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Abstract 

An innovative procedure is presented, when for the first time, yttrium doped ZnO vertically aligned 

nanorods have been synthesized using a unique rapid microwave assisted method. In comparison with 

pristine ZnO NRs, the Y-doped samples present more favourable morphology along with reduced 

crystallinity due to substitutional defects, YZn. The Y acted as a shallow donor type defect, leading to 

an 80% increase in dopant density, to 1.36×1018 cm−2 in the 0.15% Y sample. The transmission line 

model was used to analyse the transport properties. It was found that a 1000-fold increase in 

conductivity and electron mobility was achieved by doping 0.15% Y, resulting in a high density of 

donors which fill charge traps. Meanwhile, a significant improvement in conductivity was 

accompanied by greater electron hole recombination and band gap reduction. Analysis of 

photoluminescence spectra reveals the effect of Y doping on native point defects, initially reducing 

Zn2+ vacancies by filling with YZn, followed by the reduction of O2- vacancies with interstitial doping 

at higher Y concentration. With a fine balance of superior conductivity and charge recombination rate, 

the photocatalytic water splitting performance was optimised achieving photocurrent of 0.84 mA cm−2 

at 1.23 VRHE with 0.1% Y doping. This corresponded to a 47% enhancement in photoconversion 

efficiency compared to the pristine sample. 
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1 Introduction 

In order to meet the challenge of the energy crisis, the ‘hydrogen economy’ has the potential 

to play a significant role in the storage and renewable generation of energy.1 

Photoelectrochemical (PEC) water splitting is an emerging method of hydrogen production 

that has seen great advances since its first demonstration by Fujishima and Honda.2–4 In this 

rapidly advancing field various materials have been applied, such as highly oriented rutile 

TiO2 nanorods,5 along with flexible polymeric carbon nitride films.6 Stability in water, wide 

electronic band gap and appropriate band edge position afford ZnO suitable properties for this 

process,7 furthermore, high electron mobility and high charge carrier density give this material 

an advantage over TiO2.8 Nanostructured photoanodes provide increased photoconversion 

efficiency (PCE) in systems reliant on Faradaic charge transfer,9 leading to a plethora of ZnO 

morphologies such as nanoparticles,10 nanotubes,11 nanoflowers and nanorods.12,13 The 

electronic and optical properties of ZnO can be improved by extrinsic doping, allowing further 

light absorption in the visible spectrum through band gap narrowing,14 or increased 

conductivity. By introducing shallow donors, electron concentration can be raised, resulting in 

the reduction of transport resistance and increasing the rate of photolysis.15 

In this work, yttrium doped ZnO nanorods (NRs) have been applied to PEC water splitting 

for the first time, for a significant enhancement in PCE. Vertically aligned ZnO NRs were 

grown via rapid microwave assisted synthesis, with Y addition in the growth solution leading 

to reduced crystallinity and more favourable geometry. This also resulted in greater n-type 

doping along with dramatically increased electron mobility, improving the charge dynamics in 

the semiconductor bulk. This led to a significant increase in photocurrent density and 
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therefore water splitting ability, when compared to the pristine sample, with potential 

application to photovoltaic technology in future. 

Yttrium doped ZnO is well known for its conductivity in the strongly n-type 

semiconductor,16–20 leading to applications as a transparent conducting oxide,21,22 gas 

ionization and humidity sensor.23,24 Favourable optical properties of Y doped ZnO have led to 

applications as a photoanode in organic light emitting diodes,25 displaying enhanced UV 

emission.26 These attractive prospects have led to the exploration of Y doped ZnO powder as a 

photocatalyst for dye degradation,27,28 and for hydrogen generation in the water-lactic acid 

system.29 Y doped ZnO NRs were applied to solar water splitting coated with carbon nitride 

achieving a photocurrent of 0.4 mA cm-2 at 1.23 VRHE.30 In all cases, the Y doping led to a 

remarkable improvement in catalytic rates.  

This study aimed to better understand and quantify the effects of Y doping on the charge 

transport and interfacial transfer in the ZnO NR/electrolyte system. Therefore, electrochemical 

impedance spectroscopy (EIS) was performed and analyzed with the transmission line model, 

determining electron mobility, conductivity, recombination resistance and chemical 

capacitance. This method has been applied to many nanocrystalline systems including 

mesoporous TiO2,31 mesoporous Fe2O3 and organic heterojunction films.32,33 Furthermore, it 

has become a common characterisation technique in dye sensitised and perovskite solar 

cells,34–37 as well as ZnO nanotube and nanorod arrays.11,38 Here, we used the transmission 

line model, for the first time, to analyse the effects of Y doping on ZnO, revealing 

dramatically improved electron mobility. 
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In this paper yttrium doping is presented to be an effective method of increasing the 

efficiency of ZnO NR water splitting photoanodes. Incorporation of Y into the ZnO lattice led 

to reduced crystallinity and improved morphology by reducing the NR diameter from 111 to 

92 nm at 0.15% Y doping. The extrinsic atomic addition was confirmed as a shallow donor, 

increasing n-type doping by 80%, which also led to a significant enhancement in trap limited 

electron mobility reflected by several orders of magnitude gain in conductivity. Such an 

improvement would not be possible without the effect of Y on the native point defects of ZnO, 

where photoluminescence (PL) spectroscopy displayed a reduction in both VO and VZn densities, 

lowering electron scattering through the bulk. Furthermore, UV-Vis spectroscopy revealed the 

reduction in band gap of the doped ZnO, allowing greater visible light absorption. However, 

further increasing the doping level also led to faster electron hole recombination and therefore 

energy loss. Ultimately yttrium content was optimised at 0.1% leading to a 47% enhancement 

in photoconversion efficiency. 

2 Experimental Method 

2.1 Synthesis of Nanorods 

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

Transparent conducting glass substrates (fluorine-doped tin oxide FTO) were cleaned by 

sonication in acetone, isopropanol and deionised (DI) water for 15 minutes in each solvent. 

Each 12 × 20 mm FTO glass was seeded using a 0.1 M zinc acetate solution in DI water with 

added 0.6 wt% polyvinyl alcohol for added viscosity. The solution was spin coated using a 

two stage program, 800 RPM for 90 seconds followed by 30 seconds at 2000 RPM in order to 
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remove beads of solution from the edge. This was followed by annealing in air at 500°C for 20 

minutes in order to form the zinc oxide seeding layer.39 

The vertically aligned NRs were synthesised using a microwave chemical bath deposition. 

The details were published separately.40 Each cycle was heated at 100 W to 100°C for a 30 

minute holding time. A total of 4 cycles were used for each ZnO sample, substrates were 

placed face down in 20 ml aqueous solution of 40 mM zinc nitrate and 

hexamethylenetetramine (HMT) in 1:1 molar ratio. Cycles took 3 minutes to reach 

temperature and 5 minutes to cool, the microwave reactor used was the CEM Discover. 

Samples were subsequently annealed in air at 500°C for 30 minutes. Yttrium doped 

samples were produced by 0.5, 1, and 2% molar addition of yttrium nitrate (with respect to 

zinc nitrate) to the growth solution. 

2.2 Materials Characterisation 

The real concentration of yttrium dopants was measured by inductively coupled plasma mass 

spectrometry (ICP-MS, Agilent 7500ce). Samples were prepared for ICP-MS by dissolving in 

2 ml, 1.5 wt% nitric acid, followed by dilution to 50 ml volume by DI water addition. 

Scanning electron microscopy (SEM, JSM820 M, Jeol) was used to analyse the morphology 

of the samples. The crystallinity and structure orientation of the nanostructures were analysed 

by powder x-ray diffractometer (XRD, Siemens D500). The dimensions of the nanorods were 

measured from SEM images using Image J software (National Institutes of Health, USA). A 

standard 3-electrode set up, with Ag/AgCl reference and platinum counter electrodes was used 

for both water splitting photocurrent and electrical impedance spectroscopy (EIS). ZnO NR 
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arrays were grown on FTO-glass substrate (Sigma-Aldrich UK) forming the photoanode. 

Using a 0.5 M Na2SO4 electrolyte and a linear potential scan from 0.2 to 1.6 VRHE 

photocurrents were determined. A solar simulator (Oriel LCS-100, Newport) with an AM 1.5 

G filter at a distance calibrated to 100 mWcm−2 was used as the light source. PL spectra were 

characterised using a fluorescence spectrometer (Perkin Elmer LS 45) and UV-Vis diffuse 

reflectance spectra used to determine optical band gap were acquired using Ocean Optics ISP-

REF integrating sphere equipped with an inbuilt tungsten-halogen illumination source 300 nm 

≤ λ ≤ 1000 nm, with MgO reference. EIS was performed in the dark using a Palm Sens 3 

(PalmSens BV) electrochemical sensor, processed using PS Trace 4.8 (PalmSens BV) and 

Elchemea Analytical (DTU Energy, Technical University of Denmark). 

3 Results and Discussion 

3.1 Morphology and Crystallinity 

High surface area and fast charge transport are beneficial to the rate of water 

photolysis.41,42 The presence of dopant ions in the growth solution often affects the 

morphology and crystallinity of zinc oxide NRs, due to the surface charging of the wurtzite 

structure in a basic solution.14 Y3+ ions have been previously reported to form a negatively 

charged complex, stifling the lateral growth of ZnO due to the partial positive charge of the 

NR walls.23 The effect of Y doping on the morphology was observed by SEM, shown in Fig. 

1. Cross sectional SEM used to measure NR length and diameter distributions can be found in 

Fig. S1. The averaged ZnO NRs diameters and lengths are plotted in as shown in Fig. S2. 
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With increase in Y concentration, the diameter of ZnO NRs decreases from 111 to 92 nm. 

This effect is also conversely seen in the length of the nanowires, from 1650 to > 2000 nm. 

This is due to the opposed charging of the top 002 face, leading to increased growth in the c 

axis. This could be beneficial to PEC performance as larger aspect ratios lead to greater 

interfacial area for charge transfer. 

 

Figure 1: SEM images A), B), C) and D) corresponding to Y molar doping of 0, 0.04%, 0.10% 
and 0.15% respectively. The scale bars correspond to 2 µm.  

ICP-MS was used to give accurate concentrations of Y. To assess the averaged dopant 

concentration, the ZnO NRs were dissolved in acid first. With growth solutions containing 0, 
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0.5, 1 and 2% molar addition of yttrium nitrate, dopant concentrations of 0, 0.04, 0.10 and 

0.15% of Y were achieved in the ZnO NRs.  

 

Figure 2: A) A segment of wide scan XRD of the different samples. B) The normalised 
FWHM compared to the normalised NW aspect ratio as a function of dopant concentrations. 
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Powder XRD was used to analyse the crystal properties of the samples, shown in Fig. 2A. 

Both the wurtzite ZnO (JCPDS 36-1451) and FTO (JCPDS 71-0652) structures were 

identified. No new peaks were observed from the presence of yttrium oxide due to low 

abundance and homogenous incorporation into the zinc oxide. This is consistent with 

literature.23,43 The feature dominating the spectra is the c-axis ZnO (002) peak at 34.5°. This is 

typical of NR arrays due to the strong vertical alignment of the structures, which has the (002) 

plane parallel to the substrate. The other ZnO signals were dwarfed in comparison due to this 

unique crystal alignment. 

Values of peak position and full width half maximum (FWHM) provide information about 

the lattice spacing and crystal domain size respectively. The most significant trend from 

increased doping is seen in the FWHM increase for the (002) peak, seen in Fig. 2B with the 

expanded (002) peak shown in Fig. S3. This corresponds to a reduction in crystallinity due to 

the Y ions incorporated into the ZnO lattice, along with a decrease in grain size D given by the 

Debye-Scherrer formula.44 

  (1) 

Where λ is the x-ray wavelength, β and θ are the FWHM and the angle of diffraction, 

respectively. The crystal grain size decreases from 42.8 nm (0% Y) to 41.6 nm (0.15% Y) due 

to the lattice addition. This trend closely follows the aspect ratio change with yttrium doping, 

confirming the linked morphological and crystallographic effects. A reduction in diffraction 

angle is seen for 0.15% doping due to the larger ionic radius of Y3+, 0.92Å, compared to Zn2+, 

0.74Å.45 This stretches the crystal wurtzite structure leading to a larger lattice constant, from 
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5.201 to 5.204 Å from pristine to 0.15% Y respectively. As the dopant concentration 

increases, the diffraction peak width increases as well as the peak height, Fig. 2A. Hence, the 

overall diffraction intensity from the (002) increases. Such increase can be explained by the 

longer NWs in the c axis, leading to greater abundance of (002) crystal plane.  

 

3.2 Optical and Electronic Properties 

Electrical Impedance Spectroscopy (EIS) is a powerful tool for understanding charge transfer 

the semiconductor-electrolyte systems. The Mott-Schottky plot of 1/C2 vs potential bias yields 

the valuable parameters of dopant density ND, and flatband potential VFB.46 Both values are 

generally determined by the gradient and extrapolated intercept of the linear region. However, 

Mora-Seró et al. developed a more accurate model reflecting the ZnO NR cylindrical 

geometry.47 The depletion region in an array of vertically aligned NRs was calculated by 

solving the Poisson equation using cylindrical polar coordinates. With this geometry 

correction, the potential bias, V, is related to the capacitance per unit area, Cs , following Eq. 2.   

    (2) 

Where e is the electron charge; ϵ is the product of the permittivity of free space and dielectric 

constant of ZnO, valued at 10. R is the NR radius in cm as measured by SEM. The derivation 

of Eq. 2 along with the calculation of Cs from raw values of C can be found in the 

supplementary information (section S1.1). Eq. 2 is significantly different from the planar 

Mott-Schottky model in which the 1/C2 is linearly proportional to V-VFB, and inversely 

proportional to the donor density. The experimental data (points) and model fits (lines) are 
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shown in Fig. 3A. Despite some divergence seen at higher potentials, the fit is accurate over a 

far greater potential window than the typical linear model. This implies the cylindrical 

morphology has significant effects on the impedance properties of the NR material and the 

non-planar model could improve the accuracy of ND and VFB in comparison to the typical 

Mott-Schottky analysis for planar electrodes.   

 

 

Figure 3: A) Sample capacitance, 1/Cs
2 vs potential bias, dots denote experimentally measured 

data and lines show simulated model fits. B) ND and VFB against doping. 

As expected, increased doping leads to a higher dopant density in the NR samples, due 

to Y3+ ions acting as shallow n-type donors to the conduction band.17 This leads to lower 

transport resistance and higher conductivity, suitable for rapid charge collection.48 Fig. 3B 

shows the obtained ND and VFB values as a function of doping level. The value of ND 

monotonically increases from 7.53 × 1017 cm−3 for pristine, to 1.36 × 1018 cm−3 of 0.15% 

doping. At low level doping, the modest increase in ND is possibly due to reduction in oxygen 
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vacancies, VO and Fermi level pinning within the conduction band.49 However, high level 

doping fills more states in the band, leading to a higher energy Fermi level which in turn, 

increases the formation energy of n-type native defects such as VO.50 This is confirmed by the 

negative shift in flat band potential with increasing Y doping. This effect was also observed 

by Kelley et al., using low levels of yttrium doping in CdO films.51 

In order to investigate the fundamental material properties of conductivity and electron 

mobility along with recombination resistance at the solid liquid interface, the transmission line 

model with reflecting boundary condition was applied to impedance data across a range of 

potentials.52 Originally used to decouple transport and transfer properties of TiO2 by Fabregat-

Santiago et al., this model has been applied widely to mesoporous TiO2 and ZnO NRs,31,37,53,54 

in electrolyte and in dye sensitised solar cells.  

Raw Nyquist plots along with their model fits can be found for sample 0.4% Y in Fig. 4. 

In the potential region <0.2 VRHE, the ZnO is conductive and can be fit by a simple RQ circuit 

shown in Fig. 4A (inset) as it displayed a single arc, yielding the chemical capacitance, Cµ, 

and recombination resistance, RR. However, from 0.3 to 0.8 V, shown in Fig. 4B, the Nyquist 

plots displayed a visible upward bend which is clearly visible in the magnified plots in Fig. 

4C. This is a typical transmission line behaviour. The bend separates two distinct regions. The 

high frequency region is dominated by the electron transport resistance, RT, while the low 

frequency region determined by the recombination resistance at the interface, RR at the 

interface. To fit the data that includes both the transport resistance and the recombination 

resistance, the transmission line model was used, displayed in the inset of Fig. 4B. RT is the 

product of NR length L and rT, whereas RR is defined as rR / L. 
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Figure 4: A) and B) Raw experimental Nyquist data (points) and simulated model fits (lines) 
from 0.04% Y sample. The models used are shown in the insets for the potential ranges 0.3 to 
0.8 and -0.2 to 0.2 VRHE respectively. C) Expanded view of the plot indicating the high 
frequency diffusion region below the ‘knee’.  

The analysis of this region is challenging to obtain reliable values of transport resistance 

RT with highly doped conductive ZnO,54 although, in this study a noticeable high frequency 

feature can be distinguished in all the samples. However, in the high frequency region, the 

constant phase angles of all samples are is significantly larger than 45°. Similar behaviour was 

reported and is likely due to the added capacitance from the FTO.31,38,55 The experimental data 

and simulated fits for the remaining samples are shown in Fig. S4-6.  
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Once transport resistance RT is determined, electron conductivity σn can be calculated from 

a cylindrical model for the vertically aligned hexagonal nanorods. 

  (3) 

Where L is the nanorod length, r the radius and ρ the number of NRs per unit area, all 

determined by SEM. σn is a bulk material parameter which describes the emergent electron 

transport properties regardless of geometry. Typically this value depends on the product of 

electron mobility, µn, and free carrier concentration related to ND. Electron mobility describes 

the ease of electron drift in the presence of an electric field. It can be calculated via 

transmission line parameters RT, Cµ and constant phase element exponent γ with Equation 4.31 

     (4) 

The mobilities calculated by this technique often display different character to those 

determined by hall conductivity measurements due to the nature of trap limited diffusion.56 

The transport properties of the NRs, including conductivity, charge mobility and charge 

recombination resistance, determined by transmission line model as a function of potential for 

samples at different dopant concentrations are shown in Fig. 5A-C. The conductivities for all 

samples decreases as the potential increases, due to the positive potential pushing the Fermi 

level below the conduction band minimum, causing a significant drop in electron 

concentration.11 
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Figure 5: A) Shows the conductivity of the samples. B) Electron mobility through the 
transmission line potential region, and C) area normalised recombination resistance, RAR. D) 
Normalised recombination resistance of the samples measured at -0.2 VRHE.  

A clear increase in conductivity is observed in the doped samples, at 0.3 and 0.8 V, 

0.15% Y sample showed 1000 and 10,000 fold increase in conductivity over the pristine 

sample, respectively. This is too large to be explained by an 80% gain in dopant density (Fig. 

3B), but an accompanying enhancement in electron mobility.  

The electron mobility of the samples has been calculated using Eq. 4 and shown in Fig. 

5B. The variation of electron mobility as a function of dopant concentration, suggests trap-
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limited diffusion, where electrons from defect states are injected into the conduction band.56 

Higher electron concentration associated with defect states leads to increased mobility in ZnO 

NRs by neutralising charge traps.8  

The recombination resistance RR, inversely proportional to recombination current flux,57 is 

normalised by multiplication by the sample surface area, RAR,58 and displayed in Fig. 5C. A 

similar trend can be observed for all the samples, beginning low, negative of VFB and rising 

rapidly up to 0.7 VRHE. At -0.2 VRHE when the ZnO yields a metallic response, a monotic 

decrease in RR is observed with doping, Fig. 5D. Higher doping of yttrium causes greater 

recombination of electron hole pairs due to the dopant ions acting as recombination centres in 

the bulk and at the surface.59 As expected the pristine sample shows a dramatic rise in RR 

towards higher potentials past the onset, and 0.15% retains the fastest recombination. 

Somewhat unexpected is the reversal of recombination rates of 0.10% and 0.04% samples at 

0.7 VRHE. This is likely due to the more negative position of VFB  for the 0.10% samples, 

promoting charge transfer across the junction and restricting recombination current. 

The effect of yttrium doping on light absorption was measured using UV-Vis reflectance 

spectroscopy. Band gaps were calculated using the Kubelka-Munk function F(R), detailed in 

section 1.2 in the supporting information.60 This was followed by the use of Tauc plots for the 

n-type semiconductors, shown in Fig. 6A, with B presenting a decreased band gap with 

yttrium doping.61
 



17 

 

Figure 6: A) Tauc plot of the samples along with extrapolated linear regions for determination 
of band gap. B) Band gap energy against doping, determined by Tauc plot. 

The band gap behaviour is in good agreement with our previous measurements made on 

hydrothermal bath deposited Y doped ZnO NRs.23 The decrease in the band gap energy as the 

dopant concentration increases is due to additional donor states formed close to the 

conduction band minimum within the band gap of ZnO.62 This requires lower energy photons 

to promote valence band electrons to these states resulting in greater visible light absorption. 

Though small, this band gap reduction is advantageous to the PEC water splitting performance 

of the samples, accessing a greater portion of the visible light in the solar spectrum. 

PL spectroscopy was performed to confirm recombination rates and the electronic defect 

structure of the samples. An excitation of 320 nm was used, and the spectra were normalised 

using the absorbance of each sample at this wavelength. Greater intensity across the entire 

spectra was observed with higher yttrium concentration, confirming the trend in 

recombination resistance RR determined by EIS. Faster electron hole recombination yields 

more intense near-band-edge (NBE) emission as a result of the interaction of excitons with 
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substitutional yttrium, YZn. No new distinct peaks can be seen from YZn doping, confirming 

that it is a shallow donor. However, interstitial yttrium Yi may be responsible for larger peaks 

across the spectra due to its interaction with native point defects. The integrated spectra,  Fig. 

7C, reveals the increase in PL intensities  as doping levels increases, negatively impacting 

water splitting rate. 

 

Figure 7: A) Expanded view of PL spectra, allowing the changes in peaks a-f to be observed. 
B) Transitions assigned to each peak, and finally C) Integrated peak intensity for each of the 
transitions at different Y concentrations. 

 

Six distinct peaks are observed forming the PL spectra, centred at 398, 419, 441, 462, 485 

and 528 nm, labelled a-f) in Fig. 7A). The spectra were analysed with non-linear least square 
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fitting to resolve the PL emission intensity of each peak which is related to the corresponding 

defect concentration. The assignment of the emission peaks is shown in Fig. 7B. The leading 

emission peak at 398 nm, peak a, is assigned to the NBE. Peak b is associated with donor 

level introduced by Zni.63,64 Peaks c and e occur from the two charge state transitions of 

VO.50,64 Peak d is due to an inter-defect transition from Zni to the VZn
–/0 state, 0.18 eV above 

the valence band,50 and finally f originates from the Zn2+ vacancies VZn.50,63,65 

The intensity of NBE peak is seen to increase from pristine to 0.15% sample, following 

the trend seen in the total PL integrals due to faster exciton recombination rate.52 A subtle rise 

in intensity for peak b is also observed, however it is unlikely due to a higher concentration of 

Zni with increased Y doping in the NRs. Rather, this defect is probably being fed by a more 

populous conduction band. More prominent effects are seen in peaks c-f. An initial drop in 

peak f is observed, followed by substantial increase in intensity due to increasing population 

of VZn as a result of Y doping. The initial decrease in VZn concentration at low level doping 

(from pristine to 0.04% Y) is due to the filling of VZn with YZn substituting a deep acceptor 

state with a shallow donor. Further increase in the Y doping will lead to the increase of 

interstitial Y3+ which decreases the RR with enhanced electron mobility (Fig. 5D).51 

Consequently, this effect increases the formation energy of VO, leading to a decline in peak c 

and e for Y doping of 0.1% and higher.50 It is important to note that the PL spectra intensity 

could be significantly affected by the film thickness and the wavelength of the excitation 

sources. However, the light penetration depth of the absorbed and emitted photons is normally 

small,66 in comparison with the thickness of our samples (>1.6 µm). Hence the film thickness 

is less likely to affect the PL intensities. Meanwhile, a UV light with fixed wavelength of 300 
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nm was used for all PL measurements. The light absorption in this region by Y doped ZnO is 

normally featureless. Therefore, the PL intensity can be exclusively contributed from the 

charge recombination effects. Furthermore, the peaks observed only yield data on deep 

electronic states causing radiative transitions. Shallow states, such as those likely caused by 

yttrium dopants, introduce vibrational states, undetected by this technique.67 

3.3 Water Splitting Performance 

The measured photocurrent densities of the pristine and yttrium doped samples display their 

PEC water splitting abilities, found in Fig. 8A. Photocurrent density uniformly increased 

across all samples with positive bias to a maximum of 0.84 mA cm−2 for the optimised 0.1% 

Y sample at 1.23 VRHE. This represents a 23% enhancement from the undoped sample, due to 

improved charge transportation from higher conductivity. This value is greater than those 

achieved by doping ZnO NRs with N,68 Na14 and Al,15 which achieved photocurrent of 0.3, 

0.5 and 0.3 mA cm−2, respectively, at the same bias. Furthermore the rapid microwave 

synthesis used in this work,40 displays over double the photocurrent achieved by carbon 

nitride coated YZnO (0.4 mA cm−2 at 1.23 VRHE).30 Although, the photolysis in this work falls 

short of doped and coated core-shell structured photoanodes, which have much improved 

visible light absorption. With hydrogen doping or hematite coating,69,70 photocurrents of 1.00 

or 1.27 mA cm−2 were achieved, respectively. In order to utilise ZnO in higher performing 

photolysis, its major shortcoming of low visible light absorption must be overcome. One 

solution is the decoration with noble metal plasmonic nanoparticles, such as the gold tipped 

match-like structures produced by Wu et al.12 Alternatively low band gap, CdS and CdSe 
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quantum dots have been used in conjunction with ZnO for enhanced solar performance.71,72 

Hence, visible light sensitisation offers potential for further enhancing the YZnO as a 

photoanode in future. 

 

Figure 8: A) The photocurrent density curves against potential bias VRHE, and B) the 
photoconversion efficiency. 

Calculated photoconversion efficiency, η, curves are displayed in Fig. 8B, The equation used is 

the ratio of output electrochemical power to input solar power densities, P, in Eq. 5.73 

  (5) 

Where J is the photocurrent density and V is the applied bias vs the platinum electrode. 

The highest efficiency of 0.4%, giving a 47% enhancement over the pristine NRs, was 

achieved at 0.1% Y doping. Further increases to the doping level leads to a high density of 

defects on the NR surface which effectively forms recombination centres as confirmed with 

both EIS and PL measurements. Hence, it is important to optimise the appropriate defects 

level while maintaining the electron transportation benefits. The stability of the photoanode is 
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shown in Fig. S7. The photocurrent was monitored at constant potential of 1.23 VRHE. There is 

no degradation after 5 minutes of stepped illumination. 

The microwave synthesis also performs favourably in comparison to yttrium doped zinc 

oxide nanorods synthesised by conventional hydrothermal method. Solar water splitting data 

of hydrothermal NRs, both doped and undoped, can be seen in Figure S8. It is clear that 

yttrium doping once again leads to more favourable performance. However, the photocurrent 

measured at 1.23 VRHE from hydrothermal method (0.22 mA/cm2) is still much lower than 

those produced from the this novel MW method (0.84 mA/cm2). On the other hand, both 

methods have achieved similar yttrium doping atomic concentration, as seen in Table S1. This 

observation confirms that the NRs synthesised in MW method must have other effects which 

are critical for the higher PEC performance. 

The MW samples significantly outperform hydrothermal samples possibly due to native 

point defect states that contribute to both light absorption and dopant density as outlined in 

our previous work.40 Furthermore, hydrothermal ZnO NRs are crippled by surface hydroxide 

groups acting as recombination centres due to the high pH synthesis. To overcome this, Baek 

et al. annealed hydrothermal synthesised samples produced by this method in a vacuum at 

700°C for restoring performance.74   

Also important, it was found that the Y doping significantly improves the resistance to 

photocorrosion. Under continuous operation, the photo current was measured at 1.23 VRHE, 

shown in Figure S9. The pristine sample decayed to half performance after 12 minutes while 

it took 3 times longer for the 0.1%Y sample. The mechanism for this is unclear and beyond 
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the scope of this study. Perhaps a thin layer of Y2O3 was formed on the surface of the NRs, 

which decreases the PEC corrosive reaction. This further advantage cements yttrium as a 

stand out dopant for ZnO in solar applications going forward. 

 

 

Figure 9: A) Morphological benefits of Y doping, B) Schematic explaining increased electron 
mobility from trap filling, and C) measured band edge and EF positions typical of ZnO,75 with 
redox potentials at standard hydrogen potential, equivalent to pH=0. 

The mechanism for the high efficiency of Y doped ZnO are explained in terms of 

morphological and electronic effects in Y doping. Firstly, the Y doping results in the 

reduction of NR diameter with increased NR length. Hence, the effective surface area is 

increased, Fig. 9A. Longer NRs also provide greater optical depth for light absorption. 

Secondly, the great increase in electron mobility provides improved electron transport. This is 
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especially important for nanomaterials with vertically aligned morphology. As the optical 

depth increases with the increased NR length, photoexcited electrons also need to travel 

significant longer distance. The improved electron transportation reduces the energy cost for 

electrons travelling from the NR surface to the FTO conductive layer. Although increasing Y 

doping leads to significantly improved σn, reduced RR is the cost as the ZnO NR crystals 

become too defective. This has been confirmed with both EIS and PL measurements. The 

highest doped sample, 0.15% Y, presents a reduction in efficiency from 0.1% Y as the anode 

is stifled by the high rate of recombination. Hence, the doping level must be controlled in 

order to balance increased σn against increased recombination rate.  

Thirdly, a reduction in electronic band gap caused by Y doping would allow the ZnO to 

absorb more visible light. The reduction of band gap energy was identified by UV-Vis 

reflection spectroscopy as a result of trap filling, illustrated in Fig. 9B. This is particularly 

important when utilising solar energy with ZnO, since solar irradiance becomes much more 

intense with shifting wavelength from UV to blue visible. Fourthly, the negative shift in flat 

band potential provides an earlier onset potential for solar water splitting. This was observed 

from a morphology-corrected Mott-Schottky analysis, shown in Fig. 3B. The effects of 

doping on the band alignment for water splitting is shown in Fig. 9C.76 The 0.04% Y sample 

shows the lowest performance. This is possibly due to its greater recombination rate without 

significant enhancement of electron transport.  

Conclusion 

In conclusion, for the first time bare yttrium doped zinc oxide NRs have been 

synthesised for application to solar water splitting. Samples were prepared with 0, 0.04, 0.1 
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and 0.15% yttrium incorporation into the structures. The microwave synthesised NRs 

displayed more favourable morphology with a reduction in radius, along with enlarged crystal 

domain size implying the penetration of yttrium into the lattice. The Y acted as a shallow n-

type donor, increasing the donor density in the ZnO NRs leading to increased conductivity 

determined by transmission line model. There was also a significant gain in electron mobility 

due to the filling of trap states, leading to a 1000 fold improvement from pristine ZnO. The 

electronic effects of higher Y concentration were confirmed by UV-Vis reflectance 

spectroscopy, reducing the band gap due to new states at the edge of the conduction band. PL 

spectroscopy displayed accompanying recombination rate increase along with the reduction in 

some crystal defects by deconvoluting the transition peaks. Yttrium addition, overall, led to 

higher concentrations of VZn and less VO by altering their respective formation energies, 

further impacting mobility and increasing hole concentration. The superior transport 

properties of YZnO resulted in a 47% enhancement of photoconversion efficiency, indicating 

their promise as electron transport materials in solar cells and coated photoanodes. 

Supporting Information 

Shows nanorod length and diameter plotted against doping, cross sectional SEM images of 

various doping alongside diameter histograms, close-up 002 ZnO XRD peaks, the derivation 

of Equation (2), the raw EIS data in Nyquist plots with fitted models, raw transmission model 

parameters, the Kubelka Munk function, chopped chronoamperometry curves performance of 

typical hydrothermal ZnO NRs and finally long term photocorrosion. 
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