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Abstract 

A novel ultra rapid synthetic method for the production of vertically aligned ZnO nanorod 

(NR) arrays has been demonstrated, using a microwave assisted chemical bath deposition 

method. High quality NR arrays with controllable film thickness were achieved with fine 

control of the growth conditions. A fast growth rate averaging 0.9 µm h−1 was achieved in 

comparison to 0.1 µm h−1 from the conventional chemical bath deposition. The MW 

synthesised NRs have a high level of n-type doping, which confers excellent 

photoelectrochemical performance. In comparison with the typical chemical bath deposition 

synthesised NRs, the ultra-fast MW synthesised NRs offer 3 times more efficient in PEC water 

splitting. The population densities and electronic states of these defects were monitored using 

photoluminescence spectroscopy and electrical impedance spectroscopy. The dopant level was 

further controlled by thermal annealing in air and an optimised density of 1.68 × 1019 cm−3 was 

achieved after annealing at 500°C. This in turn led to a twofold increase in PEC efficiency to 

0.31% with a photocurrent density of 0.705 mA cm−2 at 1.23 V vs RHE, which is one of the best 

performances from similar ZnO NR structures.  

Keywords: Ultra rapid growth, ZnO nanorods, Photocatalysis, Water splitting, Defects 

control, n-type doping 

  



1 Introduction 

The ambitious targets set in the landmark Paris Agreement in 2015 call for an increased 

push for renewable alternatives to fossil fuels in order to limit global warming to 2°C.1  

Recently, the 48th session of the Intergovernmental Panel on Climate Change (IPCC-48) 

recognised that it is still possible to achieve this target, although it requires unprecedented 

technology transitions within the next decade.2 Photoelectrochemical (PEC) water splitting has 

been researched extensively for efficient harvesting of solar energy in H2  gas.
3–5 A number of 

nanostructured metal oxide semiconductors, such as TiO2 and ZnO, are suitable for this 

application, due to their wide band gap and stability in water.6,7 A higher electron mobility of 

205 cm2 V−1 s−1 and longer minority carrier diffusion length give ZnO the advantage over TiO2.8 

Much literature has been published employing a number of different strategies to enhance the 

photoconversion efficiency through doping,9–11 sensitising12–14 and plasmonic enhancement.15–17  

For example, Cu, V and N doped ZnO nanorods have shown significant enhancement in either 

UV or visible light sensitivity.18–20 One of the most promising ZnO structures, vertically aligned 

nanorod arrays (NRs), offer large surface area and effective charge transport. However, ZnO NR 

arrays are synthesised slowly, at a typical growth rate of 0.1~0.5 µm h−1, through either 

chemical bath deposition CBD, hydrothermal method or chemical vapour deposition.21–23 Both 

the CBD method used by Meng Wang et al.20 and the hydrothermal synthesis by Chenglong 

Zhang et al.18 and Li Cai et al.19 take as long as 24 hours. 

Metal oxide nanowires are highly effective materials for solar water splitting.24 ZnO 

nanowires provide the basis for highly efficient photoanodes, especially those sensitized with 

visible light absorbing materials such as CdS and ZnFe2O4.25 Therefore, improving the pure 

ZnO properties, as achieved in this work, has the potential to impact a wide field of junction 

applications. 

Here we report for the first time an Ultra Rapid Microwave Assisted Deposition (URMAD) 

of vertically aligned ZnO NR arrays applied as a photoanode for the photolysis of water. This 

method uses the synergy of efficient microwave (MW) dipole heating and conductive heating 



of the system. Not only were NRs grown in a fraction of the time compared to conventional 

methods, the synthesis led to high density of surface defects with increased n-type doping. 

Consequently, the MW NRs showed a great increase in photoconversion efficiency for water 

splitting compared to the CBD sample. 

Producing nanostructures using microwave (MW) heating has drawn recent attention in 

literature due to rapid, efficient and uniform dipole heating in aqueous solution.26–28
  The 

challenge of this rapid method is to control the morphology and the uniformity of the NR 

crystals. Microwave assisted synthetic methods have been applied to a number of ZnO 

nanostructures.29–34 Vertically aligned ZnO NR arrays have appeared recently in the literature 

with limited control of morphology. They were used as a photocatalyst35 or in a gas ionization 

sensor.36 In both cases enhanced electronic properties were observed and this was attributed to 

increased oxygen vacancies from rapid crystallisation. 

Oxygen vacancies (VO) and zinc interstitials (Zni) are often suggested to be responsible for 

n-type doping in ZnO and its photocatalytic activity.35,37 However, acceptor defects, such as 

zinc vacancies (VZn ) contribute to p-type doping.38,39 An appropriate n-type doping with very 

little p-type doping gives higher water splitting ability due to faster charge transfer to the 

electrolyte40. On the other hand, the p-type defects can have a significant negative impact due to 

a shift of the flat-band potential towards the valence band. In this work, the abundance of 

individual crystal defects are quantitatively analysed using photoluminescence (PL) 

spectroscopy and electrical impedance spectroscopy (EIS) measurements. This allowed greater 

control of the doping through annealing at a range of temperatures in air, yielding a significantly 

higher PEC efficiency at 500°C. 

In this paper, a novel ultra rapid MW assisted chemical bath deposition method for the 

growth of ZnO NR arrays is presented and their solar water splitting ability is compared to a 

conventional CBD method. The NR arrays show high density of native defects, which is 

responsible for the increase in PCE conversion efficiency over the conventional CBD NRs by a factor 

of 3. The populations of these defects were then controlled using thermal annealing in air at 



various temperatures to double the efficiency achieved. This yielded a photocurrent density of 

0.893 mA cm−2 at 1 V potential bias vs KCl saturated Ag/AgCl reference electrode.  
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2 Experimental method 

2.1 Synthesis of ZnO nanorods 

All chemicals used were purchased from Sigma Aldrich with no further purification. 

Transparent conductive Fluorine-doped Tin Oxide (FTO) sheet glass was used as the 

substrate, cut into sample sizes of 1 × 3 cm2. The substrate was cleaned by sonication 

successively in acetone, isopropanol then deionised (DI) water, for 20 minutes each, followed 

by drying in air. The seeding solution was prepared by dissolving 0.219 g zinc acetate and 0.6 

g polyvinyl alcohol (PVA) for increased viscosity in 10 ml of DI water. The seeding solution 

was spin coated on the FTO glass for 3 minutes at 500 RPM. After this, the substrate was 

annealed in air for 20 minutes at 500°C to convert the zinc acetate into zinc oxide nano 

seeds.41 

In the URMAD method, the seeded substrate was placed in a 35 ml microwave vessel 

with 20 ml growth solution, 1:1 hexamethylnetetramine (HMT) and zinc nitrate Zn(NO3)2 at a 

concentration of 40 mM. The microwave (Discover SP, CEM) was set to 100°C for 30 

minutes at a power of 100 W, no stirring was used to avoid disturbing the crystal growth. The 

process was repeated four times (total 2 hours) for film thickness of around 2 µm. Following 

growth, all samples were rinsed with DI water. Annealing in air was performed using a tube 

furnace for 30 minutes at 300°C, 400°C, 500°C and 550°C to optimise crystal defect 

concentration. For comparison, a previously developed CBD technique was also used.41 To 

achieve similar 2 µm NRs in CBD, the seeded substrate was placed in a beaker with 100 ml 

growth solution at 90°C for 16 hours. 
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2.2 Structural and physical characterization 

The cross sectional and surface morphologies were observed using scanning electron 

microscopy (SEM, JSM820M, Jeol). The nanorod length and diameters were measured from 

SEM images using Image J software (National Institutes of Health, USA). The crystallinity 

and structural orientation of the nanostructures were analysed by powder x-ray diffractometer 

(XRD, Siemens D500). The reaction temperatures were recorded by FLIR ONE thermal 

camera and processed via the corresponding Android application. 

2.3 Water splitting and optoelectronic measurement 

PEC water splitting performances were measured using a standard 3 electrode set up. A 

KCl saturated Ag/AgCl electrode was used as the reference and platinum foil was used as the 

counter electrode. ZnO NR arrays grown on FTO-glass substrate were used as the photoanode. 

A potentiostat (EA163, eDAQ) was used to control the voltage bias and to measure the 

photocurrent. The voltage was scanned from -0.6 to 1.2 V and the electrolyte used in the PEC 

cell was 0.5 M Na2SO4. No additional scavenging chemicals were added to the electrolyte. A 

calibrated 100 mW/cm2 solar simulator (Oriel LCS-100, Newport) with built-in 1.5 G filter 

used as the light source. The photoabsorption spectra used to calculate the band gap with Tauc 

plots were examined using a UV-Vis spectrophotometer (Thermospectronic UV 300) and the 

crystal defects were characterised using PL spectra recorded with a fluorescence spectrometer 

(Perkin Elmer LS 45). Finally EIS measurements were performed using an electrochemical 

controller (Palm Sens 3, PalmSens BV). Nyquist (illuminated) and Mott-Schottky (dark) plots 

were processed using PSTrace 4.5 (PalmSens BV).  
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3 Results and discussion 

3.1 Morphology and crystal structure of URMAD synthesised nanorods 

A clear benefit from the novel MW synthetic method is the efficient delivery of heat into 

the growth solution. The thermal image in the MW heating process, Fig. 1A, indicates the 

peak temperature is located in the aqueous solution near the FTO substrate. This suggests that 

the MW energy is delivered directly to the aqueous solution via dielectric heating, and the 

presence of conductive FTO glass also contributes by resistive heating, from physical 

movement of charge polarised by the MW. In contrast, with the conventionally heated CBD 

method, Fig. 1B, heat was transferred through the glass vessel resulting less effective of 

heating of the reaction solution. If the difference between conventional CBD and our 

URMAD is only limited to the heat transfer rate, one would not expect significant difference 

in the growth kinetics as we observed here. This confirms that the FTO layer behaves as an 

antenna which focuses the MW energy, resulting in the rapid growth using the microwave.  
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Figure 1: Thermal images of the solutions in A) the MW and B) the CBD processes with 
an FTO-glass inside. C) A schematic diagram shows both the CBD and URMAD methods. 

 
A high surface area photoanode is important for highly efficient PEC water splitting, 

which allows faster faradaic charge transfer from semiconductor to electrolyte. Fig. 2A shows 

the uniform hexagonal wurtzite crystal morphology of the NRs synthesised from the URMAD 

method. The average diameter of the NRs was determined to be 138 ± 22 nm comparable to 

the NRs synthesised using conventional CBD method (Fig. S1). A small fraction of the rods 

appears irregular in shape, occurring from the coalescing of rods due to their rapid growth 

rate. The vertical growth of the rods can be seen in the cross-section SEM image in Fig. 2B 
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with a thickness of 1.85 µm after total of 2 hours growth. The average growth rate is 0.93 

µm h−1, which is about 9 times faster than the conventional CBD method.  

 

Figure 2: The top down and cross-sectional SEM images of the MW NRs can be seen in 
A) and B) respectively. The inset in A) shows the zoomed top view image. C) shows the XRD 
of the MW rods. 

 
The ability to grow long ZnO NRs in a fraction of the time while maintaining the good 

quality morphology of conventional growth is important to their future use in solar energy. 

The vertically aligned growth of the wurtzite crystal structure is also evidenced with XRD, 

shown in Fig. 2C. The spectrum was indexed according to the standard database crystal 

patterns for wurtzite ZnO (JCPDS 36-1451). The dominant (002) peak confirms that the 

majority of this crystal planes are parallel to the substrate with a strong vertical alignment in 

the c axis. 
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3.2 PEC water splitting performance 

The rapid growth rate in the URMAD process leads to high density of defects in the ZnO 

NRs and appropriate concentration of the defects could enhance the PEC performance. 

Evidence for the high density defects of the MW NRs can be analysed from the full width half 

maxima (FWHM) of the main (002) X-ray diffraction peaks, which is inversely proportional 

to the crystal domain size following the Scherrer equation.42 

The high resolution (002) XRD peaks are displayed in Fig. S2. The measured peak widths 

from the CBD and URMAD NRs, as well as the samples annealed at different temperatures 

are presented in Fig. 3A. The CBD sample has the largest crystal domain size with the 

smallest diffraction peak width of 0.18° and the synthesized MW sample has the smallest 

crystal domain size with the largest peak width of 0.22°. Thus, one could expect that the 

URMAD samples will have a relatively high density of defects in the form of oxygen 

vacancies (VO) and zinc interstitials (Zni). Annealing the MW sample in air at different 

temperatures will affect the defect density of the NRs. A systematic reduction of peak width 

can be observed when the sample is thermally annealed at the temperature above 400°C. 

Under such conditions, both the densities of VO and Zni at the NR surfaces were significantly 

reduced by the reaction with hot air.  

Alongside peak width reduction there was also a systematic shift in peak position (Fig. 

S2) corresponding to a decrease in crystal lattice spacing. The calculated c-axis lattice 

constants for different samples are also shown in Fig. 3A. High density of defects can lead to 

increased spacing as interstitial atoms and charged vacancies deform the lattice. The MW 

sample displays the largest c axis spacing at 5.206 Å, compared with 5.200 Å in the CBD 
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sample likely due to this effect. This spacing is reduced with the temperature of annealing 

following a similar trend to FWHM, confirming the effect of defect population.  

The direct electronic band gap energies, Eg, of the ZnO NR arrays are also correlated to 

the density of defects. Native defects acting as dopants introduce new states into the electronic 

band structure of materials, if these states lie within the band gap of semiconductors it can 

lead to an effective reduction in band gap energy.43 The values of Eg displayed in Fig 3B, 

were determined using UV-Vis absorption spectroscopy and Tauc plots (Fig. S3).44 For the 

MW sample, the band gap energy was 3.19 eV, which is a significant red shift from the 3.28 

eV for the CBD sample in association with the high defect density. Such a decrease would 

allow the ZnO to absorb the leading edge of the visible spectrum which enhances its 

photocatalytic activity.11  The effect of thermal annealing on the MW NRs is as expected, 

increasing the band gap energy approaching the Eg of the CBD sample as VO and Zni are 

reduced during the annealing process.  
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Figure 3: A) Displays the FWHM of (002) ZnO wurtzite peak of the samples against 
annealing temperature, along with lattice parameter c. B) Shows the evolution of band gap 
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energy with annealing temperature. Water splitting data showing C) photocurrent densities 
and D) photoconversion efficiency curves. E) Shows the time dependent photocurrent for 
CBD and MW samples measured at 1.23 VRHE. 

 

The photocatalytic activity of the URMAD ZnO NRs with a high density of defects was 

investigated in PEC water splitting. In comparison with low defect density CBD NRs, a much 

higher PEC water splitting activity was observed from the URMAD NRs, shown in Fig. 3C 

and D. At a potential bias of 1.23 VRHE, the photocurrent of 0.420 mA cm−2 was achieved 

from the MW samples with respect to the 0.140 mA cm−2 from the CBD sample, although 

both have almost identical nanostructures. This was then further improved to 0.705 mA cm−2 

by thermal annealing at 500°C. Careful analysis of the effects of annealing temperature 

reveals a monotonic increasing in the photocurrent from 300 to 500°C, at which the maximum 

photocurrent was achieved. Further increasing the annealing temperature to 550°C, the 

photocurrent decreased to 0.601 mA cm−2. The achieved photocurrent from the MW NRs is 

also greater than the reported Na doped ZnO NRs of 0.480 mA cm-2 at 1.23 VRHE.11 Similar 

but lower photocurrent (0.600 mA cm-2 at 1.23 VRHE) was achieved from the hydrothermal 

synthesised ZnO NRs by Baek et al.45 Their synthetic process took 12 hours and their sample 

was annealed at 700°C under vacuum which could increase the defect density of the ZnO NRs 

significantly. To prove the current is contributed from the photoexcitation process, the light 

chopped I-V curves for the as synthesised MW sample, the annealed MW sample and the 

CBD sample are demonstrated in Fig. S4.  

The corresponding photoconversion efficiencies were plotted in Fig. 3D. A similar trend 

can be found as the photocurrent and best photoconversion performance was achieved from 
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the MW sample annealed at 500°C with maximum photoconversion efficiency of 0.31%, 

which is 5 times higher, with respect to the value from the CBD NRs (0.06%). Annealing at 

550°C leads to a decrease as too many of the n-type impurities have been lost, which reduces 

the electron conductivity. 

The chemical stability and the lifetime of the photoanode are crucial in practical 

applications. Shown in Fig. 3E, the time dependent photocurrent was recorded for a duration 

of 300 sec at a fixed positive bias of 1.23 VRHE. For clarity, the illumination light was chopped 

during measurement. For both CBD and MW samples, there is no observed photocurrent 

decrease. This confirms the stability of the MW photoanode. 

In a wider review of pristine ZnO nanostructures found in Fig. S5, photoanode 

performance, measured by photocurrent density at 1.23 VRHE, was compared to the literature. 

This work was found to be one of the fastest processing times compared with the prior art, 

only slower than one hydrothermal method46 and glancing angle electron beam deposition thin 

films.6 However, the water splitting photocurrents of these samples were an order of 

magnitude lower than ours. In fact, the PEC performance of our optimised MW ZnO NRs is 

among the best reported in literature.14,45,47 Vuong et al. achieved a slightly higher 

photocurrent of ~0.9 mA cm-2 from their hydrothermal synthesised ZnO NRs, with a special 

rapid scan rate of 50 mV s-1 (relative to 10 mV s-1 commonly used).14 Nevertheless, their 

synthetic method is much slower than our URMAD method. 
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3.3 Density of defects and their effects on PEC performance 

A high density of defects could affect the PEC efficiency in two opposite ways, depending on 

their concentration, location and function. Defects in semiconductors generate additional 

electronic states between the band gap, which can increase the dopant density of the material. 

The surface defects form recombination centers, which trap excited charges. A high density of 

such defects could decrease the PEC performance. Secondly, the bulk defects help to improve 

the electron conductivity without significant increase in charge recombination, thus enhancing 

the PEC performance. With a high density of recombination centers, the excited electrons and 

holes recombine and emit photoluminence (PL) signal. Therefore, one can use the PL signal to 

study the samples’ relative defect density. Fig. 4A shows the thin film PL signals from 

different samples, excited at 320 nm. There are 5 major PL peaks located at the wavelengths of 

397, 421, 446, 486 and 528 nm. The first peak found at 397 nm corresponds to the Near Band 

Edge (NBE) emission,48 defined by the band gap energy of 3.18 eV. The intensity of this peak 

is proportional to the natural pathway of recombination of electron hole pairs. The peak at 421 

nm can be attributed to the donor level associated with Zni,49,50  while the two peaks centred at 

446 and 486 nm arise from two different electronic states of VO.8,51 Finally, the 528 nm peak 

is reported to originate from VZn, an acceptor defect.49,52,53  

The defect density of ZnO has been controlled by changing the reactant concentration or 

post annealing. Cui et al. controlled the defect density by altering the concentration of HMT in 

the growth solution.54 Post annealing was also used to reduce surface defects in the form of 
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hydroxyl groups which achieved significant enhancement in the water splitting efficiency.45 

 

Figure 4: A) displays Forbidden zone band structure with electronic transitions indicated 
(top) and PL spectra of different samples (bottom) with peak positions in nm and C-F) 
diagrams of crystal defects. 

 
Furthermore, Zeng et al.  controlled the blue defect emission attributed to Zni defects by 

annealing in both air and N2 environments, reducing and increasing its abundance 
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respectively.55 Annealing in air was, therefore, selected to reduce the defect density in the 

defect rich microwave samples in this study. 

The difference in the PL emission from URMAD to CBD sample confirms the rapidly 

grown samples contain a high density of defects, since the CBD sample has much lower PL 

intensity. The coexistence of Zni, VO and VZn defects, suggests that both Frenkel and Schottky 

defects were formed during the URMAD process. The rapid decomposition of HMT in the 

MW will cause the fast increase of the solution pH. This results in the fast conversion of 

Zn(NO3)2 into Zn(OH)2 and the formation of ZnO with less time to remove the crystal 

defects. The PL intensity was gradually reduced with thermal annealing in air up to 500°C. 

This suggests that the defect densities of all types, including Zni, VO and VZn, are significantly 

reduced through the diffusion and reactions starting from NR surface.49 In particular, the 

population of the Frenkel defects was decreased through the annihilation of Zni and VZn, while 

the Schottky defects were reduced by the reaction between VO and VZn. However, with 

annealing temperature reaching 550°C, the PL signal at 528 nm, assigned to the VZn species 

increases. This can be explained in that the corresponding thermal energy at 550°C exceeds 

the energy barrier for dissociating the Zn-O bonding within the ZnO lattice, allowing the 

displacement of Zn2+, creating VZn.52 The slight increase in the 486 nm peak suggests that 

paired VO also formed under these conditions. Therefore, additional Schottky defects were 

formed at high temperature. TEM images of the CBD and URMAD synthesised ZnO 

nanorods are shown in Fig. S6, where some crystal defects can be observed from the URMAD 

sample while the CBD sample shows relatively fewer.  
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EIS was recorded with a sinusoidal AC modulated (1 kHz, 10 mV) DC potential scanning 

from -0.6 to 0.6 V vs Ag/AgCl. The measured capacitance was used to produce Mott-Schottky 

(MS) plots in order to probe the flat band potential, and vitally, the density of dopants in the 

NR crystals. By plotting  against DC bias, the key values of ND, the dopant density, is 

determined from the inverse of the gradient of the linear section of the plot and VFB, the flat 

band potential can be obtained from its intercept.56,57 ND measures the excess concentration of 

n-type or p-type dopants in the sample. Greater populations of charge carriers lead to faster 

charge transfer and greater conductivity. 

 

 
 
Figure 5: Donor density is shown on a logarithmic scale in A) with the flat band potential 

against annealing temperature. Charge transfer resistance, RCT, vs annealing temperature is 
shown in B), inset shows Randles circuit with constant phase element (CPE), RCT and series 
resistance (RS) elements. 

 

The measured MS plots are shown in Fig. S7 and the obtained ND and VFB are plotted in 

Fig. 5A. An increase of two orders of magnitude in n-type dopant density to 3.12 × 1020 cm−3 
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is observed in the MW sample compared to 7.61 × 1018 cm−3 for a CBD sample. This is 

directly related to the rapid synthesis of the URMAD. The associated defects are likely to be 

VO and Zni, as identified in our PL measurements in Fig. 4. 

By annealing the sample from 300°C to 550°C, the dopant density of the URMAD sample 

is reduced monotonically, reflecting a significant reduction in n-type doping (VO and Zni) 

with temperature, as annealing with increased temperature in air would lead to the healing of 

crystal structure, also observed by PL spectroscopy. In the annealing process, the surface 

defects will be significantly reduced initially, since they are in direct contact with air. The 

reduction in the surface Frenkel defect density leads to a reduction in recombination rate, 

which results in improved water splitting performance up to 500°C. Annealing at 550°C led to 

a further reduction of net dopant density which is lower than the CBD sample. This could be 

the result of either the reduction of n-type dopant (VO and Zni), or the increase of p-type 

dopant (VZn). The PL observation confirms the later is the dominant effects for the sample 

annealed at 550°C. The increase in the p-type dopant (VZn) will trap the holes and create extra 

energy barriers for the transportation of surface holes to facilitate the oxidation of H2O and 

thus the decrease of the PEC performance. 

The flat band potentials from the MS analysis are also plotted in Fig. 5A. The measured 

VFB are typical for ZnO materials, with values varying from -0.59 V58 to 0.03 V9 vs Ag/AgCl 

in identical electrolyte.21 A dramatic increase in VFB is observed due to the reduction of n-type 

dopants in the ZnO NRs during the annealing process. With a reduction in n-type doping, the 

flat band potential descends towards the valence band.57,59 Similar effects have been explained 

by the Moss-Burstein relation.60–62 The significant shift of the VFB for the 550°C annealed 



20 

sample is due to the population increase in VZn, an acceptor impurity, increasing the p-type 

doping in the sample. Such upper shift of the VFB will significantly reduce the reduction 

power of the photoexcited electrons in the conduction band, resulting in the limitation of the 

PEC performance.  

The URMAD synthesised samples have a high density of donor defects, which are 

responsible for charge trapping and electron-hole recombination. Annealing the samples at 

mild temperature reduces the donor concentration and improves the PEC performance. 

However, by annealing the sample at high temperature, the concentration of acceptor starts to 

increase. Such acceptors, in the form of VZn, can trap holes in the valence band and reduce the 

reduction potential of the excited electrons in the conduction band due to the increase in the 

VFB. Our experiment shows that the optimum condition is to anneal the URMAD sample at 

500°C yielding optimum dopant density of 1.68 × 1019 cm−3. It is clear, that any existence of 

accepters in the ZnO will significantly reduce the PEC performance.   

Varying the AC frequency from 10 kHz to 0.1 Hz at a constant voltage bias of 0 V vs 

Ag/AgCl under illuminated conditions allowed the interface resistance and charge 

recombination rate of the samples to be analysed. The result is displayed in a Nyquist plot of 

imaginary vs real impedance (Fig. S8). In order to determine the critical value of charge 

transfer resistance, RCT, the Nyquist plot is fitted with a standard Randles circuit model.63 As 

there are no distinct frequency regions in the Nyquist plot, the values of RCT represent 

resistance at the liquid/solid interface as the resistance in the bulk semiconductor is far lower 

in comparison.64 A lower RCT indicates less resistance for charge moving via faradaic charge 

transfer through this junction resulting a rapid charge transfer or lower recombination 
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resistance at the junction.65 In Fig. 5B, RCT is plotted against annealing temperature with a 

stark difference from 37.3 kΩ for the CBD sample to 8.2 kΩ for the MW sample. This 

explains the PEC performance increase in the MW sample as charges are more efficiently 

transferred at the electrolyte-ZnO interface.  

The RCT values decrease monotonically with annealing temperature. This is likely due to 

the healing of surface defects, as confirmed by PL measurement and MS analysis. This would 

systematically reduce the recombination resistance at this junction as less charge is lost and 

more is transferred, further explaining the increase in solar water splitting efficiency. Despite 

the loss of VO and Zni at the surface, many of the bulk defects remain providing good 

conductivity. At 550°C, despite the lowest RCT, the addition of p-type Schottky doping 

becomes the dominant factor for the decreasing in PEC performance, as the flat band potential 

shifts towards the valence band.  

4 Conclusion 

We demonstrate a novel ultra rapid microwave assisted synthetic method for the 

production of ZnO NR arrays. For the first time MW ZnO NR arrays are applied to PEC water 

splitting with significantly high efficiency. The inclusion of a high population of crystal 

defects has led to an increase in n-type doping and a significant enhancement in water 

splitting.  The most likely defects responsible are Zni and VO determined by the PL 

measurements. The populations of defects were successfully controlled using thermal 

annealing in air. EIS measurements showed a dramatic reduction in the surface Frenkel 

defects of n-type dopant, with increasing annealing temperature. The dopant density was 

optimised from thermal annealing in air at 500°C. This led to a fivefold increase in 
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photoconversion efficiency from the CBD sample. Further increasing the annealing 

temperature to 550°C led to a higher concentration of VZn, a p-type dopant, which behaves as 

a hole trap and shifts the flat band potential towards the valence band. This in turn led to a 

reduction in the PEC performance. 

 

Supporting Information Available: 

SEM images of the CBD sample, expanded XRD spectra, UV-Vis absorption spectra with 

corresponding Tauc plots, light chopped I-V curves, a review of performances vs processing 

time, TEM images, Mott Schottky Plots and Nyquist Plots can be found in the supporting 

information. 
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