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ABSTRACT

The present work reports a facile approach to the one-pot solution growth of vertically
aligned, doped ZnO nanorod (NR) arrays by chemical bath deposition (CBD). The effects of
dopant ions on the final morphologies, electronic band structures and donor densities of
ZnO NRs were examined. With the introduction of dopants, the optical band gap energies
of the samples were reduced. The photoelectrochemical (PEC) water splitting performances
of the doped ZnO NRs were tested. When compared with pristine ZnO NRs, the doped ZnO
NRs demonstrated an improvement of at least 15% in the PEC water splitting activity. Na-
doped ZnO NRs was the most efficient photoanode, where its photocurrent density was 2.1
times greater than that of pristine ZnO NRs. The mechanism for improved PEC perfor-
mance was proposed.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

Water splitting

reserved.

Introduction

Fossil fuels have been extensively used for several decades,
resulting in an increase of greenhouse gases and toxic pol-
lutants. As such, the development of sustainable and
renewable resources is vital for the future energy security.
The use of semiconductor materials for solar photo-
electrochemical (PEC) and photocatalytic water splitting offer
environmental friendly processes for the generation of
renewable energy. Among the nanoscaled materials, 1D
photocatalyts have been widely explored due to their large
surface area and short diffusion lengths for photogenerated
minority carriers [1-4].

Many different metal oxide nanostructures such as ZnO [5],
TiO, [6], Fe,03 [7], and WOs [8], have been studied for their
potential application in PEC water splitting. Of these semi-
conductors, ZnO has been recognised as a promising

* Corresponding author. Tel.: +44 1273 678492.
E-mail address: giao.chen@sussex.ac.uk (Q. Chen).
http://dx.doi.org/10.1016/j.ijjhydene.2015.09.116

photoanodic material owing to its appropriate band edges,
high electron mobility, low electrical resistance and high
electron-transfer efficiency [4,9]. However, the photo-
conversion efficiency of ZnO nanomaterials is substantially
limited due to its large band gap (3.37 eV) [10]. Thus, many
efforts have been focused on increasing the absorption of ZnO
to the visible region, through sensitisation with dyes or
quantum dots, and doping with heteroatoms [2,4,10—12].
Impurity doping has been widely investigated in the past as
an effective method to increase electrical conductivity and to
narrow the band gap energy of semiconductors [13—15]. So far,
various types of extrinsic dopants have been introduced into
ZnO in order to enhance the photoconversion efficiency
[15—18]. Doped ZnO NRs have been synthesised through a
variety of different techniques. Hydrothermal synthesis is one
of the methods used for the growth of doped ZnO nano-
structures [19,20]. Although high quality nanostructures can
be achieved with this method, it is difficult to monitor and

0360-3199/Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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control the growth process and the size of the substrate is
usually limited. Ion arc implantation is another method used
to introduce dopant [11]. This technique involves high vac-
uum environments coupled with high voltage currents,
making it difficult and complex to perform. The third strategy
used is chemical vapour deposition [18]. This is a complex
process involving high temperatures (>600 °C), restricting the
choices of substrates.

Here, we demonstrate one-pot synthesis of high quality
crystallised doped ZnO NRs based on an adapted CBD
method. The method allows homogenous deposition of NRs
over a large surface area with a fine control on dopant con-
centration. In the present work, various dopants (Ni, Co, K
and Na) have been introduced into ZnO nanostructures. The
effects of each dopant ion on the morphologies and optical
properties of the created ZnO nanostructures were investi-
gated. The electronic structures and carrier densities were
evaluated and their correlation with the PEC performance
was also analysed.

Materials and methods
Preparation of catalysts

All the chemicals used were analytical grade and purchased
from Sigma—Aldrich UK. The substrates, titanium plates
(2 x 2 cm? Rudgwick Metals) were polished, cleaned under
sonication in an isopropanol bath for 15 min, and dried in air
prior to NR synthesis. ZnO NRs were prepared by CBD method
as described elsewhere [5]. In this work, 0.10 M of seeding
solution and 20 mM of growth solution were used. The doped
ZnO nanostructures were prepared according to the same
procedure with the addition of doping precursors (nickel ac-
etate tetrahydrate, cobalt acetate tetrahydrate, potassium
nitrate and sodium nitrate). Doping was carried out by adding
dopant ions into the growth solution resulting in a 1:4 molar
ratio of dopingions to zinc acetate. The ZnO seeded substrates
were vertically positioned in glass beakers containing 100 mL
of growth solution at 85 °C. After 12 h, the samples were rinsed
three times with DI water, dried at room temperature, and
annealed at 400 °C for 1 h.

Characterisation

The morphologies of the samples were studied by scanning
electron microscopy (SEM, JSM 820M, Jeol). The crystallinity
and structure orientation of the nanostructures were analysed
by powder x-ray diffractometer (XRD, Siemens D500). The
average diameters and average film thicknesses were
measured from top- and side-view SEM images by using
Image ] (National Institutes of Health, USA). The light ab-
sorption spectra were recorded using a UV—Visible spectro-
photometer (Thermospectronic UV 300) with samples grown
on fluorine doped tin oxide (FTO) glass substrates (supplied by
Sigma—Aldrich UK) under identical conditions. The actual
dopant concentrations were measured using inductively
coupled plasma mass spectroscopy (ICP-MS; Agilent 7500ce).

Photocatalytic water splitting

The PEC water splitting was measured using a standard three-
electrode configuration in a 1.0 M KOH electrolyte (pH 13.6). A
platinum foil was used as counter electrode and a KCl satu-
rated Ag/AgCl electrode was used as a reference. A USB
potentiostat (eDAQ) was used to control and record the
photocurrent as a function of electrochemical potential.
Sunlight was simulated with a 300W xenon arc lamp with an
AML1.5 G filter and the output light power density was adjusted
to 100 mW cm 2. The optical power density was calibrated by
a power meter (Newport 1830-C) with a wide band sensor
(Newport 818-UV attenuated). Electrochemical impedance
spectroscopy (EIS; Palmsens 3.0) measurements were carried
out in either 0.5 M Na,SO, solution (pH 6.8) or 1.0 M KOH so-
lution (pH 13.6) at a fixed frequency of 1 kHz, the amplitude of
the sinusoidal wave was set at 10 mV.

Results and discussion

The top view morphologies of the synthesised pure ZnO and
doped ZnO NRs are shown in Fig. 1. Fig. 1B—E reveal the
morphologies of the NRs doped with Ni (B), Co (C), K (D) and Na
ions (E). Although the typical hexagonal cross sections are still
observed, the density and diameter of the doped NRs are
varied depending on the dopant. The morphologies of Na-, Co-
and Ni-doped ZnO NRs are significantly affected the coales-
cence of the NRs. For the Ni-doped ZnO sample, the formed
rods are much bigger in diameter than any other NRs,
resulting in a densely packed structure (Fig. 1B). Meanwhile,
the hexagonal cross sections of the Co and Na-doped ZnO NRs
(Fig. 1C and E) are less well defined as the result of coalescence
of the adjacent NRs. The average diameters of the undoped,
Ni-, Co-, K- and Na-doped ZnO NRs were measured (based on
100 measurements for each sample) to be 160 + 22, 440 + 66,
200 + 24, 180 + 21 and 170 + 24 nm, respectively.

In addition, the dopants can also affect the NR length, as
presented in Fig. 2. The average lengths of the undoped, Ni-,
Co-, K- and Na-doped ZnO NRs were determined to be 4.0, 2.2,
3.1, 3.6 and 3.8 um, respectively. The length of the NRs is
directly correlated to the diameter of the NRs, ruled by the
mass conservation. For the Na- and K-doped ZnO samples, the
average lengths of the NRs are slightly shorter, while their
diameters are slightly larger than those of pristine ZnO NRs.
The extreme example is the Ni-doped ZnO NRs which are
much shorter, and their diameters are much larger than the
pristine ZnO NRs. Quantitative analysis reveals that the length
of the Co-doped ZnO NRs is about ~77.5% of the pristine ZnO
NRs, while the length of the Ni-doped ZnO NRs is about 50% of
the pristine ZnO NRs.

The large diameter is consistent with the shorter length of
doped ZnO NRs. In order to establish the NR surface density,
the volume (V) of individual NR was calculated using its
averaged radius and length. The results present in Table 1
reveal that most of doped NRs have similar single rod vol-
ume, except for the Ni-doped ZnO sample which has a volume
3—4 times larger. This suggests that the density of the NRs was
determined by the seeding process and maintained as
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Fig. 1 — Top view SEM images of (A) undoped, (B) Ni-, (C) Co-, (D) K- and (E) Na-doped ZnO NRs.

constant for all the doped ZnO NRs. For Ni-doped ZnO NRs,
every 3 or 4 NRs were coalesced, resulting in a large volume
and large diameter of each rod.

The change in the NR shape aspect ratio can be attributed
to the dopant ions suppressing the growth of ZnO NRs along
the (002) face. The doping ions in the nutrient solutions form
charged complex ions (cation or anion) which will selectively
interact with the ZnO facets leading to an alteration of the NR
growth kinetics [21,22]. Since the (002) plane of ZnO is nega-
tively charged in aqueous solution [21], this suggests that Ni*™,
Co?*, K" and Na' ions predominantly formed positively

charged complexes in alkaline solutions, which will be
attracted onto the (002) plane, inhibiting NR growth along the
[0001] direction.

The surface area to volume ratio (SAVR) determines the
geometry effects on the reaction kinetics for gas or liquid at
solid surface [5]. Based on the measured morphological di-
mensions in Table 1, the surface area to volume ratio (SAVR)
values were calculated to be 0.0181, 0.0110, 0.0175, 0.0184 and
0.0194 nm ™ for pristine ZnO, Ni-, Co-, K- and Na-doped ZnO NR
arrays, respectively. The higher surface area density offers
morereaction centres which canimprove the reaction kinetics.
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Fig. 2 — Side view SEM images of (A) undoped, (B) Ni-, (C) Co-, (D) K- and (E) Na-doped ZnO NRs.

Table 1 — Morphological parameters, volume and surface The powder XRD patterns of the as-grown ZnO NRs and

area to volume ratio (SAVR) of ZnO NRs. doped ZnO NRs were analysed based on the standard XRD
NR samples e —, V (um® SAVR (nm Y database for wurtzite ZnO (JCPDS 36-1451) and alpha-titanium
(um) (JCPDS 44-1294). As shown in Fig. 3A—E, all the XRD diffraction

peaks were indexed to the typical wurtzite hexagonal phase of

Radi Length
aqs cng ZnO dominated by the (002) diffraction and there is no dopant

Pristine Zno ol o sz . metal oxides phases were observed. This indicates either the
Ni-doped ZnO 0.22 22 0.2766 0.0110 dopant concentrations were too low or the dopants were
Co-doped ZnO  0.10 3.1 0.0805 0.0175 . P b diotriboted into th goP

K-doped ZnO 0.09 36 0.0799 0.0184 omogenously distributed into the ZnO NRs. It is important to

Na-doped ZnO 0.09 38 0.0713 0.0194 note that, when compared to pristine ZnO, the (002) peak
positions of the Na- and K-doped ZnO samples are having an
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Fig. 3 — XRD patterns of (A) undoped, (B) Ni-, (C) Co-, (D) K- and (E) Na-doped ZnO NRs. The miller indices of crystal planes are
labelled where Z and @ are ZnO and titanium, respectively. (F) Enlarged (002) diffraction peaks of pristine and doped ZnO

NRs.

obvious shift toward lower angle (Fig. 3F), while the Ni- and
Co-doped ZnO samples show very little shift. The peak shift
can be attributed to the distortion of the ZnO lattice after
interstitial doping. The c-lattice constants [23] of undoped, Ni-
, Co-, K- and Na-doped ZnO NRs were calculated to be 5.163,
5.160, 5.162, 5.181 and 5.179 A, respectively. The variation of
the lattice constants is directly determined by the ion radius of
the dopant. The expansion of the ZnO lattice for K- and Na-
doped ZnO samples were due to the larger ionic radii of K*
(1.51 A) and Na™ (1.18 A) with respect to the Zn?* (0.74 A) [24].
The obtained results are consistent with the previous findings
[13,25]. For Co- and Ni-doped ZnO samples, the ionic radii of
Ni%* (0.69 A) and Co?* (0.72 A) [26] are slightly smaller than the
ionic radius of Zn?*, thus the substitution of Ni%* or Co?" ions

into the zinc sites will cause a small reduction of the ZnO
lattice. Similar XRD spectra were also found in recent inves-
tigation for the solution growth of Ni- and Co-doped ZnO
nanostructures [27,28|.

In order to determine the actual dopant concentration in
the ZnO crystal, ICP-MS measurements were carried out
(Table 2). It is noticeable that the actual dopant/Zn molar
percentages are about 10% of that in the nutrient solutions.
The low-level of doping efficiency can be attributed to the
solubility of these dopants in ZnO [14,27]. The dopant solubi-
lity increases with increasing the operating temperature since
the diffusion of the dopant ions into the ZnO crystals is fav-
oured at high temperature [29]. In the present work, the CBD
reacts at a rather low temperature (~85 °C), thus the

Please cite this article in press as: Lee WG, et al., Enhanced photoelectrochemical water oxidation by Zn,M,0 (M = Ni, Co, K, Na) nanorod
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Table 2 — ICP-MS analysis of doped ZnO NRs.

NR samples Dopant Doping efficiency (%)
concentration (%)
Solution Film
Ni-doped ZnO 25.0 3.23+0.26 12.92
Co-doped ZnO 25.0 2.95+0.28 11.80
K-doped ZnO 25.0 1.98 + 0.36 7.92
Na-doped ZnO 25.0 2.17 £ 0.42 8.68

solubilities of the dopant ions are expected to be much lower.
Similar low-level doping behaviour for transition metal ion
doping in ZnO nanocrystals has been reported [14,30]. In
comparison with Na and K, Co and Ni have achieved relatively
higher dopant concentrations. This observation can be
explained by the high binding energy of the Co** and Ni** and
large ion radii of Na* and K*. This is consistent with the
observation of morphology variation, lattice constants
enlargement and crystal textures for our Ni-, Co-, K- and Na-
doped ZnO NRs.

The effect of doping on the light absorption of ZnO NRs was
investigated using a UV-Vis spectrophotometer. Fig. 4A re-
veals the UV—Vis absorption onset of the doped ZnO NRs is
shifted to a longer wavelength (>400 nm) when compared to
the pristine ZnO NRs (~387 nm). The red shift (in the web
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Fig. 4 — (A) UV—Vis absorption spectra and (B) Tauc plots of
undoped and doped ZnO NRs.

version) could significantly enhance the absorption of solar
energy in the visible region, indicating reduced optical band
gaps. The optical band gap was determined by the Tauc
equation from the extinction coefficient () as a function of
photon energy (hv) [31], as presented in Fig. 4B. The measured
absorption spectrum has some background in the long
wavelength region (450—600 nm), which is due to either light
scattering from micro texture of the NRs or the light absorp-
tion by the defects state. Such background was corrected
before the Tauc plots were made. The linear nature of the
Tauc plots at the absorption edges confirms that all the sam-
ples are direct band gap semiconductors. The band gap en-
ergies of Ni-, Co-, K- and Na-doped ZnO NRs were determined
to be 3.17, 3.15, 3.16 and 3.14 eV, smaller than 3.28 eV of the
pristine ZnO.

The reduction of band gap energies could be due to the
creation of defect centres, such as oxygen vacancies [32], or by
the formation of dopant states inside the band gap of ZnO
[13,33]. The structure disordering and density of defects can
also be reflected by the light absorption below the optical gap,
defined as Urbach tail. The Urbach energy (E,) can be obtained
from the inverse of the slope of In « as a function of hv [34], as
shown in Fig. 5. The E, values of undoped, Ni-, Co-, K- and Na-
doped ZnO NRs were 94.5, 105.8, 112.6, 163.2 and 169.4 meV,
respectively. The obtained E, value of pristine ZnO NRs is
comparable with the reported value [15]. It is important to
note that all the doped ZnO NRs are having a higher E, value as
compared to that of pure ZnO. The larger the E, value in-
dicates an increased in the structural disorder and the number
of defects in the doped nanomaterials [15].

The PEC water splitting performances of the undoped and
doped ZnO NRs were investigated. Fig. 6 shows the photo-
currents generated from pure ZnO, Ni-, Co-, K- and Na-doped
ZnO between potentials of —0.5 and 1.0 Vag/agc) together with
the dark currents measured in 1.0 M KOH electrolyte (pH 13.6).
For all samples, the dark current are too small to be distin-
guishable when the potential is below 0.87 Vagagcl, above
which the electrochemical water oxidation starts to be
observable from the increase of the anodic dark current. In
comparison to the pure ZnO NRs photoanode, it is obvious
that the doped ZnO NRs demonstrated a significant
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Fig. 5 — Plots of In « as a function of photon energy for
undoped and doped ZnO NRs.
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Fig. 6 — Photocurrents generated from pristine and doped
ZnO NRs. The dotted lines are their corresponding dark
current.

improvement in the photocurrent density. At a typical po-
tential of 1.0 Vag/agc, the photocurrents generated from pure
ZnO, Ni-, Co-, K- and Na-doped ZnO NRs photoanodes were
0.42, 0.48, 0.58, 0.62 and 0.90 mA cm™2, respectively. This
represents a ~114% photocurrent density increment for the Na
doped ZnO NRs. It is worth noting that the onset potentials of
the doped ZnO NR anodes are more negative than that of
pristine ZnO NR anode, which are —0.35, —0.39, —0.38, —0.39
and —0.42 Vag/agc: for pure ZnO, Ni-, Co-, K- and Na-doped ZnO
NRs, respectively. The more negative onset potentials of
doped ZnO NRs can be attributed to the created defects (oxy-
gen vacancies) of the electrode after the introduction of dop-
ants, causing in lowering the kinetic barrier to interfacial
charge transfer [4]. Therefore, it requires a smaller over-
potential for water oxidation. We are also aware of the pres-
ence of cathodic photocurrent at voltages below the onset
potentials. Such cathodic photocurrents are caused by
reduction processes at the anodes, which can be either
contributed from the reduction of water or the reduction of
dopant species at the electrode/electrolyte interfaces. How-
ever, as such cathodic photocurrent was very low for undoped
ZnO NRs, it is likely that the reduction of the dopants is the
source of the cathodic photocurrent. Such cathodic photo-
current has also been observed from other doped ZnO nano-
materials [4,35].

In order to establish the correlation between the charge
carrier density and the photocatalytic performance, EIS mea-
surements were carried out either in 0.5 M of Na,SO, (pH 6.8)
or in 1.0 M KOH (pH 13.6) in the dark. Fig. 7 shows all the
samples have a positive slope in the Mott—Schottky (M—S)
plots, which confirm the n-type semiconductor behaviour of
the electrodes. The flat-band potential, Vgz, of the photo-
anodes can be obtained by M-S analysis by the linear
extrapolation of x-intercepts in M—S plots [36]. At pH 6.8, the
Vep values of undoped, Ni-, Co-, K- and Na-doped ZnO NRs
were —0.41, —0.44, —0.54, —0.52 and —0.52 Vag/agc1. At pH 13.6,
these Vg values shift towards the negative potential to —0.80,
—0.83, —0.92, —0.92 and —0.86 Vagagc respectively. The
average difference of the Vs between pH 6.8 and 13.6 is about
0.38 V, which is in reasonable agreement with the Nernst
equation. The more negative Vg values suggest that the
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Fig. 7 — M-S plots of (A) undoped (red), K- (green) and Na-
doped (black) ZnO NRs and (B) Co- (blue) and Ni-doped
(pink) ZnO NRs. In each plot the data was measured at
either pH = 6.8 (®) or pH = 13.6 (+). (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)

charge separation of the doped ZnO samples is improved. This
can be accredited to the doped ZnO samples have a lower
potential barrier to overcome, resulting in a reduction of the
charge transfer resistance. It is important to note that the
obtained onset potentials are more positive than the Vgg
values. The difference between the Vi and the onset potential
from PEC is defined as the overpotential in the oxygen evo-
lution reaction (OER), caused by the interfacial charge trans-
port limitations of the samples [37]. Surface modification with
lower overpotential in OER will help to improve the water
oxidation efficiency by moving the onset potential towards
the V. The OER overpotentials are estimated to be 0.45, 0.44,
0.54, 0.53 and 0.44 V for undoped, Ni-, Co-, K- and Na-doped
ZnO NR.

The slopes of the M-S plots can be used to derive the
charge carrier density of the photoanodes [11]. It is clear that
pH of the electrolyte has very little effects on the slope of the
M-S plots, therefore it is confident to assume that the defects
and carrier density are the dominant factors that determine
the slope in the M-S plots and there is no significant change of
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the surface states at different pH. Fig. 7 shows the doped ZnO
electrodes have a substantially smaller gradient with respect
to the pristine ZnO electrode, which implies the donor den-
sities of the doped ZnO samples are increased. For ZnO, with a
relative dielectric constant value of 10 [38], the donor densities
of pure ZnO, Ni-, Co-, K- and Na-doped ZnO were calculated to
be 7.61 x 10%8, 1.34 x 10%, 1.05 x 10%, 2.48 x 10" and
2.20 x 10" cm 3, respectively.

Fig. 8 shows the approximate band edge positions (at
pH = 13.6) of undoped and doped ZnO based on the above
measured flat-band potentials, which are the differences be-
tween Fermi levels and water-reduction potential. Here we
assumed that Fermi levels were about 0.3 eV below the con-
duction band edge for lightly doped n-type ZnO [39,40]. The
calculated conduction band edges are at —1.10, —1.13, —1.22,
—1.22 and —1.16 Vyyg for undoped, Ni-, Co-, K- and Na-doped
ZnO NRs, respectively, while the H*/H, reduction potential is
at —0.80 Vyug. Therefore, all the conduction band edges are
more negative than the hydrogen redox potential. The valence
band edge was determined by combining the band gap en-
ergies from the Taus plots (Fig. 4B). Fig. 8 shows that although
there is no significant difference between the band edges of
the ZnO samples, the conduction band edges of doped ZnO
were all shifted towards negative potential. Such shift could
slightly improve the PEC performance.

The higher PEC performances of the doped ZnO NRs, rela-
tive to the pure ZnO NRs, can be explained in several ways.
The doping is normally associated with crystal defects and
domain boundaries. XRD spectra reveal that Na- and K-doped
ZnO crystals have the largest lattice distortion. The presence
of defects and domain boundaries could form charge trapping
centres, which could improve the charge separation at the
interface of semiconductor and electrolyte [2], and thus
enhanced the PEC water splitting performances. The
decreased band gap energy of doped ZnO means photoexci-
tation can be effectively extended towards the visible range.
The Na-doped ZnO NRs give the smallest band gap with the
highest photocurrent, although the Na dopant concentration
and associated charge carrier density were relative low. This
suggests that in our work, the band gap reduction is more
important than the doping level. A quantitative study of the
effects of doping level on the PEC activity will be carried out in
the future work. The improved PEC performance could also be
correlated to the negative shift of the onset potentials of
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Fig. 8 — Energy diagrams for doped and undoped ZnO NRs.
The redox potentials for water oxidation and H* reduction
were also labelled.

doped ZnO within which the Na-doped ZnO shows the most
negative onset potential with the highest photocurrent. The
onset potential of an n-type semiconductor is defined by the
flat-band potential with the correction of overpotential. For
Na-doped ZnO, although its flat-band potential is not the most
negative, its overpotential (0.44 V) is the lowest of all the
tested samples. This indicates that the presence of crystal
defects and Na dopant could improve the water oxidation and
oxygen evolution with low reaction energy barrier. Finally, the
PEC water splitting activity can also be affected by nano-
morphology. The highest SAVR values of Na- and K-doped
ZnO NR arrays are consistent with the highest photocurrent
densities from those samples.

Conclusions

Doped ZnO NRs were successfully created through the one-pot
aqueous CBD method. The surface morphology of ZnO nano-
structures was strongly affected by the types of charged com-
plex ions formed by the dopants, which will either increase or
decrease the NR aspect ratio. The UV—Vis absorption spectra
revealed that all the doped ZnO samples possessed smaller
optical band gap energy than that of pure ZnO NRs. The PEC
measurements revealed that the Na-doped ZnO NRs anode
exhibited the highest PEC water splitting photocurrent, which
is 2.1 times more than the pristine ZnO NRs anode. Possible
mechanisms for the high efficiency were also discussed.
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