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rogen-doped ZnO nanorod arrays
by hydrothermal synthesis and ambient annealing†

Ryosuke Kobayashi, a Tetsuo Kishi, a Yuta Katayanagi, b Tetsuji Yanoa

and Nobuhiro Matsushita *a

Nitrogen-doped ZnO nanorod arrays (N:ZnO NRAs) were fabricated by hydrothermal synthesis using

a zinc–ammine complex solution, followed by annealing at elevated temperatures under ambient

conditions. After annealing at 400 �C for 1 h, Raman spectra indicated that nitrogen was incorporated in

the ZnO crystal structure. NH3-ligands in the zinc–ammine complex precursor were incorporated in

ZnO crystals during hydrothermal crystal growth and were then ruptured during annealing.

Photoluminescence spectra indicated that during post-annealing, the nitrogen was incorporated into the

oxygen site, which created accompanying defects such as oxygen vacancies and/or interstitial oxygen.

The absorption edge in diffuse-reflectance UV-visible spectra revealed visible absorption after post-

annealing. In addition, the N:ZnO NRAs generated strong visible-light-induced photocurrents. Nitrogen

doping caused a decline in carrier density, as confirmed by an electrochemical Mott–Schottky plot.

These results suggest that this cost-effective fabrication has many potential applications such as solar-

induced water splitting.
Introduction

Zinc oxide (ZnO) has many superior properties such as a wide,
direct band gap, a large exciton binding energy, and high carrier
mobility. Consequently, it has many applications.1–3 Moreover,
one-dimensional ZnO nanostructures have high charge-carrier
diffusion lengths, low grain boundaries, and a high surface-
to-volume ratio, which are essential features for many opto-
electronic applications.4–10 Photoelectrochemical water splitting
under solar light has been explored extensively because of
environmental issues.11,12

In general, undoped ZnO is only active under ultraviolet
light. To make it reactive to visible light, doping is a commonly
used to modify its optoelectronic properties. In particular,
nitrogen doping reduces the absorption energy and enables
ZnO to absorb visible light.13 Hence, it is expected that nitrogen-
doped ZnO nanorod arrays (N:ZnO NRAs) will be used for
visible-light-reactive photoelectrodes.14

Typical N:ZnO NRAs fabrication involves dry processes, such
as chemical vapor deposition15 and pulsed laser deposition,16

which require high-vacuum and high-temperature systems. Wet
eering, School of Materials and Chemical

, 2-12-1 Ookayama, Meguro-ku, Tokyo

@m.titech.ac.jp; Fax: +81-3-5734-3353;

lty of Education, Gunma University, 4-2

0, Japan

tion (ESI) available. See DOI:

hemistry 2018
processes are much easier for fabricating undoped ZnO
NRAs,17,18 and offer cost-efficiency and the potential for large-
scale production. Generally, wet fabrication of N:ZnO NRAs
requires two steps: a solution process, followed by post-doping
via annealing in an ammonia gas atmosphere.14 Alternatively,
ion implantation19 is used to incorporate nitrogen without
changing the nanostructure. However, the dopant distribution
within the crystal cannot be effectively controlled with anneal-
ing in ammonia gas,20,21 and complex, expensive systems are
required for ion implantation.19 It is thus desirable to establish
an easy, cost-effective method to fabricate uniformly nitrogen-
doped N:ZnO NRAs.

Here, N:ZnO NRAs were fabricated by combining hydro-
thermal synthesis using a zinc–ammine complex solution, and
post-annealing in an ambient atmosphere. The zinc–ammine
complex solution was chosen as a precursor for the hydro-
thermal synthesis because it provided nitrogen sources via the
NH3 ligands. The process was simple, and did not require
specialized equipment or conditions. N:ZnO NRAs were ob-
tained by annealing as-grown samples above 400 �C; visible
light photocurrents were maximized when the sample was
annealed at 500 �C. The nitrogen doping mechanism was as
follows: (1) NH3 ligands in the zinc–ammine complex were
incorporated in ZnO crystals during the hydrothermal crystal
growth; (2) the ligands dissociated during annealing; and (3)
nitrogen doping occurred within the ZnO crystals. Defect
formation mechanisms followed by annealing were also
investigated.
RSC Adv., 2018, 8, 23599–23605 | 23599
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Fig. 1 XRD patterns of as-grown N:ZnO NRAs and those annealed at
500 �C for 1 h. Cross-sectional and top-view SEM images are shown in
the insets.
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Experimental
Preparation of zinc–ammine complex solution

Zn(NO3)2$6H2O (>99%), NaOH (>97%), and NH3 aqueous solution
(28%), all from Wako Pure Chemical Industries, Ltd., Japan, were
used without further purication. A zinc–ammine complex
precursor solution was prepared according to Meyers et al.22

Specically, 10 ml of aqueous 2.5 M NaOH was added dropwise to
15 ml of aqueous 0.5 M Zn(NO3)2$6H2O under vigorous stirring.
The resulting slurry was centrifuged and the supernatant was
removed. Rinsing and centrifugation was performed four times to
remove Na+ and NO3

�. The precipitate was then dissolved in 50ml
of aqueous 6.6 M NH3 to yield the zinc–ammine complex solution.

Preparation of ZnO seed layer

ZnO seed layers were deposited on a 20 mm� 30 mm FTO glass
substrate (Sigma Aldrich, �7 U sq�1) by spin-coating the zinc–
ammine complex solution. The substrate was rst ultrasonically
cleaned in acetone, then ethanol, and nally in distilled water
for 10 min each. Then, the substrate was exposed to UV–ozone
(ProCleaner™ Plus, Bioforce Nanosciences) for 10 min to
produce a hydrophilic surface. The spin-coating was performed
at 3000 rpm for 30 s. The substrate was then heated on a hot
plate at 150 �C for 5 min. The spin-coating and heating steps
were repeated ten times to get the desired ZnO thickness.

Fabrication of N-doped ZnO nanorod arrays

The zinc–ammine complex solution was diluted by a factor of
three with distilled water to form a growth solution. The
substrate was placed in a Teon vessel and 30 ml of the growth
solution was added. The vessel was covered, tightly enclosed in
a stainless autoclave, and placed in an oven. The hydrothermal
reaction was performed at 100 �C for 24 h. The substrates were
then removed and immediately rinsed with distilled water. Then
the samples were dried in an oven at 100 �C for 10 min, and
annealed at 300–700 �C with a programming rate of 10 �Cmin�1.

Characterization

Crystal phases were determined by X-ray diffraction (XRD),
(Bruker D8, Bruker), using Cu Ka radiation. Sample morphol-
ogies were imaged with eld-emission scanning electron
microscopy (FE-SEM) (S-4500, Hitachi). Diffuse reectance
spectra were recorded with a UV-vis spectrophotometer (V-670,
JASCO), using BaSO4 as a reference material. Raman spectra
were recorded with a Nanonder30 spectrometer, using 532 nm
excitation from a Nd:YAG laser. Photoluminescence (PL) spectra
were recorded at room temperature with 325 nm excitation from
a He-Cd laser. X-ray photoelectron spectroscopy (XPS) spectra
were recorded on a Perkin-Elmer model 5500 MT XPS system,
using monochromatic Al Ka radiation. Binding energies were
calibrated with respect to the C 1s core level at 284.8 eV.

Photoelectrochemical experiments

Photoelectrochemical characteristics were measured with a poten-
tiostat (HZ-7000, Hokuto Denko), using a standard three-electrode
23600 | RSC Adv., 2018, 8, 23599–23605
cell under visible light irradiation from a 100 W xenon lamp
equipped with a <422 nm cutoff lter (Asahi Spectra). N:ZnO NRAs
on FTO substrates were used as working electrodes with an
effective area of 4 cm2. A Pt plate and an Ag/AgCl electrode were
used as counter and reference electrodes, respectively. A 0.1 M
Na2SO4 aqueous solution was used as the electrolyte and was
purged with Ar bubbling for 30 min before the experiments.
Electrochemical impedance spectroscopy (EIS) was performed in
a 0.5 M Na2SO4 electrolyte solution with a 5 mV amplitude, a 20
kHz to 1 Hz frequency range, and a potential range of�0.6 to 1.0 V
vs. Ag/AgCl. Experimental setups are shown in Fig. S1.†
Results and discussion

Fig. 1 shows the XRD patterns of as-grown N:ZnO NRAs and
those annealed at 500 �C for 1 h. The peaks were identied as
würtzite-type ZnO (JCPDS 36-1451), with no observed impurity
phases. In particular, the (002) peak was the strongest, indi-
cating preferential crystal orientation along the c-axis. This
orientation has oen been observed in solution-processed
ZnO.17,18 Cross-sectional and top-view SEM images of the as-
grown and annealed N:ZnO NRAs are also shown in Fig. 1.
Nearly vertically aligned N:ZnO NRAs were obtained on the FTO
substrate; their morphologies were maintained during anneal-
ing at 500 �C. The average diameter and length of the rods were
approximately 210 nm and 12 mm, respectively.

Fig. 2 shows Raman spectra of the N:ZnO NRAs for the as-
grown sample and for those annealed at different tempera-
tures. All the spectra were normalized with respect to the
highest peak intensity at 437 cm�1. This peak was observed for
all samples, and was attributed to the characteristic vibration of
the high-frequency E2 mode for würtzite-phase ZnO.23 Peaks at
330 cm�1 were from multiple phonon scattering E2 (MP).24

Additional peaks at 275 cm�1, 510 cm�1, 582 cm�1, 635 cm�1

emerged aer annealing above 400 �C; they are usually attrib-
uted to N-related local vibrational modes in ZnO.16,25–27

According to calculations by Friedrich et al.24 the peak at
275 cm�1 may be assigned to a vibrational mode between zinc
interstitials (Zni) and the nitrogen substitution of oxygen (NO). It
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Raman spectra of the as-grown N:ZnO NRA and those
annealed at 300–700 �C for 1 h. All the spectra were normalized with
respect to the peak intensity at 437 cm�1.

Fig. 3 (a) Raman spectra from Fig. 2 centered around 275 cm�1 and
Gaussian fits. (b) Peak areas around 275 cm�1 vs. annealing temperature.

Fig. 4 Photoluminescence spectra of N:ZnO NRAs after various
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emerged aer annealing above 400 �C, and thus indicated that
nitrogen was incorporated into the oxygen site. The peak at
581 cm�1 was assigned to an A1 longitudinal optical peak
derived from defects such as an oxygen vacancy (Vo), Zni, and
defect complexes in ZnO.28,29 It disappeared aer annealing at
300 �C, and appeared again aer annealing above 400 �C. This
result indicates that crystallinity was improved by annealing at
300 �C; whereas, new defects were created by nitrogen doping at
annealing temperatures > 400 �C.

Fig. 3(a) shows the 275 cm�1 peaks in the Raman spectra
tted by Gaussian functions (dotted lines). Fig. 3(b) plots the
calculated areas of the 275 cm�1 peaks vs. annealing tempera-
ture. The peak area increased with temperature, reached
a maximum at around 500 �C, and then decreased above 600 �C.
The peak intensity was a function of nitrogen dopant concen-
tration.30,31 When annealing temperature < 400 �C, N–H bonds
were not sufficiently broken; thus, N-related peaks were not
observed. Temperatures above 400 �C were sufficient to rupture
N–H bonding. The nitrogen remained in the crystal, while the
hydrogen eventually diffused out.32

To investigate sample defects, room-temperature PL spec-
troscopy was performed (Fig. 4). A strong near-band-edge
luminescence at 380 nm is usually observed in ZnO,33 but was
suppressed and very weak in all the samples. This suggested
that the samples had many defects, decreasing band-to-band
transitions, and increasing band-to-defect level transitions or
defect level-to-band transitions. The origin of the broad visible
luminescence has been controversial because of its complexity.
Generally, the violet emission originates from Zni-to-valence
band transitions,34 the yellow emission originates from OH
groups made in the solution process,35 the orange emission
originates from conduction band or Zni-to-oxygen interstitials
(Oi),36 and the red emission originates from the conduction
band-to-VO or VO-to-valence band transitions.37,38 Tarun et al.
reported that the red emission originated from a nitrogen
dopant state.39

In the as-grown sample, there were many OH group/VO

defects remaining in the crystal, thus there was yellow/red
This journal is © The Royal Society of Chemistry 2018
emission in the spectra. Annealing at 300 �C reduced the
number of OH groups/VO defects, decreasing the intensity of
yellow/red luminescence. Aer 500 �C annealing, the Oi/VO

defects increased because of N doping at oxygen sites,
annealing temperatures.

RSC Adv., 2018, 8, 23599–23605 | 23601
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increasing the orange/red luminescence. Annealing at 700 �C
reduced all the defects in the crystal, and the total luminescence
decreased. These results were supported by the Raman spectra
(Fig. 2), which revealed the existence of Zni, Oi, and VO defects.
Differential scanning calorimetry (DSC) measurement of the
sample also suggested the reduction of oxygen vacancies and
the decomposition of the incorporated ammonia. More detailed
thermal analysis is under investigation.

Diffuse reectance absorption spectra of the N:ZnO NRAs are
shown in Fig. 5. Before annealing, the absorption edge shied
to longer wavelengths relative to that reported for ZnO (�380
nm). This red shi was due to VO defect levels created by NH3

ligand incorporation, consistent with Raman and photo-
luminescence spectra (Fig. 2 and 4). Similar absorption shis
induced by oxygen vacancies have been previously reported and
applied in visible-light-reactive photocatalysts.40–42 Aer
annealing at 300 �C, the absorption edge shied to shorter
wavelengths, similar to that previously reported for ZnO.
Ambient annealing improved crystallinity and decreased the
number of VO defects. Therefore, the absorption edge shi that
had been caused by VO defects shied back to the normal value
Fig. 5 (a) Diffuse-reflectance UV-vis spectra of as-grown N:ZnO
NRAs and those annealed at 300–700 �C for 1 h. (b) Enlarged spectra
from (a).

23602 | RSC Adv., 2018, 8, 23599–23605
for ZnO. Aer annealing at >400 �C, a broad shoulder absorp-
tion appeared around 500 nm that was attributed to the
impurity levels formed by N doping.42 These changes in visible
light absorption were consistent with color changes of the
samples from pale-yellow (as-grown) to white (annealed at 300
�C) and to pale orange (annealed >500 �C), as shown in Fig. S2.†

XPS spectra of the N 1s core levels for the samples are shown
in Fig. 6. All the N 1s spectra exhibited single broad peaks, and
they were deconvoluted into two peaks centered at 398.9 and
399.8 eV. The peaks around 398.9 eVwere fromnitrogen atoms in
NH3,42,43 and the peaks around 399.8 eV were resulted from the
formation of O–Zn–N bonds in the crystal.19,21,44 The intensity of
O–Zn–N related peak increased aer annealing at 500 �C. This
result suggested that N was doped at the O sites in ZnO aer
500 �C annealing, which strongly supports our discussion on
nitrogen doping mechanism. Peak around 404 eV was not
observed in the spectra. This peak has been assigned to (N2)O,45,46

thus the absence of the peak suggested the incorporated nitrogen
was not from N2 molecule in the atmosphere, but from NH3 in
the growth solution. The surface atomic ratio of N to Zn in the
sample increased from 2.1% to 3.1% to 3.2% and to 4.7% in the
as-grown sample and that annealed at 300 �C, 500 �C and 700 �C.
This result suggests that nitrogen was incorporated inside the
crystal during the crystal growth, and it thermally diffused from
inside to the surface during the annealing.
Fig. 6 XPS spectrum of the N 1s region of as-grown N:ZnO NRAs and
those annealed at 300–700 �C for 1 h.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 shows photocurrent vs. time (I–t) measurements at
0.8 V recorded on N:ZnO NRAs with light on/off cycles using
422 nm illumination. The data show a very low dark current of
<10�7 A cm�2. Upon illumination, an initial spike was observed
in the photocurrent because of a power transient; the photo-
current then quickly relaxed to a steady-state value. The spikes
were caused by photoexcited holes at electrode/electrolyte
interfaces or at the interfaces within electrodes, which veried
the existence of surface trap states in the sample.19 The
maximum photocurrent occurred in the sample annealed at
500 �C. This was over 18 times that for the as-grown sample,
which exhibited very low photocurrent. The relationship
between photocurrent density and annealing temperature
correlated with the 275 cm�1 Raman peak intensities.

To determine the carrier density and the at-band potential
of the N:ZnO NRAs, Mott–Schottky analysis was performed
using EIS. For at electrodes, the Mott–Schottky equation is
expressed by:

1

C2
¼ 2

qND3ZnO30A2

�
V � Vfb

�
(1)

where C is the capacitance, q is the electron charge (1.6 � 10�19

coulomb), ND is the apparent donor density, 3ZnO is the dielec-
tric constant of ZnO (10),47 3o is the permittivity of free space
(8.85 � 10�14 farad-cm�1), A is the active electrode surface area,
V is the applied voltage, and V is the at-band potential. The
capacitance C was calculated by tting the spectra with the
equivalent circuit of the photoanode, which was Ls + Rs+(RH//
CPEH)+(Rsc//CPEsc). Here, Ls/Rs was the inductance/resistance in
the electrolyte or electrical contact. The parallel circuit of
resistance RH and the constant phase element CPEH repre-
sented the Helmholtz layer at the ZnO/electrolyte interface, and
the parallel circuit of Rsc and CPEsc represented the space-
charge layer at the ZnO/electrolyte interface. Usually, the
capacitance in a space-charge layer is much smaller than that in
a Helmholtz layer, therefore that in the Helmholtz layer can be
neglected in a Mott–Schottky plot.
Fig. 7 Electrochemical I–t measurements recorded on N:ZnO NRAs
with light on/off cycles at 0.8 V using >422 nm illumination.

This journal is © The Royal Society of Chemistry 2018
The impedance of the constant-phase element ZCPE was:

ZCPE ¼ 1

ðjuÞpT (2)

where T was the CPE prefactor, u was the angular frequency
(2pf), p was 0 # p # 1, and j was an imaginary number. The
value of C could be determined directly from T when p ¼ 1.
Here, p was almost constant over the entire voltage range in the
space-charge layer area, and average values for each sample
were >0.9. Therefore, assuming that the electrode capacitance
could be represented directly by T, the Mott–Schottky plot was
constructed using T instead of C.

In Fig. 8 is plotted C�2 vs. V. The positive slopes suggested
that all the N:ZnO NRAs were n-type semiconductors, despite
the nitrogen doping. There were two main reasons for n-
type N:ZnO in this experiment. First, there were a lot of
compensating donor defects in the sample. According to the
Raman and PL spectra (Fig. 2 and 4), the existence of Zni and VO

were suggested. These defects worked as electron donor and
compensated the acceptor-nitrogen in the crystal. Second, the
acceptor-nitrogen concentration was too low to turn n-type to p-
type. The Raman peak intensities at 275 cm�1 (shown in Fig. 2)
were weaker than those shown in the previous reports on p-
type N:ZnO.21,27 This peak is assigned to a vibrational mode
between Zni and NO, and thus it represents the amount of
nitrogen in the crystal. The weak intensity of the peak insists
low nitrogen concentration in the sample. To determine the
apparent donor density ND from the Mott–Schottky analysis, the
active surface area was estimated. N:ZnO NRAs were deposited
on a 4 cm2 area, but the actual active surface area was much
larger because of the side areas of the rod arrays. From the SEM
image in Fig. 1, the actual surface area could be estimated from
the rod lengths, diameters, and density. There were about 25 �
106 nanowires per cm2, with an average radius r ¼ 210 nm and
an average length h ¼ 12 mm. Assuming a cylindrical surface
area (Acylinder ¼ 2pr2 + 2prh), a total active surface area of A ¼
16.1 cm2 was determined.

The calculated donor densities and at band potentials are
listed in Table 1. A low carrier density was calculated for the as-
Fig. 8 Mott–Schottky plots of N:ZnO NRAs under dark conditions as
a function of various annealing temperatures (inset: equivalent circuit
of the photoanode used for the calculations).

RSC Adv., 2018, 8, 23599–23605 | 23603
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Table 1 Calculated carrier densities and flat-band potentials from eqn
(1) for N:ZnONRAs after different annealing temperatures. A cylindrical
approximation was used for estimating the surface area of N:ZnO
NRAs

Sample Carrier density/cm�3
Flat band potential/
V vs. Ag/AgCl

As-grown 4.76 � 1017 0.065
300 �C 3.16 � 1020 �0.293
400 �C 1.96 � 1019 �0.218
500 �C 7.00 � 1018 �0.128
600 �C 4.61 � 1018 �0.041
700 �C 6.55 � 1018 �0.110
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grown sample because there were many defects revealed in the
PL spectra. Aer annealing at 300 �C, the defect density was
reduced and trapped electrons were released; thus, the donor
density increased sharply. However, the donor density
decreased aer annealing above 500 �C, indicating that doped
nitrogen acted as an accepter in the ZnO. The donor density
continuously decreased up to 600 �C and then increased again
with annealing at 700 �C. This implied that the nitrogen
accepter diminished at higher temperatures. The at band
potential was negatively shied aer annealing at 300 �C, and
then positively shied aer annealing at 500 �C. These results
indicated that electrons were released and that the Fermi level
rose aer 300 �C annealing, and then the doped nitrogen and
the Fermi level fell again aer >500 �C annealing.
Conclusion

N:ZnO NRAs were fabricated by hydrothermal synthesis using
a zinc–ammine complex solution, followed by post-annealing at
various temperatures under ambient conditions. Raman and
photoluminescence spectra indicated that post-annealing
dissociated the NH3-ligands, allowing nitrogen to be incorpo-
rated at oxygen sites. When annealing occurred at a sufficiently
high temperature, weak absorption appeared in the visible
region (�500 nm). The N:ZnO NRAs generated strong visible-
light-induced (>422 nm) photocurrents aer post-annealing.
This procedure requires neither expensive nor complex equip-
ment, and thus should be applicable for large-scale fabrication
of N:ZnO NRAs.
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