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Abstract Undoped and boron-doped ZnO nanorods
(NRs) were grown on ITO glass substrates by using
hydrothermal techniques. The as grown nanorods were
investigated by using X-ray diffraction (XRD), field emis-
sion scanning electron microscopy (FESEM), UV–visible
spectroscopy, and photoelectrochemical study. XRD spectra
reveal the confirmations regarding the hexagonal wurtzite
structure along with preferential orientation (002). The
observation of (002) peak shows a red shift. The average
size distribution of NRs in doped and undoped sample
ranges from 169 to 191 nm. The absorption spectra clearly
revealed the band gap tunability feature of the samples with
a change in doping percentage. Photoluminescence spectra
clearly indicate the presence of oxygen defects. Photo-
current density as high as ∼0.622 and 2.6 mA/cm2 were
obtained for undoped and 6% B-doped ZnO NRs arrays
respectively, at +0.44 V vs. Ag/AgCl electrode under
visible light AM 1.5 G (100 mW/cm2) in 0.1 M electrolyte
solutions of NaOH. More enhancement in photoconversion
efficiency (PCE) from 0.491 to 2.054% was observed for
undoped ZnO NRs and optimum 6% B-doped ZnO in 0.1 M
NaOH electrolyte solution.
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1 Introduction

The possibility to store solar energy in the form of chemical
bonds such as hydrogen comes true via photoelec-
trochemical (PEC) water splitting. PEC cells have the
ability to convert solar energy to consumable fuel by
splitting water into hydrogen and oxygen. Generation of
hydrogen by photo-induced electrolysis of water from a
semiconductor/electrolyte interfaces is an efficient way for
the production of clean energy. It has been realized as the
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most sustainable and clean method for hydrogen energy
generation from abundant sunlight and water, because
hydrogen on combustion produces water without leaving
any remarkable harmful effect on the environment. Almost
more than 200 compounds have been taken under trail for
water splitting applications after the pioneer work of
Fujishima and Honda [1], but the oxides like ZnO [2], TiO2

[3], WO3 [4], BiVO4 [5], α-Fe2O3 [6] etc. still hold the
major share in this field. Despite the best common features
like their nontoxicity, stability, and inexpensive nature, still,
they have limitations in efficiency due to structural defects,
limited light absorptivity, low stability in aqueous solution,
and short diffusion length [7].

ZnO is a well-known n-type material with many
important properties like wide band gap (3.2 eV), direct
band structure, large exciton binding energy of 60 meV at
room temperature [8]. These properties of ZnO provide
immense fidelity for its application as light emitting diode
[9], sensors [10–12], thin film transistors [13]. Furthermore,
it has been extensively used for conversion of solar energy
into various product forms of energy because of its excel-
lent electron mobility, electron transfer efficiency along
with abundant morphologies, simple tailoring of nanos-
tructures, and favourable environmental compatibility.
Several investigations have been carried out on ZnO as a
photoactive material for water splitting applications after it
was first reported in 1969 for applications in dye-sensitized
solar cells [14]. Its conduction band minimum lies at −0.31
V vs. normal hydrogen electrode (NHE) and valence band
maxima at 2.89 V (vs. NHE), which makes it suitable for
water oxidation (1.23 V vs. NHE) [15]. It has electron
mobility higher of several order of magnitudes as compared
with the most widely investigated oxide semiconductor,
TiO2 for water splitting applications [16]. Apart from that
similar light dependence, better electron lifetime along with
a lower recombination rate of ZnO has predicted it to be a
better photoactive material than TiO2 [17]. Despite of
these excellent properties, ZnO has consistently shown
reduced photoactivity due to the responsitivity to ultraviolet
light, which is mere 4% of the total solar spectrum; the
fast recombination of photoinduced carriers, resulting in
low photoconversion efficiency and photocorrosion in
long-term processes, even in presence of sacrificial elec-
trolyte [18].

For the improvement in photoelectrochemical perfor-
mance and to overcome the material drawbacks of ZnO
various modification has been done during synthesis.
Enhancement of electrical as well as optical properties using
suitable dopant is one of the feasible ways to improve the
photoactivity [19]. The band gap engineering of ZnO, done
by doping provides immense freedom in tuning the band
gap, resulting in the improved optical properties. Group III
elements such as B [20], Al [21], Ga [22], and In [23] have

been reported as a dopant for enhancement of the optical
properties of ZnO, by several groups. Among all the group
III elements, the lowest ionic radius (0.23 Å) and the highest
electronegativity (2.04, Pauling Scale) of boron help in
physical properties enhancement of host lattice ZnO [24].

The vertically aligned nanowires facilitate the efficient
charge collection, separation, and transfer by providing a
large interface area with the surrounding electrolyte med-
ium. Therefore, these one-dimensional structures are very
often being counted upon for photocatalytic efficiency
enhancement. Enhanced photoelectrochemical properties
can be achieved by the exposure of a maximum surface area
of the semiconductor in the electrolyte solution. One-
dimensional ZnO nanowire arrays can serve the purpose
because of their large surface area-to-volume ratio. Various
deposition techniques such as chemical vapor deposition
[10, 25, 26], magnetron sputtering [27], pulsed laser
deposition [28], electrodeposition [29], spray pyrolysis [30],
and hydrothermal [31] have been adopted for the fabrication
of ZnO nanorods. But hydrothermal method still catches the
importance among all because of its simplicity, cost effec-
tiveness, large area deposition, and flexibility in the com-
positional modification.

To date, numerous literature has been reported on ZnO
NRs doped with several dopants. Yet there are very few
reports on hydrothermally grown B-doped ZnO NRs [20,
32–34]. Herein, we have reported the enhancement of
charge separation caused along with the addition of boron
into ZnO NRs. In this report, a detail investigation on the
effect on photoelectrochemical performance along with
structural, optical, and electrical properties were carried out
for B-doped ZnO NRs synthesized by a facile two-step
method in ambient air conditions.

2 Experimental section

2.1 Materials

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, 98% purity),
Monoethanolamine (C2H7NO, 98% purity), Zinc nitrate
hexahydrate (Zn(NO3)2·6H2O, 98% purity), Hexamethyle-
netetramine (C6H12N4, 99% purity) from Merck Chemicals;
2-Methoxyethanol, (C3H8O2, 99% purity) and Trimethyl
borate (C3H9BO3, 99% purity) were purchased from Alfa
Aesar Chemicals respectively and used as received without
any further purification.

2.2 Synthesis

ZnO nanorod arrays were synthesized by sol–gel, spin
coating and hydrothermal method through a two-step pro-
cess; seed layer deposition and growth of nanorods as
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reported earlier [35]. Figure 1 represents the schematic
diagram of synthesis of undoped and doped ZnO NRs.
Trimethyl borate, which served as a source of boron dopant
was separately dissolved in de-ionized (DI) water as per the
required concentration from 2.0 to 8.0 mol%. The boron
precursor solution so obtained is finally added dropwise into
the solution containing hexamethylenetetramine and zinc
nitrate hexahydrate in desired concentration. For B-doped
ZnO NR arrays all the growth conditions were kept similar
as mentioned in our earlier report [35]. Finally, the prepared
films were rinsed with DI water followed by drying at room
temperature. The samples grown with several doping per-
centage i.e., 0, 2, 4, 6, and 8%; are hereafter named as ZnO,
2B_ZnO, 4B_ZnO, 6B_ZnO, 8B_ZnO, respectively.

2.3 Characterization techniques

The structural analysis of undoped and B-doped ZnO NRs
was carried out via a PANalytical Empyrean X-Ray dif-
fractometer using monochromatic CuKα1 radiation (λ=
1.5406 Å).The surface morphologies of the nanostructured
films were analyzed by using ZEISS Supra 55 field emis-
sion scanning electron microscopy (FESEM). The absorp-
tion spectra of the nanostructures were obtained using
Agilent Cary 5000 UV–Vis-NIR double beam spectro-
photometer. The optical absorption in the films deposited
was determined by using a blank ITO substrate as reference.
Photoluminescence spectroscopy was carried out using a
Hitachi f-2500 spectrophotometer. The current–voltage
measurements were performed by using a Keithley
2450 source meter. For photoelectrochemical measurement
under light illumination, a three electrode cell configuration
consist of a Pt wire, an Ag/AgCl (saturated with KCl) and
grown thin films as counter, reference and working elec-
trodes, respectively has been used. An aqueous solution of
0.1 M NaOH was used as electrolyte. The electrode
potential was varied from −0.5 to 1.0 V using a potentiostat
(Princeton EG & G Applied Research). The light and dark
conditions were created using an Oriel AM 1.5 G filtered
Xenon arc lamp with intensity set to 100 mW/cm2.

3 Results and discussion

3.1 Structural properties

Figure 2 represents the X-ray diffraction (XRD) patterns of
hydrothermally grown undoped and B-doped ZnO NRs.

Fig. 2 XRD patterns of as-prepared ZnO NRs and B-doped ZnO NRs along with the magnified XRD pattern representing the higher angle shifting
of (002) peak with increase in doping concentration

Fig. 1 A schematic demonstration of preparation of ZnO NRs and
B-doped ZnO NRs with various doping concentration
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The characteristic diffraction peaks of the ZnO NRs are
clearly observed in the diffraction patterns. The peak posi-
tions for the undoped and boron doped ZnO nanorod
samples are in a close conformity with JCPDS card no.36-
1451, space group P63mc), verifying the hexagonal wurtzite
ZnO structure of the samples [36]. No other secondary
phase’s peaks were observed in the XRD spectrum after
doping boron, which indicates the single crystalline nature
of the samples. The high-intensity diffraction peak is indi-
cative of the fact that reflections from (002) plane in ZnO
nanowires are stronger as compared with the other planes
[37]. So it is in harmony that the crystal has growth along c-
axis based on the strongest, characteristic (002) diffraction
peak, which is also in suitable agreement with earlier
reported literature [36, 38].The red shift occurred in the
doped ZnO samples has been clearly observed and repre-
sented in Fig. 2. Due to the substitution of lower ionic
radius B3+ (0.02 nm) in place of either O2− (0.14 nm) and/
or, Zn2+ (0.074 nm) in ZnO host lattice, the crystal plane
spacing shrinks resulting in the shifting of (002) peak
towards higher angle [34]. The average crystallite size was
calculated using the Debye-Scherrer’s formula

D ¼ 0:9 λ
β cos θ

ð1Þ

δ ¼ 1
D2

ð2Þ

The dislocation density can be estimated from the
equation (2).

The lattice constants were calculated using the equation
as follows,

sin2 θ ¼ λ2

4a2

� �
4
3

h2 þ hk þ k2
� �þ l2a2

c2

� �
; ð3Þ

where λ is the wavelength of CuKα1 radiation used
(=1.5406 Å), and θ is the angle of diffraction. The stress
induced in the ZnO matrix by the incorporation of B3+ ion
can be estimated using the formula given in Eq. 4 and

represented in Table 1.

σ
N

m2

� �
¼ �453:6� 109

C0 � C

C0

� 	
; ð4Þ

Where C is the lattice constant obtained from the (002)
diffraction peak and C0 is 5.205 Å for bulk ZnO. The
induced stress effect changed the preferential orientation of
the growing ZnO nanorods with an increase in the doping
concentration of boron.

3.2 Surface morphology study

Figure 3 (a–e) represents the top view of the field emission
scanning electron microscopy (FESEM) images of undoped
and B-doped ZnO NRs. The samples were observed to be
well contained with vertically aligned hexagonal nanorods
in a regular manner on the substrate. The effect of boron
concentration on the morphology can be clearly visualized
in the cross-sectional images (inset of Fig. 3 (a–e)). The
change of smoothly grown, uniformly distributed ZnO
nanorods to unevenly distributed morphology indicates the
consequence of boron doping into ZnO host matrix. All the
FESEM images were analyzed using ImageJ software. The
average nanorod lengths with increasing doping con-
centration were found to be of 2.8, 2.56, 1.278, 1.76, and
2.6 μm for ZnO, 2B_ZnO, 4B_ZnO, 6B_ZnO, and
8B_ZnO, respectively. Interestingly, all the grown NRs
were found to be shorter than the undoped ZnO NRs with
an increase in B concentrations. The growth mechanism of
ZnO nanostructures can be explained by three steps namely:
first, deposition of ZnO crystal seeds on the substrate;
second growth of randomly oriented crystals from the seeds;
and third, the growth of aligned nanorods after extended
reactions resulting in the reduction of growth units [39, 40].
In a typical chemical process the growth of ZnO NRs are
caused due to hydrolysis of zinc nitrate and ZnðOHÞ2�4 acts
as the growth unit [41]. The dopant source as a boron
precursor was introduced into the reaction path. The triva-
lent boron ion in the growth solution leads towards a
decrease in the concentration of Zn2+ interstitial ions to

Table 1 The structural
parameters, average diameter,
approx. length, roughness
calculated from XRD and
FESEM characterization
respectively

Sample 2θ at (002)
plane

c Crystallite
size

Stress σ
(×109)

Dislocation
density

Average
diameter

Approx
length

Roughness

(°) (Å) (nm) (N/m2) (nm)−2 (nm) (μm)

ZnO 34.374 5.214 85.92 0.757674 0.000135456 169 2.8 60.07352

2B_ZnO 34.394 5.211 95.85 0.498881 0.000108846 188 2.56 49.37349

4B_ZnO 34.417 5.207 95.46 0.208427 0.000109737 191 1.278 24.26103

6B_ZnO 34.425 5.206 90.07 0.104879 0.000123256 187 1.76 34.1258

8B_ZnO 34.458 5.201 63.36 −0.31647 0.000249102 189 2.6 49.87964

Crystallite size was calculated using Debye-Scherrer’s formula
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compensate for the difference in the charge of the B-doped
host lattice, [42] suppressing the growth of ZnO nanorod.
On the other hand the NRs doped after 4% B shows an
increase in the nanorods length, which indicate that the ZnO
lattice had been doped with interstitial B3+ ions and/or that
Zn2+ ion in the lattice had been substituted with the higher
valence B3+ ions, which in turn increased the length of
the nanorods [21]. The average diameter of the nanorods
has also varies as 169, 188, 191, 187, and 189 nm with
increased doping concentration ranging from 0 to 8%
(shown in Fig. 3 (f)). Roughness factor was estimated from
the hexagonally packed model as reported earlier by Kim
et al. and summarized in Table 1 [43].

3.3 Optical properties

Light absorption in the visible region is one of the essential
key features for photocatalytic materials. The
Ultraviolet–Visible (UV–Vis) absorption spectra powerfully
reveal a clear understanding and developing the band
structure and an energy gap Eg of crystalline structure.
Figure 4 represents the absorption spectra of hydrothermally
grown undoped and B-doped ZnO NRs recorded within the
spectral range 350–750 nm. The band gap values were
estimated from the absorption spectra by using the Tauc’s
relation [44]. The calculated values of band gap for all the
samples are summarized in the Table 2.

The absorption band edge for undoped ZnO NRs was
obtained at ∼394 nm. It has lower absorption edge in the
visible light range. The band gap tunability after doping can
be understood as the replacement of Zn2+ ion by B3+ ion.
With B-doping up to 6%, a decrement in the band gap
values of ZnO NRs was observed from 3.25 to 3.13 eV,

Fig. 3 FESEM images of top view of (a) undoped ZnO NRs, (b)
2B_ZnO, (c) 4B_ZnO, (d) 6B_ZnO, (e) 8B_ZnO along with the
graphs representing distribution of diameters of samples respectively,
(f) represents the variation in nanorod length and diameter distribution
as a function of boron concentration. The inset (a–e) shows the cross-
sectional view of the respective samples

Fig. 4 UV–Vis absorption spectra (inset shows Tauc’s plots.) of ZnO
NRs and B-doped ZnO NRs with various doping concentration
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whereas, for 8B_ZnO sample, the band gap value increases
to 3.22 eV in comparison with ZnO NRs. The conduction
band and valence band levels were calculated theoretically
and represented in Table 2 in a similar way as reported
earlier [45, 46]. The reduction of band gap with an increase
in B concentration can be attributed to the new ion (B3+)
energy level formed within the valence band and conduc-
tion band. The blue shift further observed with 8B_ZnO can
be explained by Burstein-Moss (BM) effect. According to
BM effect, the fermi level lying below the conduction band
of an intrinsic semiconductor gets shifted above it due to
increase in the carrier concentration and hence causes a blue
shift of band gap. The increment in carrier concentration is
clearly indicated by the interstitial zinc atoms or oxygen
vacancies at room temperature [47].

Photoluminescence (PL) spectroscopy is an essential tool
for explaining the transfer and recombination process of the
photogenerated electron-hole pairs in the semiconductor.
The presence of different type of structural defects such as
zinc and oxygen interstitials and/or vacancies in ZnO
nanostructure results in different radiative recombination
transitions between electrons either from the conduction
band or trapping levels and photo generated or trapped holes
can be studied from PL measurement [48]. Figure 5 repre-
sents the room temperature PL spectra of B-doped ZnO NRs
samples as a function of boron concentration with excitation
at a wavelength of 320 nm. The PL spectra of ZnO consists
of the UV emission caused due to excitonic recombination
which is in harmony with the near band edge (NBE) emis-
sion of ZnO, while the deep level emissions (DLE) in the
visible spectral region results from their combination of
photo-generated holes with various structural defects e.g.,
ionized charge states of intrinsic defects, oxygen vacancies,
Zn interstitials, zinc vacancies, and oxygen antisites [49].
From the PL spectra the UV emission peaks at 379, 396 nm,
a violet-blue band at 452 nm, a strong blue band at 470 nm, a
greenish blue emission at 484 nm, a weak blue–green
emission at 492 nm, and a broad peak ranging from 500 to
650 nm can be clearly observed. The 379 nm peak in the UV
emission identifies the typical exciton emission or NBE from

the recombination of free excitons [50]. The peak at 396 nm
is attributed to the surface states (VZn) or band tail states in
ZnO [51]. The range of wavelength 450–650 nm DLE
region is usually observed due to the optical centers asso-
ciated with impurities such as native defects [52]. The sur-
face defects in ZnO NRs are the main cause for the weak
blue emissions [53]. The strong blue band at 470 nm has
been resulted due to the electron transitions from the inter-
stitial Zni to the intrinsic defect VZn.

Furthermore, a green emission can be clearly observed at
∼543 nm, which is referred to as the DLE and often
attributed to singly ionized oxygen vacancies (V0

+) [54].
Figure 5 clearly indicates that with an increase in doping
percentage of B in the hydrothermal solution the PL
intensity has been decreased and at 6% B-doping it has
attended the minimum value. This can be inferred that B3+

ion has been successfully incorporated into the ZnO host
matrix. But after that in the case of 8B_ZnO again PL
intensity has been increased, which indicates the enhanced
recombination effect [55, 56]. As observed clearly from the
PL graph the weak green emission, the 6B_ZnO sample
exhibited the lowest surface defect [35]. The lesser defect
causes the reduction in recombination centers for photo-
electrons and holes by acting like an energy barrier at the
interface, promoting the charge separation and hence
improving the PEC performances. To investigate the impact
of the oxygen vacancy on photoelectrochemical properties
further PEC performance was analyzed using a three elec-
trode system.

3.4 Electrical properties

Figure 6 represents the current–voltage (I–V) characteristic
graph for all the grown nanorods, measured both under dark

Table 2 The optical band gap, absolute electronegativity and
conduction band and valence band level estimated theoretically from
absorption spectrum results

Sample Optical
band gap
(eV)

Absolute
electronegativity
(χ)

CB level (eV) VB level
(eV)

ZnO 3.25 5.79249 −0.332505 2.91749

2B_ZnO 3.19 5.79037 −0.304625 2.88537

4B_ZnO 3.16 5.78825 −0.291745 2.86825

6B_ZnO 3.13 5.78613 −0.2778864 2.85113

8B_ZnO 3.22 5.78402 −0.325982 2.89402

Fig. 5 The photoluminescence spectra of undoped and B-doped ZnO
NRs films
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and illumination conditions in the ambient atmosphere
within a voltage range from −4.5 to +4.5 V. The linear
graphs clearly shows the ohmic nature of the samples.
Further with an increase in the doping concentration of B, a
remarkable increase in the current values has been
observed. The sample 6B_ZnO exhibits the highest current
value of ∼31 μA among all the synthesized samples under
UV illumination at the voltage +4.5 V. The enhancement in
photocurrent values can be understood in the following
manner. Upon UV illumination, electrons at the top of the
valence band start absorbing the requisite amount of photon
energy and jumps to the conduction band. As a result,
photoinduced carriers, i.e., holes in the valence band and
electrons in the conduction band are created in the ZnO
nanostructure. The substitution of B3+ ion in sites of Zn2+

creates more electrons in the ZnO matrix [57]. With the
increase in doping concentration of trivalent B3+ ion, more
number of carriers are generated in the nanorod arrays; thus
helping more number of electrons to reach the conduction
band of B-doped ZnO [58]. But surprisingly increasing the
doping percentage up to an extent i.e., for 8B_ZnO sample,
the photocurrent value has been reduced. It can be
accounted for the decrease in grain size and increasing
number of grain boundaries, which finally contributes to the
charge carrier scattering mechanism [59]. The enhancement
of photocurrent upon illumination have been estimated
using the same method as reported in earlier literature and
summarized in Table 2 [60].

3.5 Photoelectrochemical (PEC) properties

In order to explore the electrochemical behavior of various
samples, a three electrode PEC cell was used by ZnO NRs
and various B-doped ZnO photoelectrodes. The dark and
photoresponse of these electrodes have been evaluated in a

PEC cell and the performance has been shown in Fig. 7.
The photoactivity of each photoanode was determined by
measuring the photocurrent density generated, while the
electrode was irradiated from the front (semiconductor to
substrate) side of the film while being immersed in elec-
trolyte solutions. The dark current density for undoped ZnO
NRs has been observed in the order of 0.004 mA/cm2, while
under front illumination a photocurrent density value of
∼0.622 mA/cm2 was obtained in 0.1M NaOH at 0.44 V (vs.
Ag/AgCl). Pronounced photoresponse under illumination
was observed with the subsequent increase in dopant con-
centration. But interestingly a decrease in the photocurrent
density value for the 8B_ZnO film has been observed. The
6B_ZnO photoelectrode exhibit highest photocurrent den-
sity of ∼2.6 mA/cm2 in 0.1 M NaOH (at +0.44 V vs. Ag/
AgCl) electrolyte solution which is more than 318, 123, 30,
and 74% enhancement compared to the undoped ZnO
(0.622 mA/cm2), 2B_ZnO (1.162 mA/cm2), 4B_ZnO
(2 mA/cm2), 8B_ZnO (1.492 mA/cm2) samples, respec-
tively. Among all the prepared films the 6B_ZnO sample
was superior in PEC properties along with the immediate
photocurrent generation at lower potential values, which
indicates the dominance of fast charge transport over the
electron–hole recombination. The remarkable increment in
photocurrent values can be attributed not only to the
increase in photo-absorption, which is in accordance with
our optical results but also to the reduced surface defects
caused due to the insertion of B in ZnO host matrix. This
enhancement in photocurrent density revealed that the
separation of photogenerated electron-hole pairs occurs
more effectively after insertion of B in ZnO host matrix,
which resulted in a decrease in the recombination prob-
ability [34]. But for the 8B_ZnO sample photocurrent
density values has been decreased due to increase in surface

Fig. 6 Current vs. voltage measurements of undoped ZnO NRs and B-
doped ZnO NRs films under dark and UV illumination condition

Fig. 7 Photocurrent density (mA/cm2) vs. Applied Potential (vs. Ag/
AgCl) measurements of undoped ZnO NRs and B-doped ZnO NRs
films under dark and visible light illumination at room temperature in
0.1M NaOH electrolyte solution
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defects, which has been confirmed from the photo-
luminescence results as well as for the increase in the band
gap value. Although the above study indicates the quanti-
tative discussions on overall photocurrent production, still
further investigations are required to understand the carrier
path as well as to check their applicability in nanostructured
systems.

Initially, if a semiconductor is placed within an electro-
lyte solution, flow of electric current occurs across the
junction until the chemical potential are equalized and an
electronically balanced condition is created, i.e., the Fermi
energy of the electrons in the semiconductor gets balanced
with the redox potential of the electrolyte. As the applied
potential values have been increased to more positive
values, the photocurrent increased towards more positive
values, which is regarded to be anodic. So B-doped ZnO
can be considered to be an n-type semiconductor (n-SC).
When the system is illuminated, a photon is absorbed by
one nanocrystal, thus generating an electron/hole pair due to
the initial events of direct recombination and separation.
After the pair formation, in order to get the either of the
charges separated one of the charge carrier must be trans-
ferred to the electrolyte much faster than the other. This can
be achieved easily by using liquid junctions, as the holes
travel faster in the electrolyte medium causing reduction of
the recombination rate between electrons and holes [61].
Here, in an n-SC, holes being present in the valence band,
preferentially gets injected into the electrolyte and are
captured by the electrons from water oxidation (Eq. 6).
Meanwhile, the conduction band electron reaches the con-
ducting side of the substrate after passing several crystal-
lites. The negative charge carriers move to the current
collector through the external circuit, reaching the counter
electrode and causing reduction of the water with the
application of suitable potential (Eq. 7). Thus an anodic
photocurrent is generated as shown in Fig 7. The process is
governed by the following two chemical equations at the
electrodes surfaces:

At working electrode : 2H2Oþ 4hþ ! O2 þ 4Hþ ð6Þ

At Pt electrode : 4Hþ þ 4e� ! 2H2 ð7Þ
Hence the overall PEC reaction for the n-SC photoelec-

trodes can be represented by the following equation [62]

4hν þ n� SCð Þ þ 2H2O ! 2H2 þ O2 þ n� SCð Þ ð8Þ
Whenever external voltage is applied to an n-SC in

contact with an electrolyte in absence of space charge layer
in the semiconductor, the conduction band and valence
band are flat at the semiconductor-electrolyte interface and
the applied potential is equal to Efb, the flat band potential
[63]. At this potential no electron-hole pairs are generated
and hence the current flow stops across the semiconductor.

Again with increase in applied bias along positive axis
shifts the Fermi level towards more negative values of
energy (in solid state vacuum scale) and the band bends
upward. In dark condition, this establishes a barrier to
charge transfer and current flow stops. The flat band
potential value thus can be calculated by using Butler
method according to the following equation [63, 64].

i2ph � E � Efb

� � ð9Þ

Where iph represents the photocurrent and E is the
applied potential bias. According to this equation the
intercept of the linear region of the i2ph vs. E plot with
abscissa will be Efb. Using the above equation the flat band
potential was determined to be −0.1 V (vs. Ag/AgCl) for
the optimized sample 6B_ZnO as shown in the Fig. 8.

Fig. 8 Flat band potential (Efb) measurement of the optimized
6B_ZnO film in aqueous electrolyte, 0.1 M NaOH: black line corre-
sponds to current as a function of Applied potential (vs. Ag/AgCl) and
red line indicates the square of the photocurrent plotted against the
potential to extrapolate the value of Efb

Fig. 9 PCE (%) for undoped ZnO NRs and B-doped ZnO NRs films
under dark and visible light illumination at room temperature using
0.1M NaOH as an electrolyte solution
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The solar energy to chemical energy conversion effi-
ciency, also named as photoconversion efficiency (PCE) (η)
for PEC water splitting of photoanodes was estimated by
using the equation below [65]

η %ð Þ ¼ total power output� electrical input
light power input

� 100

¼ Jp 1:23� Vapp

 �

Plight
� 100 ð10Þ

where Vapp (in volts) is the applied external potential
versus reversible hydrogen electrode (RHE), Jp is the
externally measured current density (mA cm‒2) at Vapp and
Plight is the power density of the incident light (mW cm‒2).
Figure 9 shows the PCE of the B-doped ZnO NRs arrays
films with variation in molar concentrations and the curve
for ZnO was plotted for reference. The PCE values esti-
mated for all the samples were represented in Table 3.
Significant increase was observed after B doping on ZnO
NRs and for 6B_ZnO sample maximum PCE of 2.054%
was observed, which is approximately 4 times as compared
to undoped ZnO NRs film electrode. Increasing the con-
centration further the efficiency decreases, which is con-
sistent with the photocurrent results. Moreover this
indicates, the suitable modification in the electronic states of
the sample has been occurred, hence making B-doped ZnO
a potential candidate for photoelectrochemical cell.

4 Conclusion

In summary, B-doped ZnO NRs were synthesized by using
low cost facile sol–gel hydrothermal technique. Along with
variation in doping concentration, the hexagonal structure
has been maintained for all the grown NRs as revealed by
XRD and FESEM images. Using boron as a dopant shows
an increase in carriers in the ZnO matrix, thus helping more
number of electrons to reach the conduction band, resulting
in an enhancement of the photocurrent values. The highest
photocurrent observed from the I–V graph for the 6B_ZnO
sample was ∼14 times enhanced as compared to the
undoped ZnO NRs. It indicates that with suitable selection

of dopant concentration the conductivity has been increased
promoting higher photocurrent values. Furthermore, pho-
toelectrochemical performance of the samples provided an
insight into their use as photoelectrodes for PEC solar cell.
The anodic photocurrent observed for the B-doped ZnO
NRs claims their n-type nature. The 6B_ZnO photoelec-
trode exhibited highest photocurrent density of ∼2.6 mA/
cm2, which was nearly 318% enhancement as compared
with its undoped counterpart. It indicated that efficient
charge separation has occurred as well as the recombination
probability also decreased after doping boron in ZnO host
matrix. Based on the above notable facts the B-doped ZnO
NRs can be used in photoelectrochemical cells to serve
better as photoelectrodes due to their superior photoinduced
properties over ZnO NRs. By choosing suitable doping
concentration along with proper electrolyte, the B-doped
ZnO NRs arrays can be promoted for applications in the
photoelectrochemical solar cell.
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