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Abstract 

High-entropy oxides (HEOs), as a new family of materials with five or more principal 

cations, have shown promising properties for various applications. In this work and inspired by 

inherent defective and strained structure of HEOs, photocatalytic CO2 conversion is examined on 

a dual-phase TiZrNbHfTaO11 synthesized by a two-step high-pressure torsion mechanical alloying 

and high-temperature oxidation. The HEO, which had various structural defects, showed 

simultaneous photocatalytic activity for CO2 to CO and H2O to H2 conversion without the addition 

of a co-catalyst. The photocatalytic activity of this HEO for CO2 conversion was better than 

conventional photocatalysts such as anatase TiO2 and BiVO4 and similar to P25 TiO2. The high 

activity of HEO was discussed in terms of lattice defects, lattice strain, light absorbance, band 

structure, photocurrent generation and charge carrier mobility to activation centers. The current 

study confirms the high potential of HEOs as a new family of photocatalysts for CO2 conversion. 
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1. Introduction 

Carbon dioxide (CO2) is a stable molecule, which is produced mainly from human 

activities such as combustion of hydrocarbons and partly from natural sources such as 

decomposition of organisms. Emission of CO2 from combustion of hydrocarbon fuels is 

considered as a main reason for the global warming on the earth [1,2]. There are currently 

significant attempts to explore effective strategies to reduce the human-activity-based CO2 

emission or to convert CO2 to useful products [1]. Photocatalytic CO2 conversion is considered as 

a clean technology to reduce the amount of this stable gas in the atmosphere, although the research 

on photocatalytic CO2 conversion is still at the early stages and significant efforts are required to 

enhance its efficiency for practical applications [2]. In photocatalytic CO2 conversion, following 

the light absorbance by a semiconductor which is known as photocatalyst, electrons are excited 

from the valence band to the conduction band and contribute to CO2 conversion [2]. Such a CO2 

conversion occurs through different pathways including carbene pathway, formaldehyde pathway 

and glyoxal pathway [3,4], leading to different conversion products, as shown in Table 1 [5,6]. 

 

Table 1. Reactions in CO2 conversion with their standard potentials [5,6]. 

Reaction Standard Potential vs. NHE (eV) at PH = 0 

CO2 + 2H+ + 2e- → HCOOH -0.20 

CO2 + 2H+ + 2e- → CO + H2O -0.11 

CO2 + 4H+ + 4e- → HCHO + H2O -0.07 

CO2 + 6H+ + 6e- → CH3OH + H2O 0.03 

CO2 + 8H+ + 8e- → CH4 + 2H2O 0.17 

 

For photocatalytic CO2 conversion, a photocatalyst should have appropriate bandgap to 

absorb light photons, appropriate band structure to satisfy the standard potentials for each reaction 

shown in Table 1, long exited electron lifetime and appropriate charge carrier mobility [7]. TiO2 

[8], C3N4-based catalysts [9], bismuth-based compounds such as BiVO4 [10], Cu-based 

semiconductors [11] and WO3 [12] are some popular photocatalysts for CO2 conversion. Although 

the improvement of existing photocatalysts by different strategies such as heterostructure 

generation [7], nanosheet production [8], surface defect introduction [9], oxygen vacancy 

generation [12], mesoporous structure formation [13] and strain engineering [14,15] is currently 

the major research activity, there are high demands to explore new family of materials as highly 

active photocatalysts. 

High-entropy ceramics are a new type of materials which show high stability and promising 

structural and functional properties due to the so-called cocktail effect, lattice strain/defects, 

heterogenous valence electron distribution and high configurational entropy [16]. As shown in Fig. 

1a, high-entropy ceramics are defined as multi-component materials with at least five principal 

elements and a configurational entropy higher than 1.5R (R: the gas constant) [17]. These materials 

have a low Gibbs free energy due to their high entropy and this gives a high stability to these 

materials under different conditions [16] including catalytic reactions [18,19]. Moreover, the 

presence of at least five cations with different atomic sizes in these materials results in the 

formation of inherent lattice strain and defects [17]. Since lattice strain and defects are effective to 

enhance photocatalytic CO2 conversion [9,12,14,15], the high-entropy ceramics are expected to 
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show good activity for such a conversion. High-entropy oxides (HEOs) are the most popular high-

entropy ceramics which have been investigated for various applications and properties such as 

thermal barrier coatings [20,21], magnetic components [22,23], dielectric components [24,25], Li-

ion batteries [26,27], Li-S batteries [28], Zn-air batteries [29], catalysts [30,31], electrocatalysts 

[32], and photocatalytic hydrogen production [33,34]. Despite the inherent defective and strained 

structure of HEOs, there have been no attempts to employ these materials for photocatalytic CO2 

conversion. 

In this study, a HEO photocatalyst, TiZrNbHfTaO11, is synthesized and its activity for CO2 

conversion is examined. The transition elements titanium, zirconium, niobium, hafnium, and 

tantalum are selected simply because their binary oxides with the d0 electronic structure can act as 

photocatalysts. This first application of HEOs for photocatalytic CO2 conversion confirms that the 

HEO photocatalyst shows higher activity compared to common binary or ternary photocatalysts 

such as TiO2 and BiVO4, suggesting HEOs as a new family of photocatalysts for CO2 conversion. 

 

2. Experimental 

2.1. Sample preparation 

Although various methods have been developed in recent years for the synthesis of HEO 

[16-34], a two-step high-pressure mechanical alloying and high-temperature oxidation which is 

available in the authors’ laboratory was used to synthesize the HEO. In the first step, equiatomic 

amounts of Ti (99.9%), Zr (95.0%), Hf (99.5%), Nb (99.9%) and Ta (99.9%) powders were mixed 

in acetone, treated by ultrasonic and then dried. The dried powder mixture was processed by high-

pressure torsion (HPT), shown in Fig. 1b, to fabricate TiZrNbHfTa high entropy alloy (HEA) with 

the body-centered cubic (BCC) structure (see the principles of HPT and its applications to oxides 

in [35,36]). To produce the TiZrNbHfTa alloy, a 10 mm diameter and 1 mm thick disc was 

prepared by compacting the powder mixture under a pressure of 400 MPa. The compacted disc 

was then compressed between two HPT anvils under a high pressure of 6 GPa at room temperature 

and simultaneously processed by rotating the lower HPT anvil with respect to the upper one for 

100 turns with a rotation rate of one turn per minute. In the second step, the HPT-processed 

TiZrNbHfTa alloy was exposed to hot air at a temperature of 1373 K for 24 h to produce an oxide, 

with the appearance shown in Fig. 1c. Examination of the mass of sample before and after 

oxidation suggested a composition of TiZrNbHfTaO11 for the produced oxide. The oxide was 

crushed after oxidation into the powder form using a mortar and examined by various 

characterization methods, as described below. 

 

2.2. Characterization 

To examine the crystal structure, X-ray diffraction (XRD) using the Cu Kα radiation with 

a wavelength of λ = 0.1542 nm and micro-Raman spectroscopy using a laser source with a 

wavelength of λ = 532 nm were utilized. 

Examination of microstructure was conducted by (i) scanning electron microscopy (SEM) 

with energy dispersive X-ray spectroscopy (EDS) analysis under 15 keV, (ii) transmission electron 

microscopy (TEM) with selected area electron diffraction (SAED), bright-field (BF) images, dark-

field (DF) images, high-resolution images and fast Fourier transform (FFT) analysis under 200 
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keV, and (iii) scanning-transmission electron microscopy (STEM) with high-angle annular dark-

field (HAADF) images and EDS analysis under 200 keV. 

 

 
Fig. 1. (a) Relationship between number of elements and configurational entropy and definition of 

high-entropy ceramics with equiatomic fractions of elements, (b) schematic illustration of high-

pressure torsion (HPT), and (c) appearance of high-entropy oxide synthesized in this study. 

 

 

To investigate the presence of point defects such as oxygen vacancies, electron 

paramagnetic resonance (EPR) was performed at ambient temperature using a microwave source 

with a frequency of 9.4688 GHz. 

To study the oxidation states of different elements and to estimate the valence band top 

position, X-ray photoelectron spectroscopy (XPS) using the Al Kα radiation with a wavelength of 

λ = 0.989 nm was used. The XPS energy position for each element was adjusted by considering 

the peak position of C 1s at 284.8 eV. After correction of the energy positions, the peaks for 

different elements were analyzed by peak deconvolution by considering the standard energy 

relations and differences reported in the handbook [37]: f7/2:f5/2 = 4:3, d5/2:d3/2 = 3:2, p3/2:p1/2 = 2:1, 

Ti 2p1/2 - Ti 2p3/2 = 5.54 eV, Zr 3d3/2 - Zr 3d5/2 = 2.43 eV, Hf 4f5/2 - Hf 4f7/2 = 1.71 eV, Nb 3d3/2 - 

Nb 3d5/2 = 2.72 eV, Ta 4f5/2 - Ta 4f7/2 = 1.91 eV. 
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To investigate the light absorbance and bandgap (Kubelka-Munk analysis), UV-vis diffuse 

reflectance spectroscopy was conducted, and the band structure was calculated by considering both 

XPS and UV-vis spectra. 

To study the lifetime of exited electrons, steady-state photoluminescence (PL) emission 

spectroscopy with a 325 nm laser source and time-resolved photoluminescence decay (PL decay) 

with a 285 nm laser source were conducted. 

The specific surface area of powder was examined by nitrogen gas adsorption and using 

the Brunauer-Emmett-Teller (BET) method. 

 
2.3. Photocurrent test 

Photocurrent generation was examined using a thin film of sample in a 1 M Na2SO4 

electrolyte under the full arc of Xe lamp (without using any filter), as described in detail earlier 

[38]. The thin film was prepared by deposition of HEO powder on FTO (fluorine-doped tin oxide) 

glass with 2.25 mm thickness and 15×25 mm2 surface area. about 5 mg of sample was crushed in 

0.2 mL ethanol and carefully dispersed on the FTO glass using a drop and annealed at 473 K for 

24 h. The average thickness of HEO on FTO glass was about 0.04 mm, which was estimated by 

measuring the thickness of glass before and after deposition of HEO using a micrometer with 0.01 

mm accuracy. Photocurrent generation was examined by an electrochemical analyzer in the 

potentiostatic amperometry mode during time (30 s light ON and 60 s light OFF), while the counter 

electrode was Pt wire, the reference electrode was Ag/AgCl, and the external potential was 0.7 V 

vs. Ag/AgCl. 

 
2.4. Photocatalytic test 

Photocatalytic CO2 conversion was conducted using the powder of HEO in a continuous 

flow quartz photoreactor. The photoreactor, as shown in Fig. 2a, had a cylindrical shape with a 

total inner volume of 858 mL. The reactor had an inner space to insert the light source. There were 

two holes on the top of photoreactor: one for the inlet of CO2 flow, which was connected to a gas 

cylinder; and another one for the outlet of gas and sampling the reaction products for analysis, 

which was connected to a vent and gas chromatograph. For the photocatalytic reaction, 120 mg of 

HEO was mixed with 500 mL of deionized water and NaHCO3 with 1 M concentration and then 

bubbled with CO2 with a flow rate of 3 mL/min. The temperature was controlled as 288 K using a 

water chiller and the suspension was continuously stirred using a magnetic stirrer. The process was 

first conducted for 2 h without light irradiation, and after confirmation that no reaction products 

appear, the photocatalytic test was conducted under irradiation with a high-pressure Hg light 

source (Sen Lights Corporation, HL400BH-8, 400 W, with the spectral composition shown in Fig. 

2b). The light intensity irradiated on the photocatalysts was 0.5 W/cm2 and no filter was used 

during the irradiation. The reaction products were analyzed by a gas chromatograph (Shimadzu 

GC-8A, Ar Carrier). A flame ionization detector equipped with a methanizer (Shimadzu MTN-1) 

was used to measure the CO and CH4 production rate. A thermal conductivity detector also was 

utilized to evaluate the H2 and O2 production. To be sure about the absence of CO from other 

sources such as contamination, blank tests were conducted (i) under irradiation in the presence of 

CO2, NaHCO3 and H2O and without the photocatalyst addition and (ii) under irradiation in the 

presence of Ar, NaHCO3 and H2O and with photocatalyst addition. 
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Fig. 2. (a) Description of experimental setting for photocatalytic CO2 conversion including 

photograph of photoreactor, and (b) spectroscopy of light source used for photocatalytic test. 

 

 

3. Results 

3.1. Crystal structure and microstructure 

Fig. 3 shows the SEM images of HEO in various scales. Particle size measured by SEM is 

25 µm. The HEO contains particles with different sizes, as shown in Fig. 3, and its specific surface 

area, achieved by the BET method, is 0.66 m2/g. Although big size of some particles can have 

negative effect on photocatalytic activity due to decreasing the active surface area, this issue can 

be addressed in the future by using other synthesis method or advanced crushing techniques. The 

presence of numerous nanograins in each particle is obvious in higher magnification images in 

Fig. 3b, c and d. The average grain size for this material is estimated to be 192 nm, while some 

pores are also visible within the particles. Here, it should be noted that low specific surface area 

and small grain size are characteristics of materials which are synthesized/processed by the HPT 

method [33-36]. 

To confirm the successful oxidation of the material, electronic states of each element in the 

HEO are presented in Fig. 4 using the XPS analysis and corresponding peak deconvolution. Fig. 

4 shows that the main cations in the sample are Ti4+, Zr4+, Nb5+, Hf4+ and Ta5+, suggesting that the 

material is successfully oxidized to a d0 electronic configuration during the high-temperature 

oxidation [37]. However, it should be noted that the peaks for Ti, Zr, Nb, Hf and Ta have some 

shoulders to the lower energy sides, suggesting that some oxygen-deficient regions with lower 

oxidation states should exist within the material, as confirmed by the peak deconvolution analysis 

(i.e., some oxygen vacancies present). The presence of vacancies is not surprising as similar issue 

can be observed in other HPT-processed materials due to the strain effect [35,36] and in other 

HEOs due to the atomic size mismatch effect [16,17].  
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Fig. 3. Morphology of high-entropy oxide examined by SEM at different magnifications.  

 

 

To confirm the distribution of elements in the material, Fig. 5a and Fig. 5b illustrate the 

elemental distribution mappings in the micrometer and nanometer scales, respectively. Fig. 5 

shows that the elements distribute appropriately in both micrometer and nanometer scales. It is 

confirmed that the elements are successfully mixed by high-pressure mechanical alloying and their 

distribution remains reasonably homogeneous even after high-temperature oxidation. SEM-EDS 

analysis suggests that the material should have a general composition of TiZrNbHfTaO11. Uniform 

distribution of elements is a general requirement of high-entropy materials [16-32]. 
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Fig. 4. Electronic states and relevant peak deconvolution of (a) Ti, (b) Zr, (c) Nb, (d) Hf, (e) Ta 

and (f) O in high-entropy oxide examined by XPS analysis.  
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Fig. 5. Distribution of elements in high-entropy oxide examined at (a) micrometer scale using 

SEM-EDS and (b) nanometer scale using STEM-EDS. 

 

 

Crystal structure of HEO was examined using XRD analysis, as shown in Fig. 6a. The 

material contains two phases with the monoclinic and orthorhombic structures. Based on the 

Rietveld analysis, the HEO consists of 40 wt% of monoclinic phase (A2/m space group, a = 1.193 

nm, b = 0.381 nm, c = 2.044 nm, α = 90°, β = 120.16°, γ = 90°) and 60 wt% of orthorhombic phase 

(Ima2 space group, a = 4.092 nm, b = 0.493 nm, c = 0.527 nm, α = β = γ = 90°). Raman spectra, 

shown in Fig. 6b from three different positions, illustrate similar patterns in different positions, 

suggesting the size of phases should be smaller than the spatial resolution of micro-Raman. Taken 

altogether, a combination of XPS, EDS and XRD confirms that a dual-phase HEO could be 

successfully produced in this study. 

Examination of microstructural/nanostructural features of this dual-phase HEO is shown 

in Fig. 7, where a is a BF image, b is a corresponding SAED pattern, c is a DF image, d and e are 

HR images, and f is a magnified lattice image of the selected squared region in e. Fig. 7 reveals 

several important points. (i) A ring pattern of SAED image confirms the presence of many 

nanocrystals with random orientation in Fig. 7a. (ii) The BF and DF images confirm that the grain 
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sizes are quite small and less than 100 nm. This indicates that there are still smaller crystals within 

the grain-like regions observed in the SEM images of Fig. 3. (iii) The HR images confirm the co-

existence of two monoclinic and orthorhombic phases at the nanoscale and large fraction of 

interphase boundaries. It was shown that the presence of interphases as charge heterojunctions can 

improve the photocatalytic activity through enhanced charge carrier separation and mobility [7]. 

(iv) The lattice images are quite distorted and close examination of the lattice confirms the 

presence of many dislocation defects within the grains. Since it was reported that the dislocations 

can enhance the light absorbance and photocatalytic activity at least in some semiconductors [39], 

the presence of dislocations in this HEO may positively act for enhancement of photocatalytic 

activity. 

 

 
 
Fig. 6. Dual-phase structure of high-entropy oxide examined by (a) XRD profile and (b) micro-

Raman spectra at three different positions. 
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Fig. 7. Presence of nanoscaled dual phases with large fraction of interfaces and dislocations in 

high-entropy oxide examined by TEM (a) BF image, (b) SAED analysis, (c) DF image and (d-f) 

HR images, where (c) was taken with diffracted beams indicated by arrow in (a), and (f) is a 

magnified view of squared region in (e). 

 

 
3.2. Electronic structure and defect states 

Fig. 8 shows (a) UV-vis absorbance spectrum, (b) Kubelka-Munk plot, (c) XPS spectrum 

of top of valence band and (d) electronic structure determined by a combination of UV-vis and 
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XPS analyses. Fig. 8a indicates that the HEO can absorb light in both ultraviolet and visible light 

regions, although the quantity of absorbed light in the ultraviolet region is higher than that in the 

visible light region. Such a visible light absorbance is not detected in binary oxides such as TiO2, 

ZrO2, HfO2, Nb2O5 and Ta2O5 [38,39]. Based on the Kubelka-Munk analysis, there are two 

apparent bandgaps of 3.0 and 2.3 eV for this HEO. The first energy gap should be related to the 

energy difference between the valence band and conduction band which is reasonably similar to 

the bandgap of TiO2 and smaller than the bandgap of other binary oxides in the Ti-Zr-Hf-Nb-Ta-

O system (3.1-5.7 eV) [40,41], and the second gap should be due to the defect level between the 

valence band and conduction band. The presence of defects (i.e., oxygen vacancies or color 

centers), which can be confirmed from the low energy shoulders in XPS spectra of cations, should 

be a main reason for the orange color of sample. The top of valence band calculated by XPS is 1.8 

eV vs. NHE, which is shown by an arrow in Fig. 8c. The bottom of conduction band is calculated 

as -1.2 vs. NHE by considering an indirect bandgap of 3.0 eV and the defect state is estimated as 

-0.5 eV vs. NHE. As summarized in Fig. 8d, the potential of reactions for CO2 conversion and 

water splitting (see Table 1) are between the energy levels for the top of valence band and the 

bottom of conduction band, and thus, this HEO can basically satisfy the requirements for 

photocatalytic reactions [5-7].  

 

 
 

Fig. 8. Appropriate electronic structure of high-entropy oxide for photocatalytic CO2 conversion. 

(a) UV-vis light absorbance spectrum, (b) Kubelka-Munk plot to calculate indirect bandgap (α: 

light absorption, h: Planck's constant, ν: light frequency), (c) XPS spectrum to estimate top of 

valence band, and (d) electronic band structure in comparison with potentials for photocatalytic 

CO2 conversion. 
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3.3. Charge-carrier dynamics 

Charge-carrier dynamics were examined by (a) steady-state PL spectroscopy, (b) PL decay 

spectroscopy, (c) EPR spectroscopy and (d) photocurrent measurement, as shown in Fig. 9. The 
PL spectrum in Fig. 9a shows a peak at 580 nm which is equivalent to an energy level of 2.14 eV. 

Since this energy level is close to the energy gap of 2.3 eV, calculated using the Kubelka-Munk 

analysis for the defect states, it can be concluded that this peak corresponds to the recombination 

of excited electrons at the defect state. To have an insight into the significance of these electron-

hole recombination, Table 2 compares the PL intensity and PL wavelength of the HEO with those 

measured by the current authors for anatase TiO2 and BiVO4 (as two popular photocatalysts for 

CO2 conversion [2-5]). It is obvious that the PL intensity of HEO is lower than that of anatase TiO2 

and BiVO2, despite its high light absorbance which is an indication of large electron-hole 

production. The lower PL intensity suggests that the recombination in this HEO is not higher than 

TiO2 and BiVO2, provided that the heat energy generation through the electron-hole recombination 

is considered identical for the three oxides.  

Evaluation of PL decay intensity versus time, as shown in Fig. 9b, indicates that the PL 

decay of the HEO follows an exponential equation. 

 

𝐼(𝑡) = 𝐴1 exp (−
𝑡

𝜏1
) + 𝐴2 exp (−

𝑡

𝜏2
) (1) 

 

where, I(t), 𝐴1,  𝐴2, 𝜏1 and 𝜏2 are PL decay intensity at time t, amplitude of the first exponential 

function, amplitude of the second exponential function, fast decay time and slow decay time, 

respectively. Analysis of data in Fig. 9b suggests the values of 1.53 and 10.39 ns for 𝜏1 and 𝜏2, 

respectively. Here, the following equation can be used to estimate the average lifetime, 𝜏𝑎𝑣𝑒 [42]. 

 

𝜏𝑎𝑣𝑒 =
𝐴1𝜏1

2 + 𝐴2𝜏2
2

𝐴1𝜏1 + 𝐴1𝜏1
 (2) 

 

Table 2 compares the average lifetime for the HEO with those for anatase TiO2 and BiVO4. The 

average lifetime for the HEO is 10.5 ns which is close to the lifetime of TiO2 anatase (10.7 ns). 

Low recombination intensity of the HEO, measured by steady-state PL spectroscopy, and an 

appropriate electron lifetime close to TiO2 anatase, show that the exited electrons on the surface 

of this material can be active for appropriate time to take part in photocatalytic reaction before 

recombination with holes. One reason for the appropriate charge carrier lifetime and low-intensity 

recombination for this HEO can be the presence of oxygen vacancies on the surface [43,44].  

Prescence of oxygen vacancies, which was suggested by the orange color of sample in Fig. 

1c, XPS spectroscopy in Fig. 4 and UV-vis spectroscopy in Fig. 8a, was examined further by EPR 

spectroscopy, as shown in Fig. 9c. Two symmetric hump peaks with a g factor of 2.15 appear 

which may be due to the oxygen vacancies, as reported in some oxides such as Nb2O5 [45]. It 

should be noted that the oxygen vacancies on the surface can act as active sites for electron-hole 

separation and photocatalytic reaction [4]. Moreover, it was shown that the surface oxygen 

vacancies have a direct effect on photocatalytic CO production rate: surface oxygen vacancies can 

absorb CO2 and contribute to breaking the C=O bonds to produce CO [4]. 
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Table 2. PL wavelength and intensity, fitted parameters of PL decay spectra and photocurrent 

density for high-entropy oxide in comparison with anatase TiO2 and BiVO4 photocatalysts. 

PL Wavelength (nm) Intensity (cps) 

TiZrNbHfTaO11 580 190 

Anatase TiO2 510 12300 

BiVO4 640 300 

PL Decay τ1 (ns) τ2 (ns) A1 A2 τ ave (ns) 

TiZrNbHfTaO11 1.53 10.39 42.34 57.66 10.5 

Anatase TiO2 1.24 11.46 41.98 58.02 10.7 

BiVO4 2.17 14.90 56.56 43.44 12.9 

Photocurrent (mA/m2) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

TiZrNbHfTaO11 9.6 8.9 8.4 8.2 

Anatase TiO2 43.5 32.2 27.9 25.2 

BiVO4 18.6 17.1 17.0 16.7 

 

 

 
Fig. 9. (a) Steady-state PL emission, (b) time-resolved PL decay, (c) EPR spectra and (d) 

photocurrent generation for high-entropy oxide.  
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Fig. 9d shows photocurrent measurement on HEO thin film. The material successfully 

generates photocurrent, although its photocurrent density decreases during the time due to the 

accumulation of holes with positive charge on the surface. Table 2 compares the photocurrent 

density of the HEO with that of reference anatase TiO2 and BiVO4 for the first four cycles. It 

should be noted that the quantitative comparison of the photocurrent density of these three 

materials should be conducted by care due to the technical limits in making dense films with good 

FTO-oxide bonding by annealing at 473 K. The photocurrent density of HEO is apparently lower 

than that of the reference oxides. Despite the low photocurrent density of HEO, photocurrent 

generation on this material indicates that the exited electrons can have enough lifetime to separate 

from the surface of material and take part in the photocurrent generation. The generation of 

photocurrent is a positive sign for possible photocatalytic activity of this HEO, as discussed earlier 

for other photocatalysts [38]. 

 
3.4. Photocatalytic activity 

Photocatalytic activity of HEO for CO2 conversion is summarized in Fig. 10. As shown in 

Fig. 10a and b, the HEO could successfully produce both CO and H2 under the full arc emission 

of high-pressure Hg lamp without any co-catalyst addition, despite its low specific surface area as 

0.66 m2/g (the error bar of gas amount measurement for three repeated tests was lower than 10%). 

Independent synthesis of the HEO material and repeating the photocatalytic test, as indicated as 

Sample #2 in Fig. 10a, also confirm the high activity of this material for photocatalytic CO2 

conversion with a reasonably constant CO and H2 production rate within an extended irradiation 

time of 10 h. The amount of CO production is higher and the amount of H2 production is lower for 

Sample #2 compared to Sample #1, suggesting that the activity of this HEO can be still improved 

by modification of the synthesis method. Two points should be noted here. First, CO and H2 were 

the only reaction products within the detection limits of analyses and no other products including 

methane could be detected. Second, blank tests confirmed that no CO and H2 are produced by (i) 

CO2 injection in the presence of HEO under the dark condition for 2 h, (ii) Ar injection in the 

presence of HEO under the light irradiation for 1 h, and (iii) CO2 injection without the presence of 

HEO under the light irradiation for 5 h. The stability of HEO, examined by XRD analysis after the 

photocatalytic test, is shown in Fig. 10c, indicating that the crystal structure of the HEO is stable 

after photocatalytic test. The stability of HEOs, which was also reported for other applications 

such thermal barrier coatings [20,21], magnetic components [22,23], dielectric components 

[24,25], Li-ion batteries [26,27], Li-S batteries [28], Zn-air batteries [29], catalysts [30,31] and 

electrocatalysts [32], is usually due to their low Gibbs free energy resulting from their high entropy 

[16,17]. 
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Fig. 10. Photocatalytic activity of high-entropy oxide for CO2 conversion and H2O decomposition. 

(a) CO production rate versus time, (b) H2 production rate versus time, and (c) XRD pattern before 

and after photocatalytic test. 

 

 

4. Discussion 

Three issues need to be discussed in detail here: (i) comparison of photocatalytic activity 

of the HEO with available photocatalysts, (ii) factors influencing the photocatalytic activity of the 

HEO, and (iii) mechanism of CO2 conversion on the HEO photocatalyst. 
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Although the current results confirm the potential of HEOs as a new family of 

photocatalysts for CO2 conversion, their activity should be compared with other photocatalysts to 

have an insight into their significance. To understand this issue, photocatalytic CO2 conversion 

activity of the HEO with a specific surface area of 0.66 m2/g was compared with anatase TiO2 

(99.8%), BiVO4 (99.9%) and P25 TiO2 (99.5%) with the surface areas of 10.2, 0.3 and 38.7 m2/g, 

respectively. Since various parameter such as catalyst concentration, temperature, reactor type, 

light source type and light intensity can influence the CO production rate, photocatalytic activity 

of these materials were compared in the same conditions. Fig. 11 shows the activity of these 

materials per 1 g of catalyst. The CO production rate for HEO is significantly higher than anatase 

TiO2 and BiVO4 which are some of the most popular photocatalysts for photocatalytic CO2 

conversion. Moreover, the CO and H2 production rate on this HEO is comparable with P25 TiO2 

as a benchmark photocatalyst, although the surface area of current HEO is 60 times smaller than 

that of P25 TiO2. It should be noted that the quantity of H2 production on anatase TiO2 and BiVO4 

was not within the detection limits of gas chromatograph. To get more insight on the significance 

of photocatalytic CO2 conversion on this HEO, its activity was compared with some reported data 

in the literature [8,9,11,46-53]. Although the experiments in the literature are not conducted under 

a consistent and standard condition, it is still useful to have a comparison. As given in Table 3, the 

amount of CO production rate varies in a wide range of 0.12-10.16 μmolh-1 g-1. The average CO 

production for HEO is 4.64±0.30 μmolh-1g-1 which is higher than many of the reported values in 

Table 3.  

The reason for high CO production rate on current HEO can be attributed to various factors: 

the presence of lattice defects such as oxygen vacancies which can act as activation sites [9,12], 

the presence of five cations which can enhance the activity by straining effect [14,15], appropriate 

electronic structure which satisfy most of the reactions for CO2 conversion and water splitting 

[5,6], and appropriate lifetime of charge carriers to participate in photocatalytic reaction due to the 

defective nature of HEOs [43,44]. Moreover, the presence of two phases can improve the charge 

carrier separation through interfaces and enhance the photocatalytic activity [7,38]. The presence 

of several cations in the HEO can also produce hybridized orbitals with higher activity for chemical 

reactions [16,17]. To further enhance the efficiency of current HEO for photocatalytic CO2 

conversion, future works are required to enhance its specific surface area by improving the 

synthesis or crushing techniques. 

Regarding the third issue, three main mechanisms for photocatalytic CO2 reduction have 

been suggested, as summarized in Table 4: carbene pathway, formaldehyde pathway and glyoxal 

pathway [3,4]. The behavior of current HEO is similar to P25 TiO2, suggesting that both materials 

probably follow the same pathway. Although even for TiO2 with different impurities and lattice 

defects, there are still significant arguments regarding the CO2 reduction pathways, it is still 

possible to discuss about the possible mechanisms for current HEO photocatalyst. The 

nonappearance of HCOOH, CH3OH and CH4 in the gas and liquid phases within the detection 

limits of analyses suggests that the formaldehyde pathway may not be the major mechanism [3,4]. 

The nonappearance of HCOOH and CH4 also indicates that the glyoxal pathway may not be the 

major mechanism [3,4]. The production of CO suggests that the carbene pathway is probably the 

major mechanism. However, the absence of CH4 and the presence of H2, which is similar to the 

behavior of P25 TiO2 in this study, indicates that the carbene pathway possibly stops at some 

intermediate stages due to the formation of H2 gas [54]. The absence of CH4 can also be explained 

by the defective structure of HEO. Since the HEO material has oxygen vacancies as surface 

defects, CO2 in connection with H2O as a Lewis acid tends to adsorb on oxygen vacancies [54]. 
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This adsorption degrades C=O bonding and produce •CO radicals and consequently generates CO 

gas [4]. Compared with CO2, the generated CO has lower tendency to be adsorbed on the surface 

defects [54], and thus, the carbene pathway does no continue to produce detectable quantity of 

CH4. For TiO2, it was also reported that although the CH4 formation in the carbene pathway is 

thermodynamically more favorable than CO and H2 formation, the formation of CH4 is kinetically 

more difficult because it needs higher numbers of electrons and protons [55]. 

Taken altogether, this study introduces HEOs as active photocatalysts for CO2 conversion, 

and this opens a path to explore numerous photocatalysts by considering the state-of-art on 

engineering of catalysts for CO2 photoreduction [56]. Despite high activity of current HEO, future 

studies are required to clarify the exact CO2 conversion mechanism on this new family of materials. 

It should be noted that although the material in this study was synthesized by a two-step high-

pressure mechanical alloying and high-temperature oxidation, other methods developed earlier for 

the synthesis of high-entropy ceramics [57] can be used in the future to synthesize powders with 

high specific surface area and low economical cost. Moreover, since earlier studies showed that 

the semiconductor photocatalysts with CO2 conversion capability can have good activity for 

degradation of organic pollutants as well [58,59], it is expected that the photocatalytic activity of 

HEOs is not limited to CO and H2 production.  

 

 
Fig. 11. High efficiency of high-entropy oxide compared with TiO2 and BiVO4 for photocatalytic 

CO2 conversion. (a) CO production rate and (b) H2 production rate versus time. 
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Table 3. Summary of some reported photocatalytic CO2 conversion rates in literature in 

comparison with results of current study.  

Photocatalyst  Light Source 
CO Production 

(µmolh-1g-1) 
References 

TiO2 Nanosheet -CN 150 W Xe lamp 2.04 [8] 

TiO2- Graphitic carbon   300 W Xe lamp 10.16 [46] 

TiO2 nanosheets exposed {001} facet 2 *18W Hg lamps 0.12 [47] 

TiO2 - Hydrogenated CoOx  150W UV lamp 1.24 [48] 

TiO2 3D Ordered Microporous - Pd 300 W Xe lamp 3.9 [49] 

C3N4 by Thermal Condensation 350 W Xe lamp 4.83 [9] 

Cd1−xZnxS 100 W LED plate 2.9 [50] 

BiOI 300 W Xe lamp 4.1 [51] 

xCu2O-Zn2−2xCr 200-W Hg-Xe lamp 2.5 [11] 

CeO2-x 300 W Xe lamp 1.65 [52] 

Cu2O/RuOx 150 W Xe lamp 0.88 [53] 

TiO2 Anatase 400 W Hg Lamp 0.58±0.12 This Work 

BiVO4 400 W Hg Lamp 2.16±0.21 This Work 

TiO2 P25 400 W Hg Lamp 4.63±0.33 This Work 

TiZrNbHfTaO11 400 W Hg Lamp 4.64±0.30 This Work 

 

 

Table 4. Main mechanisms for CO2 photocatalytic reduction pathway [3]. 

Carbene Pathway Formaldehyde Pathway Glyoxal Pathway 
(1) CO2 + e− → CO2

•−
                                            (1) CO2 + e− → CO2

•−
 (1) CO2 + e− → CO2

•−
 

(2) CO2
•−

+ e− + H+ → CO + OH− (2) CO2
•−

+  H+ → •COOH (2) CO2
•−

+ e− + H+ → CHOO− 
(3) CO + e− → CO•−

 (3) •COOH + e− + H+ → HCOOH (3) CHOO− + H+ → HCOOH 
(4) CO•−

+ e− + H+ → C + OH− (4) HCOOH + e− + H+ → H3OOC• (4) HCOOH + e− → HOC• 
(5) C + e− + H+ → CH• (5) HCOOH2

• + e− + H+ → HCOH+ H2O (5) HOC• + OH− → C2H2O2 
(6) CH• + e− + H+ → CH2 (6) HCOH + e− → H2C•O− (6) C2H2O2 + e− + H+ → H3O2C2

• 
(7) CH2 + e− + H+ → CH3

•  (7) H2C•O− + H+ → H2OHC• (7) H3O2C2
• + e− + H+ → C2H4O2 

(8) CH3
• + e− + H+ → CH4 (8) H2OHC• + e− + H+ → CH3OH (8) C2H4O2 + e− + H+ → H3OC2

•+ H2O 
(9) CH3

• + OH− → CH3OH (9) CH3OH + e− + H+ → •CH3 +  H2O (9) H3OC2
• + e− + H+ → C2H4O 

 (10) •CH3 + e− + H+ → CH4 (10) C2H4O + h+ → H3OC2
• + H+ 

  (11) H3OC2
• → CH3

• +  CO 
  (12) CH3

• + e− + H+ → CH4 

 

5. Conclusion 

A high-entropy oxide with a general composition of TiZrNbHfTaO11 was synthesized and 

used for photocatalytic CO2 conversion. Due to appropriate electronic band structure, good charge 

carrier lifetime and a defective and strained dual-phase structure, the material acted as a 

photocatalyst for CO2 to CO conversion and H2O to H2 production without addition of any co-

catalyst. The photocatalytic activity of this oxide was better than well-known anatase TiO2 and 

BiVO4 photocatalysts and comparable with P25 TiO2 as a benchmark photocatalyst, suggesting 

high-entropy oxides as a new family of photocatalysts for CO2 conversion. 
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