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Abstract- The ZnO nanorods, ZnO nanotubes, and Cu-doped ZnO nanotube photoanodes were
electro-synthesized to improve the photoelectrochemical water-splitting performance. The
structural, optical, morphologic, and photoelectrocatalytic properties of the prepared samples
were investigated. UV-visible results show Cu-doped ZnO nanotube photoanode extends the
visible light absorption and reduces the band gap. Mott-Schottky analysis displays that the Cu-
doped ZnO nanotube sample has higher electron density than other samples. Nyquist plots
indicate that Cu doping reduces the charge transfer resistance and improves charge transfer. By
comparing the LSV voltammograms, it was found that Cu-doped ZnO nanotube photoelectrode
has a maximum photocurrent density of 78.3 pA/cm2 at 1.6 V vs. RHE. While the value of
photocurrent density obtained for pure ZnO nanorods sample is 9.6pA/cm2 at 1.6 V vs. RHE.
Due to the role of Cu in reducing the band gap and reducing the charge recombination rate, Cu
doping enhances the photoelectrochemical efficiency of the ZnO nanotube.
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1. INTRODUCTION

Today, the energy crisis and environmental pollution problems have become a serious
concern for mankind. Therefore, the application of clean energy is a significant challenge for
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scientists. Recently, photoelectrochemical water splitting (PEC) has attracted much attention
as a valuable and beneficial method for hydrogen and oxygen production [1,2]. Metal oxide
semiconductors are widely used in PEC systems due to their unique characteristics and are
investigated as photoanodes in these systems [3,4]. On the other hand, reports have shown that
one-dimensional nanostructures are a good choice for PEC systems due to their excellent
surface area and efficient charge transport [5,6]. Among the available options for choosing a
photoelectrode, ZnO has gained a lot of popularity due to its excellent properties [5]. Various
structures [7-11] and synthesis methods [4,12—14] have been mentioned for ZnO, which mainly
use the electrodeposition synthesis method and one-dimensional ZnO nanostructure for PEC
water splitting. The band gap of ZnO is wide and is about 3.2 eV, this is the factor that limits
its PEC performance [15,16]. Various strategies such as heterojunction structures [17-19] and
doped structures with noble metals (such as Pt, Pd, Au, and Ag) [20,21] have been performed
to reduce these limitations. Heterogeneous structures require materials with appropriate energy
levels and in some cases act as carrier traps and recombination centers [22,23]. Doping with
metal ions reduces the band gap and recombination rate of charge carriers by creating an
impurity level in the conduction band or valence band [24-26]. Cu?* ions are cheaper than
noble metal ions, and their ionic radius is very little different from Zn?* ions, so Cu?* ions are
suitable for doping [24].

Herein, Cu-doped ZnO nanotubes (ZnO NTs: Cu) were prepared by electrodeposition
technique, and the effect of Cu ion on the photocatalytic activity of ZnO nanotubes was
investigated.

2. EXPERIMENTAL SECTION
2.1. Materials

All chemicals used were analytically graded and included Na>SOs, NaNOs,
(Zn(NOg)2:6H20), acetone, 2-propanol, CuSO4 and hexamethylenetetramine (HMTA). The
fluorine-doped tin oxide (FTO) substrate (8-10 Q) was bought from Nano Gostar Sepahan
Company. All chemicals and reagents were purchased from Merck Company.

2.2. Preparation of ZnO nanorods, ZnO NTs and ZnO NTs: Cu

First, FTO was cleaned in three consecutive steps by immersion in 2-propanol, acetone and
deionized water for 10 minutes. A three-electrode system was used to prepare
photoanodes.FTO glass substrate was considered as working electrode, Pt plate as counter
electrode and Ag/AgCl (3.0 M KCI) as reference electrode. The ZnO nanorod (ZnO NR)
photoanode was electrodeposited from an aqueous solution containing 1.0 mM
Zn(NO3)2:6H20, 1.0 mM HMTA and 0.1 M NaNOs in two-step potentiostatic electrolysis. In
the first step, a seed layer is formed on the FTO substrate by applying a high potential of -1.3
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V for 0.5 s vs. Ag/AgCI. In the next step, a constant potential of -1.0 V vs. Ag/AgCl is applied
for one hour (at a constant temperature of 80 °C). During this period, ZnO nanostructures grow
vertically. Next, to prepare the ZnO NT photoanode, KOH solution with a concentration of
0.125 M and a temperature of 85 °C was used. In this way, the ZnO NR sample is immersed in
this solution for 20 min and is transformed into ZnO NT during a process called etching. The
electrodeposition method was also used for the synthesis of ZnO NTs: Cu photoelectrode with
copper doped, with the difference that the electrolyte solution contained different
concentrations of CuSO4 (4, 5 uM). Finally, the prepared samples were washed with deionized
water and annealed at 300 °C for one hour.

2.3. Characterization

The surface morphology of the semiconductors was characterized by field emission
scanning electron microscope (FESEM at 15 kV). Energy-dispersive X-ray spectroscopy
(EDX) was used for the chemical composition. FESEM and EDX analysis were done by a
MIRAS (Tescan Company) instrument. The crystalline phases of samples were explored by X-
ray diffraction (XRD, 6/20) Bragg-Bentano geometry) analysis equipped with Cu Ko
irradiation (A = 1.5406 A). The optical properties of photoanodes were measured with UV-Vis
spectrophotometer (Shimadzu Company) at room temperature in the wavelength range of 350-
700 nm.

2.4. PEC measurements

The PEC performance experiments of the fabricated samples were carried by linear sweep
voltammetry (LSV) in 0.5 M NazSO; electrolyte. The photocurrent was measured in a three-
electrode configuration connected to a potentiostat/galvanostat (Autolab PGSTAT30), where
the synthesized samples was applied as working electrode, Pt plate as counter electrode and
Ag/AgClI (3.0 M KCI) as reference electrode, respectively. All the measured potentials vs.
Ag/AgCl were converted to the reversible hydrogen electrode scale (Erxe = E (agagcr) + 0.210
V + 0.0591 pH). The electrochemical impedance spectroscopy (EIS) measurements were
performed under light and dark conditions (100 kHz to 0.1 Hz). The light source used in this
work is a white LED light (100 W, A = 500-530 nm and with an intensity of 5 mW/cm?).

3. RESULTS AND DISCUSSION
3.1. EDX, FESEM and XRD analysis

The EDX analysis displays peaks for the elements Zn, O, Cu, and Sn (shown in Figure 1).
In Figures 1a and b, the EDX spectra of ZnO NR and ZnO NT samples show that they contain
only Zn and O elements. In addition to the elements mentioned, the presence of Cu element in
Figure 1c confirms the formation of ZnO NTs: Cu. The appearance of Sn peak in all EDX
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spectra is due to the FTO substrate constituents. The results obtained from the EDX spectra are
compatible with the EDX mapping images (Figure 1d).
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Figure 1. EDX patterns of (a) pure ZnO NRs, (b) ZnO NTs, (c) ZnO NTs: Cu and (d) EDX

mapping
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Figure 2 shows FESEM images of prepared films. Figure 2a displays the vertically well-
aligned of ZnO NR arrays with hexagonal shapes deposited on FTO substrate. Figure 2b
indicates the ZnO NTs after the etching process, showing that the opening of the tubes is well
opened and completely emptied. From Figure 2c, it is clear that Cu-doped ZnO NT films have
a smaller diameter than the other samples. The formation of ZnO depends on the amount of
hydroxide ions produced [28] and because the concentration of hydroxide ions increases at the
growth temperature above 50 °C, as a result, the growth of Cu-doped ZnO can be faster. Also,
Cu ions can increase the growth rate of nanorods by increasing the density of the nucleation
site during the growth process [29]. In addition, the diameter of nanotubes decreases, which is
attributed to the replacement of Zn?* ions by smaller Cu?* ions (according to XRD results).

Figure 2. FESEM images of (a) pure ZnO NRs, (b) ZnO NTs and (c) ZnO NTs: Cu

The phase composition and crystallographic structure of samples deposited on the FTO
substrate were examined by XRD and their XRD patterns are shown in Figure 3. The narrow
and sharp XRD peaks indicate the good crystalline properties of the films. The XRD pattern of
ZnO NRs in Figure 3a displaying the peaks at 20 = 31.73°, 34.43°, 36.28°, 47.58°, 56.78°,
63.03° and 68.03° were assigned to (100), (002), (101), (102), (110), (103) and (112) planes of
the hexagonal wurtzite ZnO crystal structure. These results are very close to the standard data
of pure ZnO (JCPDS card number: 36-1451) [30]. The XRD pattern and peak positions of the
nanotubes are similar to nanorods [31].
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Figure 3. XRD patterns of (a) pure ZnO NRs, (b) ZnO NTs, and (c) ZnO NTs: Cu

All the films show strong (002) peaks, indicating growth along c-axis [32]. In Figure 3c,
with copper doping of the sample, the intensity of the peak corresponding to the (002) plane
decreases, which is due to the replacement of Zn?* ions (74 p.m.) by Cu?* (71 p.m.) in ZnO,
which have approximately the same ionic radius [32-34]. To further study the effect of Cu
doping, the following formula was used to calculate the lattice parameters [35,36]:

1 4<h2+hk+k2> [?

a3 o2 e (1)

The values of “a” and “c” are related to the lattice constants of the unit cell and dnk is the
spacing between planes for hkl indices. These values correspond to the standard data of JCPDS
card number: 36-1451 and the results are listed in Table 1.

Table 1. The variation of the peak position of (002) plane, lattice parameter “a” and “c”, c/a
ratio of samples

Sample 26 (002)  Lattice parameters (A) c/aratio
a=b c

ZnO NRs 34.43 3.2466 5.2034 1.6027

ZnO NTs 34.44 3.2462 5.2027 1.6027

ZnO NTs: Cu 34.45 3.2451 5.2009 1.6026
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According to Table 1, when ZnO is doped with Cu, the lattice parameters decrease and
prove the replacement of Zn?* by Cu?*. The c/a ratio in the range of 1.593-1.603 is related to
the ideal hexagonal wurtzite structure [37] and according to the results, Cu doping did not
change the hexagonal wurtzite structure of ZnO. Also, doping leads to the reduction of the ZnO
size. Using the Debye-Scherer formula, the average crystallite size was calculated and its value
decreased from 563 nm for ZnO to 422 nm for the Cu-doped ZnO NTs (Zener pining) [34].

3.2. UV-visible spectra

To investigate the effect of Cu doping on the optical properties of fabricated
photoelectrodes, UV-vis absorption spectroscopy was done in the wavelength range of 350-
700 nm (Figure 4a). Using Cu doping, the visible absorption and the absorption edges of Cu-
doped ZnO NTs shift slightly toward higher wavelengths, showing a significant redshift. The
Tauc formula was used to determine the optical band gap of samples (Figure 4b) [38]:

ahv = A (hv- Eg)" (2)

Where a, hv, A, Eg, and n (n = 1/2 for the allowed direct band) are the absorption
coefficient, the energy of the light the band gap, the constant, and an index, respectively. By
extrapolating of the absorption bands to the x-axis, the values of band gaps were computed and
listed in Table 2. The reduction in optical band gap with Cu doping is originated from the
closely matching energy level of localized 3d electrons of doped Cu and 2p bands of O atoms.
The strong d-p hybridization between Cu and O moves up the 2p orbitals of O, which can
narrow the band gap [39]. Also, 3d orbital of substitute Cu?* integrates a deep acceptor level at
the bottom of the conduction band of ZnO, which can reduce Eq of ZnO NTs: Cu [40].
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Figure 4. (a) Optical absorption spectra, (b) Band-gap of ZnO NRs, ZnO NTs ZnO and NTs:
Cu
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Figure 5. LSV voltammograms (a) dark and visible light conditions of ZnO NRs, ZnO NTs,
ZnO NTs: Cu (4uM), ZnO NTs: Cu (5uM) in 0.5 M Na>SO;4 solution with scan rate 5 mV/s in
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3.3. PEC analysis of samples

To examine the PEC water splitting performance of the prepared films, LSV
voltammograms were recorded in 0.5 M NaSO4 electrolyte under dark and visible light
conditions. Unlike dark scans that show negligible photocurrent density, the photocurrent
density of semiconductors under visible light gradually increases in the desired potential range.
The increase in photocurrent density in ZnO NT photoanode compared to ZnO NRs is due to
the reduction of the band gap, which increases the absorption of visible light. By comparing
the synthesized films, the maximum photocurrent density (78.3 pA/cm?) at 1.6 V vs. RHE
corresponds to the sample of ZnO NTs: Cu (4 uM). It is worth mentioning the increase of Cu
can lead to the decomposition of the dopant phase, which acts as a carrier recombination
centers, and this is the reason for the reduction of photocurrent density [41]. Also, the positivity
of photocurrent density in all LSV voltammograms indicates the n-type character of the
photoanodes. The increase in the photocurrent density of the doped sample and the more
negative potential confirms the improvement of the photoelectrocatalytic activity. The
improved PEC performance of Cu-doped photoanode is due to the role of Cu in the effective
separation and transfer of charge carriers and reduced charge recombination rate.

Mott-Schottky analysis was done at a frequency of 2 kHz under darkness [42]:

% - (eoszsoN ) ((Vapp = V) = IZ_:) C)

All the samples show n-type nature because the slope of all plots is positive (Figure 6). The
values of carrier densities, Vi, the valence band edge, and the conduction band edge of samples
are reported in Table 3. ZnO NTs: Cu has a better ability to facilitate charge separation because
its Vi value is more negative than other samples.

Table 3. Measured flat band potential, charge carrier density, conduction, and valence band
potential of selected samples

-3
Sample Ny,em’) Vo (V) cB VB
ZnO NRs 3.04x10° 015 007  3.20
ZnO NTs 391x10°  -003  -012 3.10

ZnO NTs: Cu 6.74x10" -0.11 -0.22 293

EIS was used to obtain kinetic information, and the resulting Nyquist curves under dark
and visible light irradiation conditions are shown in Figure 7. As seen in Figure 7d, the
equivalent circuit of the films composed of Rs, Ret and CPE are the resistance of electrolyte
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solution, the resistance of interfacial charge transfer across the electrode/electrolyte, and the
constant phase element for the electrode/electrolyte interface, respectively.
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Figure 6. Mott-Schottky plots of (a) pure ZnO NRs, (b) ZnO NTs and (¢) ZnO NTs: Cu NTs
in 0.5 M NaxSO;s solution during dark conditions

Table 4. Charge transfer resistance of samples in dark and light conditions

Sample R/Qdark R_/Qlight
ZnO NRs 223.5 66.8
ZnO NTs 187.7 36.7
ZnO NTs: Cu 134.3 12.0

The semicircle part in all the curves is related to the charge transfer process (Rct) and its
values are listed in Table 4. EIS measurements show a significant decrease in charge transfer
resistance in the ZnO NT: Cu sample (12.0 Q) and a lower value of Rct shows a more efficient

charge transfer [43].
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Figure 7. Nyquist plots of electrochemical impedance spectra a) pure ZnO NRs, b) ZnO NTs
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Table 5 compares the present work with other reported researches.

434

Table 5. Comparison of the present research study with published reports including Cu and

Zn0O
Ref. Method Electrolyte  System Of Anodic Current Density Light Source
(mA cm?)
[44] Spray pyrolysis 0.5M NaOH  Cu-doped ZnO films 0.35(at 0.60 Vvs  solar
deposition SCE) simulator
(AM15G)
[45] lon 0.5MNa,SO, Cuion doped ZnO 0.01(at0.80Vvs 100 mw/em’
[46] Sol-gel and spin 0.5M Na,SO, Cu-doped ZnO thin films 0.09 (at0.75Vvs 100 mwW/cm’
coating Ag/AgCI) Xenon lamp
[47] Two-step dc 0.5M Na,SO, ZnO films hybridized with  0.15 (at0.60 Vvs 150 W Xenon
magnetron Cu SCE) lamp
sputtering nanoparticles
[8]  Electrodeposition 0.5M Na,SO, Cu gradient doped 0.08 (at0.60VVvs 5 mwicm’
Zn0 nanorods SCE) LED
[48] sol-gel and 0.5M Na,SO, Cu-doped ZnO NRs 0.01 (at0.58 Vvs 150 W Xenon
thermal decorated with Au NPs Ag/AgCl) lamp
evaporator
[49] Electrospinning 0.1 M Na,SO, AlandCudoped ZnOthin  0.06 (at1.00Vvs 100 mW/em?
films Ag/AgCl) Xenon lamp
[50] Electrodeposition 0.1 M Na,SO, Cu-doped ZnO nanorods 0.05 for C,ZnO and ultraviolet
with two different Cu 0.04 for C,ZnO (at lamp
precursors (Cu+2 and Cu+) 0.20 V vs SCE)
This  Electrodeposition 0.5 M Na,SO, Cu-doped ZnO nanotube 0.07(at1.60VVvs g§mw/em’
work arrays RHE) LED

4. CONCLUSION

In summary, The ZnO nanorods, ZnO nanotubes, and Cu-doped ZnO nanotube

photoanodes were electro-synthesized to improve the photoelectrochemical water splitting
performance. The UV-visible spectra showed that ZnO NT: Cu reduced the band gap from
3.27 to 3.15 eV. The results show that Cu doping reduces the charge transfer resistance and
increases the electron density. LSV voltammograms display the maximum photocurrent
density for the ZnO NT: Cu photoelectrode. The presence of Cu in the ZnO structure increases
charge separation, and light absorption capacity, and reduces the charge recombination rate.
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