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Abstract 

Zinc oxide is considered as a promising material for solar water splitting. While experimental studies on ZnO photocatalysts have already 
become abundant, computer simulations of ZnO-based materials are rather scarce. We are contributing to filling this gap by performing a 
series of DFT simulations on ZnO nanowires of different diameters, mono-doped with various elements, both metals (Co, Ag, Cd) and 
non-metals (C, N). We also consider nanowires with O vacancies. We analyse changes in the electronic structure induced in every defect 
introduction scenario and conclude that carbon-doped ZnO nanowires have the highest potential. 
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1 Introduction 

Intensive studies in the field of photocatalysis sre performed 
for decades, with a particular application of solar light-
driven water splitting [1]. As hydrogen is an attractive 
alternative to conventional fuels thanks to its high energy 
density and environmental friendliness [2], a numer of 
materials are tested in a role of a photocatalyst [3]. One of 
the most widespread materials in this field is TiO2, which 
possesses a set of promising properties: low price, good 
chemical stability, non-toxicity, long lifetime of charge 
carriers and advantageous position of the conduction band 
edges [4]. Another material, which attracts enhanced 
attention as a suitable photocatalyst, is ZnO [5]. The 
advantage of ZnO over TiO2 is its higher electron mobility, 
while the major drawback is vulnerability to photocorrosion. 
However, this problem was already solved experimentally 
with a number of discussed stabilization routes, thus, ZnO 
might be a better photocatalyst. Since its band gap is still too 
wide, the most challenging task is a tuning of the ZnO 
electronic structure to enhance photocatalytic efficiency [5],. 
One of the common ways of addressing this issue is 
fabrication of nanoscale materials and band-gap engineering 
via control of material composition. Experimental studies 
on these properties of ZnO already become abundant while 
theoretical simulations are rather scarce [5]. To fill this gap 
we conduct a series of DFT simulations on ZnO nanowires 
mono-doped with metals (Co, Ag) and non-metals (C, N) as 
well as containing oxygen vacancies. 

2 Computational details 

We consider [0001]-oriented hexagonal ZnO NWs of 
wurtzite structure. Five NWs of different diameters (from 
1.63 nm to 3.60 nm) are studied. At first, we investigate 
whether the dopants favour inner or outer sites, since 
photocatalytic process is mostly influenced by the outer 

defects. Then we perform further modelling to make a 
broader study on how electronic structure of the NWs alters 
along with NW diameter and defect concentration. We focus 
on ~3% and ~6% defect concentrations. 

 
FIGURE 1 Example of defect positioning at 3% conc. in a ZnO NW unit 

cell with 2.29 nm diameter, front view. Outer (green) and inner (yellow) 

site alternatives are highlighted 

An example of non-metal defect distribution is shown in 
Figure 1. Unless specified separately, non-metal elements 
serve as oxygen substitutes, while metal atoms as zinc 
substitutes. Situation with metal defect positioning is similar. 
Note that defect site choice varies with NW size. 

We perform ab initio calculations on a number of ZnO 
NWs using the DFT-LCAO method and the PBE0 
Hamiltonian as implemented in the CRYSTAL14 code [6]. 
The used basis sets for atoms and dopants are chosen as: 

 8s-64111sp-41d for Zn atoms; 
 842111s-6311p-411d-1f for Co atoms; 
 3111s-221p-41d for Ag atoms; 
 6s-311sp-11d for C atoms; 
 8s-411sp for O atoms; 
 6s−31p−1d for N atoms. 
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3 Results 

Calculations on the defect formation energy show that Co 
atoms exhibit affinity towards the outer sites. However, for 
some of the smaller structures both at 3% and 6% defect 
concentration occupied states were induced above the SHE 
level which is detrimental for the photocatalytic process. For 
the other, larger models the improvement is not sufficient to 
achieve high efficiencies. 

Silver is the most promising metal dopant. Although the 
position of the highest occupied induced level (HOIL) is 
slightly unfavourable at ~6% defect concentration, it 
descends along with NW diameter growth and also along 
with Ag content decrease. Unfortunately, the lowest 
unoccupied level (LUIL) is adjacent to the HOIL, which 
might promote charge recombination. 

Nitrogen in general favours outer sites. For smaller 
structures with ~6% N content the highest occupied level is 
located above the energy level of hydroxyl group reduction 
(-1.23 eV), which is a major drawback. For the larger 
structures the HOIL is below that level, but the energy gap 
is too large to ensure efficient photocatalysis. The situation 
is more optimistic for N doping at ~3% concentration. Here, 
the energy gap width is around 2 eV for larger NWs. 
Although the HOIL is slightly above the -1.23 eV level, it 
descends along with NW diameter growth, which allows us 
to make an optimistic prediction since results for larger 
NWs are more relevant to real-life structures. 

Oxygen vacancies also prefer the outer sites. For O-
deficient NWs, the energy gap contracts to around 2.75 eV 
along with the NW diameter growth both for the ~3% and 
6% defect concentration cases. It is worthy to note that the 
HOIL position is further from the -1.23 eV level for the NW 
with ~3% defect content. 

Finally, carbon doped nanostructures show the most 
promising results. A clear trend of preferring outer oxygen 
sites is observed. For the models doped at ~6% defect 
concentration, the energy gap diminishes along with NW 
diameter growth and equals around 2.2 eV for the largest 
model. Still, the HOIL being equal to -1.34 eV is 
approaching the -1.23 eV level. At the same time, when 
lowering C content to ~3%, the energy gaps for the two 
largest models are larger and roughly equal to 2.4 eV. 
However, the benefit of the lower carbon concentration is 
the lower position of the HOIL, i.e., at a safer distance from 
the -1.23 eV level. The results are consistent and do not 

exhibit any large oscillations when NW size is varied. 
Due to the limited volume of the abstract, we show only 

the most noteworthy results for defects (Table 1). 

TABLE 1 Properties of some nanostructures under consideration 

Defect Co Ag N Ovac. C 

concentration ~3% ~3% ~6% ~6% ~3% 

NW diameter, nm 2.93 2.93 3.60 3.60 3.60 

LUIL, eV 1.10 1.07 1.04 1.43 0.69 
HOIL, eV -1.73 -1.72 -1.77 -1.32 -1.76 

gap, eV 2.82 2.79 2.81 2.75 2.45 

 
Since carbon doping shows the best perspective, we 

have performed additional modelling of the C-doped NWs 
with a larger supercell, i.e., width of increased distance 
between carbon atoms along the NW axis. Leaving the same 
defect positioning as for 2.29 nm wide NW with 6% carbon 
content and adding one and two additional defect - free unit 
cells to the total structure, we obtained NW models with ~3% 
and ~2% carbon concentration. For all three such a 
structures under consideration, the band energy gap gap is 
broadened to approximately 2.5 eV, and both the HOIL and 
the lowest unoccupied induced level are slightly lowered 
with respect to initial structure. The data on the C-doped 
ZnO NWs with supercells are summarized in Table 2. 

TABLE 2 Properties of C-doped ZnO NWs, analysis of effects produced 

by increasing distance between dopants along the NW axis 

Unit cells 

added 

0 (initial 

structure) 
1 

1 (different 

sites) 
2 

Concentration ~6% ~3% ~3% ~2% 

LUIL, eV 0.78 0.73 0.73 0.69 
HOIL, eV -1.59 -1.78 -1.83 -1.83 

gap, eV 2.37 2.51 2.56 2.52 

4 Conclusions 

We have studied a number of defects as candidates for 
enhancement of ZnO NW photocatalytic properties: Co, Ag, 
C and N dopants as well as oxygen vacancies. The most 
prominent favourable effect on the electronic structure of 
ZnO nanowire has been shown for C-doping, while Ag, N 
and O vacancies might also lead to some improvement while 
Co dopants are rather ineffective for ZnO NWs. At the first 
instance, a deeper and more detailed study is needed in order 
to understand the prospects of carbon doping for ZnO 
nanowires. 
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