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Wide band gap of pure ZnO with wurtzite crystal structure (3.1-3.4 eV) limits its photocatalytic activity to the ultraviolet 

(UV) region of solar spectrum. High-pressure rocksalt polymorph of ZnO can theoretically show narrow band gap, however 

the rocksalt phase is unstable at ambient pressure. In this study, rocksalt phase with large fractions of oxygen vacancies is 

sucessfully stabilized at ambient condition by inducing plastic strain to pure ZnO under 6 GPa using the high-pressure 

torsion (HPT) method. Formation of rocksalt phase reduced the band gap of ZnO to 1.8 eV, in good agreement with the 

first-principles calculations, and significantly improved the photocatalytic activity under visible light. 

Introduction 
 

Clean energy production1 and degradation of organic pollutants in 

air/water2, 3 by means of semiconductor photocatalysts have been 

in the front line of fundamental studies and technological 

approaches in recent decades. Zinc oxide (ZnO) with a wurtzite 

crystal structure is a stable, non-toxic and inexpensive 

semiconductor with superior photocatalytic properties4, which is 

widely used as antibacterials,5 biochemical sensors6 and 

photovoltaic cells.7 However, the photocatalytic application of pure 

ZnO has been limited to the UV spectrum of sunlight due to its wide 

band gap, 3.1-3.4 eV.4, 8 Since UV light only accounts for ~5% of 

solar spectrum, there is a great interest in designing ZnO 

semiconductor with capability of absorbing visible light, which its 

fraction is ~50% of solar spectrum.9 

To enhance solar energy absorption, an efficient photocatalyst 

should have a band gap in the range of 1.8-2.2 eV.10 Although 

forming heterojunctions by coupling different types of 

semiconductors,11, 12 modification with carbon nanotubes13 and 

fullerenes,14 and introduction of oxygen vacancies15, 16 recently 

receive appreciable attention in terms of reducing the band gap, 

doping with cation/anion2, 17-19 is still the main approach for the 

band gap narrowing of ZnO. Despite its effectiveness on controlling 

the band gap, doping does not necessarily result in photocatalytic 

activity of ZnO under visible light due to several reasons20: (i) 

precipitation of dopants can strongly change the chemical 

composition and activity of ZnO; (ii) the solubility of dopants in ZnO 

are usually very low, whereas heavy doping is required in most 

photocatalytic cases; (iii) ZnO is usually sintered at elevated 

temperatures to attain a good crystallinity, but an undesired 

expulsion of substituted dopant occurs when the temperature is 

raised; and (iv) dopants usually leach from their ZnO host at 

extreme pH conditions which can lead to toxicity in the solution. 

Narrowing the band gap of pure semiconductors by dopant-free 

approaches is currently in the spotlight21-23. Theoretical studies on 

ZnO24-26 suggested that the band gap of high-pressure rocksalt 

phase with the cubic crystal structure is in the range of 1.2-2.6 eV 

which is lower than that of the wurtzite phase with the hexagonal 

crystal structure. In-situ band gap measurements under high 

pressure also confirmed that the band gap of rocksalt phase is 

lower than that of the wurtzite phase.24, 27, 28 However, it is evident 

from the phase diagram of ZnO29 as shown in Fig. 1a, that the only 

stable phase of ZnO at the ambient condition is wurtzite and the 

rocksalt phase is only stable at pressures higher than 6-10 GPa. 

High-pressure torsion (HPT) method,30, 31 as schematically shown 

in Fig. 1b, is an advantageous technique for fast production of high-

pressure phases. In the HPT method, sample is sandwiched 

between two anvils under high pressure, and severe plastic strain is 

induced to the sample by rotating the lower anvil with respect to 

the upper anvil. Introduction of large plastic strain under high 

pressure and resultant nanostructural changes alter the 

thermodynamic stability of phases not only under high pressures 

but also at ambient condition.30-35 Previous studies using the HPT 

method showed that several nanostructured high-pressure phases 

could be stabilized at ambient pressure such as ω phase in Zr and 
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Ti,33 diamond-like phase in C,36 cubic phase in BaTiO3,34 monoclinic 

phase in Y2O3,37 and columbite phase with enhanced potocatalytic 

performance in TiO2.38  

In this study, a nanostructured high-pressure rocksalt ZnO phase 

with large fraction of oxygen vacancies is successfully stabilized by 

HPT method at ambient pressure, and its photocatalytic activity is 

examined for the first time. Both experimental results and first-

principles calculations show that the band gap is considerably 

reduced resulting in enhanced photocatalytic activity under visible 

light. 

 

Experimental and Calculation Methods 
 

Wurtzite ZnO powder with an average particle size of ~20 nm 

and a purity level of 99.8 % was processed by HPT at room 

temperature. Plastic strain was introduced under 3 and 6 GPa by 

rotating the lower anvil against the upper anvil for N = 3 turns and 

discs with 10 mm diameter and 0.8 mm thickness were obtained 

(see Supplementary Information 1.1 for details). Phase 

transformations were examined by X-ray diffraction (XRD) analysis 

using the CuKα and 24.772-keV synchrotron radiations, and the 

fraction of each phase was estimated by Rietveld analysis. The 

microstructure of different phases was examined by transmission 

electron microscopy (TEM), and the formation of oxygen vacancies 

was evaluated by examining the colour of samples, Raman 

spectroscopy equipped with a 532 nm laser, photoluminescence 

(PL) spectroscopy with excitation wavelength of 488 nm, and 

electron paramagnetic resonance (EPR) with 10 GHz microwave at 

room temperature. Band gaps were estimated experimentally by 

UV-Vis diffuse reflectance spectroscopy, and theoretically using the 

first-principle calculations, as described in Supplementary 

Information 1.2. The photocatalytic activity of samples was 

examined by measuring the degradation rate of Rhodamine B (RhB) 

under UV and visible light (see Supplementary Information 1.3 for 

details), and the active surface area of photocatalytic samples was 

measured using the Brunauer-Emmett-Teller (BET) and pulsed 

nuclear magnetic resonance (NMR) methods (see Supplementary 

Information 1.4 for details). 

 

Results and Discussion 

 

XRD results, by CuKα radiation, are shown in Fig. 1(c) for 

wurtzite powder and samples processed by HPT under 3 and 6 GPa. 

Wurtzite peaks are clearly visible in the powder and in the HPT-

processed samples, with a distinct peak broadening after HPT 

processing due to the lattice strain effect and formation of 

nanograins with an average size of 11 ± 5 nm (see high-resolution 

TEM micrographs in Supplementary Figs. 1 and 2). In addition to 

wurtzite, the rocksalt phase with a fraction of 50 wt.% can be 

detected for the sample processed by HPT under 6 GPa. The 

presence of rocksalt phase, which remained stable at least for 220 

days at ambient condition, confirms that simultaneous introduction 

of pressure and strain is essential for stabilizing the rocksalt phase 

at ambient pressure. Unlike oxides like BaTiO3,31 Y2O3
37 and TiO2

39 in 

which high-pressure phases remain stable in grains with sizes 

smaller than a critical size, a correlation between grain size and 

crystal structure could not be confirmed for ZnO because of the less 

stable feature of rocksalt phase when irradiated by electron beam 

during the TEM examinations. 

Another feature that can be seen in Fig. 1(c) is that the colour of 

samples changes from white to yellow after HPT processing due to 

the formation of point defects such as oxygen vacancies40-42. 

Formation of oxygen vacancies as point defects after HPT 

processing is also evident from the synchrotron XRD peak shifts (see 

Supplementary Fig. 3 in which peaks corresponding to 002 and 101 

planes shift to lower angles). Raman spectra in Fig. 2a also show 

that in addition to the vibration modes related to the wutrzite 

phase, a peak at 577 cm-1 appears after HPT processing, indicative 

of oxygen vacancies.16, 43, 44 It is noted that the rocksalt phase has 

no Raman active modes28. A broad PL emission at 587 nm (orange 

emission in Supplementary Fig. 4) is also observed in HPT-processed 

samples probably due to the radiative recombination of photo-

excited holes and singly ionized oxygen vacancies in ZnO samples.45 

Some other emission colours such as yellow46, green41, 47 and blue48, 

49 have been reported for different defect states in ZnO, although 

the origin of these emissions is not well understood.50 EPR is 

another effective method for investigating paramagnetic oxygen 

vacancy defects. EPR signals in Fig. 2b show that two major g values 

of 1.960 and 1.997 exist for the HPT-processed samples, both of 

which are absent in the ZnO powder. Although there is a big 

argument over the origin of g = 1.960 whether it is due to the 

oxygen vacancies,47 shallow donors,51 electrons in the conduction 

band,52 or electrons in the donor band,52 it is widely accepted that g 

= 1.997 is due to oxygen vacancies.50, 53 The presence of oxygen 

vacancies after HPT processing, which is also reported in BaTiO3
34 

Fig. 1 (a) Phase diagram of ZnO, (b) Schematic illustration of 
HPT, and (c) XRD results by CuKα radiation before/after HPT 
including images of samples. 
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and TiO2,38 is due to the effect of strain on continuous formation of 

vacancies, and the effect of high pressure on suppressing the 

migration and annihilation of the vacancies.54 

Fig. 3a shows the UV-Vis diffused reflectance spectra of the 

starting powder (wurtzite without oxygen vacancies), the sample 

processed by HPT under 3 GPa (wurtzite with oxygen vacancies) and 

the sample processed by HPT under 6 GPa (rocksalt with oxygen 

vacancies). All samples show an intense absorption below the 

absorption-edge wavelength. The absorption edge of initial powder 

is at ~400 nm, while it redshifts to the visible light region with 

absorption edge of about 460 and 650 nm for the samples 

processed by HPT under 3 and 6 GPa, respectively. An appreciable 

tail absorbance is also observed for the HPT-processed samples 

because of the presence of oxygen vacancies, which can form 

localized states in the band gap.55 Band gap of samples are 

estimated from the UV-Vis diffused reflectance spectra based on 

the Kubelka-Munk theory.56 As shown in Fig. 3b, the estimated band 

gaps are 3.1, 2.8, and 1.8 eV for the starting powder and for the 

samples processed by HPT under 3 and 6 GPa, respectively. The 

estimated band gap for the starting powder is well consistent with 

the reported band gap for the wurtzite ZnO in the literature (3.1-3.4 

eV).4, 8 A decrease in the band gap of sample processed at 3 GPa is 

also consistent with previous reports, where the band gap of ZnO 

decreases with introduction of oxygen vacancies.16, 57, 58 Oxygen 

vacancies create energy states above the valance band and leads to 

reducing the band gap by lifting the position of valance band. 

However, the significant band gap narrowing of sample processed 

under 6 GPa cannot be explained solely by the presence of oxygen 

vacancies but it is a consequence of rocksalt-phase formation. A list 

of representative published data gathered in Supplementary Table 

1 reveals that the band gap of 1.8 eV obtained in this work is the 

narrowest among the reported values for pure ZnO. 

Fig. 2 (a) Raman spectra and (b) EPR spectra of ZnO 
before/after HPT processing. 

Fig. 3 (a) UV-Vis diffused reflectance spectra, (b) bandgap 
estimation based on Kubelka-Munk theory, and (c) 
photocatalytic activity for RhB degradation under visible light 
for ZnO before/after HPT processing (ΔC: degraded amount 
of RhB, C0: initial conce 

Page 5 of 29 Journal of Materials Chemistry A



ARTICLE Journal Name 

4 | J. Mater. Chem. A, 2017, 00, 1-3 This journal is © The Royal Society of Chemistry 2017 

Please do not adjust margins 

Please do not adjust margins 

Photocatalytic activity of samples under visible light is shown in 

Fig. 3c (see Supplementary Fig. 5 for the results under UV light). It 

should be noted that the data in Fig. 3c were normalized by surface 

area of each sample measured by pulsed NMR because a significant 

powder consolidation occurs during HPT processing of oxides (see 

Supplementary Fig. 6 and Table 2).59 While wurtzite powder shows 

minor RhB photodegradation under visible light, the sample 

processed by HPT under 3 GPa exhibits higher photocatalytic 

activity due to the formation of oxygen vacancies.16, 60, 61 The 

sample processed at 6 GPa shows superior activity than others due 

to the rocksalt-phase formation with a band gap of 1.8 eV, which 

can absorb more visible light. It is noteworthy that, on one hand the 

rocksalt phase is quite stable in water solution and after 

photocatalytic activity test (see Supplementary Fig. 7), but on the 

other hand it is unstable when it is irradiated to high energy light 

sources such as X-ray and electron beam (see Supplementary Figs. 8 

and 9). 

The calculated density of states (DOS) for zinc and oxygen 

atoms together with the total density of states are shown in Fig. 4 

for (a) wurtzite without lattice defects, (b) wurtzite with 6.25 at.% 

of oxygen vacancies, (c) rocksalt without lattice defects, and (d) 

rocksalt with 6.25 at.% of oxygen vacancies. Corresponding 

supercells and calculated band gaps of each sample are also shown 

in Fig. 4 (details of calculation results are summarized in 

Supplementary Table 3). The band gap of ideal wurtzite is 

calculated as 3.22 eV, which is in good agreement with the 

experimentally measured value in this study, 3.1 eV. Introduction of 

oxygen vacancy to wurtzite reduces its band gap to 2.91 eV, which 

is well consistent with the presented results in Fig. 3b. The 

calculated band gap of defect-free rocksalt phase is 3.25 eV, but it 

significantly reduces to 1.73 eV with introduction of oxygen 

vacancies in good agreement with the experimental results in Fig. 

3b. Despite earlier theoretical studies which estimated a low band 

gap for the rocksalt phase in the range of 1.2-2.6 eV24-26, the current 

calculation and experimental results suggest that the oxygen 

vacancies should be present in the high-pressure rocksalt phase to 

achieve a low band gap and develop superior visible-light 

photocatalytic activity. 

 
Conclusions 
 

High-pressure rocksalt ZnO phase with large fraction of oxygen 

vacancies was stabilized at ambient pressure by torsional straining 

under 6 GPa. The stabilized rocksalt phase exhibited a low band gap 

of 1.8 eV in good agreement with the first-principles calculations. 

The material exhibited superior photocatalytic activity under visible 

light to photodegrade the RhB dye. 

 

Acknowledgements 
KE thanks Kyushu University for the Qdai-Jump Research grant 

(No. 28325) and the MEXT, Japan, for a Grant-in-Aid for Scientific 

Research (B) (No. 16H04539). JW thanks a funding from JSPS and 

NSF, Japan, under the JSPS-NSF Partnership for International 

Research and Education (PIRE). This study was supported in part by 

Japan Science and Technology Adaptable and Seamless Technology 

transfer Program through target-driven R&D (JST A-STEP), Japan, in 

part by Core Research for Evolutional Science and Technology 

(CREST), in part by a Grant-in-Aid for Scientific Research (S) from 

the MEXT, Japan (No. 26220909), and in part by WPI-I2CNER. The 

HPT process was carried out in the International Research Centre on 

Giant Straining for Advanced Materials (IRC-GSAM) at Kyushu 

University. 

 
 
 
 

Fig. 4 DOS profiles calculated by first-principles calculations 
with corresponding supercells and band gap values for (a) 
ideal wurtzite, (b) wurtzite with 6.25% of oxygen vacancies, 
(c) ideal rocksalt, and (d) rocksalt with 6.25% of oxygen 
vacancies (E: Energy; Ef: Fermi level). 
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