-ZnO NRs shows the best photoresponse
performance, whereas the pristine ZnO NRs exhibit the
weakest photoresponse to visible-light. However, for the
potential application of the photoanodes in PEC device, the
stable operation of the photoanodes is a fundamental
requirement. Herein, the stability of the photoanodes has
been tested under light illumination for 3 h (see Figure 3c). At
a bias voltage of 0.5 V vs Ag/AgCl, the photocurrent of the bare
ZnO NRs photoanode decreases by 19% during the first 3 h,
while the photocurrents for the C-ZnO, N-ZnO, and S-ZnO
NRs are found to decrease by 4%, 7%, and 14%, respectively,
after 3 h of operation. Therefore, the surface functionalization/
doping not only enhance the photocurrent density but also
improve the stability of the photoanodes. Here, C and N
functionalization clearly improves the stability of ZnO NRs
remarkably. It is also interesting to notice that for C and N-
ZnO NRs the photocurrent becomes completely stable within
few seconds after the light illumination. Significantly the
enhanced stability of the surface functionalized NRs is most
likely due to efficient charge carrier separation and transport,
which prevents the corrosion of the photoanodes upon the light
illumination.26 It is evident that the surface engineering of ZnO
NRs also leads to low onset potential for solar water splitting.
The PEC water splitting performance of the photoelectrodes

are generally characterized based on their photoconversion
efficiency (η %).46 The photoconversion efficiency or solar-to-
hydrogen (STH) efficiency of the photoelectrodes upon
illumination of light is estimated by the following equation47

η =
−

×
J V

P
%

(1.229 )
100%ph

in

Where Jph is the photocurrent density at measured bias, V is the
applied potential vs Ag/AgCl, Pin is the power of the
illuminated light (10 mW·cm−2). STH efficiency as a function
of the applied bias is plotted in Figure 3d. The as prepared ZnO
NRs sample exhibits an optimal conversion efficiency of 0.02%
at 0.7 V vs Ag/AgCl, whereas the optimal conversion
efficiencies of S and N-ZnO NRs are 0.06 and 0.11%,
respectively at 0.5 V vs Ag/AgCl. The C-ZnO NRs photoanode
exhibits the best photoconversion efficiency of 0.13% at a very
low bias of 0.3 V vs Ag/AgCl. It is evident that the surface
functionalization of ZnO NRs substantially enhances the
photoconversion efficiency by boosting the maximum photo-
current. However, at high current density, hydrogen and
oxygen generation can be visualized in terms of the formation
of gas bubbles at the Pt electrode and photoanodes,

respectively. A comparative study on the performance of the
surface functionalized ZnO NRs with other reported ZnO
nanostructure based photoelectrodes have been summarized in
Table 1. It is evident from Table 1 that the surface
functionalized ZnO NRs exhibit enhanced STH efficiency.

For an in-depth understanding of the PEC process, the
intrinsic electronic properties of the photoanodes including,
electronic band structure, carrier density, charge carrier
generation upon light illumination and carrier separation and
transport and electrode-interface band bending have also been
investigated. Electrochemical impedance measurements con-
ducted on the ZnO and surface functionalized ZnO NRs
electrodes in the dark provide an idea about the flat-band
potentials (Vfb) obtained from the Mott−Schottky plots
(Figure 4a) using the Mott−Schottky equation:48−50

=
∈ ∈

− −⎜ ⎟⎛
⎝

⎞
⎠C e A N

V V
kT
e

1 2

s
2

0
2

d
fb

Where Cs is space charge layer capacitance, e is the electronic
charge, ϵ is the dielectric constant of the semiconductor (10 for
ZnO),9 ϵ0 is the permittivity of the free space, V is applied
potential, Vfb is the flat band potential, A is the area of the
electrode, and kT/e is a temperature dependent correction
term. Therefore, Vfb can be determined by setting

C
1

s
2 to be

zero, which is extrapolation of X-axis intercepts in the Mott−
Schottky plots. The positive slope for all the photoanodes
(Figure 4a) indicates the n-type behavior of the semiconductors
with electrons as majority charge carriers. The position of the
Vfb of the different photoanodes indicates the position of the
bottom of the conduction band of the semiconductor at the
electrode−electrolyte interface.49,51 However, the values of the
Vfb of different photoanodes are summarized in Table 2, at a
pH of 6.5 of the electrolyte. For the as prepared ZnO NRs the
value of Vfb is −0.23 V vs NHE,52 where E(NHE) = E(Ag/
AgCl) + 0.197 (unit in volts). It is important to note that the
position of Vfb strongly depends upon the experimental
conditions (e.g., the frequency, pH of the electrolyte and
other experimental parameters)26,52 as well as on the
morphology, and even on the postsynthesis treatments of the
photoanodes.26 It is evident that the surface functionalization of
ZnO NRs has shifted the bottom of the conduction band to

Table 1. Summary of the Performance of Some ZnO
Nanostructure Based Photoanode

sample name incident radiation efficiency

ZnO NRs [present
work]

wavelength >420 nm, 10 mW·cm−2 0.02%

N-ZnO NRs [present
work]

wavelength >420 nm, 10 mW·cm−2 0.11%

C-ZnO NRs [present
work]

wavelength >420 nm, 10 mW·cm−2 0.13%

S-ZnO NRs [present
work]

Wavelength >420 nm, 10 mW·cm−2 0.06%

N-ZnO NWs9 AM 1.5 G, 100 mW·cm−2 0.15%
TiO2 shell on ZnO
NWs10

AM 1.5 G, 100 mW·cm−2 0.09%

branched ZnO NRs27 AM 1.5 G, 100 mW·cm−2 0.04%
Al-doped ZnO NWs29 AM 1.5 G, 100 mW·cm−2 0.04%
Li-doped ZnO NWs31 AM 1.5 G, 100 mW·cm−2 0.17%
nanostructured ZnO
Thin Films52

AM 1.5 G, 100 mW·cm−2 0.10%
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more negative energy, where the C functionalization has shifted
the flat band edge position remarkably. However, the band gaps
(Eg) of the semiconductor photoanodes have been estimated
from the analysis of the UV−vis absorption spectra as shown in
Figure 4b and the values of Eg are summarized in Table 2.
Finally, the mapping of the energy band diagram (Figure 4c) of
the photoanodes have been performed based on the calculated
values of the band gap energy and the data on band edge
positions (Vfb) obtained from the PEC measurements.
Moreover, the UV−vis absorption spectra of the photoanodes
also provide information about the light absorption property of
the electrodes. The surface functionalized ZnO NRs feature
much higher visible light absorption than that of the pristine
ZnO NR (Figure 4 b), along with the sharp absorption edge in
the UV region, which actually is the signature of band edge
absorption. The UV region absorption edges of the different
functionalized ZnO NRs are found to be red-shifted compared
to the pristine ZnO NR sample (381 nm for the pristine
sample). Clearly, C-ZnO NRs exhibit significantly enhanced
visible light absorption property among the photoanodes. It is
evident that the surface functionalization/doping could
introduce midbandgap defect states, which lead to the
enhanced visible band absorption in the photoanodes.
Furthermore, the unique aligned 1D morphology of the surface

functionalized ZnO NRs might also boost the light-trapping
efficiency.26

The carrier density (Nd) of the photoanodes can also be
estimated from the slope of the Mott−Schottky plots according
to the following equation:53

=
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The calculated carrier density values of different photoanodes
are listed in Table 2. For the n-type semiconductors, the surface
electron density (Ns) is found to decrease with the applied
anodic potentials (V) as54

= −
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Where, Nb is bulk electron density of the semiconductor
electrode. It is evident from Table 2 that the surface
functionalization has significantly enhanced the surface electron
density of the C-ZnO, N-ZnO, and S-ZnO/FTO photoanodes,
as the surface functionalization can only tune the surface
electronic structure of the semiconductors and cannot influence
the bulk electron density in this work. It is obvious that the
surface functionalization causes shifting of conduction band
edge into more negative energy and introduces a large number
of surface electrons for enhanced charge transport and also
facilitates the electron transfer from the photoanode to the
FTO substrate and counter electrode providing high perform-
ance toward hydrogen production. However, the relatively
higher carrier density of the photoanodes (for ZnO in ∼1020
cm−3) might be because of the contribution of FTO
underneath.
In order to further investigate the charge transfer and carrier

recombination in the photoanodes, the photoluminescence

Figure 4. (a) Mott−Schottky plots for different photoanodes measured in 0.5 M Na2SO4 (pH 6.5) at 1 kHz. (b) UV−vis absorption spectra of ZnO,
C-ZnO, N-ZnO, and S-ZnO photoelectrodes. (c) Schematic of the band edge positions with respect to the vacuum level and the NHE for different
photoanodes at pH 6.5, drawn using the measured values of flat band potential and band gap energy. (d) PL emission spectra of different
photoelectrodes recorded under the excitation of 330 nm light.

Table 2. Flat Band Potential (EFB), Band Gap (Eg), and the
Charge Carrier Density (Nd) of Different ZnO NR
Photoanodes

photoanode Vfb (V) vs NHE band gap (eV) carrier density (cm−3)

ZnO/FTO −0.23 3.26 9.4 × 1020

C-ZnO/FTO −0.51 3.18 4.7 × 1021

N-ZnO/FTO −0.33 3.22 4.5 × 1021

S-ZnO/FTO −0.25 3.21 1.2 × 1022
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(PL) emission property of the photoanodes have been studied.
The PL emission spectra recorded at the excitation of 330 nm
(Figure 4d) exhibits two major peaks around 415 and 550 nm,
respectively. The 415 nm peak is mostly associated with the
FTO substrate underneath, whereas the ZnO NRs electrodes
exhibit broad emission peak centered around 550 nm related to
defect emissions or oxygen vacancies.55 It is obvious from
Figure 4d that the as prepaid ZnO NRs show the strongest
defect related emission, indicating large recombination of photo
generated carriers in the pristine ZnO NRs. The intensities of
the PL emission peaks centered at 550 nm for C-ZnO, S-ZnO,
and N-ZnO NRs are found to decrease by 92%, 93%, and 76%,
respectively, with respect to that of pure ZnO NRs, whereas the
optical (visible light) absorption is found to decrease gradually
(Figure 4b) for C-ZnO, S-ZnO, and N-ZnO NRs. This
quenching of luminescence of the surface functionalized ZnO
NRs clearly demonstrates the significant reduction in electron−
hole recombination in the photoanodes and also indicates
toward the efficient charge carrier transportation to FTO from
surface functionalized ZnO NRs.26

However, after having an idea about the probabilities of
charge carrier recombination in these photoanodes, the charge
carrier diffusion lengths i.e., Debye length, LD, which is the
length over which the local electric field affects the distribution
of free charge carriers, for the electrodes have also been
calculated according to the following equation:56,57

=
ϵϵ⎛

⎝⎜
⎞
⎠⎟L

kT
e ND

0
2

d

1/2

Where, k is the Boltzmann constant (1.38 × 10−23 J K−1) and T
is the absolute temperature (K). The Debye length for different
photoanodes is shown in Figure 5a, which clearly demonstrates
that the Debye length in semiconductor electrode decreases as
the carrier density increases. Furthermore, the Schottky barrier
model demonstrates that the charge carrier transit time through
the depletion layer is proportional to the square of Debye
length,58 hence the shortest Debye length of S-ZnO NRs
(Figure 5b) indicates its lowest charge transit time through the
depletion region for better electron−hole separation. It is also
evident from the earlier PL study on S-ZnO NRs. The lower
transit times in the surface functionalized samples compared to
pristine ZnO NRs facilitate fast charge transport and better
electron−hole separation in the surface modified samples,
which in turn enhance their photoelectrochemical activity.
Herein, the depletion region width (W) for each photoanode
has also been plotted against different applied potentials
(Figure 5b) using the following equation:9
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Assuming W to be very small compared to the dimension of
the NRs, the potential drop (Δϕ) arising due to the separation
of the charge carriers near the surface and subsurface layers
within the NRs, may be expressed as59

ϕΔ = kTW
eL2

2

d
2

Based on the above experimental results we can demonstrate
the inherent mechanism of the enhanced photoelectrochemical
property of the surface engineered ZnO NRs, as shown in
Figure 6. In pure ZnO NRs, low light absorption and high

electron−hole recombination due to the presence of surface
defects/states reduces its electrochemical efficiency. In the case
of C-ZnO/FTO NRs electrode, it is found that it also exhibits
best optical absorption among the photoanodes (evident from
UV−vis absorption study) and very low recombination of
photo generated carriers (evident from PL study). Further-
more, the shift in the conduction band edge to more negative
energy increases the band edge difference between C-ZnO and
FTO and hence better charge carrier transportation from the
photoanode to FTO. Hence, the excellent light absorption, low
carrier recombination along with the fast transportation
(mobility) of the photo generated carrier help the C-ZnO
NRs photoanode to achieve enhanced STH efficiency. For S-
ZnO NRs, the optical absorption is higher than N-ZnO and the
recombination of the photo generated carriers in S-ZnO NRs is
lower than N-ZnO NRs. Still, the STH efficiency of the S-ZnO
NRs is found to be poor compared with N-ZnO NRs, which is
most expectedly because of the better electron transportation
from N-ZnO NRs to FTO compared with that of S-ZnO NRs
to FTO, which might resist the proper carrier separation and

Figure 5. (a) Variation of Debye length in different photoanodes. (b) Variation of depletion layer width with potential vs Ag/AgCl for different
photoanodes.

Figure 6. Schematic of the band alignment and the mechanism of
charge separation/recombination and transfer processes in the pristine
ZnO and C-ZnO NRs photoanodes in contact with the electrolyte.
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mobility in the S-ZnO NRs photoanode, reducing its
photoelectrochemical activity.
Furthermore, the electrochemical impedance spectroscopy

(EIS) measurements on the ZnO NRs based electrodes have
also been conducted under light illumination in order to study
the charge transfer process of photoanode-electrolyte interface.
Figure 7a shows the Nyquist plots of the pure and surface
functionalized ZnO NRs photoanodes, plotted at a bias of 0 V
vs Ag/AgCl over the frequency range of 10 Hz to 100 kHz, and
the inset of Figure 7a represents the equivalent circuit fitted
with a resistance−capacitance (RC) model to estimate the
resistance parameters of the device. In the equivalent circuit, Rs
represents the equivalent series resistance of the devices, which
is calculated and plotted in Figure 7b.60 It is found that the C-
ZnO NRs device exhibits the lowest Rs value, indicating good
overall conduction of the photoanode. Here, Rct represents the
charge transfer resistance of the photoanodes (Figure 7b). It is
known that the arc diameter (calculated based on the fitted
curves) in Nyquist plot represents the charge transfer at the
interface between photoelectrode and the electrolyte.61 The
reduction of the arc diameter in EIS Nyquist plot indicates
efficient charge transfer at the electrode−electrolyte interface.
Here, Rct of the photoanodes are plotted in Figure 7b, which
clearly indicates the best charge transfer property of the C-ZnO
NRs photoanode followed by N-ZnO, S-ZnO, and pure ZnO
NRs. The charge transfer property of ZNO NRs is poorest
among the photoanodes. This study suggests that the surface
functionalization significantly improves the charge transfer at
the semiconductor electrode/electrolyte interface.

■ CONCLUSIONS
In summary, highly dense vertical arrays of pure and C, N, and
S surface functionalized/doped ZnO NRs have been success-
fully fabricated on the conducting FTO surface by a facile
aqueous chemical bath deposition followed by wet chemical
method. The visible light driven photoelectrochemical activity
in terms of solar water splitting property of the surface
engineered ZnO NRs photoanodes has been found to enhance
remarkably along with the significant reduction in onset
potential for water oxidation. The photocurrent densities of
C-ZnO, N-ZnO, and S-ZnO NRs photoanodes are 14.8, 13,
and 6 μA cm−2 (at 0.3 V vs Ag/AgCl, 0.5 M Na2SO4 solution,
10 mW·cm−2, wavelength >420 nm), which are 18, 16, and 7
times higher than that of pristine ZnO NRs (0.8 μA·cm−2),
respectively. The photoconversion efficiency of the C-ZnO, N-
ZnO, and S-ZnO NRs photoanodes are 0.13%, 0.11% and
0.06% which are 6.5, 5.5, and 3 times higher than that of pure
ZnO NRs (0.02%) measured under the light illumination of 10
mW cm−2 with wavelength >420 nm. Interestingly the

photoresponse of the surface functionalized ZnO NRs
photoanodes is found to enhance significantly, where for C
and N-ZnO NRs the photocurrent becomes completely stable
within few seconds after the light illumination. After the first 3
h of operation at a bias of 0.5 V vs Ag/AgCl the photocurrent
of the bare ZnO NRs photoanode is found to decreases by
19%, whereas the photocurrent for the C-ZnO and N-ZnO
NRs decreases by 4% and 7% only, which suggests better
stability of the surface functionalized electrodes for highly
efficient PEC water oxidation. The excellent performance of the
surface functionalized ZnO NRs toward PEC water splitting is
mainly because of the enhanced visible light absorption and
superior charge separation (low electron−hole recombination)
coupled with high surface charge carrier density and greatly
facilitated charge transfer and transport properties. Studies
indicate that the surface functionalization significantly shifts the
bottom edge of the conduction band of the photoanodes to the
more negative energy region along with the greatly reduction of
the depletion layer width causing effective the band bending at
electrode−electrolyte interface boosting the charge carrier
separation. Surface functionalization also reduces the Debye
length of the semiconductor considerably along with the
remarkable decrease in charge transfer resistance, helping to
achieve better PEC property. Therefore, this present study not
only demonstrates a facile approach of surface functionalization
for highly efficient PEC water oxidation but also investigates
insights into the mechanism of the photoelectrochemical
process in these photoanodes, which highlights a general
approach to boost the water splitting based on semiconductor
photoanodes. The comparative study demonstrates that the C-
functionalization on ZnO NRs is most effective for the
enhancement of PEC properly followed by N and S
functionalization.
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